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94' RENCONTRES DE MORIOND 

The XXIXth Rencontres de Moriond were held in 1994 in Villars-sur-Ollon, Switzerland, 
and in Meribel les Allues, Savoie, France. 

The first meeting took place at Moriond in the French Alps in 1966. There, experimental 

as well as theoretical physicists not only shared their scientific preoccupations but also the 
household chores. The participants in the first meeting were mainly French physicists 
interested in electromagnetic interactions. In subsequent years, a session on high energy 
strong interactions was also added. 

The main purpose of these meetings is to discuss recent developments in contemporary 

physics and also to promote effective collaboration between experimentalists and 
theorists in the field of elementary particle physics. By bringing together a relatively small 
number of participants, the meeting helps to develop better human relations as well as a 
more thorough and detailed discussion of the contributions. 

This concern of research and experimentation of new channels of communication and 
dialogue which from the start animated the Moriond meetings, inspired us to organize a 
simultaneous meeting of biologists on Cell Differenciation (1970) and to create the 
Moriond Astrophysics Meeting (1981). In the same spirit, we have started this year a new 
series on Condensed Matter Physics. Common meetings between biologists, 
astrophysicists, condensed matter physicists and high energy physicists are organized to 
study the implications of the advances in one field into the others. I hope that these 
conferences and lively discussions may give birth to new analytical methods or new 

mathematical languages. 

At the XXIXth Rencontres de Moriond in 1994, four physics sessions, one astrophysics 

session and one biology session were held : 

*January 22-29 

*March 12-19 

*March 19-26 

"Particle Astrophysics, Atomic Physics and Gravitation" 

"Coulomb and Interference Effects in small electronic 
structures" 

"Electroweak Interactions and Unified Theories" 

"Clusters of Galaxies" 

"QCD and High Energy Hadronic Interactions" 

" Rencontre de Biologie - Meribel " 
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OVERVIEW OF THE SIGMA RESULTS 

J. PAUL 
DAPNIA/Service d'Astrophysique, CE Saclay, 91191 Gif-sur-Yvette Cedex, France 

ABSTRACT 

The hard X-ray/soft y-ray telescope SIGMA is one of the main instruments on board GRANAT, the 
Russian high energy astronomy space observatory, launched in 1989 December. Having examined 
hundreds of galactic and extragalactic fields during four years of successful in orbit operations, this 
coded aperture telescope, sensitive to radiation in the energy range 35 keV to 1.3 MeV, has 
succeeded both in disentangling severe source confusion problems and in providing firm 
identifications and reliable spectra of sources in such a spectral band. Tens of galactic sources, 
mainly X-ray binaries harbouring either a black hole (BH) or a neutron star (NS), as well as two 
isolated pulsars, have been detected up to 1993 December. Suspected BH systems seem to be 
particularly numerous among the source emitting above 100 keV, including the several X-ray novae 
so far detected. Bright active galactic nuclei (AGNs) have been detected and monitored during the 
SIGMA observations, indicating long term (one year time scale) flux variations. Even more 
interesting is the shorter time scale (few days) variability of these types of object which was 
observed for the first time at hard X-ray energies. A wealth of SIGMA results has been published 
so far, and we will summarize here some of the most prominent ones. 
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1. Introduction 

Hard X-ray/soft y-ray astronomy has long been considered as a particularly arduous field since 

focusing techniques are totally impracticable above - 10 keV, whereas estimating each photon 

direction by analyzing the pair tracks - as in EGRET 1> - or the geometry of Compton diffusion 

- as in COMPTEL2> - does not work below - 1 MeV. In between, astronomers have to rely on 

big collimated scintillator such as OSSE 3>. At the beginning of the previous decade, it was 

recognized that a possible way to improve existing hard X-ray/soft y-ray telescopes is the 

incorporation of the coded aperture technique to actually image celestial sources. The primary 
advantage of such a technique is to maintain the angular resolution of a single pinhole camera, while 

increasing the overall effective area of the instrument. Moreover, as the coded mask principle 

includes the simultaneous measurement of the sky and detector background, systematic effects due 

to temporal variations in the background are removed. The coded aperture concept had been 

successfully put to use in the X-rays domain by XRT on Space/ab 2 4>, and at higher energy by the 

GRIP balloon borne experiment 5>. 

This paper reports on four years of successful high angular resolution observations performed 

by SIGMA, the first coded aperture telescope sensitive to radiation in the energy range from 35 keV 
to 1.3 MeV to be operated in space. We present here a selection of the salient scientific results 

obtained so far, with intent to emphasize the unique contribution of the imaging properties of the 

telescope, which were determinant not only to disentangle severe source confusion problems but also 

to enable firm identifications of sources. Even in the absence of source confusion problems, because 

the source is seen on the image and the background is measured at the same time and the same 

pointing as the source, imaging observations give source spectra which are free from any 

contamination from the background and/or from other nearby sources. 

2. Instrument 

The SIGMA telescope, one of the main devices on board the Russian GRANAT satellite, successfully 

launched on 1989 December l" from Baikonour, Kazakhstan, was constructed by two French 

laboratories (Service d' Astrophysique at Saclay, and Centre d'Etude Spatiale des Rayonnements at 

Toulouse), both under contract to the Centre National d'Etudes Spatiales, the French Space Agency. 

This hard X-ray/soft y-ray instrument of unprecedented size - weighing about one ton, it measures 

3.50 m high and the diameter at the base is 1.20 m - features a coded mask, a position sensitive 

detector (PSD) whose design is based on the principle of the Anger cameras used in nuclear 

medicine, active and passive shielding devices, and the needful service modules (for a detailed 

description, see Paul et al. 6>. The key imaging features of the telescope, whose total detection area 

is the 794 cm2 central rectangular zone of the PSD matching the basic 29 x 31 mask pattern, are 

the intrinsic angular resolution : 13', and the point source location accuracy, which is less than 2' 
for strong sources. Those properties are maintained over a 11.5° x 10.6° field of view (FOY) at 

half sensitivity and over a 4.7° x 4.3° FOY at full sensitivity. 
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Since the launch of the satellite into its nominal eccentric 4 day orbit (perigee 2000 km, apogee 
200 000 km)1, four years of in flight operations have been achieved, leading to a precise estimate 
of the in orbit performances of the instrument and of its long term evolution 7•8l. For broad band 
observations in a typical H>5 s exposure, the 3 a sensitivity of SIGMA is 1.5 10-s photon cm-2 s-1 
kev-1 (or 30 mCrab) at 100 keV. Identified spectral features observed from time to time during 
the mission have been used to confirm the instrument energy resolution as measured at the launch 
base before the flight : 16% at 60 keV, 12% at 122 keV and 8% at 511 keV. By the end of 1993 
December, more than 500 celestial fields have been examined. In most cases, images with pixel size 
of 1.6' are accumulated in four contiguous wide energy bands, and images with pixel size of 3.2' 
are accumulated in 95 energy channels between 35 keV and 1.3 MeV. 

In the usual data analysis procedure, the recorded images are first corrected in order to remove 
spatial non uniformities which are in part intrinsic to the detector and in part due to a structured 
background, and the sky images are reconstructed using standard deconvolution techniques. Point 
sources are located as maxima in the deconvolved images, with peak shape compatible with the 

SIGMA point spread function. Since the SIGMA telescope can observe in 95 consecutive energy 
bands, in each of which an image of the sky is derived, It is possible to obtain the count spectrum 
of a source independently of any other emission which originates from its surrounding, as e.g. from 
other sources within the FOV and from diffuse processes. As for other devices operating in the soft 
y-ray regime, which is dominated by Compton scattering, a precise knowledge of the energy 
response function of the PSD is required to derive the actual source photon spectrum. Estimates of 
the SIGMA energy response are based on the ground calibrations performed in the launch base just 
before the flight, substantiated by the results of a precise Monte-Carlo simulation 9> to interpret the 
ground measurements. 

3. General results 

Table 1 presents the list of sources imaged by SIGMA up to 1993 December. The telescope operates 
in pointing mode only, and has mainly observed the Galactic Plane and particularly the Galactic 
Center (GC), where its imaging capabilities are best put to use. This list, which is just a compilation 
of already published positive source detections, is not a true statistical sample at a given sensitivity 
level. The source celestial coordinates (Equinox 1950.0), as presented in Table 1, have all been 
derived from the SIGMA data. Only two sources of this list, the Crab and 3C 273 are common to 

the list of sources so far detected by EGRET at 100 MeV 1i. Indeed, the hard X-ray spectra of the 
SIGMA sources are often cut off at a few hundred keV, whereas all the EGRET sources (except 
the Crab and 3C 273) present within the celestial field so far observed by SIGMA, have 100 keV 
flux below the SIGMA sensitivity limit. This may tell that thermal processes are still at work in the 
SIGMA range, pure non thermal processing taking over only at MeV energies. 

1 After a brief period of falling (from 2000 km down to 1000 km), the perigee is continuously rising, in such a 
manner that, from orbit to orbit, the time spent within the active fraction of the radiation belts becomes more and more 
reduced. Four years after launch, the perigee altitude was > 30 000 km. 
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TABLE 1 

List of sources detected by SIGMA up to 1993 December 

Name «c1950> &(IU>) Activity Nature 

GRO J0422+32 4 18 29 32.79 Nova BH system? 

M l /PSR 0531 +21 5 31 30 21.98 Stable Nebula/Fast pulsar 

GS 0834-429 8 34 11 -42.94 Transient Binary X-ray pulsar 

GRS 1124-684 11 24 08 -68.38 Nova BH system 

NGC 4151 12 08 00 39.62 Variable AGN (Seyfert 1) 

NGC 4388 12 23 36 12.95 Weakly variable AGN (Seyfert 2) 

3C 273 12 26 40 2.36 Weakly variable AGN (quasar) 
GRS 1227+025 12 27 20 2.50 Transient 

Cen A 13 22 18 -42.82 Strongly variable AGN (radio galaxy) 

PSR 1509-58 15 10 02 -59.02 Stable Fast pulsar 

TrA X-1 15 24 35 -61.66 Transient BH system? 

OAO 1657-415 16 56 59 -41.57 Transient Binary X-ray pulsar 

GX 339-4 16 59 00 -48.73 Strongly variable BH system? 

4U 1700-37 17 00 27 -37.78 Extremely variable NS system 

GRS 1716-249 17 16 34 -24.96 Nova BH system? 

Tetz.an 2 17 24 14 -30.74 Variable 

MXB 1728-34 17 28 45 -33.81 Flaring X-ray burster 

GX 1+4 17 29 02 -24.74 Rapidly variable Binary X-ray pulsar 

KS 1731-260 17 31 12 -26.09 Transient X-ray burster 

Tetz.an 1 17 32 38 -30.46 Variable 

GRS 1734-292 17 34 00 -29.20 Transient 

SLX 1735-269 17 34 58 -26.92 Persistent 

lE 1740.7-2942 17 40 42 -29.72 Strongly variable BH system? 

GRS 1741.9-2853 17 42 00 -28.89 Transient ? 

A 1742-294 17 42 51 -29.49 Flaring X-ray burster 

GRS 1743-290 17 43 18 -29.05 Strongly variable 

GRS 1747-341 17 47 26 -34.19 Persistent ? 

GRS 1758-258 17 58 08 -25.74 Strongly variable BH system? 

GRS 1915+105 19 12 51 10.86 Strongly variable ? 

Cyg X-1 19 56 26 35.07 Weakly variable BH system 

4. Galactic hard X-ray sources viewed by SIGMA 

A large fraction of the SIGMA sources listed in Table I are galactic stellar accreting systems, 

among which all are variable and many are transient sources, i.e. detectable only a small fraction 

of the time when in high state. The Crab (nebula and pulsar are not distinguished by SIGMA), 
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which is together with PSR 1509-58 the only source powered by rotation in the list presented in 
Table 1, is also the only mostly stable source. This extreme variability of the 100 keV sources is 
a direct consequence of their small size and the violent nature of the processes involved. 

4.1. Black hole systems 

Persistent sources. The prototype of BH binaries is Cyg X-1, whose spectrum in the normal state 
is characterized by a power law of index close to -2.0, cut off above 200 keV. Such a spectrum 
is usually interpreted, following Sunyaev & Titarchuk 10> as the result of Comptonization of soft (� 
1 keV) photons by hot (- 50 keV) electrons. Cyg X-1 was always caught by SIGMA in the same 
low state 11>, while transient very low frequency (- 0.04 Hz) quasi periodic oscillations (QPOs) have 
been discovered by SIGMA 12>. GX 339-4, also suspected to harbour a BH, was repeatedly detected 
by SIGMA 13>. It exhibited large brightness variations, correlated with spectral hardening. 

Other persistent sources are though to be accreting BH binaries because of the similarity of their 
spectra to that of Cyg X-1, as the two hard sources 1E 1740.7-2942 and GRS 1758-25814>, 

extensively monitored since the beginning of the SIGMA/GRANAT mission. Both sources exhibit 
roughly analogous long term behaviors 15•16>, characterized by long periods (months) of bright state, 
followed by long periods of low state. Day to day variabilities are also apparent in both hard source 
light curves. Transient broad high energy features (beyond 200-300 keV) were detected in 1E 

1740. 7-2942 17•1 8• 1 9•2 0>, probably related to outbursts of pair formation. 
The unprecedented statistics of the high resolution GC survey performed by SIGMA has made 

possible the determination of a more precise position of the hard source associated with 1E 

1740. 7-2942 21>. The improvement on the source position accuracy is such that the size of the error 
circle derived in the hard X-ray/soft y-ray regime by a coded aperture instrument such as the 
SIGMA telescope, may now compare with that derived in the X-ray regime, where the source was 
first discovered. Radio observations with the VLA have revealed a compact variable radio source, 
the core of a double sided radio jet structure, close to the center of the improved SIGMA error 
circle22>. The identification of 1E 1740.7-2942 with the VLA compact source was strengthened 

when comparing its time variations at 6 cm wavelength with the hard source light curve 22•23>. 

Soft X-ray transients. They are low mass X-ray binaries subject to episodic accretion, which become 
very bright in a few days, then decrease with a time scale around one month. In two members of 
this class, A 0620-00 2 4> and V404 Cygni 25>, the mass of the compact object was shown to be 
larger than 3 M0, more than the NS limit. Their strong hard X-ray emission, although the spectra 
differ from one source to another, also put them on a par with other BH candidates such as Cyg 
X-1. SIGMA was conveniently on hand when a soft X-ray transient (GRS 1124-684) appeared in 
Musca in 1991 January, and could monitor the source from the earliest time of the flare 26•27>. The 
optical spectroscopy allowing to measure the orbital elements of GRS 1124-684 had to wait for the 

optical emission of the nova to decrease below that of the companion ; its result put GRS 1124-684 

in the list of BH candidate with a mass function of 3.1 ± 0.5 M0 2 8>. 
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The average spectral shape was close to a power law of photon index -2.4. On 1991 January 
20-21 SIGMA detected an emission line lasting more than 10 hours, centered around 480 keV, 
slightly below the energy of electron positron annihilation. It was the first such line observed in the 
spectrum of a soft X-ray transient. The fact that the source is clearly detected at the right position 
in the image derived in the energy interval where the line spectral feature is observed, substantially 
strengthens the overall confidence in the finding in such a case of a line detected in a spectral region 

where outstanding features are also detected in the background spectrum. A deeper analysis of the 
1991 January 20-21 event reveals a complex picture of the source spectral evolution with the 
possible presence of two other high energy spectral features which could be interpreted as 
backscattered emission of the main line 29>. 

Another such a source (ORO J0422+32), which appeared in Perseus in August 1992, was 
observed in detail by SIGMA. It was at the time the brightest hard X-ray source in the sky (- 3 
Crab). It spectrum was comparable to that of Cyg X-1 30> and its power spectrum revealed low 
frequency QPOs 31), most conspicuously around 0.3 Hz. By analogy with the other sources of this 
class, ORO J0422+32 is expected to be a new BH system. This is also the case of ORS 1716-249, 
the hard X-ray nova recently discovered by SIGMA in Ophiuchus 32>. Note also that SIGMA 
detected a sporadic hard emission from TrA X-1 33>, a soft X-ray transient whose largest outburst 
was observed on 1974 December 4 34>. 

4. 2. Neutron stars 

NS systems. They form the bulk of X-ray binaries seen below 20 keV. Their spectra steepen earlier 
than those of BH systems, with cut off energies around 20 ke V 35>. Indeed, none of the bright ( -
la38 erg s-1, close to the Eddington limit) X-ray binaries has been detected by SIGMA, implying 
that their hard X-ray emission is less than 1 % of the total. However, SIGMA has detected hard tails 

from two sub classes of X-ray binaries harbouring a NS. The X-ray bursters, which are relatively 
weak (- la37 erg s-1) X-ray binaries, showed hard X-ray variabilities on time scales of a few days, 
as KS 1731-260 36 >, MXB 1728-34"' GX 354-0 37) and A 1742-29438>. Similarly, outbursts of 
hard X-rays were also observed in the emission of binary X-ray pulsars, as OAO 1657-415 39>, GX 
1+440>, GS 0834-429 41> and Vela X-1 42>. The high mass X-ray binary 4U 1700-37, in which a 

NS orbits the wind of its massive companion, is a case in point. This source also features hard 
X-ray outbursts 43>, but the pulsar nature of the compact companion is not yet established. 

Isolated fast pulsars. Although the time profile of the pulsed emission of PSR 0531 +21 was 

measured soon after the launch of SIGMA!GRANAT44>, no other pulsed emission from fast isolated 
pulsars was detected by SIGMA via time analysis. On the other hand, the total emission (pulsed 
plus unpulsed component) from PSR 1509-58 has been detected after 192 hours of observations 
preformed in 1990-1993 45>. By comparing the SIGMA flux to the pulsed flux measured by 

BATSE 46>, one can estimate the pulse fraction in the 40-300 keV to be - 100%. 
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4.3. Black hole systems versus neutron star systems 

On the basis of the results so far obtained by SIGMA, it has been proposed 14> that a direct 

relationship exists between the nature (NS or BH) of the compact object in a X-ray binary system 

and the overall spectral shape of its hard X-ray emission. Indeed, all sources known to be NS 

systems (X-ray bursters or binary X-ray pulsars) exhibit spectra which are clearly softer around 100 
keV than the hard spectra of BH systems in their luminous states. As shown in Table 2 47J, the 

comparison of luminosities, taking distances into account, also clearly tells BH systems from NS 
systems. The 150-500 keV luminosity of NS systems was always less than a few 1035 erg s-1, 

compared with positive detections at few 1036 erg s-1 for BH systems. The brightest NS system so 

far detected by SIGMA (4U 1700-377) maintained this luminosity for a few hours only 43>, whereas 

the BH outbursts last a few weeks or more. 

TABLE 2 

Luminosity io the 150-500 ke V band during luminous states io accretiog bioary systems">. An 
asterisk means that the distance is very uncertain. 

Name Nature L,,._,.,. mV (10'5 erg s-1) 

GRO J0422+32 BH system? - 115 (*) 

GRS 1124-684 BH system - 50 

GX 339-4 BH system? - 30 

1E 1740.7-2942 BH system? - 40 

GRS 1758-258 BH system? - 20 
Cyg X-1 BH system - 20 

OAO 1657-415 Bioary X-ray pulsar � 1 

4U 1700-37 NS system - 5 

MXB 1728-34 X-ray burster � 3 

GX 1+4 Bioary X-ray pulsar �2 

KS 1731-260 X-ray burster � 2 (•) 
A 1742-294 X-ray burster �5 

S. Extragalactic hard X-ray sources viewed by SIGMA 

Before the launch of SIGMA/GRANAT, it has been often predicted that hard X-ray/soft y-rays 
should provide a promising spectral band for studying AGNs, since most of the few data available 

at this time on AGNs detected beyond 100 keV indicated that a substantial fraction of the total 

luminosity in these sources is emitted in the hard X-ray/soft y-ray band. The results derived from 

the SIGMA pointing devoted to the study of AGNs of various types should temper these predictions, 

even if the sensitivity of the telescope is such that the extrapolation of the X-ray AGN spectra 
indicates that only the brightest ones can be detected. 
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Marginally significant (3 d) flux variations of the Seyfert 1 galaxy NGC 4151 were detected 
\ 

during the 1990-1992 SIGMA Observations 48> in both 35-60 keV and 60-170 keV energy bands, 
but no significant variation in the hardness ratio was found. The steep source spectrum in hard 

X-rays, first detected by SIGMA in 1990 49>, and confirmed in later SIGMA observations 48>, is 
much steeper than observed in lower energy X-rays and cannot be reconciled with previous 
detections in the hard X-ray/soft y-ray regime. The 1990-1991 SIGMA observations of the quasar 
3C 273 50> indicate also a marginally significant (3 a) 40-120 keV flux variation by a factor of two 
in a time scale as short as 41 days. The combined data of the first two pointing are well fitted with 
a power law of index - -1.5 up to about 500 keV, with no evidence for a break or steepening in 
the spectrum. The radio galaxy Cen A has been observed by SIGMA on three occasions in 
1990-199150. A comparison between the observations indicates a flux increase by a factor of three 
over a one year time scale. Even more interesting is a similar decrease which was observed in just 
four days. Despite such intensity variations, the spectral shape of the emission remains unchanged 
and is well fitted with a power law of index - -2 up to about 100 keV. 

Source confusion is not an exclusive prerogative of galactic regions but may also affect 
extragalactic fields as the Virgo cluster, which has been observed 10 times by SIGMA in 
1990-1991. Among the well known AGNs of the Virgo cluster, only the Seyfert 2 galaxy NGC 
4388 was detected, near the limit of visibility 52>. Contrary to the soft X-ray band, where prevails 
the giant elliptical galaxy M 87, the emission of the Virgo cluster at higher energies is dominated 
by NGC 4388. Similarly, the sky region around 3C 273 not only shows emission from the 
quasar 50>, but also from a new hard source, GRS 1227 +025, located 15' away from 3C 273 53>, 
and tentatively identified with an uncatalogued Einstein variable X-ray source, whose optical 
counterpart is a faint QSO at z = 0 .57 54>. 

7. Conclusions 

It should be first emphasized that the SIGMA concept, based on a static coded mask aperture 
operating in the hard X-ray/soft y-ray regime, is fully certified, at least in the rather stable 
background environment experienced on the GRANAT highly eccentric orbit. The unique capabilities 
of coded aperture have been clearly demonstrated, as e.g. the aptitude to disentangle confuse 

regions, to enable firm identifications at other wavelengths and to perform reliable spectral 
measurements. In addition to the fact that source confusion is not an exclusive prerogative of 
galactic regions as the GC vicinity, but may also affect extragalactic targets, one of the most 
fundamental results which comes out from four years of successful in orbit operations with SIGMA 
is the high variability of the hard X-ray/soft y-ray sky. With the exception of the sources powered 
by rotation, and with the exception of few persistent sources which are too weak to allow time 
variability determinations, all the sources so far detected by SIGMA are all time variable, and most 
of them are even strongly variable. The scales of variability range from minutes to years. This is 

also true for the spectral features so far detected in the emission of the soft y-ray sources : none 

of them were observed during more than a day. 
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GAMMA-RAY BURSTS 

Matthew G. Baring* 
NASA Goddard Space Flight Center, Code 665, Greenbelt, MD 20771, U.S.A. 

ABSTRACT 

Gamma-ray Bursts are an exotic class of astronomical sources that are currently ex­
tremely topical within the astrophysical community and are also provoking considerable inter­
est in a broader range of physics disciplines. This paper briefly reviews the generic properties 
of these transient sources, obtained from observations accumulated over the last two decades, 
and then discusses some of the latest observations, focusing on recent interpretations of the 
data, and theoretical approaches that may help unravel the mysteries of gamma-ray bursts. 

AN INTRODUCTION TO GAMMA-RAY BURSTS 

Gamma-ray Bursts (GRBs) have intrigued observers and confounded theorists ever 
since their discovery just over twenty years ago.1 The results obtained by the Compton 
Gamma-Ray Observatory (CGRO) have perpetuated the confused picture we have of these 
enigmatic objects. Yet the GRB field is alive and more dynamic than ever, perhaps due to 
the exotic nature of these objects and the fascinating physics that may be needed to describe 
and understand them. The enigmatic nature of GRBs is largely because they are transient 
phenomena. They are bursts of gamma-rays, usually somewhere between about 10 keV and 
10 MeV in energy (e.g. see ref. 2), and last for as little as milliseconds or as long as several 
minutes.2-6 Typical burst time histories are displayed in the First BATSE GRB Catalogue5 
and an exceptionally good burst spectrum is presented in Fig. 1. While other transient 
astronomical sources exist, gamma-ray bursts are unique in that they are the only source 
population that emits only in the gamma-ray range of the spectrum; associated emission in 
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other wavebands has never been observed. In fact, searches (e.g. see papers in ref. 7) for 
convincing transient or quiescent steady-state counterparts to classical GRBs in radio, optical 
and X-ray bands have proved negative. Note that such counterparts have been found for the 
soft-gamma repeaters, a separate class of objects that will not be considered here. This null 
result has prolonged and enhanced the mystery of GRBs, since the discovery of associated 
sources would provide distances to GRBs and thereby tell astronomers their origin. 
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Fig. 1 The composite time-integrated spectrum8 for the burst GRB910503 (detected May 
3, 1991) as obtained by the BATSE, COMPTEL and EGRET instruments on the Comp­
ton Gamma-Ray Observatory (CGRO), multiplied by the square of the photon energy g 
to depict the emitted power per logarithmic energy bandwidth. The various detector re­
sponses have been accounted for in producing this source spectrum, and the energy ranges 
over which the three instruments are sensitive are indicated. 

Gamma-ray bursts have rapid time-variability with intensity fluctuations on timescales 
tvar sometimes less than a millisecond,9 motivating the premise that they originate in com­
pact environments of size ctvar � 107 cm. This naturally lead to the popularity of neutron 
stars as a site for GRBs, an idea that was bolstered by the realization that their extremely 
strong magnetic fields could contain the emitting plasma in the source for typical burst du­
rations. The time-histories of GRBs, as illustrated in ref. 5, display a diversity of structure, 
with single or multiple peaks, subpeaks and lengthy gaps between peaks appearing in various 
sources. Typical burst spectra f ( g) are such that the power c2 /( g) (e.g. see Fig. 1) peaks 
in the range 50 keV - 5 MeV, a rare feat for astronomical sources; even more remarkable is 
the fact that less than 2% of the GRB flux appears in the range10 2-10 keV. This paucity of 
X-rays renders bursts unique among classes of cosmic gamma-ray sources, and severely con­
strains theoretical GRB models. The observed GRB fluxes at earth imply source luminosities 
of L � 1038 erg/sec if they are 1 kpc distant, suggesting a neutron star origin, or L � 1050 
erg/sec if 1 Gpc away, reminiscent of supernova events. 

The early observations of gamma-ray bursts yielded spectra that were mostly quasi­
thermal in nature (e.g. see the KONUS data in ref. 11), however the results12 obtained by 
instruments aboard the Solar Maximum Mission (SMM) suggested that many if not most 
continuum spectra were non-thermal and extended well above 1 MeV, with a quasi-power-



15 

law shape. This GRB property has been largely confirmed by the CGRO detectors, with 
COMPTEL and EGRET seeing several bursts with high energy emission,13•14 specifically at 
about 1 GeV for the case of GRB930131.14 This is a statistically significant detection rate 
that suggests that many (or most) GRBs emit at these energies. The earlier quasi-thermal 
observations may reflect intrinsic properties of those bursts, or that they may have been 
influenced by threshold effects at high energies in less sensitive detectors like KONUS. 

Prior to the launch of CGRO, many observations of spectral lines from bursts were 
reported. About 20% of sources11 showed single absorption dips in their spectra between 20 
and 60 keV, which would yield magnetic field strengths of 2 - 5 x 1012 Gauss in their emis­
sion regions if these broad features were interpreted as cyclotron absorption lines. Further, 
around 5% of bursts exhibited broad emission lines11 at around 400 keV, which were natu­
rally interpreted as electron-positron (pair) annihilation lines redshifted from 511 ke V by the 
gravitational field of neutron stars. Therefore, around 1988, the weight of evidence in favour 
of a galactic neutron star association for bursts was substantial, and the stunning observa­
tion of double narrow absorption dips in two burst spectra by the GINGA X-ray satellite15 
(interpeted as cyclotron harmonics) all but clinched the case for proponents of galactic burst 
sources. Since then, the CGRO instruments, in particular BATSE, have observed no lines of 
either type in over 800 burst detections, spawning a controversy over the existence of GRB 
line features. The consistency of the apparently conflicting BATSE and GING A results con­
cerning absorption lines is hotly debated, and presently it is uncertain whether or not the 
discrepancy can be explained by the different instrumental line-detection capabilities. 

RECENT POPULATION STUDIES 

The launch of the Compton Gamma-Ray Observatory created an even bigger upheaval 
to the "conventional wisdom" of the galactic neutron star hypothesis when the BATSE experi­
ment observed that the burst population was isotropic but inhomogeneous with a comparative 
deficiency of fa.inter sources.16 Although this result was suggested by earlier experiments that 
observed significant numbers of GRBs, BATSE is a more sensitive detector and has been 
able to observe more bursts with a broader range of source :fluxes. As such it was intended 
to observe to the edge of a galactic disk population and therefore detect an anisotropy in 
the spatial distribution of bursts; the contrary result has indicated that most (or all) bursts 
may in fact be cosmological in origin.17 This is currently the new conventional wisdom, and 
while the observed isotropy and inhomogeneity may be explained by GRBs originating in a 
large spherical galactic halo, the expectation that halo bursts from M31, the nearest large 
galaxy (Andromeda), should be detected and upset the observed isotropy is now severely 
constraining18 a possible halo population. A good review of the various population hypothe­
ses is presented in ref. 19. In summation, it is now extremely unlikely that all bursts cowd be 
confined within the galaxy, though a significant minority disk population is still quite feasible. 

Much discussion over the last year has concentrated on population studies with claims 
and counter-claims about evidence for two or more burst populations and repeating bursts. 
There is fairly strong evidence for a bimodality in the distribution of GRB durations,6 which 
may not necessarily be an indication of two classes of bursts. Recent work20 on average 
burst temporal profiles has suggested a time dilation effect that is consistent with, but not 
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conclusively implying, a cosmological origin of bursts; the statistics on this result need to 
be improved in order to make more definitive deductions. There is even a hint of spectral 
reddening in fa.inter sources. 

Suggestions this last year21 of evidence for repetition of bursts in the BATSE observa­
tions sparked a storm of controversy. It was argued that the first 260 bursts that BATSE 
detected had an improbably high clustering in the sky; specifically more bursts were corre­
lated on four degree angular scales than expected, i.e. are near-neighbours in the sky. This 
lead to the provocative suggestion that BATSE was detecting repetitions of bursts, a nat­
urally attractive idea to galactic GRB proponents since the enormous energies ( L � 1052 
erg/sec) required to power GRBs at cosmological distances virtually precludes any chance 
of burst repetition. In fact an excess correlation on 176 degree scales22 is also observed in 
the same population, which cannot indicate repetition; these two properties taken together 
might suggest the presence of a minority anisotropic (perhaps a galactic disk) population. 
Preliminary analysis23 of the next 482 bursts indicates that these correlations may disappear 
with better statistics, though complete correction for instrumental systematic effects has yet 
to be included. Therefore, presently the evidence for repeaters is unconvincing. 

SPECTRAL CONSIDERATIONS 

Information about individual bursts is still best deduced from their spectra, which can 
provide much insight concerning the physical processes occurring in GRB emission regions. 
The natural example is the interpetation of low energy {20-60 keV) absorption features seen 
in spectra obtained by the KONUS11 and GINGA,15 referred to earlier, as being due to 
absorption of radiation at the cyclotron energy in the strong magnetic fields of neutron star 
magnetospheres. Since the BATSE instrument on CGRO has made no definitive observation 
of any spectral line features the GRB continuum must now provide the clues for theorists. 
Many such continuum spectra f ( e) have a general appearance similar24 to Fig. 1 [which 
depicts e2 f(e) ], with a very flat spectrum at the lower energies (i.e. below 50 keV) "turning 
over" or "breaking" to a steep spectrum above 1 Me V. The energy eB of the turnover varies 
from burst to burst25, and a significant fraction of bright bursts26 detected by BATSE have 
eB > 100 keV. The break energy eB and the spectral index a =  -d[/(e)]/d[log. e] at energies 

above and below eB provide important constraints on theoretical models. 

The most sophisticated model that generates turnovers in -y-ray continuum spectra is 
the B = 0 pair cascade model27 that has been comprehensively developed for applications to 

active galactic nuclei (AGNs). This model used isotropic ultrarelativistic electrons, generated 
by some unspecified particle energization mechanism such as shock acceleration,28 to produce 
a gamma-ray continuum by the inverse Compton scattering of UV photons, and then the two­
photon pair production process 'Y'Y ---> e+ e- to absorb the -y-rays and initiate a cascade of 
several or many generations of pair production. The attenuation of the GRB continuum by 
'Y'Y ---> e+e- is an obvious candidate for a means to create the observed "MeV" turnovers. 
When this model is adapted29 to try to fit the flatter hard X-ray continuum of GRBs, multiple 
inverse Compton scattering of the seed low energy photons occurs, spawning a peak at around 
1 Me V where the Klein-Nishina decline of the Compton cross-section effectively shuts off the 
cascade. Refinements of the model30 revealed that Coulomb scattering by the relativistic 
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electrons heats the ambient cool thermal electrun gas to relativistic temperatures, so that 
a broad quasi-thermal bump due to pair annihilation and thermal bremsstrahlung appeared 
around 1 MeV, contrary to observations. It now seems unlikely31 that such field-free pair 
cascades can create the MeV breaks observed in bursts. Therefore it appears that the BATSE 
sources with breaks observed in the MeV energy range26 require a mechanism other than 
ii -> e+e- to generate their turnovers.31 

For neutron star models of GRBs, MeV breaks can be generated using synchrotron pair 
cascades, where magnetic pair production i ->  e+e- acts to attenuate the continuum,32•33 

since in the strong fields of neutron stars ( B ;(: 1012 Gauss) this process dominates ii -> 
e+ e- as a means of absorbing gamma-rays. In these cascades, ultrarelativistic electrons are 
injected into the emission region with significant pitch angles (J so that a synchrotron con­
tinuum is radiated, with the radiation being beamed close to the direction of the electrons' 
momenta. The dramatic increase2•32•34 in the pair production optical depth above the effec­
tive threshold of e = 2m.c2 / sin (J efficiently truncates the continuum above this energy,32 
subsequently generating a pair cascade. Since this truncation energy is a function of pitch 
angle, spectra integrated over (J can generate broken power-laws given suitable angular distri­
butions of electrons. 35 The spectral breaks in this scenario can be substantial or non-existent, 
an attractive versatility of this model, depending on how beamed the electrons are along the 
field lines. The drawback of the synchrotron cascades is that their spectrum below the break 
is never flatter than a = 3/2 , so that they cannot model many fiat spectrum sources like 
GRB 910503 (see Fig. 1). 

Another mechanism for generating Me V breaks in magnetized environments is resonant 
inverse Compton scattering. When B f- 0 , the Compton cross-section has a resonance at 
the cyclotron energy ec ex B in the electron rest frame, whicli dominates the scattering 
process and dramatically alters the shape of the spectrum. For ultrarelativistic electrons 
with a power-law distribution i-p of Lorentz factors i ,  colliding with seed soft photons 
(presumably X-rays from the surface of a neutron star) of energy e, , this process yields broken 
power-law spectra, fiat at low energies (i.e. a <  1 )  with a break36 at e8 = e�/e, . Resonant 
scattering has no problem dealing with those GRB spectra that are flat below 100 keV, and 
can easily predict breaks at MeV energies. The introduction of e- cooling to this model37•38 
steepens the spectrum somewhat and smooths the break; the observed spectra are strongly 
dependent on the angle of photon emission with respect to the field lines. The resonant 

scattering model has difficulty describing sources with small breaks such as GRB930131; 
possibly31 a synchrotron self-Compton hybrid cascade model might succeed in eliminating 
the deficiencies of the two neutron star models discussed here. The few cosmological models 
for GRB spectra that exist, including the fireball scenarios discussed below and AGN-like 
models,39 are considerably less sophisticated than the neutron star variety and need much 
more development for serious comparison with burst continuum observations. 

RELATIVISTIC MOTION IN BURSTS 

The indication earlier that ii -> e+ e- is not responsible for Me V turnovers in gamma­
ray bursts implies that it is probably not operating to attenuate the gamma-ray continuum 
within the range of observed burst energies. An important consequence of this is that rel-
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ativistic bulk motion may be common in burst sources. Two-photon pair production was 
first considered as a potential mechanism for attenuating GRB spectra by Schmidt,40 who 
proposed that it could be used to provide upper limits to the distance to burst sources that re­
vealed no spectral breaks above 1 MeV. Schmidt's application focussed on the case of isotropic 
photons, and concluded that the bursts seen before then (at energies less than a few MeV) 
must be galactic, since they had no breaks, in direct conflict with the recent BATSE results' 
implications for burst populations. If the majority of bursts are at cosmological distances 
( � 1 Gpc), then the enormous luminosities expected ( L � 1050 erg/sec), combined with the 
compact source size implied by the observed rapid time variability, give photon densities high 
enough to make GRBs optically thick to TY -> e+ e- by many orders of magnitude; i.e. the 
free escape of gamma-rays from burst sources would be impossible. Such a situation is incom­
patible with the observed spectra of GRBs detected by EGRET, which show no attenuation 
at energies in some cases as high as 1 GeV (see refs. 13, 14). 

One way around this problem is to assume beaming of the radiation, which raises 
the pair production turnover to energies above those observed. Relativistic motion of the 
source is a natural way to achieve beaming of the emission and avoid attenuation in GRBs. 
The radiation from a source that is emitting isotropically in a reference frame that moves 
relativistically with respect to an observer on earth will be beamed roughly within an angle 
1/r in the observer's frame,31•41 where r is the bulk Lorentz factor. Such relativiatic beaming 
of radiation naturally suppresses the pair production rate, since the II -> e+ e- mechanism 
has a threshold energy 2(m.c2)2 /[e:(l - cos 0)] for photons of energy e: ;  this is strongly 
dependent31•41 on the angle 0 between the photon directions. This implies that relativistic 
beaming of radiation in bursts with declining spectra ( a = -d[f( e: )]/ d[log. e:] > 0 :  true for 
ell EGRET sources) will "blueshift" the II -> e+e- turnover up in energy by a factor of r 
(since then 0 � 1/r ); that this moves above the EGRET energy range therefore provides a 
determination of a lower bound to r . 

When the source opening angle is of order 1/r , the pair production optical depth T-y-y 
is reduced by a factor r-Ci+2al below the optical depth for isotropic radiation.31•41 The 
condition that no spectral attenuation occurs is that T-y-y < 1 up to the highest energies 
observed (the optical depth is effectively the probability that II -> e+e- occurs in the 
source). The bulk Lorentz factors r consequently required for the bright "superbowl" burst 
GRB930131, detected by EGRET14 up to an energy of 1 GeV, are r � 103 if it is 1 Gpc 
distant and r � 10 at 30 kpc (ref. 42). Similar estimates of bulk relativistic motion are 
obtained for the other EGRET sources,43 indicating that this phenomenon is common in 
bursts. An advantage of relativistic beaming is that a smeller source luminosity is required 
because the observed flux is enhanced by a solid angle factor r2 (ref. 41 ). However, then the 
number of sources must really be a factor r2 higher than detected in order to account for 
the observed rate of gamma-ray bursts. In the case of cosmological GRBs, this factor could 
be as high as 106 for the typical Lorentz factors r � 103 , which is unacceptably large for 
many models. Source geometry therefore has significant impact on the viability of models. 
Expanding the opening angle to become much larger than 1/r could ease this problem44 
if the high energy photons were able to escape; in fact estimates of the minimum r for 
completely spherical expanding sources are qualitatively similar to the highly beamed case.44 



FIREBALL MODELS 

While relativistic motion in GRBs that have T-r-r < 1 may be common, it is also 
probable in bursts of high optical depth to 'Y'Y -> e+e- . Such situations lead to many 
generations of pair production and naturally arise out of several cosmological models for 
bursts. Among these is the so-called merger scenario, where two neutron stars or a neutron 
star and a solar mass black hole coalesce45-47 due to the loss of their orbital energy via the 
radiation of gravitational waves. Such mergers, which are envisaged as forming a cosmological 
population of GRBs, may occur at the rate of about one per galaxy per million years since 
there are four binary neutron star systems observed in our own galaxy,48 and can release 
a large fraction of a solar mass of energy (about 1054 ergs) in an extremely small volume, 
typically about R � 108 cm in radius. The energy density is therefore enormous, as is 
'Y'Y -> e+ e- , and thermal equilibrium is established rapidly, generating a pair plasma at 
relativistic temperatures45 [ kT /(mec2) � (k/m,c2)[M0c3 /(4uR3 )]114 � 20 ]. This energy 
naturally must dissipate adiabatically,45•49 and the resulting expansion of pairs is called50 a 
fireball. The early stages of such a dynamic fireball may involve rapid neutrino production 
(and vv annihilation to produce pairs with 0.1% efficiency) so that enormous numbers of 
neutrinos are emitted46 ( E/c2 � M0 => 1060 v ) ;  unfortunately this leads to about 103 
neutrinos per square cm on earth, a signal that is many orders of magnitude too small for 
detection. 

Other models where fireballs arise include failed type lb supernovae,51 in which a star 
with a massive iron core fails to expel its outer layers as a supernova, allowing the would­
be ejecta to form a transient accretion disk and then collapse onto the condensed core (a 
newly-formed neutron star) and explosively depositing energy to form a fireball. Copious 
production of neutrinos would be expected in this model. It has also been suggested52 that 
rapidly spinning neutron stars in distant galaxies could form with extremely high magnetic 
fields, 1015 Gauss, much stronger than conventional pulsar fields. These so-called magnetara 
would result from the collapse of accreting white dwarfs with unusually high magnetic fields 
(about 109 Gauss), and would rapidly lose angular momentum through gravitational and 
magnetic-dipole radiation. A predominantly electromagnetic fireball would then be initiated, 
comprised mostly of electron-positron pairs and photons. Both models are envisaged as 
defining cosmological burst populations. 

Non-relativistic temperatures (typically around 20 keV) are usually achieved45•49 in the 
adiabatic cooling of fireballs, which naturally imply that the bulk velocities attained by the 
expansions when they become optically thin to 'Y'Y -> e+e- are ultrarelativistic (typically 
r � 103 ); this is required in order to satisfy energy conservation. These properties are 
confirmed by hydrodynamic analyses of fireball evolution. 53 Rudimentary calculations49 of 
the output spectrum of this fireball is a cool (narrow) Planck continuum blueshifted to MeV 
energies and distorted by bulk motion of the plasma. This is unlike the observed non-thermal 
spectra of bursts, leading immediately to a problem with pure fireball models. More detailed 
computations54 of radiative transfer effects in late stages of fireball evolution indicate that 
high energy power-law tails may be possible, though refinement of these calculations is needed. 

The fireball phenomenon is not as simple as an adiabatically expanding plasma of pairs 
and photons; realistic models must include some form of baryonic pollution swept up from the 
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environment of the progenitor. This contamination depends strongly on the geometry in the 
progenitor. It was realized55 that the presence of baryonic matter in the fireball must rob it 
of its radiative efficiency since the baryons can dominate the kinetic energy of the expansion. 
Effectively the initial energy of the fireball is deposited as kinetic energy of the baryons 
rather than emitted as radiation. Simple computations55 reveal that the final bulk Lorentz 
factor r attained by the fireball is less than the ratio of pair to baryon energy in its initial 
stages, and that the fraction of the available energy that appears as radiation is generally 
much less than unity, posing a severe problem for fireball models. A natural way of avoiding 
these problems is to allow the fireball to impact on the surrounding interstellar medium,56 
generate one or several shocks (much like the propagation of supernova ejecta), and accelerate 
particles in the shock environs i.e. convert the kinetic energy of the expansion to non-thermal 
energy. The resulting ultrarelativistic particles radiate efficiently via synchrotron radiation or 
inverse Compton scattering57 guaranteeing that a large fraction of the initial fireball energy 
is extracted in the form of radiation. The dumpiness of the interstellar medium provides the 
GRB time variability as the fireball sweeps up matter on a timescale of order seconds.56 The 
resulting spectra57 can have spectral breaks in the GRB energy range, however there is no 
preferred energy for the breaks, so a broad range of e8 would be anticipated in this scenario. 
In addition, it is presently unclear that the model can fit the variety of spectral slopes a 
present in GRB data. 

CONCLUSION 

This more or less summarizes one theorist's view of the gamma-ray burst dilemma and 
some recent observations and interesting theoretical work. Clearly the dilemma continues, 
and gamma-ray bursts remain as enigmatic as ever. It appears unlikely that any stunning 
new observations may appear on the scene from CGRO, which will largely be devoted to 
refinement of existing results by increasing the database. However, positive results from 
searches58 for gravitationally-lensed GRBs (by distant galaxies) would provide the smok­
ing gun for cosmological pundits, and any observation of 20-60 keV absorption features by 
BATSE would excite proponents of the galactic neutron star hypothesis. Neither discovery 
would conclusively prove that all bursts belonged to either population. In fact, searches for 
photoelectric absorption effects59 in the very low energy X-ray spectra of bursts would have 
the potential to flip the cosmological/galactic coin either way. For theorists, who depend on 
the observations, the GRB question will almost certainly be resolved by the observations; 
however development of various cosmological (and galactic) models, particularly in regard to 
spectral issues, will aid in reducing the plethora of viable models. 
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EGRET GAMMA-RAY SOURCES 

Isabelle GRENIER, Equipe EUROPA, Universite Paris VII et 
Service d' Astrophysique, Centre d'Etudes de Saclay 

Abstract 

The EGRET telescope has observed so far 124 -y-ray sources in the sky among which 5 
pulsars and 38 active galactic nuclei have been recognized and shed new light on these objects. This 
leaves 81 puzzles to solve, with interesting or promising counterparts in few cases. For instance, 
near the Galactic plane, several sources lie in the direction of known radio supernova remnants. 
At medium latitudes, half of the sources seem to belong to the local belt of giant molecular clouds 
and young OB associations. 

THE SOURCE CATALOG 

The EGRET instrument has been operating from 30 MeV to 30 GeV on board the Compton 

Observatory since 1991, together with three other detectors which offer a unique chance to record 

the often variable -y-ray sources simultaneously over 6 decades of energy. The first 19 months of 

the mission have been devoted to a whole sky survey to map the diffuse Galactic emission borne 

·out 1of cosmic-ray interactions with the interstellar matter and radiation field, and to search for 

point-like sources. The negligible instrumental noise also allowed to detect the extragalactic 'Y 
radiation. The details of the telescope performances have been summarized by Thompson et al. 1>. 
The spatial distribution and intensity of the diffuse Galactic emission can be reliably modeled from 

our knowledge of the interstellar gas distribution (as mapped at 21 cm for H atoms, at 2.6 mm for 

CO thus H2 molecules, and in Ha for protons) and from various assumptions on the cosmic-ray 

distribution. The EGRET team favours a cosmic-ray density that is coupled to the gas density 

through the frozen-in magnetic field and is estimated from equipartition of energy between the 
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magnetic field and the cosmic-ray and gas pressures 2>. The old COS-B team preferred to measure 

the cosmic-ray density at various places and found a weak density gradient through the Galaxy 3>. 

Both models must fit the H2-to-CO conversion factor. As a first approximation, the two models 

rather well fit the observed diffuse emission which can therefore be subtracted to look for point-like 

excesses. This is why many (14) of the COS-B sources have been confirmed by EGRET. To a 

higher degree of precision, the models might lead to significant differences since they use different 

powers of the matter density. So, the two models should be carefully and quantitatively compared 

before looking for faint sources near the Galactic plane. The first EGRET catalog 4> safely 

concentrates on the brightest sources, most of them at large latitudes, but some weak excesses near 

the plane might slightly move or even disappear when improving the diffuse model. 

EGRET s o u r c e s  > 1 00 MeU 
+90° 

-90° 
Figure 1:  (l,b) positions of the 5 identified pulsars (x), sources toward a radio pulsar and/or a 
supernova remnant (*), identified AGN (§), possible AGN (+) and unidentified sources (o) 

Bearing this limitation in mind, a total of 124 sources have been recorded and are displayed 

in Fig. l .  38 spectacular active galactic nuclei (AGN) have caused a lot of upheaval at the time of 

their discovery. EGRET really opened our eyes to the extragalactic world at high-energy. Six other 

sources shine near the direction of an AGN, but not close enough or too near other counterparts 

to be firmly identified. The three brightest sources in the GeV sky are the familiar Vela, Geminga, 

and Crab pulsars. Two fainter ones, PSRl 706-44 and 1055-52, clearly emit pulsed 'Y rays, but five 

other sources which are seen in the direction of a known radio pulsar, are not pulsed. In the same 

spirit, sources have been marked on Fig. 1 when located near the direction of a radio supernova 

remnant and Fig.2 gives close-up views to judge the spatial coincidences. A few cases look rather 

promising, like CT Al away from the confused regions of the Galactic plane. Supernova shells are 

likely to be soft 1-ray sources because the electrons seen in radio synchrotron emission should also 

emit 'Y rays by bremsstrahlung with the compressed gas 5>. Above 100 MeV, supernova remnants 

being the only respectable sources of cosmic rays below 1015 eV should indirectly produce 'Y rays 
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Figure 2: Examples of spatial coincidences between EGRET sources, 
supernova remnants, and pulsars 

years after the initial 

e x p l o s i o n  a n d  

remains high for 105 

years or more. But, 

the predicted flux 

f a l l s  b e l o w  

EGRET ' s  reach 

beyond  several 

hundred parsecs if the remnant expands in a low density ( 1  cm-3) medium. A more promising 

situation arises when a nearby dense cloud serves as a target for the nucleons 7>. DR4 and W28 give 

nice examples of such combinations 8>. The flux predicted for DR4 is consistent with the COS-B 

and EGRET observations 7>_ The proximity of a molecular cloud would also be needed to explain 

the sources seen toward W44 and IC443. On the contrary, the source toward CTAl requires an 

ambient density of - 10 cm-3 that is quite easily achieved, without a dense cloud, in the HI 

component of the Local Arm where CTAl is located. The same low-density medium suffices 

around S147 and the Monoceros Loop, even though the latter interacts with the Rosette Nebula 9>. 
The more distant remnants MSHl 1-62, MSH14-57, and Kes67 should be expanding, very unlikely, 

inside very dense clumps (103 cm·3) to be detected by EGRET. Moreover, current expansion and 

acceleration theories do not apply to a shell in a dense environment. 

Of particular interest is the improving visibility of the -y-ray supernova remnants with 

increasing energy because their spectrum is harder than that of the underlying Galactic emission 

6>. The predicted fluxes are accessible to the present TeV telescopes in a reasonable time. So, the 

search for TeV supernova remnants becomes a new prospect as well as an extremely important 
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challenge since it would provide the first direct measurement of the nucleon acceleration rate by 

these objects. 

The number of remaining unidentified 

sources is large enough to try to gather 

information on their origin from their spatial 

distribution. Fig.3 shows their latitude 

distribution. The central peak contains the 

sources that were just discussed because of 

their possible pulsar or supernova remnant 

counterpart, plus a larger number of totally 

unidentified objects. Their concentration along 

the Galactic plane clearly indicates that they lie 

25 

20 

15 

5 

unident i f ied sources 

so• 
beyond 1 or 2 kpc, a distance scale consistent Figure 3: latitude number distribution of all 

with the remnants presented in Fig.2. Indeed, sources but the identified pulsars and AGN. 

closer remnants would be resolved by EGRET. 

The wide secondary peak around b= 15°-20° in the latitude profile is real, i.e. not consistent with 

a random fluctuation of an isotropic, AGN-like, population. The (l,b) source positions above b= 

3 ° have been tested against various parent distributions using a likelihood analysis taking into 

account the effects of the non-uniform exposure and non-uniform detection threshold due to the 

structure of the underlying Galactic and extragalactic emissions tOJ. The combination of an isotropic 

population plus a component distributed as Galactic pulsars, or as the HI column densities, or else 

as the total HI+ H2 column densities have been considered. The analysis significantly favours the 

last solution which implies that half of the sources above b = 3 ° belong to the local interstellar 

medium and, more specifically, to the giant cloud complexes of the Gould Belt, as can be seen on 

Fig.1. These very interesting sources have therefore a low -y-ray luminosity of 10'3-1034 erg/s and 

their location with respect to young objects like OB associations, IDI regions, and X-ray sources 

embedded in the clouds should be carefully studied to circumvent their nature 11>. 

ACTIVE GALACTIC NUCLEI 

EGRET will be remembered for discovering the -y-ray emission from AGN. The catalog 4> 

presents a list of 38 AGN that shine up to several GeV, either as steady sources over months or 

blinking in and out of EGRET's reach. Ten of them have occasionally exhibited a rapid change in 

their intensity, by a factor of 2 to 10, over a few days or weeks 12). The proposed identifications 

are mostly based on the presence of a bright, flat spectrum, radiogalaxy within the EGRET error 

box and it is strengthened in half of the cases by peculiar AGN features such as radio and/or optical 

flares and jets, and superluminal motions. Because, even at high latitudes, a 1 ° error box may 

contain other counterparts or several AGN, some identifications need confirmation, the most 

reliable way being to look for correlated time variations at different wavelengths. 

A thrilling surprise came from the huge distance scale over which -y-ray AGN have been 
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detected, namely from z = 0.03 to 2.3. The source sample is small, but the distance scale large 

enough to trigger cosmological studies. For instance, a V/Vmax test shows evidence for an 

evolution of the -y-ray luminosity with z. An AGN luminosity function "de-evolved" to the present 

epoch could be computed 13). Interest was further stimulated when realizing that the 11F, spectrum 

of these AGN peaks in the MeV-GeV band. Against previous ideas, the -y-ray energy release 

dominates over that of the "blue bump" and X-ray emission. Power-law spectra with indices 

ranging from 1.5 to 2.6 nicely fit to the -y-ray data 14>. 
According to present wisdom, the ultimate source of all AGN activity is a supermassive black 

hole of 106-108 MO, accreting 10 to 100 MO per year to account for the overall luminosities. 

While UV and X-ray photons are emitted somewhat isotropically from the heated accretion disc, 

'Y rays must be born in collimated jets in most cases. Indeed, cosmological distances and rapid time 

variability imply that very large luminosities of typically 10"8 erg/s would arise isotropically from 

a compact source region less than 0.01 pc in size, flooded moreover with softer disc radiation. The 

source region would then be quite optically thick to photon-photon pair production ('Y'Y ..... e+ e· and 

'Y X ..... e+ e- ) unless the 'Y rays are highly beamed to reduce their cross-section. Bulk relativistic 

motion of the emitting particles in a jet provides a natural way to collimate the radiation, avoid 

absorption, and enhance the observed flux. The required Lorentz factor is consistent with the radio 

observations of jets and superluminal motions •SJ_ 
Collimation of the 'Y radiation gives support to the recent "grand unification of the AGN zoo". 

Only blazars (named after BL Lac galaxies and quasars) and no Seyfert galaxies have been detected 

by EGRET because blazar jets are directed close to our line of sight whereas Seyfert jets are seen 

at large angles. 'Y rays from the latter, if there, would miss the Earth. Only upper limits on the 

beaming factors can be derived from opacity considerations. Typical values are expected in the 10-3_ 
10-2 range. With this reducing factor f in mind, the closest detected AGN, Mrk421, releases 

2 f 10"4 erg/s above 100 MeV and its steady radiation needs not be beamed. On the contrary, the 

luminosity of PKS0528 + 134, at z = 2.06, reaches 8 f 10"8 erg/s and is variable. Such luminosities 

can be achieved by current AGN models. 

A large -y-ray flare from 3C279 lasted about 10 days in June 1991 while the source was in 

a low X-ray state 16>. Yet, one class of AGN jet models uses relativistic electrons, accelerated by 

MHD shocks inside the jet, to boost soft photons from the disc thermal emission (or from a halo 

of scattered radiation surrounding the disc) up to -y-ray energies. A flare would thus result from 

a sudden increase in the primary particle density or energy. Compton scattering of synchrotron 

emission born inside the jet provides another means to produce 'Y rays. Here, the whole jet 

emission from UV to 'Y rays should vary simultaneously. In both cases, the radio emission is born 

further out in the jet and the radio flare would lag the high-energy one. Variability may be caused 

by sporadic injection of particles in the jet or by their sporadic acceleration by shocks propagating 

in a turbulent jet. Instead of shocks, another class of models uses huge ( > 102° eV) potential drops 

at the base of the jet to accelerate primary electrons. A third class considers hadron-driven jets. The 

accelerated protons interact with the ambient matter or with photons to produce pions. The neutral 
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ones decay in two 'Y rays, the charged ones produce electrons that up-scatter disc or jet soft photons 

up to GeV energies. This list just gives a flavour of the models that are now hotly debated. In this 

book, C.  Dermer gives a nice review of all the scenarii and their weaknesses, with many 

references. An important idea is that correlated multi-wavelength observations of the variability will 

undoubtedly help to discriminate between the models. The 'Y rays are crucial to probe the 

mechanisms at work in the jet formation near the central engine since they carry away most of the 

jet energy, at least for e ± powered jets. Understanding them will also help to clarify why quite a 

few blazars have not been seen by EGRET while they closely resemble those detected. 

The very close Mrk421 galaxy has been observed up to TeV energies by the Whipple 

telescope 17). Its PF, spectrum is impressively nearly constant from the optical to the TeV band 18l. 
The lack of detection of brighter GeV AGN, such as 3C279, corroborates the idea that TeV 

photons are effectively absorbed by the diffuse IR radiation over intergalactic distances. The optical 

depth to pair production ranges from - 1 at z = 0. 1 to - 40 at z = 1 19l. The trip should be safer 

for a 100 GeV and a 10 GeV photon against the fainter optical and UV background radiation. But 

a rapid estimate shows that the optical depth exceeds 1 beyond z - 0.2 for the 200 GeV photons 

to be observed by the future CAT telescope in France. In the best of worlds, this absorption would 

be a useful tool to measure the poorly known diffuse background radiation in the infra-red, visible 

and ultra-violet, but it will be difficult to distinguish the spectral breaks induced by intergalactic 

absorption from the breaks inherent to the physics of these highly variable sources. Already at GeV 

energies, each AGN has its own personality. 

Table 1: -y-ray pulsar characteristics 

Name 
Crab 
Vela 
1706-44 
1055-52 
Geminga 

P ms age kyr Bpc TG 
33.3 0.94 7.6 
89.3  1 1  6.7 
102.4 17 6.3 
197. l 535 2.2 
237. 1 342 3.3 

c/O km 
1592 
4263 
4891 
941 1  
1 1320 

'Y sp. index 
2. 15 ± 0.04 
1 .70 ± 0.02 
1 .72 ± 0.08 
1 . 18 ± 0. 16  
1 .50 ± 0.08 

GAMMA-RAY PULSARS 

This club holds five 

members, listed in Table 1 ,  

which radiate a large fraction of 

their spin-down power above 1 

MeV. Their PF, spectrum peaks 

in the GeV range (see Geminga 

in Fig.4). Only the Crab pulsar 

presents a flat spectrum from 0. 1 MeV to 5 GeV. The five pulsars differ in many ways: in their 

age, the size of their magnetosphere thus the strength of the magnetic field threading it, their spin­

down power, the beaming of their radiation at various wavelengths (Fig.5), and in the energy 

spectrum of their beams and their variability over weeks and years. Finally, the Crab and 

PSRl 706-44 pulsars power an active -y-ray nebula around them up to TeV energies while the others 

don't. To face this diversity, our tools are the knowledge of the rotational period P and its 

derivative, a typical moment of inertia of 1045 g/cm2, and the properties of synchrotron and 

curvature radiation, inverse Compton scattering, and pair production processes ( 'Y B -+ e± and 'Y'Y 
-+ e±). We are allowed . . .  two free parameters, i.e. the inclination angle x between the magnetic 

and rotation axes and the aspect angle from Earth, . . .  and a lot of imagination! 
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Fig.5 displays the impressive diversity of light curve shapes 

among the five pulsars and at different wavelengths. Amazingly, 

the Crab double peaks are synchronized at all energies and their 

separation in phase is exactly the same as for Vela. It should be 

noted that nonthermal emission dominates at all wavelengths but in 

X rays. Except for Crab, the X rays mostly come from the heated 

(106 K) surface of the neutron star and thus are weakly modulated. 

One should be extremely careful with so-called -y-ray 

efficiencies, i.e. the ratio of the -y-ray luminosity to the spin-down 

power, since the emission geometry is unknown. Although an 

apparent increase in efficiency with age exists when assigning 1 or 

411" sr to all pulsars 20>, reality plays with fan and pencil beams to 

probably scatter the points around. The increase in emission 

hardness with age looks like a more reliable trend (Table 1). The COMPTEL results in the MeV 

range show that power-law spectra are valid in a limited domain; they break down around 0. 1 MeV 

for Crab, 10 MeV for Vela, Geminga, and PSR1706-44, and 100 MeV for PSR1055-52 and a 

sharp cut-off occurs at several GeV for all (Fig.4). Moreover, the spectra change with phase. For 

Crab and Vela, the interpeak emission is harder than from the main peaks 21• 22• 23>. The situation 
is more confused for Geminga 24• 25>. Interestingly, core and wings of the Vela peaks could be 

separated to show that the emission gets softer when moving out of a peak beam 23>. These spectra 

generally vary with time. 
CRAB PULSAR VELA PULSAR PSR 1706-44 GEMINGA PSR 1055-52 

RADIO RADIO 

GAMMA RAY 

RADIO 

OPTICAL 
NO KNOWN PULSE 

RADIO 
NO KNOWN PULSE 

OPTICAL 
NO KNOWN PULSE 

X·RAY 

0 .5 1 .0 0 .5 1.0 0 .5 1.0 0 .5 
Figure 5: Pulsar lightcurves at different wavelengths (references in 20>) 
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Thankfully for the calibration of -y-ray satellites, the Crab does not vary much. Its emission, 

however, slightly softened between COS-B and EGRET, and the relative heights of the two peaks 

changed 21 •  26>. The flux from Vela doubled within 11 days in 1975 and again in 198 1 ,  due to a clear 

softening of the emission at all phases but the first peak. These events triggered the idea that stable 

and narrow peaks may appear on top of a third variable component that covers most of the light 

curve and is weakly modulated, perhaps in phase with the optical pulses 22l . Since then, EGRET 

has seen Vela in a low state of hard spectral index. The giant glitches have notably no effect on 

the output flux 23J. Geminga mimics Vela: the emission significantly softened once 24• 27J (except in 

the first peak), and EGRET saw it in 1991 in a harder state than in the 1970s 25l. The COS-B 

source 2CG342-02, that has been later identified by EGRET as the pulsar PSRl 706-44, showed 

signs of variability in the 70s 28l, while it remained stable in 1991-92. 

Despite the gravitational pull of the neutron star and because of the electric field E induced 

by the rotating magnetic field B , a pulsar magnetosphere must be filled with a force-free plasma 

of charge density Pm - -0.B /27rc for x=O 29>. Because charges leave the magnetosphere along the 

open field lines, regions called gaps are created in which p <Cpm, so acceleration along B takes 

place (E.B;eO).  One such gap may be maintained near the star polar cap because the star crust 

mostly gives away electrons. The ions screening effect causes the supply of charge to fall short of 

Pm above the cap. Electrons are accelerated to typically 10 TeV. They radiate curvature radiation 

'Y rays that are subject to magnetic pair production thus initiating a synchrotron-pair cascade 30>. The 

gap closes where the pair density reaches Pm (E.B=O). A variant polar cap model uses 100 GeV 

primary electrons to boost beams of optical or X-ray photons from the star up to -y-ray energies 

by resonant Compton scattering 31>. The development of a cascade follows as before. In both cases, 

emission is produced within a narrow cone of aperture - 1 .5  Ope (with Ope "" polar cap radius 

�/star radius) . For nearly aligned rotators (x - Ope) and aspect angles of the same order, all the 

-y-ray light curves of Fig.5 can be reproduced. 

A naive estimate of the maximum power that can be radiated is Lmax - Bo Pm c 7r� 2 where 

all possible charges, p=pm, above the polar cap are accelerated and radiate Eo- 10 TeV away as 

'Y rays. With a vacuum B field at the pole estimated as usual from the slowing down of the pulsar 

and dipole radiation for x = 7r/2, one finds L""'x oc B  P-2 = 8.8 1037 Eo.,ig p·l.5 (dP/dt)0.s erg/s. It is 

only 50 times larger than the 0. 1-10 GeV luminosities L7 observed by EGRET in the narrow cone 

just described (Fig.6a). Decreasing Eo would yield too soft spectra, but decreasing p <Cpm is 

necessary to get an accelerator! Besides, only a fraction of Bo may be radiated by the inefficient 

curvature radiation process. The primary 'Y spectrum is reprocessed to lower energies by the 

cascades, but it has little effect on L7 as shown by Monte Carlo simulations 32>: L� oc B0·95 p-1.7 oc 

p-1.225 (dP/dt)0·475 • The five detected pulsars nicely follow this trend (Fig.6a). Many others should 

have been seen by EGRET unless their beam sweeps past us. The second polar cap model 3n uses 

a more sophisticated f.o oc P-0·75 (dP/dt)0.25 and predicts a luminosity L�=5.8 1039 P-2·25 (dP/dt)0·75 

erg/s which does not fit the observed trend as well and falls short of detected luminosities even 

though p=pm (Fig.6b). By using a higher than usual B field, implied by x - 1.5  Ope, in the 



prediction of L,...(P, dP/dt), both fits get significantly worse. 
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Figure 6: 0. 1-10 GeV luminosities L, observed (x) or 3u upper limits 
(o), have been computed for known pulsars assuming emission within a 
cone of aperture 1 .5  IJP" see text; (a) L/(dP/dt)0·475 are plotted as function 
of period P (seconds) and compared to the maximum luminosity expected 
from the standard polar cap model (dotted line) and an eye fit of the 
same power law through the detected pulsars (solid line); (b) L/(dP/dt)0·75 
are plotted as a function of P and compared to the prediction of the 
comptonized polar cap model (solid line). 
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Another gap 

may be found near 

the light cylinder, 

just above the closed 

magnetosphere 33> 

Because Pru changes 

sign along these last 

open field lines, the 

charges that escape 

out  cannot be  

replenished from 

inner regions and 

P -<Pru· In this long 

gap, electrons and 

positrons can be 

accelerated up to 

100 TeV in opposite 

directions. Both emit 

beamed 'Y rays from 

curvature radiation 

or inverse Compton 

on soft photons. These crossing beams are used to produce pairs and close the gap since magnetic 

pair production is ineffective out there. A symetrical gap exists from the other pole, so four fan 

beams of radiation are available with much light aberration to construct almost any light curve 

shape 34>. The radiation pattern is not predictable at present to compare predicted and observed 

luminosities. With increasing periods, a larger fraction of the spin-down power must be used to 

sustain the current through the light cylinder via pair production above the gap. The latter grows 

in size and the expanded power is radiated as harder 'Y rays because curvature radiation dominates 

over cascade radiation. The accelerator will eventually be quenched at a death line 35>: 5 logB -12 

logP =69.5. 

Ironically, the discovery of new -y-ray pulsars has not favoured one type of gap against the 
other, but has threatened and reinforced both. Polar cap models would be safer without Crab: 

optical synchrotron emission requires B<e 108 G, therefore an emission site of all radio to 'Y 
radiation too high above the cap. The spectra of Geminga and PSR1055-52 seem harder than direct 

primary curvature radiation. Comptonization as in the second polar cap model would help here, but 
the comptonization rate may be actually too low because of the lack of soft, beamed photons. The 

limited visibility of the narrow beam originating from a polar cap will become a severe problem 

whenever new pulsars are discovered. On the contrary, outer-gap emission can be seen from many 
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orientations. In fact, the radiation pattern has so many facets that a single ,,-ray pulse from 

PSR1706-44 and PSR1055-52 may be difficult to explain. Both Geminga and PSR1055-52 are 

dangerously close and in fact a little beyond the outer-gap death line. On the other hand, the slow 

Geminga exhibits wider peaks than Crab or Vela, as expected from a thicker gap. 

In this friendly competition, both gaps face a common problem: the unknown origin of the 

variability and of its phase dependence. Interpeak emission can be understood as the inner or outer 

edges of a hollow polar cap beam as well as one or two of the four outer gap beams.  But how can 

it behave independently of the rest of the light curve? Are both gaps active at the same time? A 
careful comparison of the presumably distinct spectra originating from these different gaps should 

help to answer this question. Before EGRET, we had two "}'-ray pulsars and two gaps. The same 

two gaps have survived against five pulsars. So, either we lack imagination or there is hope that 

ideas may soon converge to find out the exact location of the acceleration sites in a pulsar 

magnetosphere. 

References 
1 .  Thompson D.J. et al., 1993, ApJ Supp. 86, 629 
2. Bertsch D.L. et al . ,  1993, ApJ 416, 587 
3. Strong A.W. et al., 1988, A&A 207, 1 
4. Fichte) C. et al., 1994, ApJ Supp. in press 
5. Blandford R.D. and Cowie L.L. , 1982, ApJ 260, 625 
6. Drury L. O'C.,  Aharonian F.A. and VOik H.J., 1994, submitted to A&A 
7. Aharonian F.A., Drury L. O'C. and VOik H.J.,  1994, A&A 285, 645 
8. Pollock A.M.T., 1985, A&A 150, 339 
9. Huang Y.L.,  1985, PhD Thesis, Columbia University 
10. Grenier I .A.,  1994, submitted to A&A 
1 1 .  Montmerle T., 1979, ApJ 23 1 ,  95 
12. Michelson P.F. et al., 1993, "the 2nd Compton Symposium" ,  eds. Fichte( C. et al., AIP 
13.  Chiang J. et al., 1993, "the 2nd Compton Symposium", eds. Fichte( C. et al . ,  AIP 
14. Hartman R.C. et al., 1993, "the 2nd Compton Symposium" ,  eds. Fichte( C. et al., AIP 
15. Mattox J.R. et al., 1993, ApJ 410, 609 
16. Kniffen D.A. et al. 1993, ApJ, 4 1 1 ,  133 
17. Punch M. et al . ,  1992, Nature, 358, 477 
18.  Lin Y.C. et al . ,  1993, "the 2nd Compton Symposium" ,  eds. Fichtel C. et al . ,  AIP 
19. Stecker F.W., De Jager O.C., and Salamon M.H., 1992, ApJ, 390, L49 
20. Thompson D .J . ,  1993, "The 2nd Compton Symposium", eds. Fichte) C. et al., AIP 
2 1 .  Nolan P.L. et al., 1993, ApJ 409, 697 
22. Grenier I .A.,  Hermsen W.,  and Clear J . ,  1988, A&A 204, 1 17 
23. Kanbach G. et al., 1994, A&A, in press 
24. Grenier I.A. et al . ,  1994, ApJ Supp . ,  90, 813 
25. Mayer-Hallelwander H .  et al . ,  1994, ApJ, in press 
26. Clear J. et al., 1987, A&A 174, 85 
27. Grenier I .A.,  Hermsen W . ,  and Henriksen R.N., 1993, A&A 269, 209 
28. Grenier I.A. et al . ,  199 1 ,  AIP Proc. 220 "High-energy 1-ray astronomy", p 303 
29. Goldreich P. and Julian W.H., 1969, ApJ 157, 869 
30. Daugherty J.K. and Harding A.K., 1994, ApJ, in press 
3 1 .  Dermer C.D. and Sturner S.J.,  1994, ApJ 420, L75 
32. Harding A.K.,  198 1 ,  ApJ 245, 267 
33. Cheng K.S., Ho C . ,  and Ruderman M., 1996, ApJ 300, 500 
34. Halpern J.P. and Ruderman M.,  1993, ApJ 415, 286 
35. Chen K. and Ruderman M.,  1993, ApJ 402, 264 



33 

Cosmic ray acceleration and radio emission from SNR 1987 A 

P. Duffy1 , Lewis Ball2 , J. Kirk1 
1 Max Planck Institut fiir Kernphysik, Heidelberg, Germany 
2 Research Centre for Theoretical Astrophysics, University of Sydney, N.S.W. 
2006, Australia 

Observations of radio emission from SNR 1987 A can be explained by the 
diffusive acceleration of electrons at the expanding blast wave only if its com­
pression ratio is about 2.7 rather than the value of 4 expected for strong 
shocks. We therefore put forward a model where both protons and electrons 
are accelerated. The accelerated protons contribute significantly to the fluid 
pressure and exert a back reaction on the fluid and modify the shock. The 
electrons then see a weakening gas subshock where they are accelerated before 
emitting synchrotron radiation in the swept up magnetic field. The resulting 
spectrum is compared with observations. 
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1. Introduction 

In February of 1987 the explosion of a star in a neighbouring galaxy, the 
Large Magellanic Cloud, was detected as the brightest supernova seen at 
earth in almost four hundred years. Although this supernova (SNR 1987 A) 
has appeared in all bands of the electromagnetic spectrum since [l] we are 
primarily interested here in the emission at radio frequencies. After an initial 
radio fl.are which lasted for a few days, SNR 1987 A remained radio quiet until 
July 1990 when it reappeared [21 at frequencies between 843MHz and 4.8GHz. 
The intensity of this emission has continued to rise up to the present day. The 
frequency spectrum which was initially quite steep has flattened off so that the 
flux density, F(v) , now has a power law dependence on frequency F(v) ex v-a 

with a rv 0.9. This emission is thought to be the synchrotron radiation given 
off by energetic electrons in the magnetic field around the expanding blast 
wave of the explosion. It can be estimated [3] that electrons with energies 
up to 109 e V are needed to explain this emission, if the magnetic field at the 
blast wave was roughly lmG when the emission switched on roughly 1200 
days after the explosion. The first question we must ask is what mechanism 
could produce electrons with these energies in the time avaiable between the 
explosion and the onset of radio emission. 

2. Electron Acceleration 

One possibility put forward by Ball and Kirk [31 is that electrons are accel­
erated at the expanding blast wave of the explosion by the diffusive shock 
acceleration mechanism. Some preliminary remarks on particle transport in 
astrophysical magnetic fields are necessary before this mechanism can be prop­
erly described. Typically the magnetic fields in the interstellar medium have a 
random as well as a mean component so that energetic particles do not simply 
follow a helical trajectory in the average field but are also scattered by the 
magnetic turbulence.  Consequently after travelling for some mean free path 
>., which can be related to the magnetic field and particle energy, particles 
forget their original direction of motion. The result is that energetic particles 
moving at speed v will diffuse with a diffusion coefficient given by K = >.v /3. 
Of course a field that is, in some frame of reference, purely magnetic every­
where is not useful from an acceleration point of view, for this we need to 
turn to shock waves (although there are other astrophysical acceleration sites 
and mechanisms which shall not concern us here) . 
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For simplicity a shock wave is defined as a sharp transition across which 
a fluid's density, pressure and velocity change discontinuously. Here we are 
interested in a star which explodes and ejects mass at some speed into the 
surrounding medium. The blast wave then sweeps up the undisturbed (up­
stream) medium which is compressed and heated to produce the post-shock 
(downstream) region. If we move outwards at the speed of the expanding 
shock front (i.e. we are in the shock rest frame) the upstream region moves 
towards the shock at speed v1 where it is decelerated to a downstream speed 
v2 • Consider now energetic particles ( v � v1 , v2) that initially reside in the up­
stream region. Without diffusion these particles would be convected through 
the shock downstream where they could not return upstream. However, since 
diffusion is, in general, an important process for energetic particles they can 
be scattered back and forward across the shock many times, by the magnetic 
turbulence frozen into the fluid fl.ow, before escaping downstream. With an 
energetic particle distribution that is close to isotropy both upstream and 
downstream of the shock the average cycle time to cross and re-cross the 
shock can be calculated to be tc = 411:(l/v1 + l/v2)/v while the probability 
per cycle of being convected away from the shock downstream is Pesc = 4v2/v. 

Since there is a relative speed of (v1 - v2) between the upstream and down­
stream media, or more precisely between the scattering centers that are frozen 
into the respective media, it can be shown [4] that particles will gain a small 
amount of momentum every cycle. The fractional increase in momentum is 
given by � = 4(v1 - v2 )/3v. Consequently we have an acceleration process 
competing with a possibility of escape downstream away from the shock. We 
assume that electrons are injected at some rate Q with an initial momentum 
Po · Defining N(p) dp to be the number of electrons per unit volume in the 
vicinity of the shock with momenta between p and p + dp we can write 

8N 8 (p� ) Pesc 
( ) - + - -N + -N = Q8 p - po 

at 8p tc tc 
(1) 

Ball and Kirk solved this equation with a momentum independent diffusion 
coefficient, a steady state shock structure and a constant level of electron in­
jection after some time ta. The spectrum of electrons is then a power law 
N(p) <X p-q between po and Po exp((t - ta)�/tc) where q = (p + 2)/(p - 1) 
with p = vif v2 the compression ratio of the shock. It is one of the appeal­
ing features of diffusive shock acceleration that the power law spectral index 
depends only on the shock compression ratio. 
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Once these electrons escape downstream they suffer adiabatic losses in 
the expanding, constant speed downstream medium. It is also in this region 
that they will emit synchrotron radiation in the magnetic field. A power 
law spectrum of electrons N (p) ex: p-q will produce power law synchrotron 
radiation with F,, ex: v(l-q)/2 [5J . Since the energetic electrons are accelerated 
diffusively at the shock the spectral index of the radio emission depends only 
on the shock compression ratio by a: = 3/2(p - l ) .  For the case of a supernova 
explosion we should have a strong shock wave expanding into an undisturbed 
medium with a non-relativistic equation of state. Thus the compression ratio 
ought to take its maximum value of 4 implying a radio spectral index of 0.5. 
This is in conflict with the radio observations of SNR 1987 A which has a 
steeper index of 0.9 (implying a compression ratio of 2. 7) . Therefore, either 
the radio emission from SNR 1987 A is not due to electrons accelerated by the 
diffusive shock mechanism or alternatively our picture of a strong blast wave 
expanding into an undisturbed medium is incorrect . For the remainder of this 
paper we address the second possibility, in particular how the acceleration of 
ions could alter the hydrodynamics and hence the compression ratio to give 
a steeper radio spectral index. In the next section we consider this effect for 
the simplest case of a single species proton population . 

3. Proton Acceleration 

The acceleration model for electrons presented above also applies to energetic 
protons although with one important difference. While accelerated electrons 
may be treated as test particles (they exert only a negligible force on the 
fluid) , protons can have an important effect on the hydrodynamics. In what 
follows we refer to the proton population as Cosmic Rays (CRs) by way of 
analogy with our own galaxy where the nucleonic component of galactic cosmic 
radiation is believed to originate in supernova remnants. The pressure exerted 
on the fluid then has two components; the internal pressure of the thermal 
gas itself (Pa) and also that of the non-thermal CRs (Pc) .  To see the effect of 
Pc on the hydrodynamics consider an expanding blast wave which accelerates 
protons diffusively in the manner described above. The upstream medium 
will then contain a diffusive tail of protons falling off exponentially away from 
the shock with scale length L "" !i/v1 (where Ii is now the proton diffusion 
coefficient) . Therefore the blast wave does not quite encounter an undisturbed 
medium but rather one that has been accelerated by the upstream spatial 
gradient of Pc .  Our picture of a strong shock expanding into a constant 
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speed upstream medium is therefore modified to one of a weaker subshock 
sweeping up material that has already been accelerated by the CRs. The 
compression ratio of the evolving subshock will be less than 4 which would 
then accelerate test particle electrons and produce synchrotron emission with 
a spectral index steeper than 0.5, which is what we require to explain the 
radio observations of SNR 1987 A. Of course all of this depends on Pc being 
a dynamically important component of the total pressure; when Pc «:: Pa 
our modification effects are unimportant . We need to examine the possibility 
that Pc can evolve quickly during the first few years after the explosion to 
a level that is comparable to Pa. In what follows test particle theory, i.e. 
before Pc alters the hydrodynamics,  is used to estimate the initial timescale 
for the evolution of Pc. 

We assume that prior to explosion we assume that the star gave off a 
freely expanding, constant speed stellar wind as a result of mass loss from its 
surface. The upstream density at the time of explosion is then proportional 
to r-2 , (where r is the radius) with an azimuthal magnetic field (B) dropping 
off as 1/r . We assume that once the star explodes then the shock expands 
ballistically rs = Ust where r8 is the shock radius and Us is the constant shock 
speed. Just after the explosion at some time t0 we start injecting protons at a 
constant rate Q with some initial momentum p0 at the expanding shock front . 
Since the compression ratio of the shock is 4, as long as Pc does not alter the 
shock structure, diffusive shock acceleration will produce a spectrum of CR 
protons at the shock with N(p) ex p-2 (see section 2) from p0 to some time 
dependent cut-off Pmax(t) .  If the area of the shock front is A(t) then, as long 
as they behave as test particles, the time dependence of the CR pressure is 
given by 

1 1Pmax (t) pc ( p ) -2 Pc ex 
A( ) 3 - dp 

t Po Po 
(2) 

where we have assumed all of the protons to be ultrarelativistic, i.e. they 
all travel at essentially the speed of light. For a constant speed shock wave 
A ,..., t2 so that Pc ex r2 ln(Pmax (t)/Po) .  The increase of the upper cut-off 
with time is, from section 2, determined by Pmax = PmaxD../tc, with adiabatic 
expansion losses ignored.  The crossing time is proportional to the diffusion 
coefficient which, in turn, scales with the mean free path for scattering so that 
tc ex A. The smallest mean free path we can use, which gives the most rapid 
acceleration, is just the gyroradius (Ag) of a proton in the mean magnetic 
field which falls off as 1/r away from the star. With Ag ex B-1 and A ,..., Ag 
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Figure 1 .  Observed and predicted light curves at 843MHz (solid line) and 
4.8GHz (dashed line) 

the crossing time at the freely expanding shock then increases linearly with 
time tc ex t. Therefore Pmax ex Pmax/t so that Pc ex C2 ln(t/to) .  This is 
to be compared with a 1/r2 (or 1/t2) decrease for the post-shock thermal 
pressure. Therefore, initially (t < 1 .7t0) Pc increases rapidly on a timescale 
much shorter than the expansion timescale of the shock (rs/us) ·  It then falls 
off but only when t � t0 does Pc decline as rapidly as Pa. Depending on 
the absolute values of the parameters (Q, i;, etc.) it is possible that the non­
thermal component of the pressure could dominate over the thermal part. 
Our test particle estimates would then no longer apply and the evolution of 
the coupled thermal and CR system must be solved numerically. 

The details of our model can be found in Ball and Kirk [3] Kirk et al. [BJ 
and Duffy et al. [T] . Here we restrict ourselves to some general remarks. We 
first treat the hydrodynamic part of the problem as a two fluid system where 
accelerated protons provide an important part of the pressure but none of the 
inertia. A time dependent solution then gives us a picture of the fluid profile 
as it evolves over the first few years after the explosion. With the hydrody­
namics solved we then turn to the electron acceleration described in section 
2. Now the quantities 6., Pesc and tc are all time dependent as the subshock 
compression and flow profile change. As before the accelerated electrons at 
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the shock ultimately escape downstream where they lose some energy as a re­
sult of the adiabatic expansion of the fl.ow. The electron spectrum calculated 
at and behind the shock, and the magnetic field profile, is then combined to 
calculate the synchrotron emission which can be compared with observations. 

4. Discussion 

Using parameter values that are in agreement with other studies of CR ac­
celeration [BJ we can produce a subshock compression ratio that is close to 
the value of 2 .7 after a few years. Electrons which are accelerated at this 
subshock will have a spectrum that is steeper than p-2 and will therefore 
emit synchrotron radiation that is steeper than v-0·5 • In figure 1 we make 
a comparison between the observations at two frequencies and our predicted 
light curves. As suggested by the observation of dumpiness in the supernova 
[9] we inject electrons at three stages (after 2 .67, 3.3 and 3.6 years) at the 
respective rates of 1 .6 1044s-1 ,  6.8 1044s-1 and 1 .  1045s-1 . While we need to 
assume precise levels of electron injection to obtain the correct absolute ra­
dio flux, the relative fluxes emitted at the two frequencies is fully determined 
by the history of the subshock. Many other questions regarding acceleration 
at the shock of 87 A, such as the complex circumstellar environment and the 
possibility of X- and 7-ray emission when the shock hits the ring, have not 
been addressed here but are subjects of considerable interest. 
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The pulsar Geminga, also known as 2CG195+04, IE0630+178 and the faint star G", is a 
remarkable object in the sense that its energy output is almost all in high energy gamma 
rays. The braking index, 

n = f x i/(i)2 
as obtained from the elements given by any one group of authors (Hermsen et al.; Bertsch 
et al.) based on their own data set appears to be too high or has a very large upper limit 
compared with 3, the value expected for magnetic dipole radiation. 

Rather than fitting a polynomial in elapsed time to the event phases over different 
data sets, we have taken a different approach to determine f. Hermsen et al. (1992) and 
Mattox et al. (1994) have determined f and j from COS-B and EGRET data respec­
tively at two widely separated epochs. Assuming that there were no glitches, we obtained j by dividing the difference in j values at the two epochs by the time difference between 
the two epochs; the resulting value of j is (3.85 ± 1 .19) x 10-25 s-3 • Combining this 
with the f and j values we obtained a value of ( 4.3 ± 1 .3) for the braking index. This 
value agrees well with the expected. 
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1. Introduction 

High Energy Gamma Rays (HEGR) with energies 2 50 MeV from celestial sources 

were observed by a series of satellite-borne detectors - SAS - 21) , COS - B2) and 

EGRET3) - with progressively increasing sensitivity. Based on the results [Fichtel et al.4l] 

from the latest and most sensitive detector (EGRET ), one can characterise the HEGR sky 

as consisting of a strong diffuse radiation by the Galactic center and disk, emission from 5 

pulsars, atleast 21 AGN s and 16 unidentified sources. If marginal detections with 2 4 u are 

included, these numbers increase further. Geminga is one of the 5 HEGR pulsars detected 

so far, the others being the Crab and the Vela pulsars and PSR1055-52 and PSRl 706-44. 

Geminga was discovered by Fichte! et al.5) with the SAS - 2 detector. It is now 

known that the objects variously referred to in the literature as Geminga, 2CG195+04, 

the X-ray object 1E0630+ 178 and, most probably, the faint blue star G" all refer to the 

same object with the J2000 co-ordinates of R.A = 6h 33m 54.02s and Ii =  +17° 46' 11".5 

and located at a distance of � 100 to 1000 pc from Solar system. During the seventies and 

eighties there were several erroneous claims for a periodicity � 59 s in X-ray, HEGR and 

TeV gamma ray emissions. Recently Halpern and Holt6l , using a deep ROSAT X-ray 

observation have convincingly demonstrated that the true period of Geminga pulsar is 

� 237 msec. Soon Bertsch et al.1) found the same periodicity in HEGR from the EGRET 

data and further concluded that Geminga is a rotating magnetised (B � 1 .6 x 1012 G) 

neutron star, with a slow-down energy loss rate of � 3.5 x 1034 erg.s-1 and a characteristic 

age of � 3.2 x 105 yr. Searches of the COS - B and SAS - 2 archival data have also 

confirmed S-lo) the 237 msec periodicity. Bignami et a/. 11 ) measured the proper motion 

of G" to be � 0".17 yr-1 • A search for radio pulsations, however, did not find12l any 237 

msec pulsations at 2 1 mJy. In the TeV energy range, there were two claims13 •14) of 

detection and one15l of non-detection of pulsations at 237 msec periodicity. 

It is clear that Geminga is a unique object shining brightest in HEGR, with luminosity 

ratios of LHEGR/ Lx-ray• � 103, LHEGR/ Lopt � 2 X 106 and LHEGR/ LTeV/ 2 150. 

Geminga can truly be called a high energy gamma ray pulsar. 

2. Braking Index 

A rotating non-aligned magnetic neutron star loses energy by emission of electromag­

netic radiation and it is expected theoretically 

n = -k x !r (1) 
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where !1 is the angular velocity of rotation of the neutron star, n its first time derivative 

and n, the braking index. From (1)  it follows 

n = nn;n2 = Ji!i2 (2) 

Here f is the rotation frequency (cycles/ sec) of the pulsar. For an ideal rotating magnetic 

dipole, the theoretical value for the braking index is 3. In reality the braking index could 

differ from this value; for example, the Crab pulsar, PSR0540-69 and PSR1509-58 exhibit 

braking indices of 2.50 ± 0.01, 2.04 ± 0.02 and 2.80 ± 0.01 respectively. Glitches, timing 

noise and moving crust of the neutron star might be responsible for the discrepancy. To 

estimate the braking index to within an error of, say, 1 %, one has to obtain f, j and j to 

accuracies better than 1 %. 

3. Determination of f, j and j 

First one reduces the observed event times of gamma rays to solar system barycenter 

to correct for the earth's orbital motion and rotation. One, then, expresses the number of 

rotations of the pulsar upto ith event time by 

(3) 

where T; = t; - to . Here t0 is an arbitrary epoch at which the phase of the pulsar equals 

0. The difference between mrot and its nearest integer is called residual. One minimizes 

the residuals to obtain the best fit for f, j and j. While f can be obtained reasonably 

accurately in a relatively short data span, the other two terms j and j require rather long 

duration data spans. One requires data time streams of durations of v2 x Sm/Sj and 

{j6 x Sm/Sf to obtain j and j to within errors of Sj and Sf respectively. As an example, 

for Sm = 0.03, S j / j � 0.01 and S j / j � 0.01, one needs, in the case of Geminga, data 

streams of 63 d and 27yr respectively. The data streams of COS - B and of EGRET 

(upto now) are only of approximately 7 and 2.8 years long. This is the major reason why 

Hermsen et al.8 could determine j only to an accuracy of 60%. 

As examples we reproduce below two of the published ephemerides of the Geminga 

pulsar: the first set by Hermsen et al. 8 

t0 = JD 2443946.5 
f = 4.21775012277(24) s-1 
j = -0.1952379(24) x 10-12 8-2 
j = (0.28 ± 0.16) x 10-24 s-3 

(4) 
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and the second set by Mattox et a/.16 

t0 = JD 2448750.5 
f = 4.21766909413(5) s-1 
j = -0.195221(8) x 10-12 s-2 
j :S 3 X 10-24 s-3 

(5) 

Using these ephemerides one obtains, using formula (2), values of (31 . 1 ± 17.8) and < 332 

respectively for the braking index, n, of the Geminga pulsar. It may be pointed out that 

the rather large errors in n are due to the correspondingly large errors in j. Though the 

derived values of n, with their large errors, are not seriously in conflict with the expected 

value 3, there have been a few suggestions in the literature to explain these 'high values' 

of braking index in terms of glitches17 and of pulsar proper motion18 •  

4 .  Our method to determine j 

The errors in j in the ephemerides ( 4) and ( 5) preclude joining the C 0 S - B and 

EGRET data sets into a single data set of l8yr long lever-arm allowing one to determine 

j more accurately. Instead, we adapted a simple method to obtain j. Since Geminga did 

not show any evidence for any glitch in its observed history, we have divided the difference 

in the j values by the difference in the epochs given by the two ephemerides ( 4) and (5) ; 

see Figure 1 .  The resulting j value is given by j = ( 4 .1 ± 2.0) x 10-25 s-3, leading to the 

value for braking index n = ( 4.5 ± 2.3). There has been one more observation on Geminga 

by EGRET in December, 1993. If we include these data and reanalyse the EGRET data, 

we obtain a more accurate value j = -0.1952219( 43) x 10-12 s-2 .  When we combine this 

value with the ephemerides ( 4), we obtain j = (3.85 ± 1.19) x 10-26 s-3 •  This leads to a 

value n = ( 4.3 ± 1.3) .  

5. Conclusions 

We conclude that, while neither the COS - B data nor the EGRET data stream 

is long enough to determine j accurately, one can obtain a reasonably accurate value for 

J from the j values given by the two groups. The newly determined value of j leads 

to a value for the braking index of Geminga pulsar of n = ( 4.3 ± 1 .3) .  This value is in 

agreement, within errors, with the theoretical value, 3, for a rotating non-aligned magnetic 

dipole, obviating any need to look for explanations for a 'large' braking index. 

* * * * * *  
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The discovery of a class of active galactic nuclei that emit a large fraction of 
their energy in the medium energy (rv 30 MeV - 30 GeV) gamma-ray regime 
has important implications on particle acceleration and radiation processes 
near supermassive black holes, and the intensity of lower energy radiation 
fields in the sources. The essential facts connected with these high energy 
sources are reviewed. The necessity of beaming is argued on the basis of 
source energetics and variability data, assuming Eddington-limited accretion 
luminosities. Constraints on bulk outflow velocities are derived, which de­
pend critically on whether the radiating agents are assumed to be leptons or 
hadrons. 
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1 .  Gamma-Ray Observations of Blazars 

The Energetic Gamma Ray Experiment Telescope (EGRET) on the Comp­
ton Gamma Ray Observatory (CGRO) has strongly (> 5o-) detected 25 ac­
tive galactic nuclei (AGNs) and marginally (4 - 5o-) detected an additional 
13 AGNs during its Phase I all sky survey. 1) All of these sources are iden­
tified with radio-loud extragalactic sources, yet none of the famous radio 
galaxies, such as Centaurus A2) or Cygnus A,3) are detected at the thresh­
old sensitivity levels of EGRET. The EGRET threshold flux, which depends 
on direction due to obscuration by galactic diffuse emission, is in the range 
0.5 - 3 x 10-7 photons (> 100) MeV s-1 cm-2 . The extragalactic sources dis­
covered with EGRET are the flat radio-spectrum, compact radio core sources, 
variously categorized as radio quasars (in particular, highly polarized quasars) ,  
B L  Lac objects, and optically violently variable quasars.4•5) These objects are 
commonly called "blazars," which are thought to be radio galaxies favorably 
oriented so that the axes of the radio jets are nearly aligned in our observing 
direction. None of the closer and more numerous radio-quiet Seyfert AGNs 
have been detected with EGRET,6) implying that acceleration processes in 
the jets of the radio-loud objects are responsible for energizing particles to 
high energies. 

The jet sources detected with EGRET have also been monitored at lower 
gamma-ray energies with the Oriented Scintillation Spectrometer Experiment 
(OSSE) and the Compton Telescope (Comptel) on CGRO. OSSE detects pho­
tons with energies between '""' 50 keV and 10 MeV, and Comptel is sensitive 
between '""' 0.7 MeV and 30 MeV. OSSE is a relatively small field-of-view 
(3.8° x 1 1 .4° ) instrument and therefore requires specific source pointing. Of 
the 5 blazar targets observed with OSSE during Phase I, three (3C 279, 3C 
273, PKS 2155-304) were detected and upper limits were reported for the 
other two (Mrk 421, PKS 0528+134).7•8) The Comptel team reported detec­
tions of 4 AGNs during its Phase I all sky survey, three of which are blazars 
(3C 279, 3C 273, PKS 0528+134) and the fourth of which is Centaurus A.9l 

One of the most exciting recent discoveries in gamma-ray astronomy 
is the detection of Mrk 421 at TeV energies with the ground-based Whip­
ple telescope. 10l Mrk 421 is a lineless BL Lac object at the center of an 
elliptical galaxy, and is the closest and one of the weakest EGRET blazar 
sources. Several other EGRET blazars (e.g., 3C 273, 3C 279, PKS 0528+134, 
3C 454.3, 0716+714, 4C 38.41) have also been observed with the Whipple 
observatory, l l )  but so far with negative results. 

By constructing multiwavelength vFv diagrams, it is becoming certain 
that the bulk of the power output in many of the EGRET blazar sources (e.g . ,  
3C 279, PKS 0528+134, 3C 454.3, PKS 0208-512, PKS 0235+164, PKS 0208-
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512, CTA 102) is radiated in the medium energy gamma-ray regime. Although 
generally based on noncontemporaneous data, the fact that so many sources 
show similar rounded featureless continua peaking between ,......, 1012 - 1014 Hz 
and another peak between ,......, 30 MeV and 1 GeV some 1-2 orders of magnitude 
higher in the power spectrum strongly suggests that the energetics of the 
blazar sources are dominated by emission in the gamma ray regime. Moreover, 
the high-energy radiation displays variability on time scales as short as >:::: four 
days for 3C 454.3, 12) and >:::: two days for 3C 27913) ,  1633+382, 14) and PKS 
0528+134. 15) The spectra between 100 MeV and 1 GeV are well-described 
by power laws, although more complicated spectral shapes are difficult to 
rule out because of the paucity of photons. Photon spectral indices a range 
from a = 1 .5  ± 0.2 for NRAO 629 to a = 2.6 ± 0.1 for PKS 0528+134.1 ) 
Direct spectral evidence,s) combined with the statistics of the relative number 
of source detections with Comptel and EGRET, indicate that the spectra 
of blazars soften between the soft gamma-ray and medium energy gamma­
ray regimes . Source models are forced to contend with these observational 
constraints. 

2. Evidence for Beaming 
The 100 MeV-5 GeV luminosity in the source rest frame has been calcu­

lated for blazars with known redshift z . 1) For a Hubble constant H0 = 75 km 
s-1 Mpc- 1 ,  the gamma-ray blazar luminosities range from L = 2 x 1044 f ergs 
s-1 for Mrk 421 with z = 0.031, to L = 8 x 104s f ergs s-1 for PKS 0528+134 
with z = 2.06. Here f denotes an unknown beaming factor. If we assume 
Eddington-limited accretion, then the implied black-hole masses necessary to 
power these objects range from Ms >:::: 0.0lf to Ms >:::: 650f, where Ms is the 
black-hole mass in units of 10s M0 . 

Consider now the gamma-ray time-variability data mentioned above. 
From light-travel time arguments, variations of luminosity by a factor of 2 
on the time scale 8tabs imply that the characteristic size R of the emitting 
region is given by R :S c8tabs/(1 + z) . This argument holds for stationary 
unbeamed sources. We argue that beaming or bulk relativistic motion is 
required because the assumption of Eddington-limited luminosities and size 
scales implied by stationary emitters are incompatible. 

For simplicity, we use the Schwarzschild metric. The luminosity radiated 
interior to radius R for a zero-stress boundary condition is given by LEdd(l -

RJ/ R) , where LEdd � 1.26 x 1046Ms ergs s-1 , the gravitational radius R9 = 
GM/c2 � 1 .5  x 1013 Ms cm, and R1 = 6R9 is the radius of the innermost 
stable orbit. This luminosity must be greater than the observed luminosity 
modulo the beaming factor f. This sets a lower limit on the black hole mass. 
An upper limit is set by the variability argument given above. We find that 
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80fL4s < M < 170 8tobs [days] 
1 - 6R9/R "' 8 "' (1  + z)(R/R9) . 

(1) 

In Figure 1 we plot equation (1) as a function of p = R/ R9 . Depending 
on the observed relative luminosity (= L4s )  given by Fichtel et al. l) and 
the assumed beaming factor f, we obtain a lower limit for Ms given by the 
solid curves. The observed variability time scale gives an upper limit for Ms . 
The gamma-ray data shows that the radiation from some blazar sources must 
be beamed, because there is no solution to equation (1) unless f « 1 .  We 
specifically consider the sources 30 279, 1633+382, and PKS 0528+ 134 which 
have, respectively, z = 0.538, 1 .81,  and 2.06, and measured values of f = 1 .2, 
6.2, and 8.0. Each varies on time scales 8tobs ::!:, 2 days (see above) . 

1 03 
Black Hole Mass Constraints 

f L  = 1 48 i0 1 02 
� .. :"·"·-�1tni,.:.?<I+z) days 

� l O 1 "·............. ............... f L48 = 0. 1 

ot t°(i-tz)·da�,') ................. . 
�"" 1 00 Obs .... ................ :::··-. ............. .. ······· f L = lff2 48 

fL  = lff3 48 

··· ... ....... . 
1 0·2 ��������������� 

1 01 1 02 1 03 
R/R 

g 

Fig. 1-0on­
straints on black 
hole masses M and 
beaming factors f 
from gamma-ray ob­
servations of vari­
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suming radiation at 
the Eddington limit 
and a Swarzschild 
metric. Use of a 
Kerr metric will re-
lax the constraints. 

In order to obtain solutions with the minimum amount of beaming, we 
find that Ms � 19, 10, and 9 for 30 279, 1633+382, and PKS 0528+134, 
respectively. The respective beaming factors are f � 9.5%, 1 % and 0. 7%, and 
the emission size scales correspond to :::::J 12R9 in all three cases. Smaller mass 
black holes would be implied by smaller beaming factors. If the beaming is due 
to the Doppler boosting of the radiation by bulk relativistic motion, then µ :::::J 
/3r :::::J 1 - 2/, where cos-1 µ is the observing angle with respect to the direction 
of the bulk motion, /3"1 = (1 - r-2) 112 , and r is the bulk Lorentz factor of the 
outflow. This implies that r ,(, 1.7, 5, and 6 for 30 279, 1633+382, and PKS 
0528+134, respectively. We propose the arguments leading to equation (1) 
as new evidence for relativistic motion in blazar sources. Intrinsic anisotropy 
of the radiation field must be required to jointly satisfy the two relations in 
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equation (1) ,  because geometrical obscuration of some fraction of the source 
does not reduce the luminosity requirements. A use of the Kerr metric will, 
however, relax the constraints, but then it is also important to consider the 
gravitational redshifting and time dilation of the emergent radiation. 

3. Constraints on Radiation Processes in Relativistic Jets 
Beaming of the radiation reduces luminosity requirements by a factor 

,...., 1-1 , thus considerably easing source energetics. Relativistic bulk outflow 
in a jet produces beamed emission through Doppler boosting and, moreover, 
avoids the catastrophic Compton cooling of electrons implied by the inferred 
radio luminosities and variability size scales for systems assumed to be at 
rest with respect to the observer.16) Bulk relativistic motion also provides 
a natural explanation for apparent superluminal motion in the transverse 
motions of radio emitting blobs in compact radio sources. Lower limits to 
the bulk Lorentz factors r are derived from the measured apparent transverse 
velocities: most inferred values of r are between � 3 and 10. 17) 

We consider three models for EGRET blazar gamma-ray emission, and 
derive constraints on parameters in order that the models are in accord with 
gamma-ray variability data. In the model of Dermer & Schlickeiser18) (here­
after DS) , nonthermal relativistic electrons, which are assumed to be quasi­
isotropically distributed in the comoving frame of a relativistically outflowing 
plasma blob, Compton upscatter accretion disk radiation to gamma ray en­
ergies. In the model of Sikora et al. 19) (hereafter SBR) , the electrons in the 
plasma blob, instead of scattering disk radiation, scatter central source emis­
sion that has been rescattered by surrounding diffuse gas. In the model of 
Mannheim & Biermann20l (hereafter MB), high-energy protons initiate a cas­
cade by photomeson production with photons produced through synchrotron 
emission by nonthermal electrons in the outflowing plasma jet. 

For the first two lepton-dominated models, we require that the time scale 
for electron energy loss, as measured in the observer's frame, be less than 
8tobs � 1 day. Because -"'! = 4caru�h , ... p /3 for Thomson scattering, where 
u;h =mec2u�h is the comoving soft photon radiation-field energy density, and 
the observed time interval tobs = rt'(l  - f3rµ) , where the electron energy loss 
time scale t' = I - "'! h 1 - 1 , we have 

(2) 

In equation (2), we replace u�h with uphf2 (1 + f3f. /3), where uph is the quasi­
isotropic soft photon field in the stationary accretion disk frame.21) 

In model DS, Uph � LadR9/41fz3mec3, where Lad = (LEdd is the accre­
tion disk luminosity scaled by the Eddington luminosity, and z = zR9 is the 
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height of the scattering blob above the central black hole. In the SBR model, 
Uph � LadTsc/ 41f R�cmec3 , where Tse = O .OlT _2 is the Thomson scattering 
depth of the clouds and Rsc = 0. 1R_1pc is the radial extent of the scattering 
cloud. For simplicity in what follows, we assume that the observer is oriented 
in the superluminal direction µ = f3r . We obtain the following constraint on 
r for model DS: 

1 7- Ml/3 f( (32 /3)1/3 > · Z3 8 1 + r ,....., ( ('}'38t [day] ) l/3 , (3) 

where z3 = z/1000 and 'Y3 = 'Y/1000. We choose a characteristic value of 
'Y ,....., 103 because electrons with Lorentz factors of this order will Compton 
scatter "blue" bump photons (,....., 0 .1 - 1 keV) to energies near 100 MeV. For 
the SBR model, we obtain 

2/3 
2 1/3 > 3.7R 1 f(l + f3r/3) "' ((M3L2'}'38�[day] ) 1/3 · (4) 

We constrain the MB model on the basis of the observed radio-through­
optical continua of blazars, which is the soft photon field with which protons 
produce pions through photomeson production. Using an approximation22) 
for the energy-loss rate of protons through photomeson production, we obtain 
the energy-loss time scale tp,, (sec) = 2.5 x 1015/U� [ergs s-1 ]'Yp, where the 
radiation field in the comoving frame is assumed to be described by a power 
law with photon spectral index = 2, and 'YP is the proton Lorentz factor. 
Relating the energy-loss time scale to the observer's time interval, we find 
that 2.5 x 1015 /U,, [ergs s-1] )'}'pf ::::., 8tobs ·  

The observed frequency-integrated energy flux <I>E ,  can be shown to 
be related to the soft photon energy density through the expression <I> E = 

D4cR12u;h/3d'i, where D = [f(l - f3rµ)J- 1  is the Doppler factor, R' is the 
radius of the blob (assumed spherical) in the comoving frame, and dL is the 
luminosity distance. Substituting the implied expression for u;h into the 
energy-loss time scale, using the definitions dL = 1028d28 cm, "(p = 108'}'3 , 
and <I>E = <I>_1 1 10-11  ergs cm-2 s-1 , we obtain 

(5) 

where we let D � r. 
Equations (3),  ( 4) , and (5) are constraints imposed by the gamma-ray 

data on models DS, SBR, and MB, respectively, which must be satisfied if 
these models are valid. We find that the bulk Lorentz factors required in 
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equations (3 ) and (4) are not at all unreasonable; only if the gamma-ray vari­
ability time scales were measured to be much shorter than one day would 
the implied values of r conflict with deductions from superluminal observa­
tions. The size of the soft photon source implied by equation (5) may be 
uncomfortably small if r "" 5 - 10; it is additionally important to determine 
if medium-energy gamma rays can escape from a source this size because of 
'Y - 'Y pair production opacity. 

In summary, we have briefly reviewed gamma-ray observations of blazars, 
and argued that the emission must be beamed. We have also constrained the 
bulk outflow velocities and emission size scales for three models of gamma-ray 
blazars. 
Acknowledgments: I thank Professor Gerard Fontaine for his kind invitation 
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Description of the Experiment 

The Themistocle experiment, located on the THEMIS solar power plant site 
near Font-Romeu in the eastern French Pyrenees, is an air Cerenkov device run in 
a way similar to an air shower particle array; i. e. shower direction is determined 
by timing measurements. Eighteen telescopes, each having an 80 cm parabolic 
mirror and a single photomultiplier tube, are directed using the THEMIS 
alt-azimuth solar mirror mounts. These telescopes are distributed over the roughly 
elliptical 200 by 300 meter field of the solar installation. Unlike an air shower 
array, the Themistocle detector is very directional, the optical aperture being 
limited by a diaphragm in the focal plane of the mirror to a 20 mr half-angle. Due 
to the small mirror size, the device has a relatively high threshold of approximately 
3 TeV. 

At these energies, the shape of the swarm of Cerenkov photons falling to earth 
is distinctly conical, departing from a plane by about 1 ° .  This feature makes it 
possible to make a cone fit to the timing data thus obtaining both the shower 
direction and its projected impact point on the ground, given by the vertex of the 
cone. The angular error, based on the Crab Nebula data, is 2.3 mr, and Monte­
Carlo calculations indicate that the impact point error for gamma-rays is better 
than 15 m. (These values characterize the respective 2-D Gaussian distributions). 

Crab Nebula Results 

Data were taken on the Crab Nebula during the 1 990-199 1  and 1991-1992 
winter seasons. A statistically significant indication of a signal was obtained during 
the first period, and with the combined data sets, it was possible to provide a flux 
measurement and an energy spectrum[lJ as shown in Fig. 1 .  The 15  TeV gamma­
rays at the high end of this spectrum are believed to be those of the highest energy 
yet observed with clear statistical significance from any astronomical source. The 
results obtained are on the whole compatible with the 1991  Whipple resultC2J and in 
good agreement with the preliminary points from HEGRA[3J. The disagreement is 
considerable, however, with the reanalyzed Whipple data[4J.  (We have represented 
both the old and new Whipple results on this plot by integrating the authors' best­
fit power law formula, given for their differential spectrum). 

Analysis Improvements 

Work in progress indicates that it is possible to improve the angular 
resolution of the experiment by correcting for systematic errors present in the cone 
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fitting procedure. Fig. 2 shows results from the cone fit applied to Monte-Carlo 
generated gamma-ray events in the 3-7 TeV range. The field is divided into 13  
sectors and the arrow in each one represents the average directional error fo r  the 

events whose impact point fell within the sector. A preliminary application of this 

simple sector-dependent correction has been shown to reduce the width of the 

angular distribution for the Crab data, and it is expected that by further developing 
this technique it will be possible to reduce the average angular error from the 

present 2.3 mr value to one somewhat below 2 mr. 

More important, however, is work being done on the hadronic Monte-Carlo 

simulations which should improve our estimate of the energy for photon showers. 

In the absence of an absolute photometric calibration method to determine the 

response of the detector for Cerenkov light signals, the energy scale is established 
indirectly by reference to the well-known flux of hadronic showers. The method 
can be outlined as follows. In a detailed Monte-Carlo calculation, the Cerenkov 

light yield is obtained for as large a cosmic-ray shower sample as possible covering 
various parameters such as primary energy and composition, arrival direction, and 

impact position with respect to the detector. A model must be supplied for the 
high-energy physics of the initial interactions. The secondary particles generated, 
and in particular the electromagnetic cascades that occur and the Cerenkov photons 
they produce, are followed in the atmosphere. A model of the experimental setup 
simulates its response to the Cerenkov light pulses and produces the equivalent of 
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pulse times and amplitudes. The overall trigger condition of the experiment can be 
applied to this Monte-Carlo output and a trigger rate calculated. This rate, as well 
as various distributions, can be compared with their experimental counterparts, and 
a compensation factor can then be introduced to take account of the unknown 
effects which caused simulation and experiment to disagree. 

Gamma-Ray Monte-Carlo (1860 events, 3-7 TeV) 350�-------------� 
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--1 1-1 @  

-so��������������� -200 -150 -100 -50 50 100 150 200 
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Figure 2 : Average error in direction for 13 impact-point zones. 

The simulations just described for cosmic-ray showers are now repeated for 
gamma-ray events. The purpose is to obtain a set of curves giving average 
Cerenkov light intensities as a function of telescope distance from the shower 
center for a number of primary energies. Then the set of measured telescope light 
yield values for each experimental event is compared with these curves. (The 
events are treated here as though they were all gamma-rays). The energy of the 
event is taken to be that which provides the best fit. Finally, the compensation 
factor obtained from the hadronic comparison can be used to produce a corrected 
gamma-ray energy. 

Until recently, our hadronic Monte-Carlo had included only proton showers. 
This commonly-used simplification can perhaps be justified in the high-energy 
limit where the Cerenkov light from n nucleons of energy E/n is equivalent to that 
of a proton of energy E. But at low energy, the light produced by a nucleon per 
Te V of energy falls off, and our Monte-Carlo studies indicate, for example, that a 
10 Te V iron nucleus produces only 10% of the light of a 10 Te V proton on the 
shower axis. (Far from the axis this effect is less pronounced). In addition, the 



59 

chemical composition is far from being proton-dominated. When one classifies the 
species by total energy per nucleus, as is appropriate in our case, the tendency is a 
decrease in the proton component over the range 10 GeV to 10  TeV from 45% to 
35%, approximately, while the alpha-particle content increases from 1 8% to 30%. 
The sum of all heavier elements thus remains stable, representing a third of the 
total. The heaviest (iron group) elements account for about one tenth of the total. 
(See refs. 5 and 6). If all these particles are simulated by protons, the number of 
events which trigger will be overestimated. 

The original Themistocle Monte-Carlo (based on DELSIM which was written 
for the CERN-DELPHI experiment), used extrapolations of the Grant model to 
describe the high energy processes. Recently we have made comparisons with two 
others developed respectively by Capdevielle[7] and by Kertzman and SembroskH8l 
Although their approach is different, these two models give average Cerenkov light 
yields between 5 and 25 TeV which are identical to within 10%, while the Grant 
model gives 30% more light. Their more complete treatment of high-energy 
processes leads us to favor the newer models, and finally we have chosen that of 
Capdevielle. 

These effects lead to an over-estimation of the trigger rate by the Monte­
Carlo. In consequence, the compensation factor mentioned above was significantly 
different from 1 .  Preliminary results after incorporating these changes give us a 
new factor much closer to 1 .  In addition, the quality of the fit obtained using the 
cone fitting procedure has become worse on the average, bringing the Monte-Carlo 
x2 distributions closer to the experimental ones. The net result on the energy 
estimation for photon events is a significant reduction in the energy values. Our 
data points in Fig. 1 will thus be shifted to the left. Nonetheless we expect the 
overall agreement with the preliminary points from the HEGRA imaging telescope 
to remain satisfactory. The disagreement with the reanalyzed Whipple data will be 
reduced. 

Technical Studies 

As previously reported[9] , two technical studies are under way, both having 
the goal of improved hadronic shower rejection. The first one involves pulse­
shape analysis with a fast photomultiplier on a 19th telescope. In the second study, 
crude imaging using a 64-pixel multi-anode tube on a 20th telescope is being 
explored. The information obtained from these new devices is correlated with that 
from the 18-telescope array operated in the usual manner. 
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Data-taking on MKN-421 

The Whipple group has reported a 6 s.d. signal in the TeV range[lO] from the AGN 
MKN-421 ,  previously shown by EGRETD l] to be a high-energy gamma-ray 
emitter. Part of the Themistocle collaboration has begun data-taking on this object 
in order to confirm the existence of these emissions and, if possible, measure their 
spectrum in energy. The signal seen by Whipple is relatively weak (1/3 of the 
Crab strength) and this source may show some variability. However, the spectrum 
seems to be flatter than that of the Crab, showing a spectral index of 2.1 from Ge V 
to TeV energies. If one continues the Themistocle Crab spectrum down to 1 TeV, 
multiplies the flux by a third and then extends this flux to higher energies using the 
above index, one concludes that the signal level should be comparable to that of the 
Crab in the 10 Te V range. A cutoff in the spectrum due to absorption by pair 
production on the cosmological flux of infrared photons, whose level has never 
been measured, might be observable somewhere in this energy region. A detection 
or even an upper limit could help to constrain the cosmological IR flux level under 
certain assumptions. At the date of the conference, 50 hours of data, as yet 
unanalyzed, have been taken in the spring of 1993 and in December and January 
1993-1994. 
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Abstract: A brief account of the status of the construction of HEGRA will be given. 

The array combines 4 different experimental components into one and as such uni­

que array. Data have been taken since some time with parts of the final setup. Some 

data on the performance of the experiment and also some early results will be pres­

ented. 
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Introduction: The HEGRA experiment is located on the canarian island La Palma, 

2.200 m a.s.l. inside the area of the observatorio Roque de los Muchachos (ORM) of 

the fustituto de Astrofisica de Canarias (IAC), at a longitude of 17° 53' 27.4" west 

and a latitude of 28° 45' 42.8" north. It is above the tree line which follows the up­

per level of the passat clouds at about l .800m. Viewing conditions are usually ex­

cellent which invites for extensive use of the Tscherenkov light generated in airsho­

wers. The array was started in 1988 as a conventional airshower array of 37 1 m2 

counters by the Kiel group. By now it combines 253 1 m2 scintillation detectors, 17 

16 m2 Muontowers, 49 0.125 m2 Tscherenkov stations (AIROBICC) and two tele­

scopes for Tscherenkov light detection. The HEGRA collaboration consists now of 

two fustitutes of the Max-Planck-Gesellschaft in Miinchen and Heidelberg, the Ye­

revan fustitute of Physics, Armenia, and Physics Institutes at the Universities of Ma­

drid, Hamburg, Kiel and Wuppertal. fu what follows I will give a brief description 

of the status of the different components of HEGRA, discuss some of the results ob­

tained so far and give an outlook on future developments. 

Scintillator Array: A regular array of 169 - 1 m2 counters in a 13  x 13  square with 

15 meter spacing defines the boundary of the array. In the center an octogon of 84 

lm2 counters again with 15 m spacing but shifted by 15/2 m in both coordinates de­

fines an inner area of 20.000 m2 with twice the detector density that gives 0,8% co­

verage. 

fu a scintillator hut of the 13 x 13  array two PM's deliver amplitude signals in two 

dynamic ranges and one time signal from the PM in the lower part of the amplitude 

range. fu the inner part only one PM is used for readout of time and amplitude the 

high dynamic range required is provided by a second amplitude signal from one of 

the dynodes. Light pulsers in each counter box are used for frequent calibration data 

sets (every 10 min) a key procedure for the performance of the array. The master 

trigger requires at least any 14 stations to fire inside a gate of 150 nsec. The trigger 

rate is rather stable at about 12 Hz. 

AIROBICC: The AIROBICC detectors form a regular 7 x 7 array with 30 m spa­

cing thus matching the 13 x 13 scintillator array. Each AIROBICC hut contains a 

20cm0 PM, hemisspherical in shape with a 40 cm diameter conical lightcatcher, a 
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filter plate to reduce the night sky background and a LED for calibration purposes. 

The lid of the box can be opened by remote control. The PM has only 6 stages and a 

fast amplifier to filter out the very short Tscherenkov pulses from the (almost) con­

stant night sky background. The AIROBICC array gives a master trigger on (mo­

re�) 6 stations. Due to excellent night sky conditions at ORM the ontime of AIRO­

BICC is about 14% of total time, averaged over 1 year. At good viewing conditions 

the total trigger rate of AIROBICC and the scintillator array (logic OR of both) is 

about 18 Hz. 

Muontower: In the inner part of the array 17 muontowers of size 3.5 x 7 .0 x 1 .5 m3 

are placed with a spacing of about 30 m. In each tower there are 6 planes of Geiger­

tubes 6 m long and 2.7 m wide. Each plane has 160 individual Geigertubes 1 .5cm2 

in cross section and 6 m long. A Geigerpulse is about 0.5 Volt high and 60 µsec 

long. Below the first and the second plane a layer of lead, 4.5 r.1. thick is placed, this 

absorbs enough of the very low energy photons and electrons in an airshower to al­

low a safe identification of muons as a straight track through all planes. For elec­

trons and photons the muon tower also serves as a calorimeter with about 40% ener­

gy-resolution from about 100 MeV to 10 GeV. The muontower readout is started on 

the basis of a master trigger from either component of the HEGRA setup. 

Air Tscherenkov Telescopes: Inside the array two Tscherenkov telescopes have 

been constructed. The first telescope near the center of the array has polar mount, 18 

mirrors of 60 cm diameter and a 37 pixel PM camera at 5 meter distance. The tele­

scope tracks sources with better than 0.05° precision and is triggered (usually) by 

any two pixels. The second telescope has an alt-azimuth mount, 30 mirrors and a ca­

mera with 61 pixels both of the some types as in the first telescope. The trigger is 

again two out of 61 and each trigger starts the readout of the other telescope and all 

compounts of the array. 

Performance of HEGRA and some early results: The arrays have somewhat mo­

re than 1 sterad acceptance. The center of the shower is reconstructed with about 10 

meter uncertainty and the direction of the particles that started the shower with ab­

out 0.6° for the scintillator array and about 0. 15° for AIROBICC. The absolut poin-
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ting of the scintillator array has been checked to about 0.1° by observing the sha­

dows of moon and sun on the otherwise isotropic Te V cosmic particle flux. The sha­

dow of the sun is slightly less significant than for the muon, this may indicate the in­

fluence of the solar magnetic field and deserves careful study at somewhat higher 

angular resolution. 

The scintillator array was used to search for sources of cosmic rays using a method 

based on the rate in an annular (2°-5°) off source bin to be subtracted from an on­

source bin l . I2° wide. Based on a total data sample of 249 x 106 events, reduced af­

ter cuts to I 79 x I 06 events no source was detected for shower energies of order 50 

TeV at a flux level of (0.7 - 2.8) x 10-13 cm-2 sec- 1 . In particular no significant ex­

cess has been observed from sources previously claimed like Cyg X3, Her XI ,  Mk 
42I ,  Crab and Geminga at either higher or lower energies. The limits will be further 

improved with more statistics collected and also some refinements in analysis. More 

recently (after this meeting) similar limits have been obtained using AIROBICC, 

where the reduction in statictics due to the ontime is balanced off by the much better 

angular resolution. 

Very significant improvements will be expected based on separation methods for 

gamma induced showers from showers produced by hadrons. This is also one of the 

main goals of the muontower analysis both on the basis of muon identification and 

the radial flow of electromagnetic particle energy. Also the radial shape of the 

Tscherenkov light pool contains very useful information on the nature of the prima­

ry particle. We expect to have developed the analysis methods for separation and 

collected enough data with all three components of the array by autumn this year, to 

have significant impact of source searches below 100 TeV. 

The first telesope has been used to search for gamma emission from Crab, Her XI ,  

4UO I I5  + 63 and 2CG 078 + OI .  While there is  now significant signal from the lat­

ter three sources, the Crab has been positively identified. There are still rather large 

uncertainties in acceptance and energy calibration of the telescope, such that only 

preliminary flux values (or limits) can be quoted. We have for the CRAB signal at 

three energies 2, 3 and 4 Te V integral fluxes of 1 . 1  x 10-1 1 , 4. 7 x 10-12 and 2.3 x 

10-12 in units cm -2 sec-1 respectively. This is quite consistent with the observation 

of Themistocle at higher energies as well as Asgat at lower energy however our flux 
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is higher than observed by Whipple. 

Future developments: 4 more of the second typ telescope are under construction at 

MPI in Miinchen and Heidelberg. We plan to have significantly more pixels in new 

cameras, 217 or more. We expect great improvements in angular resolution and ha­

dron rejection. The telesopes will have 60 - 80 meter distance to each other, a com­

promise between increase in acceptance of all telescopes added and the coincidence 

rate between telescopes. This part of the array should be ready by about summer 

1995. We further hope to solve the question of energy calibration and acceptance 

mentioned earlier from the analysis of events that trigger a telescope and will be ob­

served in the arrays as well. Studies along that line have already been started, thus 

getting closer to the resolution of one of the major experimental problems in Te V 

airshower detection. 

Conclusion: When completed this and next year the HEGRA experiment will be the 

most powerful airshower array to operate in the TeV energy range. We thus expect 

significant results on searches for the origin of cosmic rays to come up in the next 

few years. 
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ABSTRACT 

We present recent results from the Fly's Eye experiment. The results from the F.E. I and F.E. 1 1  stereo detectors 
indicate structure in the cosmic ray spectrum above 1018 eV. The composition of cosmic rays is found to change 
from a predominantly heavy composition near 1017 eV to a predominantly light one near 1019 eV. The spectral 
structure and changing composition can be accounted for by a simple two-component model. Higher statistics 
but lower resolution data from the F.E. I detector alone shows the presence of an outstanding 320 EeV energy 
event. 
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1 .  INTRODUCTION 
The Fly's Eye experiment has been taking data since 1981 [Baltrusaitis et al. 1985). A second fly's eye, F.E. 
I I  was built in 1986. This second eye views a significant fraction of events that trigger F.E. I. Such events 
have two independent views and are thus easily reconstructed. In addition to much improved geometrical 
reconstruction of the EAS trajectory, these events have two independent measurements of their energy and 
the position of shower maximum in the atmosphere (Xmax). Such redundant measurements allow us to study 
the detector resolution in energy and Xmax· Understanding detector resolution is crucial if structure in spectra 
are to be believable. Combining the measurements also results in a more accurate value for these variables. 
We report on results on the cosmic ray spectrum and composition for stereo data taken from 11/86 to 7/92 
and monocular data taken since 1 /82. 

2. DATA ANALYSIS AND RESOLUTION 
The air shower reconstruction process falls into two major divisions: geometric reconstruction and shower 
profile reconstruction. When a shower is seen simultaneously by Fly's Eye I and II, a shower-detector plane 
for each detector can be determined and the intersection of these planes defines the shower trajectory. If a 
shower is seen by only one detector, a fit to the relative arrival times of the signals is done and the shower 
trajectory determined. Given the track geometry, the EAS longitudinal size N,(x) is calculated via an iterative 
process to remove the contributions due to direct and scattered Cherenkov radiation. The residual photo­
electrons (after the Cherenkov contribution is removed and various attenuation effects between source and 
detector are taken into account) result from the atmospheric scintillation process and therefore are directly 
proportional to the charged particle size within a tube's field of view. Each resultant longitudinal shower profile 
is approximated by a Gaussian function and the total primary energy and Xmax are found from the fitted 
parameters. 

We compare the energy calculated independently by F.E. I and F.E. I I tor events registered by both eyes. 
If E1 is the energy measured by F.E. I and E2 is the energy measured by F.E. I I ,  the systematic shift between 
F.E. I and F.E. II is 2.5%. The distribution in the variable ( E1 - E,/ E""""D' has a standard deviation of 0.47 for 
events below 2 . 1018 eV and 0.40 for events above. The resulting stereo energy resolutions are 24% and 20% 
respectively. The systematic error in energy is dominated by the scintillation efficiency uncertainty of 20%. 

The resolution in the variable Xmax is found in the same way. The result is consistent with a resolution of 
45 gm/ cm2 • Uncertainties in the makeup of the atmosphere and residual Chrenkov light produce a systematic 
error in Xmax of 20 gm/cm'. 

3. SPECTRUM 

Fig. 1 shows the stereo energy spectrum derived from the number of events observed and the calculated 
stereo exposure [Bird et al. 1993a]. It is clear that the spectrum becomes steeper right after 101 7 6  eV and 
flattens after 3 . 1018 eV. The change in the spectral slope forms a dip where a minimum lies between 2 .  1018 
and 5 . 1018 eV. We divide the spectrum into three energy regions determined by eye and ftt them to a power 
law in each region. Table 1 gives the normalization and slope in each region. Also listed in the table is the 
overall fit to a single power law . The latter is clearly a poor fit. The expected number of events from the overall 
fit can be compared to the actual number of events. The comparison of 5936 expected and 5477 observed 
between 1017 6 eV and 1019 6 eV gives a deficit of 5.96 sigma. An alternative way of showing the significance 
is to show the excess of observed events above 1018 5. Here we use the normalization and slope from the 
overall m up to 1018 5 to calculate the expectation. The total observed events are 283 while the expectation is 
230, leading to a 3.49 sigma excess. 

Table 1 .  Spectral slopes and normalizations of J(E) (m-'sr-1 s- 1 )  

Energy range (eV) Power index log( normalization) Normalized at 
1017 3 - 101 9 6 -3. 18 ± 0.01  -29.593 I018e V  
10 17 3 - 101 7 6  -3.01 ± 0.06 -29.495 1018e V  
1017 6 - 1018 5 -3.27 ± 0 .02 -29.605 I018eV  
10 1 8  5 - 1019 ·6 -2.71 ± 0. 10  -32.623 l019eV  

The stereo spectrum shows clear evidence of structure. The structure is consistent with appearance of 
a new, harder spectrum which dominates the softer component at energies above 5 . 1018 eV. It is of great 
interest to ask if the composition of cosmic rays undergoes a change in this energy interval as well. 
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4.COMPOSITION MEASUREMENT 

The position of shower maximum in the atmosphere (Xmax) in gm/cm2 is sensitive to the composition of 
the parent particle. Protons, for instance, will interact more deeply in the atmosphere than heavy nuclei. Air 
showers produced by protons are also expected to have larger fluctuations than those produced by heavy 
nuclei. As a result, measuring the distribution of shower Xmax can be used to infer the primary cosmic ray 
composition. 

5. THE DATA AND MONTE CARLO SIMULATION 
We impose the following cuts on the data: 8Xmax / Xmax :o;0. 1 2, minimum viewing angle of pmt tube to track 
2'. 20 degrees, and energy 2'. 0.1 EeV. The first cut removes poorly reconstructed events, the second removes 
events with strong Cherenkov light contamination and the third insures that the data is above the detector 
trigger threshold. Alter cuts, we have 8790 events in the energy range from .1 to 30 EeV and 5129 events 
from .3 to 30 EeV. 

Monte Carlo data is generated by using two different kinds of simulations (Gaisser et al. 1993]. The first 
simulates the extensive air shower development. Because the nature of the hadronic interactions at these 
energies is not well known, we use three different hadronic models. The first two are high inelasticity models 
(QCD Pomeron and QCD minijet) while the third is a low inelasticity statistical model. The parameters of 
the models are described in (Gaisser et al 1993] in more detail. All three models use the same inelastic 
total cross-section energy dependence (near log(s)). The models are all good fits to accelerator data for p-p 
interactions but represent different extrapolations of the behaviour of the fragmentation region to the energy 
range of interest. Nucleus-air interactions are modelled by following the reinteractions of the beam in the 
nucleus in a way that is appropriate for each hadronic model. The statistical model leads to a very poor ftt to 
our data for any composition assumption and is hence ruled out. The QCD Pomeron and QCD minijet models 
result in adequate fits (they differ in their predictions by order of 10 gm/cm2 whereas, as will be seen below, 
the position of the Xmax peak in any given model changes by 80 gm/cm2 from purely protonic to a purely iron 
composition). The QDC-Pomeron model gives the best overall fit to the data, hence we will use it alone in the 
following discussion. 

The second simulation takes the generated extensive air shower profile and generates the appropriate 
scintillation and cherenkov light, propagates the light through the atmosphere and determines which tubes in 
F.E. I and F.E .  II would trigger. For triggered tubes, the program determines the resulting pulse integrals and 
relative firing times. The program then generates a set of fake events, whose format is identical to the real 
data. This fake data set is then reconstructed using the same programs that we use for real data. 

6. COMPARISON OF DATA WITH MONTE CARLO 
We compare the measured Xmax distributions to expectations for pure Fe and pure proton monte carlo data in 
four energy bins. Fig. 2 shows data and Fe and pure proton Xmax simulated data normalized to equal areas. 
Note that the falling part of the Xmax distribution (the decrement) depends on the inelastic cross section with 
air nuclei, hence the proton distribution falls more slowly than iron. The falling slope of the data is consistent 
with the proton slope but the rise and the peak of the data distribution is the same as predicted for iron, at 
least in the lower energy bins. The data thus requires a significant admixture of iron or similar heavy nuclei in 
the lower energy bins. Data in the higher energy bins clearly require a larger admixture of protons while the 
3 to 10 EeV bin data can be largely accounted for by protons alone. Detailed fits show that the proportion of 
protons rises from .21 ± 0.07 near .3 EeV to .43 ± 0.04 for events with > 1 .0 Eev energy. 

7. ELONGATION RATE 
The elongation rate is the rate of change of the average depth of shower maximum per decade of shower 
energy. Fig. 3 shows this dependence for data, pure Fe and pure proton showers using the QCD Pomeron 
hadronic model. The elongation rate for any pure elemental composition is 50 gm/ cm2 per decade of energy. 
It follows that a mixed but unchanging composition is also expected to have the same elongation rate. The 
elongation rate for the data, from 0.1 to 10  Ee V is 69± 1 .9 gm/cm2• Examination of the data shows that a single 
straight line is not a good fit. The elongation rate from 0.3 to 10 EeV is 78.9 ± 3 gm/cm2 while the elongation 
rate below 0.3 EeV is consistent with the expected 50 gm/ cm2. This picture also implies a composition that is 
growing lighter with energy, going from a heavy composition near 0.3 EeV to a proton dominated composition 
near 10 EeV. 

8. CONSISTENCY OF SPECTRUM AND COMPOSITION DATA 
The fact that both the spectrum and the composition of cosmic rays undergo a change near 3 EeV may 
imply that we are observing a new cosmic ray component emerging from the lower energy flux. To test this 
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hypothesis, we fit the stereo spectrum to a two component power law. Fig. 5 shows the result of such a fit. 
The best Iii results from 1017  6 to 1019 6 are: /og(j(E)(m-2 s-1 sr-1 e v-1 )  = 33. 185 - 3.496 . /og(E) for the 
softer energy component and /og(j(E)(m-2s-1 sr-1ev-1)  = 16.782 - 2.610 . log(E) for the harder energy 
component. If we associate the softer energy component with a predominantly heavy (Fe) composition and 
the harder energy component with a predominantly light (p) composition, we can predict the ratio of Fe to 
protons as a function of energy. The ratio can be expressed as: ironflux/protonflux =(E/1 018·5eV)-0 887. 

Given this ratio and the expected elongation rates for Fe and proton showers shown in Fig. 4, we can 
predict the position of the average Xmax as a function of energy. The results are shown as the diamonds in 
Fig. 4. The excellent agreement between this simple two component model which comes from a fit to the 
spectrum and the composition results which come from the X max distribution supports the conclusion that we 
have indeed observed a transition between two different spectra. 

9. MONOCULAR SPECTRUM 
Compared to the stereo data, the monocular data set is much bigger but the time fitting leads to larger ge­
ometrical errors and thus a larger energy uncertainty. Fig. 5 shows the total monocular spectrum. Due to 
limited energy resolution this spectrum does not show the degree of structure found in the stereo data. The 
best ttt to the overall spectrum yields J(E) = 10-29 95(E/1018ev)-3 07±0 01 m-2 s-1 ev-1 • The figure shows a 
flattening of the spectrum above 1019 eV. The significance of the flattening based on the spectrum slope and 
normalization below 1019eV is 3.5 u. The flattening extends for only a decade and appears to steepen after 
1019 7'v . We expect 20.6 events above this energy if the flattened spectrum continues but observe 1 0. More 
statistics is needed to resolve this. 

An event with an energy of 320 EeV is observed. This well measured event is consistent with expectations 
for either a proton or an Fe nucleus. Because of its great energy, this event is unlikely to come from a distance 
of greater than .30 Mpc or to be bent by more than 10 degrees by magnetic fields. No obvious astrophysical 
sources exist in the resulting error box. 

9. DISCUSSION 

Taken together, the Fly's Eye results on the cosmic ray energy spectrum and chemical composition strongly 
suggest a transition near 1018·5 eV to a new source, most likely of extragalactic origin. The present stereo 
detector runs out of sensitivity above 10 EeV because of limited aperture. Monocular data suffers from limited 
energy and Xmax resolution. It is clearly of great interest to extend the Xmax and spectrum measurements 
to this region with high statistics. Confirmation of this result requires a detector with at least an order of 
magnitude increase in aperture at energies above 10 EeV and similar or better resolution in Xmax· The High 
Resolution Fly's Eye (HiRes) detector [Bird et al. 1993d] is presently in the prototype stage. Data from the 
prototype indicates that a full Hi Res detector will have an aperture that is more than adequate to answer these 
questions. The construction and operation of this detector in the next few years should shed further light on 
this extremely interesting energy region. 
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The HiRes Monte Carlo Simulation 
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Abstract 

A Monte Carlo study of the HiRes energy resolution, Xmar resolution, and aperture is reported in 

this paper. 

1. Introduction 
The University of Utah is collaborating with three other institutions to construct a high 

resolution Fly's Eye (HiRes) at Dugway, Utah. So far, a 14 mirror prototype has been 
taking data for more than one year. The first stage construction (half of the total number 
of mirrors) will soon start simultaneously at two sites separated by 12.6 kilometers. This 
paper will concentrate on the aperture, the energy and the composition resolution of the 
HiRes detector modeled by the Monte Carlo simulation. 

The detector Monte Carlo simulation is a very useful tool for understanding and pre­
dicting the system performance. The HiRes Monte Carlo program was written based on 
our experience from the Fly's Eye experiment and the HiRes prototype. The reliabil­
ity of the Fly's Eye detector Monte Carlo has been carefully checked by the Fly's Eye 
data. Compared to the Fly's Eye, the HiRes performance is more predictable because of 
its greatly improved optics and electronics, as well as its carefully redesigned calibration 
system. 

2. Brief description of the HiRes detector simulation 
a) Detector configuration 
The HiRes detector in this simulation includes 2 eyes facing each other separated by 13 

kilometers with each eye consisting of 54 mirrors. In the focal plane of each mirror, 256 
hexagonal phototubes (16 by 16) view a 16 x 13.5° section of the sky. The 54 mirrors are 
arranged into 4 elevation rings (10.24°, 23.70°, 37.00° and 50.09° are the elevation angles 
for the ring centers) , with each ring covering approximately 240° in azimuth angle. 

An optical filter is added in front of the PMT (Photo-Multiplier Tube) cathode to 
reduce the sky background noise. In addition, for each PMT there is a choice of electronic 
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filter (either an RC or a Bessel filter) to smooth its pulse. The spot size due to the mirror 
aberrations is modeled by ray tracing. The PMT gain, parameters for the electronics, and 
the threshold used in this simulation are the actual numbers used in the HiRes prototype. 

b) Shower track generation 
For a given energy, the longitudinal shower profile can be generated either by an ana­

lytic formula ( Gaisser-Hillas function ) or by a full shower Monte Carlo (for composition 
study, we use Gaisser and Stanev's shower Monte Carlo program) . The track geometry is 
randomly generated in space. Given the track geometry and shower profile, the Cerenkov 
beam and the air scintillation light associated with the shower are calculated according 
to the actual air density. Finally, the PMT signal is calculated by taking into account 
various scattering and attenuation mechanisms (see Baltrusaitis et al 1985). If the fired 
tubes satisfy the trigger pattern in both eyes, the tube signals are recorded. 

c) Track and shower profile reconstruction 
The shower track and the detector uniquely determine a plane, and we call this plane 

the shower-detector plane. The PMT hits can be used to determine such a plane. If a 
track is viewed by both eyes, the intersection of two shower-detector planes defines the 
track geometry. 

The shower profile is fit to a 3-parameter Gaisser-Hillas function by the minimum x2 
method. The attenuation and scattering between the light source and the detector is 
taken into account also in this reconstruction procedure. 

3. Energy resolution of the HiRes detector 
We get the HiRes energy resolution by comparing the reconstructed energy with the 

energy input to the detector Monte Carlo. Fig.I shows the histogram of (Erecon•tructed -
Einput)/ Einput at primary energy of 1 0  EeV. For each primary energy, 2000 events are 
generated and analyzed. The only cut applied to these histograms is the requirement of 
the shower maximum bracketing, that is, at least one eye should see the shower before it 
reaches its maximum. The sky background noise (0.02 photo-electrons per ns per tube) has 
been included into the simulation. At present, atmospheric fluctuation is not incorporated 
in the Monte Carlo, but according to our experiences with the Fly's Eye simulation, for the 
selected nights when we run the detector, the contribution to the energy resolution from 
atmospheric fluctuation is less than 10%. For the HiRes experiment, a Polaris monitor 
plus some computer controlled lasers will be mounted around each site to monitor the 
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Figure 1 :  HiRes energy resolution at 10 EeV. X axis: (Ereconstrueted - Einput)/Einputi Y axis: number 

of events. 

atmospheric conditions, which will improve our atmospheric correction significantly. The 
energy resolution for different energies are summarized in Table 1 .  

Table 1 .  Energy Resolution (FWHM) for the HiRes Detector 

Energy (EeV) 1 .0 3.0 10.0 30.0 

Resolution 16.6% 14.0% 12.1 % 1 1 .5% 

4. Xmax resolution 

100.0 

7.6% 

The Xmax (depth at shower maximum) is chosen as a parameter for the composition 
study by the Fly's Eye group because of its intrinsic separation between proton and iron 
primarjes (see Table 2).  The energy of the events discussed in this section is from 10 to 
30 EeV and is sampled from the Fly's Eye stereo energy spectrum. To test the sensitivity 
of the HiRes detector to Xmax, we used Gaisser and Stanev's shower Monte Carlo to 
generate shower profiles for proton, carbon and iron. The generated showers are then 
input to the HiRes detector Monte Carlo to account for the detector bias and resolution. 
Fig.2 shows the histograms of the difference between the reconstructed Xmax and the 
input Xmax· The mean Xmax and resolution for three primaries are summarized in Table 
3. The Xmax discussed in this paper is the Xmax after the elongation rate deconvolution, 
that is, Xmax = Xmax(E) - 55 X log10 (E), where E is the primary energy in EeV and 
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Figure 2: HiRes Xmax resolution for proton (dotted line) , carbon (dashed line), and iron (solid line) 

initiated showers. X axis: difference between the reconstructed Xmax and the input Xmax in g/cm2; Y 

axis: number of events. 

55 is the mean elongation rate. From Table 3 we see that the Xmax resolution is about 
30 g/cm2 in FWHM regardless of the primary composition. The cut applied here is also 
the Xmax bracketing cut. The systematic shift due to triggering and reconstruction bias 
is approximately constant for different compositions, therefore the difference in Xmax for 
proton and iron is kept after the reconstruction. 

Table 2. P, C, and Fe separation and intrinsic width 

(g/cm2) ,  10 to 30 EeV 

(from Gaisser and Todor's shower Monte Carlo) 
p c Fe 

x:ax 739.0 688.6 652.3 

FW HM* 101 .9 79.0 63. 7 

' With elongation rate deconvoluted, i.e., Xmax - 55 x log10(E(EeV)) 



Table 3. P, C, and Fe resolution 

(g/cm2) ,  10 to 30 EeV 

(after detector Monte Carlo) 

p c Fe 

FWHM 32 32 30 

x:ax 726.1 680.7 641.9 

* Reconstructed mean Xmax1 with elongation rate deconvoluted 

5. HiRes aperture and expected results for 5 years 
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The estimated HiRes apertures at different energies are listed in Table 4. The cut 
applied in  the aperture calculation requires �Xmax to be less than 30 g / cm2 • The expected 
number of events based on the Fly's Eye stereo spectrum for 5 years running period is 
also listed in Table 4 (the continuation of the spectrum to above 1021 eV and 10% duty 
cycle are assumed) . 

Table 4. Hi Res aperture ( km2 sr) and 

number of events expected (5 years) 
Energy (Ee V) 1.0 3.0 10.0 30.0 100.0 

Aperture 1001 2255 4042 6009 7240 

Events 31349 5834 1316 278 60 

We have also performed Monte Carlo simulations of the HiRes energy spectrum for 
5 years running time for two scenarios: with or without a cutoff at 60 EeV. The HiRes 
will observe a sharp turn-off around 1019·7 eV if the spectrum does cut off. The observed 
number of events above 1019·7 eV is about 15 including the spill-over by the energy resolu­
tion. Whereas the observed number of events above 1019·7 eV is about 100 if the spectrum 
continues to 1021 eV. Clearly the HiRes will be able to tell one story from the other in 5 
years of operation. There are many calculations about the cutoff and pile up of the cosmic 
ray spectrum due to the interaction between the extremely high energy cosmic rays and 
the 2.7° micro-wave background (see for example, Yoshida & Teshima 1990) .  The exact 
shape of the energy spectrum near the cut off depends on the source distance. Dr. Som­
mers and Dr. Elbert in the Fly's Eye group also did such a calculation and their results 
show that the HiRes should be able to tell whether the extremely high energy cosmic rays 
mainly come from local clusters or cosmological sources through careful work. 

The Xmax distribution for events between 10 EeV and 30 EeV in 5 year's operation 
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Figure 3: Reconstructed Xmax distribution for proton (dotted line), carbon (dashed line), and iron (solid 

line) initiated showers with energy between 10 and 30 EeV. X axis: Xma• in g/cm2 , with the elongation 

rate deconvoluted( see text); Y axis: number of events for 5 years of statistics. 

is shown in Fig.3. The HiRes should have enough resolution and statistics to tell the 
composition in this energy range. 

Summary 
The HiRes has good energy resolution, good Xmax resolution and reasonably big aper­

ture to measure the cosmic ray spectrum and composition before and around 1020 eV. 
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The iight elements D, 3He, 4 He, 7Li are known to be formed in substantial 
quantities in Standard Big-Bang Nucleosynthesis. For this reason, they can be 
used as constraints on the baryonic density of the universe (average value and 
inhomogeneities). It is thus important to be able, from the available observations, 
to obtain precise values of their primordial abundances. This paper presents a 
short review of the observed abundances of these elements in the Universe and 
their evolution with time. The uncertainties on their primordial abundances are 
discussed. 
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Most of the chemical elements which compose the matter presently observed in 
the Universe have been formed in stars, either during quiet evolutionary phases 
or during explosive events (novae or supernovae). The "light elements" deuterium, 
helium, lithium, beryllium and boron are special in this respect, as they cannot have 
been formed in stars at least during standard evolutionary sequences up to their 
observed abundances. Part of them (6Li, 9Be, 10B and 11 B) may have been formed 
in the interstellar matter, due to spallation reactions induced by cosmic rays. The 
remaining elements: D, 3He, 4He and 7 Li are precisely those which are naturally 
formed in standard models of the primordial Universe. This so-called "Standard 
Big-Bang Nucleosynthesis" (SBBN) thus represents a real success of the theory. 

It is important to gather informations on the abundances of these elements so as 
to obtain precise constraints on the physical conditions in the primordial uni.verse, 
and particularly on the baryonic density. We will first study the deuterium and 
helium isotopes, and then we will focus on the 7Li problem. 

1 .  Deuterium and Helium 

The hydrogen and helium isotopes D, 3He, 4He are all formed in significant amounts 
in Standard Big-Bang Nucleosynthesis. The subsequent evolution of their relative 
abundances is however quite different from one another. Deuterium is destroyed by 
proton capture at about 600 000 K, leading to 3He. The 3He abundance evolution 
is basically due to this effect, while the total D+3He abundance does not vary by 
more than a factor 2. As for 4He, its variation with time depends basically on the 
amount of stellar matter ejected into the interstellar gas. It can be inferred from 
photometric observations of galaxies. We will first study the case of deuterium, 
then 3He coupled with D, and finally 4He. 

1 . 1 .  Deuterium 

The most recent and best observations of deuterium in the local interstellar medium 
have .been obtained with the Hubble Space Telescope by Linsky et al. 1992 and 
'Lemoine et al. 1994. 

Linsky et al. 1992 presented the first detection of the deuterium Ly a line in the 
light-of-sight of Capella. They gave the value: 

(D) � Ji = 1.65 ( +0.07, -0. 18) x 10 

Lemoine et al. 1994 observed the same deuterium line in the line-of-sight of the 
white dwarf Gl91-B2B . A fit of 16 interstellar lines of other elements observed in 
the same direction allowed them to derive a good analysis of the structure of the 
interstellar medium in this line-of-sight. They found that it could be divided into 
three different clouds, one of them (their "cloud B") being the same as Linsky's 
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one. They derive for their cloud C a deuterium abundance value compatible with 
Linsky's one (inside 1 a), namely: 

(D) _5 Ii = 1.5 x 10 

However the lines corresponding to clouds A and B are blended so that assuming 
for cloud B a value compatible with Linsky's one leads to assume for cloud A a 
smaller value. With {£·) = 1.4 x 10-5 for cloud B, they obtain (Ji) = 1.0 x 10-5 
for cloud A. 
Two questions have then to be solved before reaching the primordial deuterium 
abundance: 
1) Is the deuterium abundance scatter in the interstellar medium real? 
2) What is the deuterium abundance variation with age in the Galaxy? 
The galactic evolution of deuterium has been computed theoretically, taking into 
account that all the deuterium which passes through stars is burned out. The result 
is that the deuterium abundance may have varied by a factor about 2 to 5 since 
the epoch of Big-Bang Nucleosynthesis (Vidal-Madjar 1991, 1993). 

1 .2. Helium 3 and deuterium 

3He is basically observed in the solar wind and in meteorites. Space obser­
vations of 3Hej4'He in the solar wind obtained with Apollo (Geiss and Reeves 
1972) and ISEE-3 (Coplan et al 1984) experiments give an average value of 
3He/4He = ( 4.5 ±0.4)10-4. Considering that D has been transformed into 3He 
and taking 4He/H=0.10 as the original solar value, this gives a protosolar value 
(Geiss 1992): (D + 3He) H = (4.1 ± 1 .0)10-5 

?:'he uncertainty takes into account the fact that 3He may have been slightly enriched 
in the solar convection zone since deuterium burning due to mixing inside the sun. 
The 3He abundance observed in meteorites varies from ( 1 .52 ± 0.04) 10-5 for 
carbonaceous cl1ondrites to (4.03 ± 0.19) 10-5 for gas-rim meteorites. According to 
Geiss and Reeves 1972, gas-rich meteorites include solar deuterium transformed into 
3He, while carbonaceous chondrites are unaffected by deuterium burning. These 
results are consistent with a protosolar (D /H) value of about 2.5 10-s, so that: 



86 

1 . 3. Helium 4 

As 4 He is the second most abundant element in the universe, many observations 
of absorption and emission lines are available, and it becomes possible to draw re­
gression curves with time and extrapolate them down to the primordial abundance. 
Helium abundances are generally given in terms of Y, the helium mass fraction. 
Reviews of the recent observations of helium in extragalactic Hu regions may be 
found in Pagel et al 1992 and Skillman et al. 1993 and 1994. The basic problems in 
these regression curves are the dispersion of the observed values, and the fact that 
they are drawn against oxygen and nitrogen, which may suffer some bias. Pagel et 
al 1992 discuss the bias which are due to Wolf-Rayet emission features. They claim 
that if Hu galaxies known to have broad WR emission features are excluded from 
the sample, the regression curves are linear. The Y value that they deduce for the 
primordial abundances is: 

Yp = 0.228 ± 0.005 

Skillmann et al. 1993 and 1994 have added new observations to the Pagel's sample, 
and discuss possible systematic errors due to He I emissivity calculations. They are 
lead to increase Y up to values between Y = 0.231 and 0.239. 

2. The lithium problem 

Since the pionneering work of Reeves, Fowler and Hoyle 1970, it is generally believed 
that 6Li is formed by spallation reactions in the interstellar matter as well as Be 
and B, while most of 7Li has to be formed elsewhere. An obvious formation site 
for 7Li is Big-Bang Nucleosynthesis. After Spite and Spite 1982 observations of 
7Li in halo (old) stars, which showed that it is about ten times less abundant than 
in galactic (young) stars, the 7Li primordial abundance is generally supposed to 
be the halo one. This assumes that no lithium destruction occurred in halo stars, 
during more than ten billion yearn. This assumption is difficult to believe however, 
as lithium destruction is indeed observed in younger stars. 
The observations of lithium abundances in galactic clusters show evidences of 
lithimn variations with stellar effective temperature and age. Several interpretations 
of these variations have been proposed in the litterature (Michaud 1986, Vauclair 
1988, Charbonneau and Michaud 1988, Pinsonneault et al 1990 and 1992, Garcia­
Lopez and Spruit 1991, Dearborn et al 1992, Charbonnel et al. 1992). 
The observations of lithium in halo stars are compared to those in the Hyades 
in figure 1 .  The observational points follow average lines which cross at low 
temperature. This is probably due to the depth of the convection zone which is 
smaller in low metallicity stars (halo stars) than in high metallicity (Hyades) stars 
due to opacity effects. 
Note that a similar dip as observed in the Hyades could exist for halo stars, at 
a slightly larger effective temperature, but most of these stars must have evolved 
away from the main sequence. 
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Figure 1: Observational data on the lithium abundances in the Hyades (open circles) and halo 
stars (filled circles). The curves represent average fits of the observed values. The lithium decrease 
at low temperature is due to nuclear destruction below the convection zone. The curves crossing 
is due to the fact that the convection zones are shallower in halo stars than in galactic disk stars. 
The yet unsolved question is about the plateau in halo stars: does it represent the primordial value 
or has lithium been destroyed in those stars? 

Figure 2 gives the observations of lithium, beryllium and boron abundances in stars 
as a function of metallicity. The upper envelope of the lithium abundances becomes 
flat at low metallicities, with a value of # about 2.10-10 , while no evidence of such 
"plateau" is observed for beryllium and boron. The dispersion of the abundances is 
much larger for lithium than for beryllium and boron: this is due to lithium nuclear 
destruction in stellar enveloppes. 
ll'he effoct of gravitational settling on lithium in halo stars has been studied by 
Michaud, Fontaine and Beaudet 1984, Deliyannis et al 1990, Proffitt and Michaud 
1991.  It leads to a non uniform depletion with an average value of about a factor 
2. Macroscopic motions can prevent this depletion, but they induce lithium mixing 
and destruction. Rotation induced mixing could even deplete lithium by a factor 10 
and lead to a plateau-shape as observed (Vauclair 1988, Pinsonneault et al 1992). 
The basic problem for these computations is that we do not know the rotation 
history of these stars, which has to be postulated. 
Is the maximum lithium abundance observed in low metallicity stars the primordial 
one, or has lithium been depleted in all these stars? For the lithium abundance in 
halo stars to represent indeed the primordial one, a fine tuning of turbulence is 
needed so that gravitational settling may be prevented or at least slowed down 
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without lithium being burned. This problem is not yet solved. More observations 
of lithium abundances at the two extremes of the plateau, and detailed spectroscopic 
observations of metals will help giving constraints on the process involved. 
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Figure 2: Lithium (top) and beryllium and boron (bottom) observations versus metallicity in 
stars. Most data are those gathered by Walker et al. 1991 and Prantzos et al. 1993. In the top 
graph, the open circles represent real values while the diamonds represents upper limits. In the 
bottom graph, the open circles represent the beryllium abundances and the filled ones the boron 
abundances. The dispersion is larger for lithium, due to nuclear destruction. The upper envelope 
of the lithium abundances becomes flat at low metallicities while no evidence of such "plateau" 
can be found for beryllium and boron. 
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3. Conclusion 

Within the present uncertainties on the observed values, the abundances of the 
primordial elements D, 3He 4He and 7Li are all compatible with the same baryonic 
number T/ '.::::'. 3 to 4 x 10-10 , in the frame of the SBBN (see Reeves, 1994), which 
corresponds to nB = 0.01 to 0.03. More precisions are to be expected from 
new observations with the Hubble Space Telescope and with large ground-based 
instruments. 

Note added in proof 
After this conference we learned that a deuterium line has been discovered in a metal poor 
intergalactic cloud with the KECK telescope at Hawa.'i by A. Songaila, L.L. Cowie, C. Hogan 
and M. Rugers (preprint submitted to Nature). If the detection is confirmed, it gives for the 
primordial deuterium abundance a value i � 2.10-4 larger than previously expected. This 
would suggest a larger deuterium burning in the Galaxy and would tend to a smaller n value. 
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Abstract 

We briefly review the implications on dark matter from galaxy surveys. The amount 
and nature of dark matter play a fundamental role in the formation of large-scale struc­
tures. Once the primordial density fluctuations and the cosmological model are specified, 
the distribution of mass can be predicted. It can then be confronted to the galaxy distri­
bution from 2D and 3D galaxy surveys, assuming a simple relation between the mass and 
the galaxy distribution. We will present a general view of the 'archetypes' of recent galaxy 
surveys and of the statistical formalism developed to quantify the analysis of the galaxy 
distribution and to compare to theoretical predictions at the light of COBE results. A 
second very promising approach will be adressed which allows to recover the mass density 
field from the measurement of peculiar velocities without any hypothesis on the relation 
between mass and galaxy distribution. We will show that presently available results are 
not still conclusive about the (baryonic or non-baryonic) dark matter components of mod­
els and about the value of 11. However the size and depth of surveys is evolving so rapidly 
that one should hope to obtain an answer in the next future. 
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1 Introduction 

The history of large-scale clustering in the Universe has undergone a rapid evolution in the last 

decades. Several groups have focused on the more salient high density structures evidenced 

from the angular distribution on the sky introducing the concept of supercluster as for instance 

the Coma supercluster (Gregory and Thomson 1978), Hydra-Centaurus (Chincarini and Rood 

1979), Hercules (Tarenghi et al. 1979), Pisces-Perseus (Gregory et al. 1981), or the Local 

supercluster (Yahil et al.1980), and verifying their reality by intensive redshift measurements. 

Underdense regions have been discovered too, the most spectacular one being the 'Bootes Void' 

(Kirschner et al. 1981, Kirschner et al. 1987) which spreads over a diameter of 6000kms-1 •  

On the other side, the statistical analysis of the projected galaxy distribution under the care 

of Peebles began to give substantial results (Hauser and Peebles 1973, Davis and Peebles 1977, 

Fry and Peebles 1978). The need of representative tridimensional samples became urgent and 

led to the completion of flux-limited redshift catalogs which should allow a real quantitative 

analysis of the frequence and size of structures in the Universe. This was realized thanks 

to the Center for Astrophysics redshift survey. While the wide-angle surveys give a detailed 

vision of the structure of the nearby Universe, the 'pencil-beam' surveys, complete to much 

fainter magnitudes on a very small region on the sky, allow to probe very deep regions of the 

Universe. The recent development of distance indicators independent of redshift gives access to 

the velocity and to the dynamical density field. The statistical indicators computed from the 

different surveys are then confronted to models of galaxy formation, allowing to set constraints 

on the nature of dark matter ingredients, on the value of !1 and on the 'biasing' mechanism. 

2 Wide-angle 3D catalogs 

The wide-angle, flux-limited redshift surveys have been determinant to analyse the statistical 

properties of the galaxy distribution. The CfA redshift survey (Huchra et al. 1983) allowed to 

make the first jump forward in the measurement of spatial statistical indicators. The galaxies 

of magnitude mpg ::; 14.5 have been selected from a tnixing of the Nilson and of the Zwicky 

catalogs . The sample, mostly in the Northern Hemisphere, is divided in two parts of 1845 and 

556 galaxies centered respectively on the Northen (1 .83 sr) and Southern galactic caps (0.83 

sr), and satisfying the following criteria: bu 2': 40° and /j 2': 0°, bu ::; -30° and /j 2': -2.5°. 
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The Southern Sky Redshift Survey (da Costa et al. 1989) has been completed in the Southern 

Hemisphere, providing 2028 galaxies centered on the Southern galactic cap: bn :::; -30° , 

5 :::; -17 .5° . The galaxies have been selected from the ESQ catalog with a limit on the face-on 

diameter <li(O) 2: 1'. From CfA and later from SSRS, the first real statistical analysis of the 

spatial galaxy distribution of galaxies in our Universe up to distances of lOOh- lMpc has been 

performed. 

In a second phase, the CfA team has been carrying on the extension of the redshift catalog 

up to magnitude 15.5. For optimization of both observational time and scientific analysis, 

the extension is completed by strips 6° wide in declination. The first strip (de Lapparent et 

al. 1986) brings a new vision of our Universe until 150h-1 Mpc: bubbles of diameter typically 

25h-1 Mpc are surrounded by overdense thin sheets 5h-1 Mpc thick. The completion of 8 slices 

(5800 galaxies, Geller and Huchra, 1989) reveals the existence of a very extended sheet-like 

structure spreading over : 60h-1 Mpc x 170h-1 Mpc: The Great Wall, and of empty regions 

reaching such diameter as 50h-1 Mpc . Once finished, the full survey will include the redshifts 

of more than 15000 galaxies with bn 2: 30° and mB(o) :::; 15.5. 

On the other side, the extension of the SSRS ( 4 slices of 10° wide in declination) consists in 

3600 galaxies brighter than 15.5 covering over 1 steradian of the southern galactic cap in the 

opposite direction of the CfA2 north survey and adjacent to the CfA2 south survey. 

Together, CfA2 and SSRS2 cover one third of the sky and provide a panoramic view of 

the nearby Universe sampling different structures (Fig. 1) . The similarity of the two samples 

is striking. They both present voids reaching sizes as large as 50h-1 Mpc, and a high-density 

"wall" ( da Costa, Geller et al. 1994) which generates large-scale fluctuations of the density field 

up to shells of lOOh-1 Mpc. Large-scale inhomogeneities do exist up to sizes nearly comparable 

to the size of the surveys, and the fair sample may not be yet reached. 

The general philosophy of the first generation of wide-angle catalogs has been to complete 

in redshift allready existing angular catalogs as the Zwicky or ESO catalogs .  To fainter magni­

tudes, the 2D mapping has to be done. The first alternative is to proceed to scans of Schmidt 

plates combined with an automatic software of star/galaxy separation. This technique has 

been used for the APM galaxy survey (Maddox et al.1990) and for the Edimburgh/Durham 

Southern Galaxy Catalogue (Collins et al. 1988). 

The APM galaxy survey covers 4300 square degrees of the sky and gives the angular positions 
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Figure 1: By courtesy of L.da Costa, M.J. Geller, J.P. Huchra, 1994. This cone diagram shows 
galaxies of CfA2 and SSRS2 with 22° :<::; 15 1  :<::; 40° and cz :<::; 15000km/ 8. Note the Northern 
Great Wall, the Southern Wall and the presence of large voids. 

and magnitudes of about 2 millions of galaxies with a limiting magnitude bj = 20.5 in the area 

delimitated by 5 :<::; -20° and bn :<::; -40° .  The Stromlo-APM redshift survey (Loveday et al. 

1992) consists in the spectroscopic follow-up of a bright sub-sample of galaxies of magnitudes 

bj :<::; 17.5 selected randomly at a rate of 1 in 20. The EDSGC provides about 106 galaxies up 

to a limiting magnitude of bj = 20. 

Several redshift surveys have been completed as the Durham/ AAT and the Durham/SAAO 

(Metcalfe et al. 1988). The ESO Slice Project, an ESO Key program (Vettolani et al. 1992), 

is based too on the EDSGC. It aims to measure the redshifts of about 3000 galaxies in a slice 

of 1 x 22° up to magnitude bj = 19.4 in the South Galactic Pole region. The first slice is 

now complete, and shows a very dense structure at � 300h-1 Mpc spreading over nearly all the 

range in right ascension surrounded by large voids. 

The second strategy to get a 2D catalog is to map the survey area with CCD frames, leading 

to very high astrometric and photometric precision, but it requires a considerable effort in view 

of the amount of data and the complexity of data reduction. This method has been chosen 

for the Las Campanas Deep Redshift Survey (Oemler et al.1992), a digital and spectroscopic 
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survey of � 20000 galaxies up to R magnitude 18 ( � B = 20) undertaken on 600 squares 

degrees on the sky split in "bricks"of 1 .5x3° which once all completed should form contiguous 

strips of 1.5° wide in declination. The visual impression resulting from the cone diagrams with 

12000 galaxies is the recurrence of CfA-like structures, with maximum void sizes of the order 

of 5oh-1 Mpc. 

3 Infrared and radio surveys 

3.1 The IRAS catalog 

Complementary to the optical approach, surveys at the other wavelengths have undergone a 

rapid rise. In particular, the catalog of galaxies detected by the lnfraRed Astronomical Satellite 

has been used to complete flux-limited redshift surveys which have the advantages of a nearly 

all-sky coverage with an uniform calibration, avoiding (mostly) the problems of the galactic 

plane extinction. Below [bu[ = 30° , optical surveys are affected by confusion and obscuration 

due to the galactic plane, and statistical analysis becomes difficult. However, surveys of galaxies 

focused on the galactic plane (Dressler et al. 1991 ,  Kraan-Korteweg et al. 1992) show the 

importance of clustering through the 'zone of avoidance'. 

From IRAS was then completed the '2 Jy' redshift survey (Strauss et al. 1990), which 

consists of 2600 galaxies with a flux limit at wavelength 60µm, S60 � 2Jy. Going fainter in flux 

led to the '1.2 Jy' survey (Fisher et al. 1992) of 5313 galaxies and to the QDOT sparse sample 

(rate 1 in 6) of 2163 galaxies up to 0.6 Jy, which is currently being fully completed (Saunders et 

al. 1994) These surveys, which provides an unique combination of sky coverage and depth (74% 

of the sky, down to galactic latitude [bu[ = 10°) are particularly adapted to derive the density 

field of the IRAS galaxy distribution. This allows to derive the galaxy motions. Moreover, 

the confrontation of the properties of the optical/IRAS distribution is particularly fruitful for 

determining if and how galaxies trace the mass and the values of the combination bn-0·6• 

3.2 The Pisces Perseus Supercluster Survey 

This redshift sample has been assembled by Giovanelli and Haynes during the last decade, 

using the neutral hydrogen 2lcm line to measure the redshifts of galaxies (PPSS, Giovanelli 

and Haynes 1993). The boundaries of the sample are: b S -10° and 8 � 0° leading to 

� 6000 galaxies with mpg S 15.7. The most salient feature is the main ridge of the Perseus-
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Pisces Supercluster, spreading across the sample along more than 80h-1 Mpc, which is a severe 

challenge for models in terms of formation times. 

4 Deep surveys 

A complementary strategy to wide-angle 3D surveys which map the 'nearby' Universe is the 

'pencil beam' survey approach. Broadhurst et al. (1990) combined two fields with 20' of diam­

eter centered on the Northern and Southern galactic poles, complete to a limiting magnitude 

bJ = 21.5, in order to test the distribution on scales of � 2000h-1 Mpc. From their analysis, 

clustering is still present at separations larger than lOOh-1 M pc. They detected regular peaks 

in the redshift distribution with an unexpected periodicity of 128h-1 Mpc. The two nearby 

peaks have recently be shown to coincide respectively with the Northern Great Wall and with 

the Southern Wall ( da Costa et al. 1994). Several deep surveys are on-going (Koo et al. in 

progress) and will test the reproducibility of this periodicity on other areas of the sky. 

The ESQ Key Programme: 'A Redshift Survey of galaxies with z :::; 0.6' (de Lapparent et 

al. 1989) aims to cover 0.4deg2 up to magnitude R :::; 20.5 at high southern galactic latitude, 

reaching an effective depth of about 1400h-1 Mpc. This survey should go about 15 times deeper 

than CfA and should provide the diameter and frequency of distribution of the 'shells' evidenced 

in wide-angle nearby surveys. 

The Canada-France Deep Redshift Survey (Crampton, Hammer, Le Fevre, Lilly 1994, Tresse 

et al. 1993) covers several 10' by 10' fields up to magnitude I :::; 22.1 ( � B :::; 23.5) providing a 

sample complete up to z � 1. Another important implication of the deep 'pencil beam' surveys 

is the spectrophotometric evolution of field galaxies (Coless et al. 1990, LDSS ) . 

5 Statistical indicators 

On flux-limited 2D and 3D catalogs, various statistical tools are used to characterize the density 

distribution. As a first approximation, the mass and galaxy fluctuations are often assumed to 

be related by a linear relation: lip9/p9 = b/ipM/pM, (linear biasing) . The amplitude of large­

scale fluctuations is now fixed by COBE, as well as a range for the index n of the spectrum of 

initial fluctuations (Smoot et al. 1992). Confrontation of the statistics from the data to the 

predictions of the models can be done at the light of COBE's results, setting severe limits on 

the value of b and of n. 
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The two-point correlation function has been the most popular statistical indicator since it was 

introduced by Peebles in the 70's to analyze the galaxy distribution. The spatial two-point cor­

relation function e(r) is directly connected to the power-spectrum by a Fourier transform, and 

so is very useful to confront the theoretical predictions from models of galaxy formation to data. 

From the 2D catalogs, the projected angular two-point correlation function w(li) is measured, 

which scales with the depth of the survey as w(li) = n-1w(liD) where W is a function only 

of the shape of the catalog, so a comparison of w( li) for 2D catalogs with different flux limit is 

possible. The avaibility of flux-limited redshift catalogs has allowed to estimate the spatial cor-

relation function. When the scales involved are sufficient to ignore the effect of random peculiar 

velocities (above � 2h-1Mpc), the real space correlation function e(r) is approximated by the 

direction-averaged redshift correlation function e(s) with: 8 = (V,2+Vi-2��2cosB,, )'12 which can 

be directly derived from the 3D redshift catalogs. 

The two-point correlation function is commonly estimated by weighted counts of the galaxy­

galaxy pairs DD(s) and of the galaxy-random pairs DR(s) in a random catalog with the same 

geometry as the galaxy one . DD(s) = I;; L:; w;w;Nvv and DR(s) = I;; L:; w;w;NvR· 

Then, 1 + e(s) = ��I:);;:. This method has the great advantage of accounting directly 

for edge effects. Several weighting schemes have been advocated : the uniform weighting , the 

selection function weighting, and the minimum variance weighting. The uniform weighting is 

generally used when working on complete sub-samples limited both in distance and in absolute 

magnitude, so of roughly constant density. When analysing magnitude-limited samples, one 

has to take into account the fall-off of the density with radial distance. In this case, the uniform 

weighting gives too much weight to foreground galaxies. A classical weighting is to multiply 

the contribution of each galaxy by the inverse of the selection function (Davis and Peebles, 

1980) w; = 1/<P(r). This however gives quite a high weight to distant pairs and increases the 

white noise for small separations. In order to determine the optimal weighting function, one 

can try to minimize the variance of the mean density (Efstathiou, 1990). This gives a weight 

w; = 1/47rp<P;J3(s) depending on J3(s) which is the integral of the correlation function we try 

to measure. One has then to assume a form for the correlation function. It seems however that 

this method improves the estimation of e( 8) at small scales giving less weight to the few pairs 

at large distance (Vogeley et al.1993). 
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Figure 2: From Maddox et al. 1990. The angular correlation function w(li) for magnitude 
limited sub-samples of APM scaled to Lick (filled symbols) compared to Groth and Peebles 
(1977) estimates on the Lick catalogue (open symbols), and to CDM models with h=0.5 (dotted 
line) and h=0.4 (solid line). 

The correlation function is however very difficult to measure correctly at large scales where 

fluctuations are small compared to the mean, and where it is limited by the uncertainty on the 

mean density. 

The first estimation of w( Ii) was performed on the Lick catalog of counts by Groth and 

Peebles in 1977, showing a clear power law behaviour w(li) oc 111--r with 'Y = 1.77. On the 

CfA data, Davis and Peebles (1983), fixing the slope to 1 = 1.77 found e(r) = (r/r0)--r with 

r0 = 5.4 ± 0.3h-1 Mpc. The values of the slope and of the correlation length have not changed 

dramatically during the last ten years: s0 = 7.5h-1 Mpc and 'Y = -1 .6 (de Lapparent et al. 

1988 on the first two slices of the CfA2), from volume-limited sub-samples of the CfAl and 

SSRSl to 40 and 80h-1 Mpc, for 1 = -1 .8, r0 is equal to 6.0 and 8.0 (CfAl) and 6.4 and 7.5 

(SSRSl) h-1 Mpc. 

The APM catalog, providing the angular positions of about 2 million galaxies, has allowed 

to improve the precision on w( Ii) and thanks to its depth to measure it up to large angular 

separations, up to Ii = 20° (Fig. 2). The power law is confirmed up to 3° with a slope 'Y = 1 .668. 

Above 3°, a break is apparent in w(B). At large scales, the data show an excess of power which 

cannot be reconciled with the standard CDM model. A recent analysis of the 3D Stromlo-APM 

redshift survey gives a slightly shallower slope 'Y = 1.34 ± .08 and s0 = 5.7 ± 0.8h-1Mpc. 

A derived statistic is the variance, the r.m.s. fluctuation in cells. The variance of galaxy 
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counts reaches unity at � Sh-1 Mpc (Loveday et al. 1992), so in the context of linear bias, the 

variance of mass fluctuations in Sh-1 Mpc boxes is directly connected to the bias factor b8 by 

us = 1/bs . 

5.2 Clustering in redshift space and in real space 

The existence of peculiar velocities induces some distortion between the redshift and the real 

space distribution. 

At small scales (s ::; lh-1 Mpc) e(s) and e(r) can be very different and one has to compute 

the components of the correlation function parallel and perpendicular to the line of sight. The 

distribution of peculiar velocities can be approximated successfully by an exponential model: 

J(V) oc e:llp( -2112)� (Davis and Peebles 1983). The value of pairwise r.m.s. relative peculiar 

velocity is particularly interesting as it can be related to 0 through the cosmic virial theorem 

(Peebles 1980). It was estimated to be u = 340 ± 40km/s at lh-1Mpc (Davis and Peebles 1983 

on the CfA). The small value of u at small scales is in contradiction with the predictions from 

the COBE normalized CDM model ( u = 970 ± 160km/ s, Bertschinger et al. 1990, Ostriker 

1993). At large scales, where the coherent velocity field may be important, the redshift direction 

averaged correlation function is enhanced towards the real space one. In the frame of the linear 

perturbation theory, the multiplicative factor is a constant which does only depend on 0 (Kaiser 

1987): e.(s) = (1 + �0°·6 + in1.2)e.(s). The anisotropy of the clustering pattern at large scales 

should then yield an independent way of determining n. 

5.3 The Power Spectrum 

The clustering at large scales is particularly interesting to quantify as this regime should be 

linked directly to initial conditions through the perturbation theory, without need to call for 

non-linear evolution. We noted previously that at these scales precisely where e(r) is small, its 

measurement is severely affected by local fluctuations of the mean density. In order to extract 

the statistical information on large scales, 3D statistics can be calculated in the Fourier space as 

the Fourier components belonging to different wave vectors are statistically independent. The 

measurement of the power spectrum at one scale should then be independent of the measure­

ment at another scale, while the correlations on different scales are highly correlated. The power 

spectrum of the mass fluctuations today can be directly related to the angular power spectrum 

of the temperature fluctuations. Assuming the Harrison-Zeldovich form for the power spectrum 



100 

1 0' 

'1 103 f 

0.0 1 0 .05 0 . 1  0 . 5  

Figure 3: From Vogeley et al. 1992. The power spectrum for galaxy samples extracted from 
CfA2 (limited respectively to 100 and 145h-1 Mpc) compared to the predictions from models . 
From top to bottom: open Oh = 0.2 unbiased CDM (dashed line), standard Oh = 0.5 CDM 
with cr8 = 1 .4 and cr8 = 1. 

of initial fluctuations P( k) = Akn with n=l (in agreement with the first estimate from COBE 

n = 1 ± 0.6, Smoot et al. 1992), the amplitude A is constrained by the RMS sky variation 

(Efstathiou et al. 1992): Qrms/To ex: HJOZ·77A112• So COBE fixes the amplitude of the power 

spectrum at large scales (corresponding to wavenumbers k :S 0.0030g.oihMpc-1 ) .  From galaxy 

redshift surveys, the power spectrum is measured significantly for k 2: 0.02hM pc-1 , so there is 

nearly a factor 10 in scale between the higher scale tested and the scales involved by COBE. 

In order to link both measurements, one needs to extrapolate the power spectrum assuming a 

form dependent on the model. In the standard CDM frame, the normalization required to fit 

COBE data is cr8 = 1 . 1  ± 0.2 (Efstathiou et al. 1992), implying a low bias b8 � 0.9. 

The power spectrum has been widely measured on galaxy catalogs. Baumgart and Fry 

(1991) on the CfAl and on PPSS, Kaiser (1991) on the IRAS QDOT, Peacok and Nicholson 

(1991) on a sample of radio galaxies, Park et al. (1992) on the SSRS and CfAl. Vogeley et al. 

1992 summarise the successive estimates and derives its value on the CfA2 (Fig. 3). 

This last analysis shows that the Oh = 0.5 CDM model fails in reproducing the shape of 

the power spectrum (Fig.3). This is independent of the normalization which can be set to fit 

or the small-scales , or the large-scales, but never both together, as the standard CDM power 



101 

spectrum shows too high a ratio of small scale over large scale power in confront to the data. 

Up to now, the open model with Oh = 0.2 and non-zero cosmological constant seems to fit the 

data, with all the critics that can be done to the 'fine-tuning' of A. 

5.4 High order indicators 

In order to describe the density distribution, the N-point correlation functions should be known 

up to high values of N. The first orders (up to N=4) can be calculated directly and show the 

existence of a 'hierarchical' relation, where the N-point correlation function is a sum of N - 1 

products of 2-point correlation functions. Testing the existence of such a relation is very 

interesting as it reflects directly the type of initial fluctuations. For instance, in the case of 

non-Gaussian initial fluctuations, terms of higher order do appear. The information on high­

order correlation functions can be reached too calculating the moments (Bouchet et al. 1993 on 

IRAS), or through other indicators, like the Void Probability Function which involves indirectly 

correlations of all orders (Maurogordato and Lachieze-Rey 1987 on CfAl, Vogeley et al. 1991 

on CfA2). 

6 The velocity field 

In parallel to the acquisition of redshift samples, the independent measurement of distances 

on still larger areas on the sky has strongly increased in the last five years. Empirical tight 

relations have been determined as the Tully-Fisher (for spiral galaxies) or the Dn - u for 

ellipticals and SO's (Dressler et al. 1988) and allowing to determine relative distance of the 

objects from the ratio between apparent and absolute luminosities . The main difficulty comes 

from the Malmquist bias which can affect seriously the extragalactic distance scale (Bottinelli 

et al. 1986). The radial peculiar velocities can then be deduced as : v;;.c = cz - d. From the 

pioneering samples of Burstein et al. ( 1987), a considerable effort has been endeavoured on the 

measurement of peculiar velocities, leading today to the compilation of more than 3000 galaxies 

(Faber et al. 1993). Large scale velocity gradients have been shown to exist, converging to very 

high density concentrations as the so-called 'Great Attractor' (Lyndell-Bell et al. 1988). From 

these data, through the POTENT method (Bertschinger and Dekel 1989), the dynamical field 

of velocity and mass-density fluctuations has been recovered (for a review see Dekel 1994). The 

main stages are to smooth the radial velocity field, to reconstruct the velocity field assuming a 



102 

Figure 4: By courtesy of A.Dekel, 1994, Annual Review of Astronomy and Astrophysics. The 
Potent reconstructed mass density and velocity fluctuation fields. The Local Group is at the 
center. Large-scale flows (and overdensities) are apparent as Great Attractor (left) ,  Pisces­
Perseus (right), Cetus Southern Wall (bottom), and the Great Wall (top). 

potential flow so the velocity potential can be calculated by integrating the radial component of 

the velocity along the line of sight, and the two other components obtained by differentiation. 

One can then derive the density field under the Zeldovich approximation. The mass density 

field recovered through the peculiar velocities can then be compared to the galaxy density field. 

The optical density maps (Hudson and Dekel 1993) and the IRAS 1.2 Jy density ones (Strauss 

et al. 1993) are strikingly similar to the potent mass density (Dekel et al.1992), showing the 

main high-density features as Pisces-Perseus, the Great Attractor, Cetus Southern wall . . . .  This 

similarity makes sense to assume a linear bias between optical galaxies, IRAS galaxies and 

mass, Oopt = boptO and OJRAS = brnAsO. In the linear approximation where OPotent ex !1°·66, the 

confrontation of these density fields sets constraints on both optical and IRAS bias and on !10• 
From Strauss et al. 1993, !1°·6 /brnAS = 1.28±8:r� and from Hudson and Dekel 1993, n°·6 /bIRAS 

= 0.5-0. 7. These results are fully consistent with an !1 = 1, bopt = 1.5, brnAs = 1 cosmology. 

7 Discussion and conclusion 

The statistical analysis of galaxy surveys has provided quantified information which combined 

to COBE results allows to test models of formation of structures, variating the dark matter 
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components (Cold Dark Matter, Hot Dark Matter, Mixed Dark Matter) , the type of initial 

fluctuations (for instance through the index of the primordial spectrum) , and the parameter 

0. From wide-angle redshift surveys, the shape and amplitude of the correlation functions, the 

low value of pair-wise dispersions argues against an n = 1 CDM standard Universe and rather 

to an open n � 0.2, A =f 0 Universe, while the large scale dynamics from peculiar velocities 

strongly rules out n :5: 0.3 and strongly favours high values of n. So, a consensus is still not 

reached. On the other side, very strong constraints come from galaxy clusters: both from 

the abundance of rich clusters and from the cluster-cluster correlation function (Bahcall and 

Cen 1992) . Some variations to the standard CDM are developed to match the whole set of 

constraints, as lowering the index n � 0.8 ('tilted' spectrum) , or adding hot neutrinos keeping 

n = 1 (Mixed Dark Matter, Davis et al. 1992) , or introducing non-gaussiannity in the initial 

fluctuations (as 'texture' models) . 

In future, the measurement of the power-spectrum at very large scales, on samples big 

enough to minimize the density fluctuations (as the Century Survey, Geller et al. in progress, 

or the Digital Survey Gunn and Knapp in progress) , will be determinant. 

The progress of full sky catalogs in other wavelengths, like 2-mass and Denis at 2µm, com­

bined to optical redshift surveys and to the measurement of peculiar velocities will have great 

insights on the determination of the density field. Recent results (Lauer and Postman 1994) 

from a full-sky velocity survey of Abell clusters of galaxies within 15000 km/s, show that the 

Abell cluster frame is moving at 689 ± l 78km/ s in respect to the CMB dipole, implying the 

existence of high-density mass concentrations beyond lOOh-1 Mpc. On the side of CMB mea­

surements, the ground-based experiments at smaller angular scales will, combined to COBE, 

constrain more the index of the primordial spectrum. 

8 Acknowledgments 

I would like to thank all the authors who helped me a lot for the graphic task of this review, 

providing me postscript files or allowing me to use their graphs: Luiz da Costa, Margaret Geller 

and John Huchra for providing me the cone diagram of CfA2 and SSRS2, Avishai Dekel for 

the updated figure of the density and velocity maps, Stefan Maddox and Michael Vogeley. 

am grateful to Chantal Balkowski and to Alberto Cappi for reading this manuscript. 



104 

References 

(1] Bahcall, N., and Cen, R. 1992, Ap.J., 398, L81 

(2] Baumgart, D.J. and Fry, J.N. 1991, Ap.J., 375, 25 

(3] Bertschinger, E. and Dekel, A., 1989, Ap.J.(Letters), 336, L5 

(4] Bottinelli, L., Gouguenheim, L., Paturel, G., and Teerikorpi, P., 1987, Astron.Astrophys, 181,1 

(5] Bouchet, F.R., Strauss, M., Davis, M., Fisher, K., Yahll, A., Huchra, J.P., 1993, Ap.J., 417, 36 

[6] Broadhurst, T.J., Ellis, R.S., Koo, D.C., and Szalay, A.S., 1990, Nature, 343, 726 

(7] Burstein, D., Davies, R.L., Dressler, A., Faber, S.M., Lyndell-Bell, D.,  

(8] Wegner, G., and Terlevich, R. 1987, Ap.J.Suppl., 64, 601 da Costa, LN., Pellegrini, P.S., Davis, 
M., Meiksin, A., Sargent, W.L.W., Tonry, J.L., 1991, Ap.J.(Suppts), 75, 935 

(9] da Costa, L.N., Geller, M.J., Pellegrini, P.S., Latham, D.W., Fairall, A.P., Marzke, R.O., Willmer, 
C.N.A., Huchra, J.P., Calderon, J.H., Ramella, M., and Kurtz, M.J., 1994, Ap.J., 424, Ll 

(10] Chincarini, G. and Rood, H.J., 1979, Ap.J., 230, 648 

[11] Colless, M., Ellis, R.S., Taylor, K., Hook, R.N., 1990, MNRAS, 244, 408 

[12] Collins, A.A., Heydon-Dumbleton, N.H., MacGillivray, H.T., MNRAS, 236, 7P 

[13] Crampton, Hammer, Le Fevre, Lilly 1994 

[14] Davis, M. and Peebles, P.J.E., Ap.J., 1977, Ap.J.Suppl., 34, 425 

[15] Davis, M. and Peebles, P.J.E., Ap.J., 1983, 267 

(16] Davis, M., Meiksin, A., Strauss, M.A., daCosta, L.N. and Yahl!, A., 1988, Ap.J., 333, L9 

(17] Dekel, A., 1993, in Observational Cosmology, International Symposium held in Milano, Italy, 
21-25 sept 1992, Astronomical Society of the Pacific Conference Series, volume 51 

(18] Dekel, A., 1994, Annual Review of Astronomy and Astrophysics (to be published) 

(19] Dressler, A., Faber, S., Burstein, D., Davies, R., Lundel-Bell, D., Terlevich, R.J. and Wegner, G. 
1987, Ap.J., 313, 42 

(20] Efstathiou, G., Bond, J.R., and White, S.D.M., 1992, M.N.R.A.S, 258, lP 

(21] Faber, S.M. et al. 1993, in preparation 

(22] Fisher, K.B., Davis, M., Strauss, M., Yahl!, A., and Huchra, J.P., 1993, 402, 42 

(23] Fry, J.N. and Peebles, P.J.E., 1978, Ap.J.221, 19 

[24] Geller M.J. and Huchra J.P., 1989, Science, 246, 897 

[25] Geller, M.J., Kurtz, M.J., Huchra, J.P., Schild, R.,Fabricant, D.G., Thorstensen, J.R., and Weg-
ner, G., 1994 in preparation 

[26] Gregory, S.A. and Thomson, L.A., 1978, Ap.J., 222, 784 

[27] Gregory, S.A., Thompson, L.A., and Tifft, W.G., 1981, Ap.J., 243, 411 

[28] Groth, E.J., and Peebles, P.J.E., 1977, Ap.J., 217, 385 

[29] Hauser, M.G. and Peebles, P.J.E., 1973, Ap.J., 185, 757 

(30] Huchra, J., D., Davis, M., Latham, D., Tonry, J. 1983 Ap. J. Suppl., 52, 89 

(31] Hudson, M. and Dekel, A., 1993 in preparation 

[32] Kaiser, N. 1987, M.N.R.A.S., 227, 1 

(33] Kaiser, N., 1991, in Texas/ESO-CERN Symposium on Relativistic Astrophysics, EDS Barrow et 
al., 295, New York Academic Science Publishers 



105 

[34] Kirshner, R.P., Oernler, A. Jr., Schechter, P.L., and Schectman, S.A. 1987, Ap.J., 314, , 493 

[35] Kirshner, R.P., Oernler, A. Jr., Schechter, P.L., and Schectman, S.A. 1981, Ap.J. (Letters), 248, 
L57 

[36] Kraan-Korteweg, R., Fairall, T., Balkowski, C,  Cayatte, V., 1992 in Observational Cosmology, 
International Symposium held in Milano, Italy, 21-25 sept 1992, Astronomical Society of the 
Pacific Conference Series, volume 51 

[37] de Lapparent, V., Geller, M.J., and Huchra, J.P., 1986, Ap.J.(Letters), 202, Ll 

[38] de Lapparent, V., Geller, M.J., and Huchra, J.P., 1988, Ap.J., 332, 44 

[39] de Lapparent, V., Mazure, A., Mathez, G., and Mellier, Y., 1989, The Messenger 

[40] Lauer, T. and Postman, M., 1994, Ap.J., 425, 418 

[41] Le Fevre,O., Crampton, D., Hammer, F., Lilly, S.J. and Tresse, L., 1994, Ap.J., 423, L89 

[42] Lyndell-Bell, D., Faber, S., Burstein, D., Davies, R.L., Dressler, A., Terlevich, R.J., and Wegner, 
G., 1988, Ap.J., 326, 19 

[43] Loveday, J., Efstathiou, G., Peterson, B.A. and Maddox, S.J., 1992, ApJ, 400, L43 

[44] Maddox, S.J., Efstathiou, G., Sutherland, W.J.and Loveday, J., 1990, MNRAS, 242, 43P 

[45] Maurogordato, S., and Lachieze-Rey, M., 1987, Ap.J., 320, 13 

[46] Metcalfe, N., Fong, R., Shanks, T., Kilkenny, D., M.N.R.A.S. ,  236, 207 

[47] Oernler, A., Tucker, D., Kirshner, R., Lin, H., Schechtman, S. ,  Schechter, P., 1993 in Observa­
tional Cosmology, International Symposium held in Milano, Italy, 21-25 sept 1992, Astronomical 
Society of the Pacific Conference Series, volume 51 

[48] Ostriker, J. 1993, Annual Review of Astron. Astrophys. 

[49] Park, C., Gott, J.R., and da Costa, L.N., 1992, Ap.J., 392, L51 

[50] Peacock J.A. and Nicholson D., 1991, MNRAS, 253, 307 

[51] Peebles, P.J.E, 1980, The Large-Scale Structure of the Universe, Princeton University Press 

[52] Saunders et al. 1994 in preparation 

[53] Smoot, G.F et al. 1992, Ap.J., 396, Ll 

[54] Strauss, M.A., Davis, M., Yahil, A., Huchra, J.P. 1990, Ap.J.361, 49 

[55] Tarenghi, M., Tifft, W.G., Chincarini, G., Rood, H.J., and Thompson, L.A., 1979, Ap.J., 234, 
793 

[56] Tresse, L., Hammer, F. ,  Le Fevre, 0., Proust, D., A.A., 277, 53 

[57] Vogeley, M., Geller, M., Huchra, J., P., 1991, Ap.J., 383, 44 

[58] Vogeley, M., Park, C., Geller, M.J., Huchra, J.P., 1992, Ap.J., 391, L5 

[59] Vettolani et al., 1993, in Observational Cosmology, International Symposium held in Milano, 
Italy, 21-25 sept 1992, Astronomical Society of the Pacific Conference Series, volume 51 

[60] Yahil, A., Sandage, A., and Tammann, G.A., 1980, Ap.J., 242, 448 





IS GALACTIC DARK MATTER 

COLD MOLECULAR GAS? 

D. Pfenniger1 ,  F. Combes2 
1 Geneva Observatory, University of Geneva, CH-1290 Sauverny, Switzerland 

2DEMIRM, 61 Av. de l'Observatoire, F-75014 Paris, France 

Abstract 

107 

We propose that dark matter around spiral galaxies is in the form of a cold fractal gas, es­
sentially molecular, supported by rotation, and lying mostly in the outer galactic disks1l ,2J ,3l . 
This hypothesis is suggested by several observational clues, such as 1) the rapid evolution of 
galaxies along the Hubble sequence from Sd to Sa shown by dynamical studies, 2) the gas 
consumption problem in stellar population models, 3) the increasing dark/luminous matter 
ratio along the Hubble sequence towards late-type galaxies, 4) the constant ratio (""1 20) be­
tween gas and dark matter surface densities in the outer parts of galaxies together with the 
flat rotation curve conspiracy, 5) the excess of gas in interacting galaxies, and 6) the high 
frequency of Lya absorption systems in front of remote quasars. 

To understand how measurements of neutral and molecular gas might only detect a small 
fraction of the total gas mass, we take into account the observations of the nearby cold gas 
showing its fractal structure over widely different physical conditions. We build a model of 
fractal gas, in near isothermal equilibrium with the 3 K cosmological background. We need 
to extrapolate only over 2 orders of magnitude (down to 30 AU) the already known fractal 
interstellar medium, observed over 4 orders of magnitude from 100 pc to 0.01 pc. By numerical 
simulations of fractal clouds we show that the gas mass can be easily underestimated by a 
factor 20, due to the highly inhomogeneous structure of the fractal, and to the low temperature 
and metallicity of the gas. Such a fractal structure with a fractal dimension derived from 
Larson's relations typically displays both optically thin and thick parts, the optically thick 
part covering only a small fraction of the sky, yet containing still a large fraction of the mass. 

The smallest scale of the fractal is determined by the transition from the isothermal to 
the adiabatic regime. The smallest clumps, the clumpuscules, have a mass of about 10-3 M0 , 
a radius of about 30 AU, and a low temperature near 3 K. They are in a dynamical state, 
constantly colliding, merging and disrupting, which prevents the formation of stellar like 
objects. The clumpuscule collision time is similar to the dynamical time, about 2000yr. 
Beside traces of ONO elements,  the coupling with the thermal background radiation may be 
ensured by some fraction of the mass being in the form of H2 ice. 
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1. The gas - dark matter connection 

It has been known for a long time that the gas surface density in the outer parts of galaxies 
decreases as 1 / R, from HI 21cm measurements4l . The surface density of dark matter around 
spiral galaxies also decreases as 1 / R, since the rotation curves are flat. It is remarkable that 
the dark matter and gas surface densities are always observed in a near constant ratio in the 
outer parts of galaxies, this ratio being between 10 and 30 4),5) ,6). The coexistence of gas and 
dark matter strongly suggests an intimate link between them. 

The flat rotation curves around spiral galaxies are a puzzle for two reasons: not only 
they do point towards the existence of unseen mass at the outskirts of visible disks, but this 
external mass conspires with the internal mass to maintain the same rotational velocity. This 
conspiracy suggests that the external dark mass is of the same nature and shares the same 
evolution as the visible mass during its condensation towards the center. 

The recently acquired large data base of CO emission in nearby galaxies reveals that 
apparently 4 to 5 times more gas in interacting and perturbed galaxies is measured than in 
isolated normal ones 7) .  This result can only be interpreted by the existence of large reservoirs 
of hydrogen gas in the outer parts of galaxies. During a tidal interaction between two galaxies 
gravitational torques drive this unseen gas towards the center where it can form stars. After 
the starburst triggered by the interaction has consumed a part of the fresh gas, the gas 
amount then returns to normal. 

From UBV colours and Ha equivalent widths, Kennicutt8l has shown that the current 
rates of star formation in spiral galaxies is comparable to the past rates averaged over the age 
of the disk, i.e. galaxies have formed stars at a nearly constant rate during their lives. Since 
the time scale for gas consumption by star formation is of the order of 2 Gyr now, a small 
fraction of the galaxy life-time, a constant star formation rate is only possible with continuous 
infall of fresh gas in the disk, as already proposed by Larson et al.9) The gas consumption 
time-scale can be extended by a factor 2 - 4 when stellar winds and gas recycling is taken 
properly into account10l , but it can also be shortened by an even larger factor if only the gas 
within the optical disk is considered. 

Galaxy disks are dynamically fragile and react to perturbations via spiral waves and bars 
in a few rotational periods. The resulting dynamical evolution coupled to gas dynamics may 
lead to the bar destruction and bulge formation1 1l • 12 ) ,l3), as demonstrated by numerical simu­
lations. The evolution along the Hubble sequence appears then to be from late-types to earlier 
types with possible time-scales much shorter than the galaxy ages. HI observations14) ,G) have 
shown that the dark to luminous mass ratio in early-type galaxies is less than in late-type 
ones. This suggests that at least 90% of the galactic dark matter is transformed into stars 
during evolution, and therefore most of dark matter in late-type spirals has to be hydrogen 
and helium in a sufficiently diluted form such as to permit star formation at later times. 

Finally, the large frequency of Lya absorption features in front of remote quasars remains 
unexplained. If the absorption systems are associated to galaxy disks, their effective radius 
should be of the order of 400 - 500 kpc 15 ) .  Absorbing systems with large column density are 
rarer, as expected from a fractal medium, but molecular hydrogen has already been observed 
in absorption in one of these systems16) . 

All the above observational clues support the hypothesis that dark matter around galax­
ies is in the form of cold gas; then one should understand how the gas density in the outskirts 
of galaxies may be underestimated by a large factor (� 20). This is possible if the gas is 
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structured in a highly hierarchical way, in which the densest clumps are in cold state con­
sisting mainly of molecular hydrogen, so like the nearby molecular clouds. H2 is a symmetric 
molecule that does not radiate through rotation at radio frequencies and therefore has to be 
traced by the CO molecule. But the abundance of CO constantly decreases with galactic 
radius, conformably to the view that the CNO elements are formed by stars, and we expect 
that the gas is nearly primordial beyond about 30 kpc. There are however some evidences of 
CO emission up to 28 kpc from the Galactic center1 7) , with a much higher H2 /CO conversion 
ratio which support the existence of large amounts of molecular hydrogen in the outer galaxy. 

Any form of gaseous hydrogen in the Galaxy is also traced by 1-rays, which result 
from the interaction of cosmic rays (CR) and matter. But the potential source of CR are 
supernovae, and more generally stars, which have a radial scale of 3 - 5 kpc only. Yet the 1-
rays radial scale is much larger is) (15 kpc ), and may result from an extended gas component 
more massive than expected. 

2. Fractal state of cold gas 

It has been known since several years that the nearby cold interstellar medium has a fractal 
structure over 4 orders of magnitude in scale19l •20l ,  i.e. from giant molecular clouds ( 100 pc) 
to Bok globules or tiny clumps (0.01 - 0.1 pc). The latter is the smallest scale reachable 
by current mapping techniques in nearby clouds. But VLBI in HI absorption21 l ,  or extreme 
scattering events due to compact objects moving in front of remote radio-loud quasars22l have 
revealed structures at scales of the order of only 20 AU. Fiedler et al.22l deduce from the 
scattering amplitude of the occulting objects an electron density of the order of 4000 cm-3, 
corresponding to a total ionised mass per object of "=' 10-10 M0. However, in dense clouds the 
typical electron abundance is 10-7, which leads to total masses of 10-3 M0, just enough to 
virialise the objects at low temperature. From their statistics of scattering events, Fiedler et 
al. estimate that the number density of their compact structures in the solar neighbourhood 
is 103 times the star one. These compact objects can then account for most of or all the 
unseen mass in the solar neighbourhood23 l .  

A natural hypothesis is therefore to extrapolate the fractal structure of the interstellar 
medium by two orders of magnitude down to 20 AU in scale, i.e. the self-similarity relation 
between mass and size M � rD, where D is the fractal dimension. With the hypothesis of 
virial equilibrium at each scale, the velocity dispersion is v � r(D-l) /2 ,  already verified for 
the atomic and molecular clouds24l •25l. The best match to the broad variety of observations 
is D = 1.5 - 2.  

What is the cause of the fractal structure? Any amount of  gravitating gas in quasi­
isothermal equilibrium in a thermal bath, provided it has no excess of kinetic energy to 
expand to infinity, tends ideally to follow an isothermal distribution, i.e. a sphere where 
the density decreases as r-2 • However, the gravothermal catastrophe occurs as soon as the 
density contrast between the center and the edge reaches 32.1 26l •27l. At this stage, the sphere 
is unstable and fragments in N "=' 10 clumps, while the outer parts evaporate, gaining energy 
from the background bath. This instability recurs at the next lower scale, as long as the gas 
remains isothermal, and a hierarchical self-similar fractal structure is automatically built in. 
The recursion ends down at the scale where the isothermal character breaks down. 

This happens28l when the dynamical time (or free-fall time) Tff = l/../Gp becomes 
shorter than the Kelvin-Helmholtz time TKH , 

· n.  with L = 4n:f R2 <TT4 , 
""H = _3 MkT/L, 2 µmp (1)  
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where µ is the mean molecular weight, mp the proton mass, f is a factor of the order of one, or 
smaller, depending on the departure from spherical geometry and from black-body radiation, 
and a- is the Stefan-Boltzmann constant. Along the hierarchy of scales of the isothermal 
fractal, the ratio TKH/Tff varies as r<3D-7J/2 ,  i.e. decreases with r since D is inferred from 
observations to be lower than 2.33. The time-scale for cooling is short at large-scale, which 
ensures the isothermal character. And there exists a bottom scale where the adiabatic regime 
is reached when TKH = Tff . Together with the virial relation M = 3kTR/Gµmp, this gives 
the mass of the smallest scale fragments, that we name "clumpuscules" ,  i.e., 

_3
( T ) 1 /4 ( µ ) -9/4 ( f ) -1/2 

M. � 10 3 K 2.3 0.5 [M0] .  (2) 

The corresponding average size, volumic and surface densities are 30 AU, 3 · 109 cm-3, and 
2 · 1024 cm-2 respectively, and TKH = Tff � 2000 yr. This remarkably fits with the smallest 
observed scales21 l ,22l . It is also remarkable that these clumpuscules extend to smaller scales 
the Larson relations for the known interstellar medium, for a fractal dimension D = 1. 7, and 
a velocity-size relation of v � r0 ·35, perfectly compatible with the observations. The line of 
sight velocity dispersion of a single clumpuscule is thermal, of the order of 0.1 km s-1. 

At low temperature the condensed character of the fractal makes the collision time­
scale between clumpuscules of the order of their dynamical time with D � 1. 7 and N � 
10 suggested by observations. This prevents the clumpuscules from collapsing slowly in 
the adiabatic regime. The collisions are supersonic for D > 1 with a Mach number ;S 2; 
temperature may increase during Tff = TKH by a factor less than 3, and decreases after a 
few Tff since gravitating systems receiving energy cool. Also finite nearly isothermal clumps 
evaporate in about 100 TKH = 100 Tff. The isothermal equilibrium of the fractal in the thermal 
bath is then a dynamic one: a quasi-steady state is reached by the balance between coalescence 
and fragmentation-evaporation of the clumps. In the first process the gas looses energy to the 
benefit of the background radiation, and the reverse occurs in the second process. Between 
collisions, the clumps tend to reach a r-2 density law, to be colder than the bath, and 
their envelopes evaporate. Perhaps not coincidentally the average kinetic energy density in 
turbulent gas motions in the outskirts of galaxies is of the same order of magnitude as the 
energy density of the 3 K radiation ( 4a-T4 /c � 0.26 eV cm-3). 

Since forces in a hierarchical structure are mainly gravitational at every scale except 
at the smallest one, energy dissipation is strongly reduced. The very low dissipation rate 
resulting from this dynamical equilibrium explains the long life-time of the gas in outer 
gaseous disks, and the absence of star formation. But the gas in the optical disk gets in 
contact with heating sources, the gas temperature departs significantly from 3 K, the ratio of 
collision time to dynamical time increases considerably, and the clumpuscules may collapse 
to form stars1 l .  

3. Simulations of fractal structures 

We have carried out a large number of simulations of the fractal medium, in order to more 
quantitatively estimate the effective surface filling factor of the gas, and thus the amount 
of mass that can be "hidden" by such structures1l ,2l . In Fig. 1 we show the projection of 
two simulated clouds with D = 2.5 and D = 1.7. Such clouds consist of N = 10 smaller 
subclouds, which are made of N smaller subsubclouds, etc. over 9 levels (109 elementary 



Fig. 1: Projected density of computer gen­
erated fractal clouds. 
Top: D = 2.5, bottom: D = l.7. 

1 .0 
M/Mtot 

I 
I 

I 
I 

I 
I 

I 

I 
: / /  . / 

!---�����--��_.::::___ --

I 
I 
I 

1 1 1  

( 
I 

Log (S/Stot) 

- 1 

- --

'; - 2  '.\ 
- - - --,,_ ... \ 

·.� ·. I '\_ 
· .. \ \ 

- 3  
:. \ \ :. I 

-2  0 2 
Log 'E 

Fig. 2: Cumulated mass M at lower sur­
face density � (top), and surface filling fac­
tor at higher � (bottom) as a function of 
log(�), for fractal clouds as in Fig. 1 of 
fractal dimensions D = 3  (solid), 2.5 (dot), 
2 (short dash) and 1.5 (long dash). 

clouds). It is apparent that the sky coverage of the mass decreases considerably below D = 
2. Then the observing properties are directly dependent on the smallest scale at which 
the fractal behaviour stops. The log grey scale used in Fig. 1 covers 6 decades in column 
density, showing the intrinsic difficulty to observe fractal clouds, since most observing devices 
are limited to only 2 - 3 decades in column density. The fundamental implications of this 
instrumental limitation on our perception of the ISM influencing its theoretical description 
has been critically discussed by Scalo29) . 

Although a range of possible parameters characterising the fractal are compatible with 
observations, we show in Fig. 2 that the surface filling factor of the dense clumpuscules can 
be only of the order of 13 or less. More quantitatively, the surface encompassing half of the 
mass is 12. 7, 1 .9 and 0.33 of the whole surface for D = 3, 2 and 1 .5, in the more realistic 
model1l .  This means that optically thick gas in HI 21 cm radiation could have been missed 
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by factors between 10 to 100. Anyway, if most of the gas is close to 3 K emission would be 
almost impossible to detect. Moreover, the gas turns molecular as soon as the density is 
over 107 cm-3, and metallicity problems then make its tracing very difficult. The low surface 
filling factor that we derive is useful however to estimate the probability of absorption: we 
expect roughly one optically thick H2 absorption feature in front of a remote quasar for about 
103 - 104 Lya absorbing systems. 

4. Cold gas - radiation coupling 

A very important aspect of the physics of clumpuscules is the nature of their radiative coupling 
with the 3 K background radiation. In a primordial mix some relevant rotational lines from 
the gas are those of LiH and HD, at temperatures equal to a few tens of K, since they are 
optically thick for the column densities of the clumpuscules30l . Traces of ONO elements offer 
much more possibilities and the cooling is then efficient31l . 

But as soon as the temperature falls below � 5 K, the coupling may be also ensured by 
H2 ice, since a solid can radiate and absorb as a black-body. At these low temperatures, the 
H2 gas is in equilibrium with a kind of H2 snow32l , because the average pressure P. in the 
clumpuscules is then equal to the saturated vapour pressure P8• The latter can be expressed 
as1l ,33l Ps = 5.7 · 1020 T512 exp(-91.75/T) [K cm-3] . On the other hand the clumpuscule gas 
pressure is given by P. = 1 .1  · 108T712 µ112 f [K cm-3] . Below about 3.3 K, P. is higher than P8 •  At T = 3 K, P./P. � 2 - 20 and increases to 19-fold at T = 2.736 K. The saturated 
pressure is reached in most of the clumpuscule. The question of the actual amount of solid H2 
depends critically on the presence of condensation sites such as dust, that we are presently 
unable to quantify for the outer part of galaxies. Since the heat liberated by freezing33l 
( � 100 K/H2 ) is larger than the thermal energy by a factor 30, the clumpuscule contraction 
is correspondingly slowed down, as stars by nuclear reactions. Even if all the H2 freezes out 
in some form of snow, the remaining He can sustain the H2 flakes by viscosity. We estimate 
that for flake diameters smaller than 0.1 cm the dynamical time is much longer than the 
clumpuscule collision time, and the clumpuscule is optically thick to mm band radiation. 

We note that clumpuscules radiating at the effective temperature T ;S 3.3 K would 
be exceedingly difficult to observe against the microwave background at TMwB = 2. 736 K,  
essentially because the fraction of the sky covered by the clumpuscules in galaxies at  a redshift 
z < 0.2 is much less than 1 % of the galaxy surface if D � 1 .  7. The luminosity per unit mass 
( � T4 -TtiwB) would be ;S 0.002 erg g-1 s-1 in the mm band. The time-scale to dissipate this 
energy for reaching the galaxy rotation speed Ve = 220 km s-1 would be ;2; v� /0.002 � 8 Gyr. 
This lower bound would also be increased if we take into account the hotter TMwB in the 
past. So a luminosity of 0.002 erg g-1 s-1 can be sustained for several Gyr by galactic rotation 
energy cascading down to the smallest level of the fractal gas. 

5. Cold gas at the galaxy cluster scale 

The observations of hot gas in galaxy clusters are perfectly compatible with our hypothesis. 
During galaxy interactions, one can expect that part of the fractal cold gas is destroyed and 
heated, and this explains why the mass of the intergalactic gas is so high, between 2 and 
8 times the visible (i.e. stellar) mass34l . Clusters are therefore special regions where large 
amounts of baryonic dark matter becomes visible in X-rays. But this phase is only transient, 
and cooling flows bring this matter towards the very center of the cluster, where it cools and 
disappears from view into cold tiny clumps31l . Recent observations in favor of a very small 
core radius for dark matter in clusters are then understandable35) ·36l . 
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Until now, we have only proposed that most of the dark matter around spiral galaxies is 
under the form of molecular cold gas1) ,3) . However, we cannot rule out that most of the dark 
matter at the scale of clusters of galaxies is also in this form, and only baryonic. Indeed, the 
missing mass in clusters is compatible with the constraints brought by the standard big-bang 
nucleosynthesis37) : nb ;S 0.1.  

We are very grateful to Louis Martinet and John Scalo for interesting discussions. 
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ABSTRACT. This paper reviews the present status of the classical cosmological test• which use 

high-redshift objects: the angular-si1e test, the Hubble diagram, the Loh-Spillar te•t, the faint 

galaxy count• and the ages of di•tant galaxie•. The review focus••• on the crucial problem of galaxy 

evolution, and mentions new attempts based on supernovae, compact radio-sources and quasars. 

As a matter of fact, the simplest analysis of most of the data leads to a low--<lensity open universe. 

Nevertheless, because of large error bars, the rejection of 00 = 1 is only marginal in most of the 

tests. Moreover, it is possible to accomodate the tests using galaxies with the fiat universe and 

"non-standard" scenarios of evolution (involving starbursts, merging, bimodal IMF, etc.). 

1 Introduction 

The curvature of the universe is measurable by means of geometrical tests involving high­
redshift objects. Some of these tests have been proposed in the early epoch of modern 
cosmology, but the past status of observations has hampered any significant conclusion. 
The recent development of sensitive detectors now allows one to revisit the question. The 
interest of these classical tests is their sensitivity to all matter, baryonic and non-baryonic, 
on very large scales comparable to the curvature radius. Here high-z objects are simply 
used as landmarks tracing the space-time structure. In principle, all the tests are straight­
forward and should give unambiguous results. Unfortunately, the high-z objects are not 
inert beacons. For instance, galaxies strongly evolve with time scales of a few Gyr. The 
analysis of the tests must take this evolution into account, by means of a model of spec­
trophotometric evolution which allows one to compute evolving synthetic spectra of galaxies 
from a minimum set of assumptions about the star formation history. By coupling these 
spectra with classical cosmological models, apparent magnitudes and colours can be de­
rived, which take into account the entangling of the cosmological and evolutionary effects 
in a consistent way. The purpose of this paper is to describe the state-of-the-art in this 
rapidly-evolving field, by focussing on the problems arising from the modelling of galaxy 
evolution. The review also describes recent attempts based on other objects (supernovae, 
radio-sources and quasars) the evolution of which might have less influence on the tests. 
The reader wishing to know the general background of the tests is referred to the good 
review proposed by Sandage (1988). 



116 

2 Principles and fundamental formulae 

In Friedman-Lemaitre cosmological models, the curvature radius of the universe is: 

Ro = -
1 
c 

1 112 
with ao = llo + Ao - 1 

Ho ao 
(1) .  

Here c is  the speed of light, Ho is  the Hubble constant, 110 is  the density parameter, and 
Ao is the reduced cosmological constant . If k = sign(ao) = - 1 ,  the geometry is hyperbolic. 
If k = + 1 it is spherical. The case k = 0 corresponds to a flat universe, with "infinite" 
curvature radius. This is the case predicted by inflation. We shall hereafter assume Ao = 0 
(so llo = 2qo the deceleration parameter) , and come back to a non-zero Ao in section 8. 

If one defines E = 1 + z, the space-time properties of the universe can be computed by 
means of the time element and the comoving radial coordinate (see e.g. Weinberg, 1972): 

Then one can show that: 

dt(z) = -
1 dE 

Ho E(11oE3 - aoE2 + A0)112 

f,e laol 1/2dE r,(z) = Sk( 
1 (11oe3 - aoE2 + Ao)112

) { r if k = O; 
Sk(r) = sinh r if k = - 1 ;  

sin r if k = + 1 .  

(2) 

(3) 

(i) The apparent bolometric flux f from an object of rest-frame bolometric luminosity 
L is given by 

f = L/411' Di(z) with DL(z) = Ror,(z)E 

D L ( z) is the luminosity distance 
(ii) The apparent angular size 8 of an object of rest-frame linear size I is given by 

8 = 1/DA(z) with DA(z) = Ror,(z)/E 

DA(z) is the angular distance. 
(iii) The volume element of a spherical shell at redshift z is 

dV(z) = -4'11' Di(z)cdt(z) 

(4). 

(5). 

(6). 
Thus any measurement of the variation of one of these quantities with z allows one to 
constrain the values of llo and Ao. For that purpose, several tests have been introduced: 

(1)  Apparent magnitude m versus z. This test is a measure of DL(z) and assumes that 
objects of constant luminosity L, the so-called "standard candles" , are available. 

(2) Angular size 8 versus z. This test is a measure of DA(z) and assumes that objects 
of constant linear size I, the so-called "rigid rods" , are available. 

(3) Surface density of objects N versus z. This test, recently called the "Loh-Spillar" 
test, is a measure of the volume V(z) of spherical shells by counting objects as far as the 
comoving number of the latter is conserved. It uses a large sample of objects while the 
previous tests use a class of special objects which can have anomalous behaviours. 
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( 4) Surface density of galaxies N versus apparent magnitude m. This test, the classical 
faint galaxy counts, is a measure of V (DL) · As the "Loh-Spillar" test, it also needs con­
servation of the comoving number of galaxies. Since V and DL have related behaviours, 
it is a priori less sensitive to cosmology. Nevertheless its great advantage is to use only 
magnitudes and to probe the universe very deeply. 

(5) Ages of galaxies tgal versus z. It gives at each z a lower value of the age of the universe 
t( z) . The test is mainly sensitive to the Hubble constant Ha. Its implicit assumption that 
the reddest galaxies are the oldest ones is not necessarily correct. 

Among the various kinds of objects which have been used in the tests, galaxies are 
known to evolve strongly. Nevertheless the modelling of their evolution is a priori more 
accessible than the evolution of active nuclei, for instance. The computation of the k- and 
e- corrections (for red shift of the spectra and intrinsic evolution) needs specific models 
with the following principles (Bruzual 1981, 1983; Guiderdoni & Rocca-Volmerange 1987, 
1988; Rocca-Volmerange & Guiderdoni 1988; Yoshii & Takahara 1988; Charlot & Bruzual 
1991 ;  Bruzual & Charlot 1993): at each time step, stars form from the gas content according 
to the classical parameters (Star Formation Rate and Initial Mass Function) .  These stars 
are placed on the Zero-Age Main Sequence of the log L - log T,1 I HR diagram. The models 
use compilations of stellar evolutionary tracks taking into account the main stages of stellar 
evolution in order to compute at each time step the distribution of the stellar populations 
in the HR diagram. This distribution is combined with a library of stellar spectra (or with 
stellar colours) in order to estimate the synthetic spectrum of the stellar population. The 
apparent magnitudes and colours at redshift z are derived from the spectra after coupling 
with the standard cosmological models and convolving with the response curves of filters. 

Finally, it can be shown that all tests are independent of Ho except through the evolu­
tionary time scales in the e-corrections. Hereafter we shall take Ho = 50 km s-1 Mpc-1 .  

3 The Hubble diagram 

A "standard candle" with current absolute magnitude MA (in a filter centered at >.) has an 
apparent magnitude at redshift z: 

mA = MA +  (m - M)boi(z) + kA(z) + eA(z) (7) 

with the bolometric distance modulus (m - M)b01(z) = 5 log(DL(z)/Mpc) + 25. The status 
of the test was renewed by the observations of optical counterparts of radiogalaxies in the 
visible and in the near-IR at redshifts z > 1. The objects are selected on the basis of their 
radio properties in catalogues of powerful sources (3C, lJy, Parkes, 4C) . The spectroscopic 
redshifts of the optical counterparts can be obtained from their strong emission lines. 

The observer-frame B or V bands probe the UV in the galaxy rest frame, which is 
very sensitive to bursts of star formation and some scatter is observed. Nevertheless, the 
near-IR bands could be less sensitive to the history of star formation. So less scatter is 
expected and there was hope to derive a value of 00 from K observations. Spinrad & 
Djorgovski (1987) proposed Oo = 0.4 ± 0.6. More recently Weir et al. (1990) showed that 
the uncertainty in the history of star formation erases any cosmological information. Figure 
1 shows predictions in the K-band Hubble diagram for various SFR histories with Ila = 1 
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and 0.1. It is difficult to descriminate between the models. There is some debate about 
the origin of the scatter which could be due to the mass of the objects and to starbursting 
evolution. 

Tammann (1979) proposed to use supernovae as standard candles. Type Ia SNe are less 
affected by evolutionary effects than galaxies. After the first discovery of a SN at z = 0.31 
(Norgaard-Nielsen et al. 1989) , Perlmutter et al. (1994) recently measured the light curve 
of a SN at z = 0.458. The lit of the time-dilated light curve with light curves of "standard" 
SNe observed in nearby galaxies gives 110 = 2q0 = 0.2 ± 0.6(±1.1) .  The computed value of 
110 should be increased if there is extinction in the host galaxy. The first type of errors is due 
to uncertainties in measurement and redshift corrections while the second type comes from 
the uncertainty in the true width of the absolute magnitude distribution which is known 
with a spread of � 0.3 mag. After the observation of more SNe at the Coma distance and 
beyond (i.e. without distance problems due to proper velocities) ,  the absolute magnitude 
distribution might be narrower. With an increase of the sample of high-z SNe, the test 
would lead to a smaller computed range for 110. For the moment, the low-density universe 
seems to be favoured but the flat universe is rejected by the observations at only l.3u. 

4 The angular-size test 

The angular-size test used the diameters of cluster cores (Bruzual & Spinrad 1978; Hickson 
& Adams 1979) and the separation between the hot spots of double-lobe radio-sources 
(Wardle & Miley 1974) as "rigid rods" . While there is too much scatter with cluster 
cores (see Sandage 1988), the intrinsic evolution of double-lobe sources makes the result 
of the test mimic the behaviour of the tired-light model (DA(z) ex z-1) .  More recently, 
Kellermann (1993) applied the test to a sample of 82 compact radio-sources associated 
with active galaxies and quasars. He claims that, since compact sources are short-lifetime 
systems and are considerably smaller than the host galaxies, they are probably less affected 
by evolutionary effects than double-lobe sources. Moreover, the compact sources are seen 
at higher redshifts than the double-lobe sources. Although the sizes of compact sources 
are not unambiguously defined, he finds that the test is consistent with 110 = 2qo = 1. 

5 The Loh-Spillar test 

If </>(L, z) is the luminosity function (LF) at z, the surface density of galaxies in solid angle 
dw with flux (per Hz) brighter than fl is: 

(8) 

with the luminosity L1 per Hz: 

(9). 
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Figure 1: The K-band Hubble diagrams for 00 = 0.1 (left-hand panel) and 1 (right-hand panel). 
Various SFR time scales and redshifts of galaxy formation can accomodate the data within the 
observed scatter. Figure 2: The result of the Loh-Spillar test in its early version. From Loh & 
Spillar (1986). Figure 3: Sensitivity of the predicted counts to flo Dotted lines: no evolution. 
Figure 4: Optical colour against redshift for various SFR histories and 00 = 0.1 (left-hand panel) 
and 1 (right-hand panel). Dashes-and-dots: "reddest" model, with SFR time scale 0.1  Gyr and 
redshift of galaxy formation ZJ°' = 40. Dotted line: no evolution. 
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The quantities A(z) and B(z) only depend on z and on the values of Oo and �o and can be 
computed from eq. (6) and (4). The total flux (per Hz) from galaxies at redshift z is: 

dzdw c 100 
F(> Ji) = - -A(z)B(z) tf>(L, z)LdL 4,.. Ho L1 

(10). 

Providing (i) the LF has a constant shape (e.g. the Schechter form with characteristic 
luminosity L' and constant slope <>) , and (ii) all galaxies evolve at the same rate (i.e. 
single-type evolution): 

F(> Ji) f.00 t/>(x, z)xdx . Li C = = 1 With Xi = -
- JiN(> J1) xi f.";' t/>(x, z)dx - L' 

(11) .  

The method consists in measuring N(> Ji) and F(> ft) at fixed z, computing C ,  and 
deriving xi from eq. (11) .  Then, by putting this value into the integral of eq. (8) it is 
possible to determine </>' A(z)c8 /Hg where </>' is the absolute normalisation of the LF (in 
Mpc1 ) . This quantity does not depend on H0. Providing (iii) there is no number-density 
evolution (constant </>'), it is easy to derive Oo from the variation of A(z) versus z. 

This method has been used in Loh & Spillar (1986) and Loh (1986, 1988). They obtained 
narrow-band multicolor photometry of� 1000 galaxies in five 71 X 10' fields at msoonm < 22. 
The redshifts (up to z � 0.75) were determined from the spectrophotometry. Finally the 
authors' last analysis yielded Oo = 1 .1�8:� at the 95 % confidence level (see figure 2). 
Formally, the method has two advantages. It avoids the k-corrections by using shifted 
passbands for the various redshifts, as well as the e-corrections since luminosity evolution 
is directly measured (by the depth xi of the survey at redshift z) under the assumptions 
(i) and (ii). Nevertheless, there has been much debate about the effect of departures from 
assumptions (i), (ii) and (iii). 

First some-type dependent evolution would make the apparent A( z) lower than the true 
A(z) , and consequently Ooapp > Oo. Various estimates have been proposed: .C.Oo "" -0.16 
(crude estimate in Loh & Spillar early paper); .C.Oo "" -0.4 (Loh 1988; Yoshii & Takahara 
1990) ; up to .C.00 "" -1  in Bahcall & Tremaine (1988). These estimates (except the last 
one) are based on models of spectrophotometric evolution. The basic problem of the present 
status of the Loh-Spillar test is that the measured evolution is .C.MB = MB(z = 0)- MB(z = 
0.75) = 0.3 ± 0.2 for red galaxies and 0.2 ± 0.2 for blue galaxies while all models predict 
.C.MB = 0.6 to 1 mag for red galaxies (and much weaker evolution for later galaxies) .  We 
must admit that we do not understand the evolution in the Loh-Spillar sample. 

Secondly number-density evolution would make the apparent A(z) higher than the 
true A(z) , and consequently Ooapp < Oo. The estimates span from .C.Oo "" 0.1 in Loh & 
Spillar (1986) and Loh (1988), to .C.00 "" 2 in Bahcall & Tremaine (1988). The reason of 
this discrepancy is that Loh & Spillar use a "low-merging scheme" based on observational 
estimates of pairs of bright galaxies while Bahcall & Tremaine give a theoretical estimate of 
the accretion of companions due to dynamical friction. Moreover Caditz & Petrosian (1989) 
showed that assumption (i) is not consistent with the data, independently of any assumed 
value of 00. In particular, the slope "' of the LF evolves and can be as fiat as <> = -0.2 
at redshift z > 0.4. Such an evolution is opi-osite to that expected in any simple merging 
scenario. The authors suggest that the most likely value would be 00 � 0.2. Finally Omote 
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& Yoshida ( 1990) claimed that gravitational lensing could severely affect the method. All 
these works make the early result of the test very doubtful. 

The test was recently re-examined by Schade & Hartwick ( 1994) with a compiled sample 
of AGNs and quasars. It is known that the quasar luminosity function evolves according to 
pure luminosity evolution (Boyle et al. 1987). So this evolution satisfies conditions (i) with 
a LF characterized by two power laws, (ii), and (iii). As a matter of fact, there might be a 
complicated evolutionary scheme with generations of short-lived quasars, which reproduces 
the "pure luminosity evolution" . Nevertheless, the Loh-Spillar method is independent of 
the way objects evolve as far as conditions (i) to (iii) are satisfied. By gathering data of 
high-z quasars with a sample of "nearby" AGNs, the authors find !lo = 0.2!g:t6 (lu errors) 
with a zero cosmological constant and !lo = 0.4!g:i6 with !lo + Ao + 1 = 0. The strongest 
assumption of the work is the continuity of "pure luminosity evolution" between high-z 
quasars and nearby AGNs. With no reference to the nearby LF, the sample of QSOs gives 
!lo = 0.45!g:�- The flat universe is rejected by this conservative value at only 1.811. 

6 The faint galaxy counts 

The number of galaxies with type j at redshift [z, z + dz[ contributing to the counts per 
magnitude bin around apparent magnitude m; (through the A filter) is: 

(12). 

dV is given in eq. (6). </>j(M;) is the comoving LF for type j determined from the analysis 
of nearby galaxies. The absolute magnitude M; is computed from m; by means of eq. (7) . 
Predictions for magnitude, redshift and colour distributions are computed by integrating 
the elementary contributions. 

Guiderdoni & Rocca-Volmerange ( 1990) (and references therein) gave an analysis of the 
deepest surveys. The straightforward interpretation is based on the nearby luminosity func­
tions for each spectral type, and on the extrapolation in the past of the standard scenarios 
reproducing the properties of the nearby galaxies, under the assumption of conservation of 
the comoving number density. Figure 3 shows the sensitivity of the standard predictions 
in the N ( m) diagram to !lo. It turns out that the fits of the number counts (at B � 28 
and in all bands from UV to red) and redshift distributions (at B � 22) require a low 110 
(� 0.1) and a high value of Zfor (� 10). After some debate, the analysis of the K-band 
counts seems to lead to the same result (Cowie & Songaila 1993). It is not easy to get rid 
of this conclusion. As a matter a fact, it seems to be unsensitive to uncertainties in the 
inputs of the model, since it is simply due to the smaller volume elements at high redshifts 
for !lo = 1. 

The deep redshift surveys revealed the existence of a population of sub-£' and dwarf 
galaxies at redshifts z � 0.2 to 0.5 (Broadhurst et al. 1988; Colless et al. 1990, 1993; 
Cowie et al. 1991). Most of the excess in the counts at B = 24 is due to this "new" 
population, with which it is possible to accomodate the deep counts down to B = 28 in an 
!lo = 1 universe. The corresponding slope of the LF is <> � -1 .6 to -1.8 .  It is not easy to 
understand why this population is not observed in the recent nearby surveys which give a LF 
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slope a - - 1  (Binggeli et al. 1990; Loveday et al. 1992} . There might be a rapid evolution 
of the number of galaxies after merging of the small objects into bigger ones (Rocca­
Volmerange & Guiderdoni 1990; Guiderdoni & Rocca-Volmerange 1991;  Broadhurst et al. 

1992). Alternatively, subtle selection effects might hide the low-surface brightness galaxies 
in nearby surveys which are not as sensitive as deep surveys (McGaugh 1994) . For a recent 
review, see Guiderdoni (1993}. 

7 The ages of distant galaxies 

The discovery of optical counterparts of radio-galaxies at redshifts z > 3 lead some authors 
to use the age of these distant galaxies as constraints on the values of the cosmological 
parameters. The first work by Lilly (1988} based on 0902+34 at z = 3.395 gave an age :2: 1 
Gyr. As a matter of fact, the age of the Universe at redshift 3.395 is 1.42 Gyr with Ho = 50 
and Oo = 1. Then several authors gave very small ages for the distant galaxies (Bithell 
& Rees 1990; Chambers & Charlot 1990}. Thus the situation appears confused. In fact, 
Rocca-Volmerange & Guiderdoni (1990} showed that any age between - 0.5 Gyr and - 2.5 
Gyr can fit the spectrophotometry within the error bars. Consequently it is impossible to 
put constraints on cosmology from these objects in the present state of the data. 

May be the galaxies at redshifts - 0.5 are more interesting. The age of the universe was 
about two thirds of its current age. It turns out that the reddest galaxies at these redshifts 
are well reproduced by models without evolution (Colless et al. 1990}. Guiderdoni & 
Rocca-Volmerange (1988) showed that models in a low-density universe, which have weak 
evolutionary corrections, can fit the data. On the contrary, it is difficult to accomodate the 
data with an Oo = 1 universe as shown in figure 4. The situation still degrades if Ho is larger 
than 50. Several solutions could be imagined to this problem: (1) A low-value of H0• (2) 
Intrinsic extinction. It is not plausible since cluster galaxies which are devoid of gas show 
exactly the same behaviour as field galaxies. (3) Metallicity effect. The reddest galaxies 
might be metal rich. Nevertheless Yoshii & Takahara (1988} find the same difficulty with 
their model taking into account chemical evolution. (4) The IMF is not standard. Charlot 
et al. (1993} showed that, if strong bursts of star formation occur with an IMF which 
is deficient in low-mass stars (e.g. no stars below 2M0), the spectra of the galaxies can 
become very red when the stars with the lower masses become red giants. (5) The stellar 
clock is not accurate. This is related to the question of the ages of globular clusters which 
are only marginally consistent with the age of the universe 13 Gyr if Ho = 50 and 00 = 1.  

8 Conclusions 

If we summarize the most simple results of the tests, it appears that they all seem to 
suggest an open universe with a low value of Oo. Only the angular-size test based on the 
questionable assumption of the absence of cosmological evolution for the radii of compact 
radio-sources clearly points at the flat universe. We could be satisfied for that if the 
inflationary theory did not exist. But the inflationary paradigm is so attractive that it is 
worthwhile to revisit the tests . 
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Most problems for reconciling the data with inflation vanish if we introduce a non­
zero cosmological constant. For instance, to save the faint counts, Fukugita et al. (1990) 
introduced a non-zero cosmological constant. The effect of Ao of 0 is to increase the 
observable volume of the universe and consequently the observable number of galaxies. 
The authors reproduce the counts with !lo = 0.1 and the corresponding Ao = 0.9 for the 
flat universe. On the other hand, Ao = 0.9 increases the age of the universe up to 25 
Gyr and eliminates the difficulty with the colours of mild-redshift galaxies. Nevertheless, 
despite these successes (Efstathiou et al. 1990), cosmologists are very reluctant to introduce 
a non-vanishing Ao since it would require the fine-tuning that the inflationary paradigm 
precisely tries to avoid. 

In fact, most of the current tests give only a marginal rejection of !lo = 1. Moreover, 
the evolution of galaxies is probably more complicated than the standard scenarios which 
are used in the classical approaches. On the one hand, we must admit that we do not 
understand the fate of the numerous sub-L' and dwarfs seen at mild redshifts, but they 
seem to be what is needed to get an !lo = 1 universe from the counts and to destroy the 
original version of the Loh-Spillar test which uses galaxies (assumption (iii) is not valid 
any more) . On the other hand, changes in the IMF of starbursts could alter the colour 
evolution of galaxies and make age determinations based on colours very hazardous. 

Finally, it is interesting to recall that Hubble (1936) attempted to measure the curvature 
of the universe from faint counts. With the value Ho '°" 530, he found !lo '°" 14. Some way 
has been done since this value and we can be reasonably optimistic for the future. In 
particular, the SNe Hubble diagram should give interesting results. 
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Abstract 

A local void in the globally Friedmann-Robertson-Walker cosmological model with the critical 

density (!10 = 1) is studied. The inhomogeneity is described using a Lemaitre-Tolman-Bondi 

solution for a spherically symmetric distribution of matter. The scale of the central underdense 

region is � 150 Mpc. We investigate the effects this has on the cosmological time scale, the 

measurement of the Hubble constant and the redshift-luminosity distance for moderately and very 

distant objects (z � 0.1 and more). The results indicate that if we happened to live in such a void, 

but insisted on interpreting cosmological observations through the FRW model, we could go wrong 

in a few instances. For example, the Hubble constant measurement could give results depending 

on the separation of the source and the observer, the quasars could be younger than we think and 

also less distant (less energetic).  
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1 Introduction 

It seems, particularly after the introduction of the inflationary paradigm [1], that the isotropic and 

homogeneous Friedmann-Robertson- Walker (FRW) cosmological models are best suited for the 

description of the global structure and the evolution of the universe. However, a similar statement 

is not necessarily true when cosmologically moderate scales are thought of. 

There exists direct observational evidence in favour of the isotropy of the observed universe, 

namely, the COBE data confirming a high degree of isotropy of the cosmic microwave background 

radiation (CMBR) [2, 3]. However, there is no observationally based reason supporting the as­

sumption of homogeneity. On the contrary, there seems to exist observational evidence in favour 

of larger and larger structures [4]. 

Recent work on modelling voids in the expanding universe [5] has shown that it is possible to 

construct an asymptotically FRW universe containing an expanding spherical void of the Lemaitre­

Tolman-Bondi type 1. Moreover, the void can be a region of under-density rather than vacuum. 

We think that there exists sufficient observational evidence (briefly discussed later in this 

paper) to support a conjecture that we may live in a relatively large underdense region embedded 

in a globally FRW universe. Exploring physical properties of such a model is the aim of the present 

paper. 

In the following section, we briefly discuss the LTB model. Section 3 consists of a brief 

discussion of the observational background and the simple toy model of a local void presented 

here. The closing section contains a description of our results of numerical calculations as well as 

conclusions. 

Throughout this paper we use units in which G = c = 1, unless stated otherwise. 

2 The Model 

First, for the sake of notational clarity, let us recall the FRW line element: 

(1) 

with drl2 = d02 + sin20d¢2 . 

1 A cosmological solution spherically symmetric about one point was first proposed by Lemaitre (6). However, it 

is usually called the Tolman-Bondi solution [7, 8]. 
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Now, let us consider a Lemaitre-Tolman-Bondi [7, 8] model for a spherically symmetric in­

homogeneous universe filled with dust. The line element in comoving coordinates can be written 

as: 

(2) 

where / is an arbitrary function of r only, and the field equations demand that R(t,r} satisfies: 

2RR2 + 2R(l - /2) = F(r), (3) 
with F being an arbitrary function of class C2 ' R = 8R/ {)t and R' = 8R/ or. We have three distinct 

solutions depending on whether /2 < 1, = 1, > 1 and they correspond to elliptic (closed), parabolic 

(flat) and hyperbolic (open) cases, respectively. 

The proper density can be expressed as: 

F' 
P = 

167rR'R2 • (4) 

Whatever the curvature, the total mass within comoving radius r is: 

(5) 

so that 

M'(r) = d: = 47rpr1R'R2 • 

Also for p > 0 everywhere we have F' > 0 and R' > 0 so that in the non-singular part of the model 

R > O except for r = 0 and F(r) is non-negative and monotonically increasing for r ;::::: 0. This 

could be used to define the new radial coordinate r3 = M ( r) and find the parametric solutions for 

the rate of expansion. 

In the flat (parabolic) case /2 = 1, we have 

(6) 

with (3(r) being an arbitrary function of class C2 for all r. After the change of coordinates R(t, r) = 

r(t + (3(r))213 , the metric becomes: 

(7) 

where 
2r(3' 

y = 1 + 3 (t + ,6) , (8) 
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and from (4) the density is given by 

p = 
6rr(t + ,8)2Y .  

(9) 

Clearly, we have that ( t -> oo) the model tends to the flat Einstein-de Sitter case. 

For the closed and open cases the parametric solutions for the rate of expansion can be written 

as [9]: 
1 ( r1 R = 4F 1 - f2 [l - cos(v)J , !2 < 1, (lOa) 

1 ( t/2 t + ,8 = 4F l - f2 [v - sin(v)J , !2 < 1 ,  (lOb) 

and 
1 ( ) -1 

R = 4F f2 - 1 [cosh(v) - 1] ,  !2 > 1 ,  ( Ila) 

1 ( r3/2 t + ,8 = 4F f2 - 1 [sinh(v) - vJ , !2 > 1 ,  ( l lb) 

with ,8( r) being again a function of integration of class C2 and v the parameter. 

The flat case (!2 = 1) has been rather extensively studied elsewhere [10] . The model depends 

on one arbitrary function ,8( r) and could be specified by assuming the density on some space-like 

hypersurface, say t = to. 

The cases of interest to us, (10) and (11) ,  correspond to closed and open models, respectively. 

Before we proceed (in the next section) to discuss the observational grounds for modelling a 

local void, we need to amplify the discussion of the LTB model by introducing basic features of the 

propagation of light in our model. The high degree of isotropy of the microwave background forces 

us to the conclusion that we must be located very close to the spatial centre of the void. In our 

discussion, for the sake of simplicity, we place an observer at the centre (tab = to, rob =  0) . 

The luminosity distance between an observer at the origin of our coordinate system (to, 0) and 

the source at (te, re J le, <fie) is [8]: 

(12) 

where C is the absolute luminosity of the source (the energy emitted per unit time in the source's 

rest frame) , F is the measured flux (the energy per unit time per unit area as measured by the 

observer) and z(te, re) is the redshift (blueshift) for a light ray emitted at (te, re) and observed at 

(to, 0). 



The light ray travelling inwards to the centre satisfies: 

and thus 

ds2 = dt2 - R'2 (t, r)f-2dr2 = 0, di} = dcp = 0, 

� = -R'(t, r)/f(r). 
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(13) 

Without getting into a detailed discussion, which can be found in [8, 10], let us state that if 

the equation of the light ray travelling along the light cone is: 

t = T(r), 

using (13) we get the equation of a ray along the path: 

where 

dT(r) R' 
--a;;:- = -f[T(r), r] , 

R' [T(r), r] = a2R I = 8R' I . 8t8r r,T(r) 8t r,T(r) 
The equation for the redshift considered as a function of r along the light cone is: 

dz · 1 

dr 
= (1 + z)R [T(r) , r] ,  

and the shift z1 for a light ray travelling from (t1 , r1) to (to, 0) is: 

where 

lor1 M1(r) 
log(l + z1) = - log(l - ai) - dr-

(
--

)
, 

o r 1 - a1 

ai(r) = R[T(r),r] , 

(14) 

(15) 

(16) 

(17) 

and, in obtaining the second equation, we used (4) and (5). Thus we have two contributions to the 

redshift. The cosmological redshift due to expansion, described by the first term with a1 = R, and 

the gravitational shift due to the difference between the potential energy per unit mass at the source 

and at the observer. Obviously, in the homogeneous case (M'(r) = 0) there is no gravitational shift. 

3 The modelling of the local void 

If we restrict ourselves to spatial scales that have been well probed observationally, i.e. up to a few 

hundred Mpc, the most striking feature of the luminous matter distribution is the existence of large 
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voids surrounded by sheet-like structures containing galaxies (e.g. [11]) .  The surveys [11] , [12] give a 

typical size of the voids of the order 50-60 h-1 Mpc. There has also been some evidence [13] -with 

less certainty- for the existence of larger underdense regions with characteristic sizes of about 130 

h-1 Mpc. Also, dynamical estimates of the FRW density parameter !lo give very different results on 

different scales. The observations of galactic halos on scales less than about 10 to 30 Mpc typically 

give (see e.g. [14]) !!10-30 "' 0.2 ± 0.1 .  On the other hand, smoothing the observations over larger 

scales (> 20 Mpc, say � 100 Mpc ) indicates (e.g. [12] ) the existence of a less clustered component 

with a contribution exceeding 0.2, and perhaps as high as !!�100 °" 0.8 ± 0.2. 

At the same time, the large scale galaxy surveys (some of the recent literature is given in 

[15]) firmly indicate a considerable excess in the number-magnitude counts for faint galaxies rel­

ative to predictions of homogeneous, "no-evolution" models. This excess could be the result of 

a non-standard galactic evolution or could be caused by rather exotic FRW cosmology (i.e. the 

deceleration parameter q0 « 0.5 or a non-zero cosmological constant A). However, it can also be 

treated as an observational indication of a very large (on the scale of the redshift z � 0.5) void. 

A model of a local void with a density distribution based on the faint galaxies number counts is 

presently being studied [16]. 

In the model presented here, we confine ourselves to the simple density distributions. We 

study two cases: a void with the central density equal to that of an FRW model with the density 

parameter !lo = 0.2, asymptotically approaching the FRW model with !lo = 1, and a very similar 

void "distorted" on an intermediate scale by a peak (!l :S 1) in the density distribution. The two 

distributions are: 

and 

[ ( r ) 2 exp(r/L) ] 
flv(r) = l1min + (!lmax - !lmin) 1 - -L 2 , [exp(r/ L) - 1] 

_ 
[ ( r ) 2 exp(r/L) ] (r) 2 -(r/I)' flvp(r) - !lmin + (!lmax - !lmin) 1 - L [exp(r/L) - l]2 

+ z e · 

(18a) 

(18b) 

In the numerical calculations presented in the next section we used the values !lmin = 0.2, !lmax = 1 

and L = l = 30Mpc. This assures that the void converges satisfactorily fast to the outside critical 

FRW universe (!l "' 0.86 for r "'  150Mpc and !l '.O: 0.95 for r °" 200Mpc) and that the intermediate 

peak is observationally acceptable (!l °" 0.64 for r "' 33Mpc ) .  
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In general, an LTB model depends on three arbitrary functions, see section 2, F(r), (3(r) and f(r). 

Since F( r) can be interpreted as twice the effective gravitational mass within comoving radius 

r ([8]), then, in accordance with the discussion following (5), assuming its form is equivalent to 

a coordinate choice. In our calculations we used F(r) = 4r3. The second function, (3(r), sets 

the initial singularity ( "big bang") hypersurface of the model. Since we want the outside region 

in our toy model to be fully equivalent to the critical FRW universe, we set (J(r) = 0, thereby 

assuming a universally simultaneous big bang. We also set the time coordinate of constant time 

hypersurface "now" so that it is equal to the age of the universe to in the FRW model with !10 = 1 .  

In doing so, we give up a very important feature of an LTB model: an extra (with respect to 

FRW) degree of freedom that would allow the age of the universe to be different from FRW or even 

position dependent. The third ( "curvature" ) function, f(r), is an unknown to be solved for in our 

calculations. From the work done in [5], we conclude that the LTB case to be used in modelling an 

underdense comoving void in an FRW universe is the hyperbolic (!2 > 1) one. 

In a manner similar to that employed in [10], we assume that since all cosmological observa­

tions are necessarily done by detecting some form of electromagnetic radiation, the solution should 

progress along the light cone. The final set of equations we solve consists of the equations (15), 

(16) and the equation describing the density distribution (4) through either of the relations (18) 

taken along the light cone, e.g.: 

F'(r) 
p(T(r), r] = 161fR'[T(r), r]R2 [T(r), r] = !1v(r). (19) 

Since T(r) (the time of emission te of a light ray observed at r = 0 at to) is now given by (llb) , 
the functions to be solved for are f(r), z(r) and v(r), where the parameter v becomes the function 

of position. The initial conditions for the integration have to be set at r of 0, since the analytic 

expressions (11) are singular at r = 0, where f2 = 1 (we have a flat !10 = 0.2 FRW universe 

there) . We assume that for the initial radius Ti « 1 (we use dimensionless radius and time in the 

calculations) corresponding z; and t; are given by their standard FRW values. Then z(r;), v(ri) 

and f(r;) can be obtained from (llb) , (15) and (16). 

Once the equations have been numerically integrated we use (l lb) to obtain te for a given re­

The luminosity distance dL corresponding to this event is obtained with the use of (12) and z(t) 

(useful in studying the cosmological time scale) is given by the parametric relation [T(r), z(r)]. 
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Figure 1: The redshift z as a function of comoving radius r. The FRW results for !1 = 1 and !1 = 0.2 

are denoted by "FRW 1" and "FRW 0.2" , respectively. The results for the LTB modelled voids are denoted 

"voids" . 

The results of our numerical calculations are as follows. Figure 1 depicts z(r) , where r is 

the dimensionless comoving radius used in the calculations. The coordinate distance has no direct 

physical relevance, but our units here are such that r = 1 corresponds to 2997.95h-1 Mpc, where 

h is the usual coefficient in the observationally determined value of the Hubble constant: Ho = 

lOOh km s-1 Mpc1 . 

The departure of z(r) from its FRW behaviour does not seem to be dramatic. In fact, on the 

distance scale used in Figure 1 it is hardly noticeable. More details, on a smaller spatial scale, can be 

seen in Figure 2. The redshift z, after being influenced noticeably by rapid changes in the density p 
on smaller scales, asymptotically tends to a limit that could, in accordance with FRW interpretation, 

correspond to the universe with the density parameter in the range !1 E (0.2; 1). 2 The increase in 

z on intermediate scales is clearly induced by the additional gravitational shift caused by the mass 

distribution of the void. The large scale behaviour is controlled by our assumption of the equality 

to = toFRW· 
2This situation does not change considerably if we model the central void in a similar manner but with respect to 

the observable z as a variable [16]. 
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Figure 2: The redshift z as a function of comoving radius r. Smaller scales. Notation as in Fig. 1. 

However, one should not forget that the comoving distance is not an observable, whereas the 

luminosity distance dL is. In principle, provided we know its absolute luminosity £, we can establish 

the luminosity distance, defined by 47rdL 2 = £/F, by measuring the energy flux F of an observed 

object (for a discussion of usual caveats associated with so-called "standard candles" see e.g. [17]). 

Due to the lack of space we do not present the z(t) relation here. There is, again, some small 

scale (to - t « 1) divergence from the FRW behaviour, but for early cosmological times (t « 1 )  

the relation tends to  the critical FRW (!:1 = 1 )  one. This i s  in  accordance with our assumption 

of a simultaneous big bang, (3(r) = 0, and with our setting the age of the universe to be equal to 

that of the critical FRW case. Objects with redshifts of order a few are younger than their FRW 

counterparts, but not significantly. 

Figures 3 and 4 present the redshift-luminosity distance relation on cosmologically large (Fig­

ure 3) and intermediate (Figure 4) scales. Now the departure from the FRW behaviour becomes 

apparent. This comes as no surprise if one recalls the formulae for dL in both LTB (12) and FRW: 

(20) 

The important question is whether our results contradict the linearity of the Hubble relation z = 

H d, well established on small scales. 
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Figure 3: The redshift z as a function of the luminosity distance dL (in Mpc). 
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Figure 4: The redshift z as a function of the luminosity distance di (in Mpc). Smaller scales. 
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Due to our choice of the cosmological time scale and FRW embedding, the asymptotic (z ---> oo) 
behaviour of z(dL) is that of the critical (0 = 1) FRW case. On intermediate scales, however, 

objects of comparable redshifts are located at smaller luminosity distances. The ratio dLrB/dFRW 

is "" 0.7 ("" 0.5) for z ""  1, "" 0.8 ("" 0.4) for z ""  2.5 and "" 0.9 ("" 0.36) for z ""  4.5, where the most 

distant quasars are observed. (Values in parentheses correspond to the FRW n = 0.2 case.) Since 

the absolute luminosity £ of the source scales as the square of dL this reduces the energy output of 

QSOs (up to an order of magnitude) . Also, the angular diameter distance dA = D/8 = (1 + z)-2dL 

now gives a smaller proper distance D across the source for the same observed angular diameter 

8. This helps resolve problems with seemingly acausal signals (correlations in luminosity bursts) 

observed across some quasars. 

At the same time, inspection of Figure 4 shows that on small scales a very nearly linear (in fact, 

observationally indistinguishable from linear) "Hubble diagram" is obtained. However, a different 

value for the Hubble parameter (constant) is inferred (position, or rather dL, dependent on larger 

scales) ,  if we insist on interpreting the results of cosmological observations through an FRW model. 

To explore this possibility let us recall that in FRW cosmology the exact result for the Hubble 

relation (z versus dL) in the matter dominated universe is [17]: 

HodL = qo-2 [zqo + (qo - 1)  (v'2zqo + 1 - 1)] , 

where q0 = -a(t0)/a(t0)H02 is the deceleration parameter. 

(21) 

Let us assume that we live in a local LTB void and the z vs. dL relation differs from the 

FRW one as described in this paper, but we are biased by our theoretical prejudice and interpret 

cosmological observations through the FRW model. 

On cosmologically small distances we measure the same value of Ho independently of the 

model (we call this value "the local measurement" ). This stems from the fact that, due to our 

assumptions, very close to the centre (r � 1) the model is well approximated by the FRW universe 

with n = 0.2. Obviously, if the universe were LTB rather than FRW, then the Hubble parameter 

based on the observed (LTB) values of z and dL, but inferred through an FRW relation (21), would 

be position (redshift) dependent as shown in Figure 5. 

The values of Ho reported to date span the range 40 to 100 km s-1 Mpc-1 (with standard 

errors quoted frequently as 10 km s-1 Mpc-1 or less!). Inhomogeneities similar to the LTB void 

presented here might provide an explanation for this. 

The LTB void, such as the one presented here, decreases its density contrast (the depth of the 
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Figure 5: The "observed" Hubble constant Ho (in units of the local measurement) as a function of the 

redshift z. The results interpreted through FRW fl =  0.2 and fl = 1 models, respectively, are denoted "int. 

as FRW 0.2" and "int. as FRW l".  

void with respect to the FRW background) when evolved back in time [9,  10] .  At early times it is 

almost homogenized (at t/to ::: 10-5 we have IPLTB(r)/PFRW - 1 1 < 10-6) .  This corresponds to a 

universe which at the beginning is very similar to the FRW one, but different at late stages. 

In this manner, while retaining all accomplishments of the FRW cosmology in dealing with 

epochs preceding the matter dominated era, we can gain new freedom in modelling the more recent 

universe. We can solve the age of the universe problem (by assuming f3(r) = canst # 0), provide 

the excess power observed on scales of 5-10,000 km s-1 in modelling structure formation (see [10] ) ,  

alleviate a few old problems associated with quasars (their age, luminosity and size) and provide 

an explanation for the wide range of reported values of the Hubble constant. 
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PARTICLE DARK MATTER AND ITS LABORATORY DETECTION 

Ricardo A. Flores, Department of Physics and Astronomy 
University of Missouri-St. Louis, St. Louis, MO 63121,  USA. 

ABSTRACT 

Weakly interacting particle dark matter, if it exists, must have been clumped 
into galactic halos by gravity. Thus these particles' density and velocities 
in the solar neighborhood must be several orders of magnitude larger than 
those of a smooth sea of such particles. This enhancement, which makes their 
direct detection in the laboratory feasible, would have occurred even if some 
of the dark matter in our galaxy consists of sub-solar-mass objects, as may be 
indicated by recent detections of microlensing. Here we briefly summarize the 
main reasons we have to believe that weakly interacting particle dark matter 
is the most abundant form of matter in the universe, and the methods and 
prospects for the direct detection of the most commonly discussed particle 
dark matter candidates: axions and neutralinos. 
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There is very good evidence that the universe is filled with an invisible 
form of matter, which we detect by its gravitational pull, but are otherwise 
unable to identify. We know this dark matter clumps around galaxies1l ; it 
is present in clusters of galaxies2l , spread throughout the cluster, not just 
clumped with the galaxies3l ; and it seems to be present in the intercluster 
medium as well, since the distribution and motion of galaxies on very large 
scales now provides fairly good evidence that the mean density of matter in the 
universe is close to the critical density4l , which is about an order of magnitude 
larger than the mean density contributed by clusters. A critical density of 
matter is about an order of magnitude larger than the maximum density in 
ordinary (baryonic) matter that is consistent with primordial nucleosynthesis 
constraints. Thus the need for particle dark matter. 

It is widely believed that the very-small-amplitude temperature inhomo­
geneities detected by COBE5l are due to density perturbations present in the 
early universe. In an expanding universe, regions of slightly enhanced density 
(above the mean) get gravitationally slowed down in their expansion, even­
tually ceasing to expand and collapsing to turn into the stable structures we 
see in the universe at the present. In this gravitational instability scenario6l, 
a weakly interacting matter component can naturally allow inhomogeneities 
to grow denser before recombination without excessively distorting the mi­
crowave background (because of its feeble interaction with ordinary matter 
and radiation). Weakly interacting dark matter would also naturally explain 
the fact that galactic halos are so much more extended than galaxies (whose 
gas is able to radiate, and thus cool and contract inside the halo) .  Thus, it is 
very likely that particle dark matter is only weakly interacting. 

Since the dark matter is gravitationally dominant on all scales larger 
than galactic cores, it is an essential ingredient of cosmological models6l . In 
the most successful models this particle dark matter is "cold" 7) * (i .e .  have 
negligible random velocities during the expanding phase of even subgalactic 
structures) . Galactic halos form by the collapse of overdense regions early on 
in such models. The collapse enhances the halo density by about an order 

* It is enough that it be dominantly of the cold type on galactic scales only 
for the argument below to apply. See the next paragraph. 
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of magnitude relative to the mean density, and remains constant thereafter. 
Thus, the density of weakly interacting matter around our own galaxy must be 
well above the mean density by the present. The velocities of the dark matter 
particles remain high after the collapse in order to keep the halo in dynamical 
equilibrium. Thus, their characteristic velocity in our own galaxy must be 
well above those of a smooth sea of relic particles. It is these two features, 
enhanced velocities and density, that make the task of direct particle dark 
matter detection feasible. Note, however, that these features do not depend 
on these specific cosmological models. Even if galaxies had formed by some 
other mechanism, or even if some of the halo dark matter were baryonic, as 

suggested by the observations of microlensing reported at this conference8l , 
particle dark matter would have been accreted by galaxies as long as it was 
really there, thus giving it its enhanced density and velocities9l . Observational 
parameters allow one to estimate the density and characteristic velocity of 
dark matter particles to be � 10-24 g/cm3 and � 300 km/s respectively. 

Two particles that have been speculated to exist for reasons entirely out­
side of cosmology remain as leading candidates to be the cold dark matter: a 
light axion (mass � 10-5 eV) and a neutralino in the mass range 0(10 - 1000) 
Ge yio). Each of them requires an entirely different technique in order to 
detect them directly in laboratory experiments, which we briefly discuss be­
low. A third well motivated candidate is a light neutrino. Not only do we 
know they exist, but solar neutrino experiments provide a strong hint that 
neutrinos could have a mass11l . Also, cosmological models with a subdomi­
nant neutrino dark matter component can successfully account for large scale 
structure observations with fluctuation amplitudes normalized to the COBE 
observations12l . However, because their presence would not significantly alter 
the abundance of cold dark matter in galactic halos13l on the one hand, and 
there are no planned experiments that could detect them as dark matter on 
the other, we will not discuss them any further here. 

The invisible axion could be all the cold dark matter we ever wanted if 
it were light enough, and fortunately it would not be entirely invisible. Many 
years ago, Sikivie14l pointed out that dark matter axions could be detected 
directly in the laboratory, despite their tiny mass and very weak coupling to 
matter, by looking for their conversion into photons in a tuned microwave 
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cavity of very high Q and in the presence of strong magnetic fields. The 
current level of sensitivity (a power 0 (10-21 Watt) has only made possible to 
constrain the axion-photon-photon coupling so far15) . A much more sensitive 
search is planned for the future by the University of Florida group, and will 
perhaps achieve the required sensitivity. 

Dark matter neutralinos are being searched for in an entirely different 
fashion. Goodman and Witten and Wasserman16) first suggested that heavy 
cold dark matter relics could be searched for by detecting the recoil energy 
deposited in matter by their elastic collisions with nuclei. With not even a 
handful of dark matter particles per cc, very small cross sections, and very 
small recoil energies, the task is very hard indeed. Many techniques have 
been proposed to detect this recoil energy, with many experiments planned 
for R&D, and even some that might reach the level of sensitivity required 
for neutralinos. Mosca nicely summarized all these developments at this con­
ference, therefore I refer the reader to his article in these Proceedings. (An 
entirely different method, albeit indirect, is to look for byproducts of neu­
tralino annihilations. This was reviewed by Kamionkowski at this conference) 

The elastic scattering of neutralinos involves small momentum transfers 
(unless the particle's mass is significantly larger than 100 GeV) because of 
their small velocities, thus they scatter coherently off of an entire nucleus in 
the quantum mechanical sense. However, neutralinos have spin-dependent 
couplings to the fundamental constituents (quarks) ,  and amplitudes added 
over an entire nucleus do not add up to much: the total nuclear spin. This 
is typically refered to as incoherent scattering. Neutralinos also have spin­
independent couplings that give amplitudes that add up to a lot more: the 
total nuclear mass. This is typically refered to as coherent scattering. Which 
coupling dominates depends on the composition of the neutralino, which even 
in the simplest of supersymmetric models is a superposition of four states. 
And adding spins is not as simple as it sounds due to polarization effects. 
Elaborate nuclear physics calculations are possible for individual target nuclei 
to reliably estimate nuclear spin amplitudes17l , but more uncertain is the spin 
contribution whithin nucleons18) . The complexities add up and I refer the 
reader to recent literature19l for the many intricacies and adequate references 
to earlier literature. We have recently surveyed expected interaction rates for 
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a large variety of target materials (see the first article of ref. 19) , and find 
rates in the range 0( . 1 - .01)  collisions per kg-day for neutralinos lighter than 
the W boson, with rates more likely to be at the lower end of the range if 
future searches for supersymmetry at 1EPII fail .  An exciting development 
in the near future will be the experiment planned with the CfPA kg-size Ge 
detector20l, which might reach a level of sensitivity of . l/kg-day21) and thus 
be sensitive enough for neutralinos if the pseudoscalar Higgs is light22) . 

During the decade past since the methods for detecting axions and mas­
sive dark matter particles were proposed, efforts to detect dark matter directly 
in the laboratory have gathered a lot of momentum. A lot of progress was 
made in R&D, and even some candidates were eliminated ( e .g. cosmions, and 
sneutrinos and heavy neutrinos with help from accelerator experiments) . The 
next decade is likely to bring significantly more progress as detectors of much 
better sensitivity are built; and with luck, maybe the gold medal itself. 

This work was supported by NSF grant PHY-9207026. 
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REVIEW of PARTICLE DARK MATTER EXPERIMENTS 
( DIRECT DETECTION ) 

presented by Luigi MOSCA 

C.E. - SACLA Y ( DAPNIA/SPP) Laboratory 

ABSTRACT 

After a brief reminder of the physical motivations for this field of research and 
of the main experimental challenges that have to be faced, the different types of 
detectors are reviewed both from the point of view of the development under way 
and of the physical results. 
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I. INTRODUCTION 

If at least a significant fraction of the Dark Matter in our Galaxy is made of a 
halo of elementary particles, the problem of their detection becomes of primary 
importance. 

Two restrictions are adopted in this review : only direct detection type 
experiments and only particles able to transfer at least a few Ke Vs to some target 
nucleus are considered. The second condition essentially excludes light neutrinos and 
axions, while WIMPs (SIMPs}, that is : Weakly (Strongly) Interacting Massive 
Particles, are the main candidates. 

The basic process in all these experiments is the elastic scattering of WIMPs 
(SIMPs) off nuclei of a given absorber.(1 ) 

The challenge is twofold because of the small rate of these events (at most 0.1 
per KeV, per kg of absorber and per day) and the small recoil energies to be 
detected (< 100 Ke V). 

As a consequence the relevant and common properties of these detectors must 
be : a sufficiently low threshold of recoil detection (a few Ke V), a high sensitivity 

and a very efficient protection against cosmic rays (laboratories must be deep 
underground!) and radioactivity both external and internal to the detectors. 

Three complementary methods allow to fight against radioactivity : i) an 
appropriate shielding ( mainly old lead and copper), ii) selection (purification ) of 
very low activity materials for the set-ups, including the absorbers themselves and 
possibly iii) increase of the intrinsic background rejection power of the 

detectors by taking advantage of their different response to the background 
(electrons) and to the signal (recoil nuclei) : namely by a Pulse Shape 
Discrimination (PSD) or/and by the simultaneous detection of 2 different physical 

quantities (heat and ionization or heat and scintillation ). 
The WIMPS' velocity distribution ( <VWIMPs> ,,, 300 Km /sec) is the result of a 

convolution of the solar system velocity ( ,,, 220 km/sec) with a Maxwell-Holtzman 
gas distribution in a non dissipative halo. The main WIMPs signature would be 
given by the annual flux ( and nuclear recoil energy ) modulation (5 to 10% effect) 
requiring large mass detectors and very stable running conditions. 

The presently best WIMP candidate is the Lightest Supersymmetric Particle 
(LSP) , the neutralino , which could be a dominant cold Dark Matter relic. 

The specific interaction of neutralino with ordinary matter depends not only on 
nuclear properties, but also on a set of internal parameters of the SUSY theory and 
includes, a priori , both the coherent and the spin-dependent couplings. 

Let us now review the different types of detectors already used in this field of 
research or under development. 
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II. SEMICONDUCTORS : Ge and Si 

Since several years Germanium crystals are used, at liquid N1 temperature, as 

powerful y and f3 detectors, mainly due to their impressive resolution ( = 1 Ke V at 1 

MeV) . One remarkable application is in the 2f3 experiments (MeV energy range), 

because in this case Ge is at once the source and the detector. 

Then these detectors have been optimized for Dark Matter (WIMPs) search 

(energy range of a few KeV). Table 1 summarize the experimental situation from 

this point of view : here the recent performances of the Heidelberg-Moscow 

experiment have to be stressed, also if threshold is much higher then in the other 

quoted experiments. 

Limitations of these detectors are the microphony problem at low energies, the 

electronic noise and, more generally, the technical and financial problems rapidly 

increasing with the mass of the crystals. 

Table 1 .  Semiconductor Experiments 

Detec- Underground Mass of the Threshold Rate (*) Comments 

-tor Collaboration Laboratory crystal (KeV) (evts/Kev (year) 

crystal (+) /kg/day) 

Ge UCSB/UCB/ Oroville 900 g 3 ,,, 3 (1988) 

/LBL (2) ("'500 mwe) 

Ge Avignone/ Homestake 0.25 to 1 kg 4 "' 2  (1991) 

/Drukier (3) ("'4400 mwe) 

Ge Caltech/Psi/ St. Gotthard 800 g 2 ,,, 3 low threshold 

/Neuchatel (4) ("'3000 mwe) (1991) 

Ge Zaragoza/PNU Canfranc tunnel 234 g (1.6) "' 12 Cosme - 2 detector 

/USC (5) ( 675 mwe) (1993) 

Ge Heidelberg/ Gran Sasso 2.9 kg 12 0.2 low rate (1994) 

/Moscow (6) (,,,3500 mwe) hi11;h threshold 

Si UCSB/UCB/ Oroville for Cosmions 

/LBL/SACLA Y ("'500 mwe) 4 x  17 g 1 .1  "' 60  (high cr and low 
(7) masses) (1990) 

( +) Electron Equivalent Energy 

(*) after "microphonic events" subtraction 
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III. SCINTILLATORS : Nal(Tl), CaF2(Eu), liquid Xe, .... 

In spite of their poorer resolution compared to Ge detectors, scintillators play at 
present an important role in this field for several reasons. Scintillation detection is a 
well known and simple technique ( usually no cooling needed), the ratio cost/mass is 
reasonably low, and there is a wide choice of target nuclei. 

In particular some of the scintillators (e.g. Nal(Tl)) have a good light output and 
a possible (also if difficult at low energy) Pulse Shape Discrimination (PSD) , as well 
as non zero spin target nuclei (23Na, 127I, 19F, 129Xe, . . . . .  ) . Other specific reasons 
of interest are the very high predicted axial coupling for the 19F nucleus and the high 
estimated Quenching Factor of liquid Xenon (see below). 

The Quenching Factor (QF)(+) measurements for nuclear recoils is in fact a 
crucial piece of information in all these studies, allowing to compute the real recoil 
energy from the measured one (Electron Equivalent Energy). The method used to 
determine it consists in exposing a reference scintillator to a neutron beam of a few 
Me V of kinetic energy, then measure the scintillation energy produced by the nuclear 
recoils (using a known y source for calibration) and finally compare it with the real 
recoil energy calculated from the neutron beam energy and its scattering angle. Table 
2 summarizes the present results. 

Table 2. "Quenching Factor" ( +) of nuclear recoils, measured with Neutron beams 

Scintillator Target Saclay and IN2P3 (8) Imp. College/ (9) Osaka (10) 

Nucleus at Bruveres Le Chatel Oxford/Rutherford {Jaoan) 

Nal(Tl) 23Na 0.25 ± 0.02 = 0.30 0.4±.0.2 
1211 0.08 ±0.01 = 0.08 0.05 ±0.02 

CaF2 (Eu) 40Ca 0.049 ± 0.005 0.08±0.01 -------
19p 0.069 ± 0.005 0. 12 ±.0.01 -------

- for Liquid Xenon : QF = 0.8 (as estimated from Lindhard theory + recombination effects) 
( while for a particles the measured QF = 1 .2 ) (1 1) 

Moreover let us remind that : 
- for Semiconductors : QF(Ge) = 0.25 (12); QF(Si) = 0.30 (13) 
- for Bolometers (Heat channnel) : QF = 1 .0 (to be checked at low energy) 

(+) The QF is the scintillation efficiency relative to that of electrons of the same kinetic energy. 
Concerning the present siluation of the scintillator experiments, summarized in 

Table 3, the low rate near threshold in a 7kg Nal(Tl) crystal and the first results 
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obtained with a CaF2(Eu) scintillator have to be noticed (see for more details the talk 
of P. Belli - BPRS Collaboration - given at this Conference). Also the huge mass of 
Nal(Tl) crystals available in the Osaka groupOO) and the Quenching Factor 
measurement for several nuclear recoils by the Boulby mine group (see the T.J. 
Sumner's talk , also given at this Conference) and by the BPRS collaboration (8) have 
to be mentioned. 

Table 3. Scintillator Experiments 

Type of Threshold Rate near Resolu-

Collaboration Underground scintil- Mass (KeV) threshold -tion Comments 
Laboratories -lators (+) (evts/Kev cr/E at 60 

fk:g/dav) KeV 

BPRS (Beijing, Gran Sasso, Nal(Tl) 7 kg (++) = 4  = 2  = 7 %  dedicated 

Paris, Roma, Frejus, CaF2(Eu) 370 g = 4  =15 =12 % expt.(R&D 
Saclav) (8) Mentogou UD ID 10 kg) 

Saragoza/PNL/ Can franc Nal(Tl) 3x10.7 kg = 6  =14 = 12 % -------
/USC (5) tunnnel 

Osaka (Japan) Kamioka mine Nal(Tl) 36.5 kg *) = 5  = 6  = 10 % -------
(10) (= 2400 mwe) 

Imp.College/ 

/Oxford/ (9) Boulby mine Nal(Tl) 1 kg = 4  = 7  = 10 % dedicated 

/Rutherford (= 3000 mwe) (**) expt. 

DAMA (Roma) Gran Sasso Liq. Xe 3.5 kg = 15 = 70 = 26 %  project : 

( 1 1) (***) (***) enrichl29xe 

Imp.College/ detector 
/0xfordf(9) Boulby mine Solid Xe 1 kg ----- ----- ------ just 
/Rutherford achieved 

(+) Electron Equivalent Energy 
(++) New (preliminary) result obtained just after this Conference. The previously published 

result (1992) (14)was obtained with a 760 g Nal(Tl) crystal , with a Rate near threshold 
= 7 events/KeV/kg/day. 

(*) 17 such modules (=600 kg) have been used to investigate the inelastic channel with 
127J* -> y (58 KeV). (15) 

(**) This group started to investigate a nearly pure Na! at a Temp of = 100 K. (9) 
(***) Note that the Xe quenching factor is especially favourable (= 0.8). This result 
has been obtained with a no-low background prototype and big improvements in this 
respect are under way. ( 1 1) 
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Up to now only the WIMPs search has been considered. Concerning the SIMPs 
investigation, a preliminary result has been obtained by the BPRS(16) Collaboration 
on the basis of delayed coincidences between two Nal(Tl) crystals. One candidate 
event in about 5 months running time was found, which is compatible with the 
estimated background rate : this allowed to somewhat enlarge the previously 
excluded regions in the cr vs mass plot both for coherent and spin dependent 
couplings. 

IV. BOLOMETERS : Ge, Al203, LiF, ........ . 
From the ancient Greek : �OA:r)' (= ray, lit. : something thrown), this term is 

presently used to designate very sensitive thermometers (including, by extension, the 
associated heat absorber) operating at very low temperature ("' 1 0  mK). 

Table 4. Bolometers : present status of the R&D 

Colla-

-boration 

CIPA(Berkeley 

Stanford/UCSB 

/INR) Sadoulet 
(17) 

MUNICH 

Max Plank/Gar 

-chiniz (18) 

CEA/IN2P3f 

INSU (France) 
(19)(**) 

TOKYQ (20) 

Milano Univ. 

Fiorini et al. 

(21) 

Undergr. 

Laborat. 

shallow site 

at Stanford 

17 mwe 

Gran Sasso 

(1995 - 96) 

Frejus 

4800 mwe 

Kamioka 

Gran Sasso 

3400 mwe 

Crystal 

Ge 

Al203 

Sapphire) 

Al203 

Ge 

LiF 

Te02 
" 

LiF 

NaF 
CdW04 

CaF2 

Threshold 

Mass (KeV) Temp. 

(g) ( *) (mK) 

� 60 � 3  24 

� o.3 15 

31 44 

24 �1.5 55 
7 (from �1.7 34 

Berkeley) 

2.8 � 4  12 

334 

73 

100 � 25 --
30 
60 

2 

Rate at 
� lO KeV Resolution 

evts/KeV cr/E 

/kg/day 

1.3% at 60KeV 

-- ( 0.5 in Ioniz.) 

-- 3% at 1.5 KeV 

l.5% at 6 KeV 

�1 % at IMeV 

�SOO(lst- 2.5% at 60 Kev 

-run) 2.0 % 

(1.9% Ionizat) 

6% at60 KeV 

0.4 % at I MeV 

I %  at 60 KeV 

-- 5 % at l MeV 

2 %  at " 
0.2 % at " 
2 %  at " 

(*) Real Energy (Heat channel) (provided that the QF � 1 .0 down to low energies). 
(**) The Lyon group is starting a study for HEAT + SCINTILLATION with CaF2 crystals. 

Com-

-men ts 

both : 

- HEAT 

- IONIZ. 

only HEAT 

(WIMPS 

< 15 GeV) 

only HEAT 

both:HEAT 

and IONIZ. 

onlv HEAT 

for pp 
" 

•orDarkMat 

•or DarkMat 

HEAT+SC? 

ftF.AT+SC. 
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Why using bolometers to detect WIMPs ? As discussed in the introduction the 
main challenge is the suppression and/or rejection of the radioactive background. To 
do that , the maximum information is highly desirable, while in usual detectors the 
heat, which represents a large fraction ("" 2/3 in Silicium) of the deposited energy, is 
generally lost. In addition the quanta of thermal energy (phonons) are very tiny (IQ-4 
- l0-5 eV) so a potentially very low threshold and very good resolution are expected. 
Moreover the possibility of measuring simultaneously another form of deposited 
energy (ionization or scintillation) made these detectors especially adapted to 
background rejection. 

Since "" 1984 (Fiorini, Coron, ... ) the problem of detecting the heat deposited by 
individual elementary particles is basically solved (remind that 1 KeV of deposited 
energy "" 1 .6 x 10- 1 6 Joule!). The problem now is to minimize microphony, 
electronic noise, radioactive background at low energy and reach long time (years) 
stable operating conditions with large masses of crystals (at least several kgs). 

The present status of the R&D is summarized in Table 4. Concerning heat 
detection the most impressive results (threshold and resolution) have been obtained 
by the Munich group (see G.Forster talk at this Conference). Concerning the 
simultaneous measurement of heat and ionization, the first partially successful result 
has been obtained by the Berkeley group (see A.Lu talk at this Conference), while the 
French group has recently well improved the stability of the ionization channel (a 
crucial point!). On the other hand both the Milano and Lyon groups are developing 
scintillation detection at mK temperatures. 

V. TRACK PROJECTION CHAMBERS CTPC) 
A TPC at low pressure (10 to 20 Torr) has been tested by the Saclay(22) group 

(22)with Ethane gas. This type of detector has several good properties (measurable 
proton range : about 1 cm at 2 KeV in C2H6 at 10  Torr, directionality and sensitivity 
to axial coupling) making it well adapted to investigate low mass WIMPs ( < 20 
Ge V), but unfortunately also one big drawback : to get , e.g., 2 kg of H1 at 20 Torr it 
would need a TPC of 1000 m3! 

The Grenoble, Miinster, Neuchatel, Padova, Ziirich Collaboration(23) are 
studying an high pressure TPC ("" 5 bars) with 19F (""1 8  kg of CF4) and Xe target 
nuclei. But this detector has no directionality : in fact it was mainly proposed for v 
magnetic moment and 2� neutrinoless investigations , so that the neutralino search is 
a byproduct. In addition Ypsilantis et al. proposed a WIMPs search as a byproduct 
for Hellaz, the high pressure Helium + Xenon TPC deticated to Solar Neutrino 
detection. Finally the San Diego group(24) is still working on another low pressure 
TPC .... . . . 
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VI. OUTLOOK 
Some examples of present experimental projects for a better WIMPs 

investigation are : 
a) the Heidelberg-Moscow Collaboration is preparing a new detector with a 

73Ge enriched crystal.(6) 

b) a Nal(Tl) detector , of about 100 kg , which is being installed in the Gran 
Sasso Laboratory , by the BPRS Collaboration , mainly to study the annual 
modulation effect. (8) 

c) the replacement of the vessel (low activity) and of natural liquid Xe by 
another one enriched in 129Xe to increase the spin dependent sensitivity ( DAMA 
group at Gran Sasso Laboratory).( 1 1) 

d) the CfPA group is preparing an "ice box" low activity cryostat to be installed 
in a shallow site at Stanford as a test bench for future R&D.07) 

e) the Munich group is preparing a set of 4 x 250 g Sapphire (Ali03) 
bolometers to be installed in Gran Sasso Laboratory by the end of 1996. They are 
focussing on phonons detection only and low mass WIMPs (< 20 GeV).(18) 

f) the French group is preparing a new bolometer installation (EDELWEISS) in 
the Frejus Laboratory (LSM) with a low radioactivity dedicated cryostat and a new 
type of sensors (thin Niobium/Silicium films).(19) 

VII . CONCLUSIONS 
i) As discussed throughout this paper , there is no "universal" detector for 

WIMPs! 
ii) The "reference" detectors are the classical Ge crystals operating at LN2 

temperature. 

iii) Scintillators have proved to be very useful and realistic detectors for 
WIMPs search , mainly in view of an investigation of the annual modulation effect. 
Further efforts to still reduce and/or reject residual background are in progress. 

iv) Bolometers represent the most ambitious developments, in particular by 
measuring 2 physical quantities : Heat +Ionization or Heat + Scintillation. The 
remaining problems are a big challenge for the concerned groups. 
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Abstract 

New results on dark matter direct search with scintillators are presented and compared 
with previous measurements. 

Several materials have been proposed and used to direct search particle dark matter 
candidates 1 to 7). Our collaboration pointed out its attention to scintillators as target­
detectors and, in particular, to Nal(TI) and CaF2(Eu). The Nal(TI) has an high light output 
and it is well suitable to build large apparata looking for the annual modulation of the rate 
for extemely low rate candidates as the neutralino. The CaF2(Eu) is interesting because of 
the large cross section on 19p of axial coupled WIMPs 8). 

The "quenching factor" of a nucleus recoil (its scintillation efficiency compared to that 
of an electron with the same kinetic energy) has been measured by our collaboration at 
Bruyeres Le Chatel with a neutron beam with Nal(Tl) and CaF2(Eu), obtaining: <ma=0.25 
9), Qi=0.08, Qp=0.07 10) and Qc8=0.05 10) (see fig. 1). The feasibility of a pulse shape 
statistical rejection - at low energy - of the y/e background in Nal(Tl) has been also 
demonstrated 9,14). 

A large number of measurements has been performed in Gran Sasso and Frejus 
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Laboratories and Mentogou mine with various detectors of different size and composition, 
made by European, American and Chinese companies. 

A first experiment was done with a 760g NaI(TI) crystal 5); in fig. 2 the obtained 
exclusion plots on I and Na are shown. This result was the rrrst demonstration of the 
feasibility of a dark matter experiment with scintillators; successively other groups reached 
similar sensitivities with NaI(TI) of various size and originll,12,13). 
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Fig. I : Response of NaI(TI) to Na9) and I recoils and of CaF2(Eu) to pIO) and CalO) 
recoils. 

We evaluated the expected rates for the neutralino as a dark matter particle and reported 
them in ref. 6)_ These calculation showed that we need to improve by at least one order of 
magnitude the detector auality to reach the most optimistic neutralino allowed region. 
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Fig. 2: Exclusion plots for axially coupled WIMPs derived from our measurements: Na and 

I nuclei 1992 5); new results for Na and I nuclei 1994; first results on F 1993. The 
exclusion plot on 73Ge - derived from the data of ref. 4> - is shown for comparison. 

To achieve this result, we carefully measured and selected all the detector 
components which were used in new detectors. Thom-EMI provided us an improved low 
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radioactive background photomultiplier which contributes to the experimental rate a factor 
15 to 50 less than previous ones. Detectors with strongly reduced natural impurities have 
been obtained: 238lJf232'fh _ 2 ppt and 39J<:<0.05 ppm (2 a CL) 14). 

Recently+) a new set of four detectors, 7 Kg each, have been measured; three of 
them were used as anticoincidence for the inner one (reduction rate of about 15 %). Each 
detector was seen by one PMT on each end through a low activity light guide; a low Z 
window allowed us a calibration with 55Fe source (5.9 keV X-rays}, see fig.3. 

A preliminary result - obtained just after underground storage of the detector and 
with a not fully efficient radon removal - is show in fig. 4; the corresponding exclusion plot 
is reported also in fig.1. The counting rate is expecled to still more decrise by improving the 
radon removal system and the nearest materials quality and waiting for the decreasing of the 
short life contaminants. However, we have already reached with these very preliminary 
measurements an improvement in the exclusion plot of a factor - 5. 
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Fig. 4: Preliminary experimental rate of the 7 Kg Nal(TI) detector at beginning of 

underground storage. The radon removal and the environmental background are not yet 
optimized. 

+) In fact, these results from the 7 Kg detectors have been presented about one 
month later at Berkeley workshop, for which no proceedings were planned. 
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A similar sensitivity on axial coupled WIMPs have been also obtained with a 0.37 
kg CaF2(Eu) 10) crystal directly coupled on one end to a very low activity EMI 
photomultiplier. At the other side to a low activity Nal(TI} was installed as anti-Compton 
detector (rate reduction _ 30% at low energy). The detector has been calibrated with the 
55Fe source. From the high energy spectrum we derive a contamination of 0.05 ppb for 
238U and 0. 16 ppb for 232Th. 

The quoted exclusion plots have been evaluated under the following assumptions: 
the WIMPS are distributed in a spherical halo with a local density in the solar 
neighbourhood of 0.3 GeV/cm3; their velocities follow a Maxwellian distribution in the 
Galactic frame (truncated at a value Vesc) with an average velocity Ynns equal to sqrt(3/2} 
V c. where V c _ 220 km/s is the circular solar velocity. Transformation to the laboratory 
frame is computed with an Earth velocity equal to about 235 km/s. In the calculation of the 
expected rates, we have included the experimental energy resolution, the spin factors as 
calculated in the odd group model by Ellis and Flores 8) and a spin form factor with a 
Bessel function shape as for the mass form factor of Engel (1991) in reference 15). Ellis 
and Flores ( 1991) suggested a correction for the spin radius with respect to the charge 
radius which they tabulated in ref 8) for different nuclei. This is taken into account. For 
73CJe, the data are from ref. 4); we should point out that an additional source of difficulty in 
comparing these data with other nuclei, arises from the fact that its unpaired nucleon is a 
neutron, while for the other 3 nuclei, the unpaired nucleon is a proton. 

We would like to stress the important role played by the form factor correction in 
the case of heavy nuclei (A � 40). 

In conclusion, we presented here new results on CDM search with scintillators. 
We plan to improve the anti-Compton rejection and to further work on purification 
possibilities of the detector materials. 
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ABSTRACT 

Preliminary result on dark matter direct search with a liquid xenon prototype are 
summarized. A low activity detector is under installation. 

Our investigation on direct detection of dark matter search with scintillators 1,6-13) 
includes the study of Xenon target-detectors 1-7). Xenon is a very interesting material for 
this search, allowing to investigate both vector and axial coupling interactions by 
comparing results obtained using same set-up with Xenon enriched in even and odd spin 
isotopes. Furthermore, large mass detectors (to look for annual modulation signature or for 
candidates with extremely low expected rate) with well reduced dimensions can be realized, 
while the scintillation properties of the Xenon in gaseous phase allow also to evaluate and 
subtract most of the residual environmental background. 

A _ 3.5 Kg LXe target-scintillator, whose performances have been described in detail 
elsewhere 5) runned at Gran Sasso National Laboratory 14); the detector was calibrated at 

low energy with a 109Cd source, giving: cr/E=0.05 + 1 .63/sqrt(E(keV) } 5). The detector 
efficiency and the response versus the released energy in a WIMP-nucleus elastic 
scattering, i.e. the quenching factor, have been studied and discussed in ref. 5). During the 
measurements presented here, the detector was shielded by 4 cm of steel and 10 cm of lead. 
Data have been collected both in the low and high energy range. The high and intermediate 
energy spectra allowed us to evaluate the U/Th and K contaminations 5). 

As we already pointed out 5) the detector was not selected for low activity, therefore we 
measured independently the environmental background contribution to the low energy 
spectrum (15 and 50 keV) by filling the detector with Xenon gas at 2.5 bar, obtaining a 
new scintillator with much lower xenon mass 7). We subtracted the background - by the 

procedure described elsewhere 7) - mainly due to environmental y rays from the detector 

walls, being most of ys coming from outside shielded by the external lead. The residual 
spectrum can be ascribed only to eventual WIMP-nucleus scatterings or contaminants 
present in the xenon, whose rate depends on the mass, like e.g. 85Kr and radon. 

In Fig. la) the residual counting rate is shown, while in fig. l b) the preliminary 

exclusion plot (2 cr C.L.) for spin dependent interaction is reported 7), considering the 

cross sections that WIMPs would have on protons. Spin factors 1 5), nuclear form factors 
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16), energy resolution and detector efficiency have been considered. New measurements of 
the quenching factor are foreseen to properly verify the evaluation (Lindhard theory 17) 
corrected for full recombination effect) used here 5); we have to stress the relevance to 
perform these measurements with same or identical set-up being the light response in LXe 
strongly dependent on gas purity, UV transmitters and thermodinamical operating 
conditions, as pointed out also by many authors. 
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Fig. 1 - a) Residual counting rate; b) exclusion plot for axial coupled WIMPs at 2 a 
C.L.(see text); for comparison with other nuclei see ref. 18)_ 

HY' 

We are installing in Gran Sasso a new low activity detector together with an improved 
shield; we will use natural and enriched (once in odd and once in even spin isotopes) Kr­
free xenon gas. Measurements are foreseen looking for annual modulation signature 6). 
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ABSTRACT 

New improved limits have now been obtained for the spin-dependent interaction cross-sections 
in Na! for weakly interacting dark matter particles assuming they are responsible for the dark 
matter halo of our Galaxy. The underground facility and experimental configuration will be 
described together with data. extraction techniques. The background rate in a. 1 kg NaI(Tl) 
crystal scintillator of low radioactivity construction is reported after exposure in the under­
ground facility. A level of � 7 events/kg.day.ke V at 4 ke V (equivalent photon energy) provides 
an improved limit for the possible spin-dependent weakly interacting massive particle (WIMP) 
cross section for elastic scattering from Na! nuclei. A minimum value of 1 .5 10-33 cm2 is ob­
tained for a. 25 GeV WIMP mass. Our results are compared in a consistent model independent 
way with previous data. 
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Introduction 

First results are presented from room temperature NaI scintillator experiments being carried 

out by the UK dark matter consortium in a deep underground laboratory in Boulby, U.K. 
The laboratory is at a depth of 1100 m (3000 m water equivalent) and contains two shielded 

enclosures. One of these is a 6 m diameter tank filled with recirculated pure water to a depth of 

6 m into which experiments can be lowered. The second is a lead and copper castle constructed 

from materials which have been stored underground for some time. The data used here were 

acquired from a 1 .27 kg NaI(Tl) crystal operating in the castle. The non-zero nuclear spin of 

both Na and I make such a crystal a useful target for Weakly Interacting Massive Particles 

(WIMPs) assuming they couple predominently via an axial spin-dependent scattering process. 

WIMPs, it has been postulated, may account for the missing matter within the Galaxy, and if 

this is indeed the case, then experiments of the type reported here currently provide the best 

limits to their spin-dependent scattering cross-sections and should eventually through improved 

background suppression lead to direct positive detections. Here the measured background rate 

in the Nal(Tl) detector has a marginally improved threshold over other experiments and new 

upper limits for the spin-dependent neutralino elastic scattering cross-sections are derived. Our 

results are compared in a consistent model independent way with previous data. 

Experimental details and observations 

The shielded 'castle' comprised 10 cm Pb with 10 cm of Cu inside. Observations were carried 

out with a l .27kg Nal(Tl) crystal observed by two EMI 9265A photomultipliers whose 3" 

diameter matched that of the crystal. The photomultipliers viewed at opposite crystal faces 

through 30 cm water light guides. Precautions to reduce the contribution to the crystal counting 

rate from phototube radioactivity via external scattering included use of a ClOl copper shield, 

3 cm thick, surrounding the crystal. The crystals were prepared using low activity material. 

Encapsulation was in PTFE with a Cu outer jacket, the window was made of Spectrosil and 

the glue employed was Epotek, all of known low activity. 

Pulse shape recording of the coincident output of the two photomultipliers was performed via 

a LeCroy 9430 oscilloscope and an analogue pulse height distribution was captured in parallel. 

The system was calibrated with 137Cs and 6°Co sources. An electronic noise threshold corre­

sponding to 2.93 ke V was set before waveform capture. The run reported here was of 9.6 105 s 

live time duration, starting on July 29th 1993, and it was possible to scan the pulse profiles of 

each individual event with an energy loss less than 80 keV. In this manner, spurious electrical 

noise interference and some forms of spurious photomultiplier pulses could be easily rejected. 

At this stage no further rise time or pulse shape discrimination was attempted. 
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Figure 1 shows the counting rate obtained in the high energy part of the background spectrum. 

The continuum region from 750 ke V to 900 ke V can be used to put a limit of 0.9 ppm on the in­

ternal 4°K level from the expected beta-decay spectrum. The photoelectric peak at the 1 .4 Me V 

4°K line gives a 50% higher value and this indicates the presence of an external component. The 

spectrum obtained at lower energies is shown in figure 2. The peak at 47 keV could be due to 

210Pb gamma ray production due to contamination, possibly within the NaI(Tl). Cosmogenic 

activity due to sea-level exposure to secondary cosmic rays can also produce short lifetime peaks 

from 129I at the 10 events/kg.day.keV levePl .  An average event rate of � 7 events/kg.day.keV 

was achieved at 4 keV equivalent photon energy loss in the crystal. The photoelectron yield 

from the assembly was 1.6 photoelectrons/keV. The data were binned into channels 0.5 keV 

wide. 

Data analysis and interpretation 

To interpret the data of figure 2 and to compare with other work, we adopted a procedure for 

evaluating the upper limit to a spin-dependent cross section which is virtually independent of 

the particle physics involved in the scattering process, as there remains significant theoretical 

uncertainty in the details. We concentrated on the spin-dependent cross section since this is 

where our work becomes significant. For a given WIMP mass we first predicted the expected 

form for a measured differential recoil spectrum assuming the WIMPs constitute all the nec­

essary Galactic dark halo mass. The predicted recoil spectrum was then scaled so that it did 

not exceed the 20" error bars on the actual measured background spectrum on more than three 

consecutive data bins2l . The maximum allowed interaction rate was given by integrating the 

scaled predicted spectrum over all energies and an effective cross section was then be derived 

from this rate. 

To predict the measured recoil spectrum we started with a Maxwellian dark matter velocity 

distribution, with kT = Eo, modified for the motion of the Earth through the dark matter 

WIMP population and the Galactic escape velocity cut-off. This gave the WIMP flux passing 

through the detector. The expected measured differential recoil spectrum in an ideal detector, 

assuming isotropic centre of mass scattering is then 

aR 1 Rr Er 8Ev = f' (Er)Er + J(Er) A exp -A (1)  
where A =  E0rEc/(Ec + E0r), r is a kinetic factor which depends on the target nucleus mass, 

Mr and the WIMP particle mass, Mv, such that r 
= 

(:::+:::;)' , f is the ratio of measured 
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energy to recoil energy, E. , i.e. f = Ev/ E. , and Ee arises due to a form factor correction. 

This form factor correction was treated in a relatively simple way at this stage, namely3l, with 

IF(Er)l2 = exp -Er/ Ee. Values of Ee for axial spin-dependent coupling were taken from Ellis 

& Flores4l .  Rr is the total event rate expected in the crystal integrated down to zero energy. 

The finite detector resolution, including the Poissonian statistics of the photoelectron genera­

tion, was taken account of by convolving the resolution with equation 1 .  Once this was done we 

deduced an upper limit to the total interaction rate Rr which was converted into an effective 

cross-section for each individual target nuclear species, of mass Mr, by 

(2) 

For Nal(Tl) we treated the nucleii of 23Na and 1271 separately. The quenching factor, f, is 

different for each and appears to be independent of energy in the range of interest5•6•7l. We 

used values of fNa = 0.25 and fI = 0.07. For comparison with Ge results, we used the energy 

dependent form of f derived from the observations of Sattler et aJ.8), which are lower than those 

predicted by the commonly used theory of Lindhardt et aJ.9). However this turned out to have 

a relatively small effect. 

The method of Reusser et al. 2l was used to establish the exclusion limits on the effective total 

cross-section and we show the results of this in figure 3. Data from other experiments were 

treated similarly and are displayed in figure 3. Our results are seen to provide the best cross­

section limits for axial-coupling when displayed in this model-independent way. Results from 

a 6 kg Nal(Tl) crystal will be published separately12l. 
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Figure 2: Low energy pulse height spectrum from a 1 .27 kg NaI(Tl) crystal. The dashed vertical 

line is positioned at the lowest energy at which we remain confident of the validity of our pulse 
scanning technique. 
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Figure 3: Upper limits to WIMP interaction total cross sections. Na and I curves are calculated 

from background spectra arising from this work (UK), from the BRS collaboration6l, and from 

the Osaka experiment5l. The Ca and F curves use the data from the BPRS collaboration10l .  
The 73Ge curves use data from the UCSB11l and Gotthard2l experiments. 
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I review several proposed techniques for indirect detection of weakly interacting mas­

sive particles (WIMPs) in the halo. I focus on distinctive signatures from cosmic-ray 
positrons, antiprotons, and gamma rays produced by annihilation of WIMPs in the galac­

tic halo. 
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1. Introduction 

There is almost universal agreement on the existence of dark matter in the Universe1l .  
Luminous matter contributes only a fraction, nLuM � 0.01, of critical density. O n  the 
other hand, numerous observations suggest that n is in fact much larger. A number of 
theoretical arguments, such as inflation and the Dicke-Peebles timing coincidence suggest 
that the Universe is actually flat, n = 1 .  

Although there i s  considerable debate on exactly how much dark matter there is, 
observations of flat galactic rotation curves provide incontrovertible evidence for the exis­
tence of dark matter in galactic halos, including our own. In general, rotation curves seem 
to remain flat as far out from the galactic center as are observed. Therefore, although 
it remains unclear exactly how much mass is entrained in e;alactic halos, it seems that 
the mass density contributed by halos is at least nhalo ;=:; 0.1 .  In other words, the dark 
matter in spiral galaxies outweighs the luminous matter by at least an order of magnitude. 
Big-bang nucleosynthesis suggests that there are more baryons than are seen, but it also 
constrains the mass density in baryons to be nb ;S 0.1  (Ref. 2). Therefore, it is plausible 
that there may be some baryonic dark matter in the form of nonluminous massive com­
pact halo objects (MACHOs) such as neutron stars, brown dwarfs, or black holes, but it 
is difficult to see how baryons could account for all the halo dark matter. 

One of the leading candidates for the dark matter is a weakly-interacting massive 
particle (WIMP). Suppose that in addition to the known particles of the Standard Model 
there exists a new, yet undiscovered, stable weakly-interacting massive particle, X. It is 
straightforward to show (see, e.g. Ref. 3) that if such a particle exists, it will have a current 
cosmological mass density in units of critical density given roughly by nxh2 � (o"Av) /(3 x 
10-27 cm3 sec-1 ), where (u AV) is the thermally averaged cross section for annihilation of 
X's into all lighter particles times relative velocity v, and h is the Hubble constant in units 
of 100 km/sec/Mpc. 

One can then ask, what annihilation cross section is required to give nx � 1? The 
answer turns out to be a weak scale cross section, i.e., u A � a2 /(100 GeV)2, where a � 

0.01. Virtually all particle physicists will agree that there is new physics beyond the 
Standard Model, and many (if not most) of the best ideas for new physics introduce the 
existence of a WIMP. For example, a heavy neutrino associated with an extra generation 
could be the WIMP, but perhaps the most promising WIMP candidate is the neutralino, 
a linear combination of the supersymmetric partners of the photon, Z boson, and Higgs 
bosons4l .  Although there can be significant variety in the detailed properties of the WIMP, 
generically, the interactions of the WIMP are constrained (by nx � 1) to be weak scale, 
and in most models, the mass of the WIMP varies from about 10 GeV to a few TeV. 

A number of direct- and indirect-detection schemes are being pursued in an effort to 
discover WIMPs in the halo. The first class of experiments are laboratory efforts to detect 
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the recoil energy deposited in a low-background detector when a halo WIMP elastically 
scatters off a nucleus in the detector5l .  The most promising avenue for indirect detection is 
observation of energetic neutrinos from WIMP annihilation in the Sun and Earth. WIMPs 
in the halo which accumulate in the Sun and Earth will annihilate therein and produce 
energetic neutrinos that can potentially be detected by the many high-energy neutrino 
telescopes currently in operation or construction. I have reviewed this avenue for detection 
elsewhere6l ,  so in this lecture, I will instead focus on several possible cosmic-ray signatures 
of WIMPs in the galactic halo. 

Although the WIMP is stable, two WIMPs can annihilate into ordinary matter such 
as quarks, leptons, gauge bosons, etc. in the same way they did in the early Universe. 
If WIMPs exist in the galactic halo, then they will occasionally annihilate, and their 
annihilation products will produce cosmic rays. The difficulty in inferring the existence 
of particle dark matter from cosmic rays lies in discrimination between WIMP-induced 
cosmic rays and those from standard "background" sources. As will be argued below, it is 
quite plausible that WIMPs may produce distinctive cosmic-ray signatures distinguishable 
from background. It should also be made clear that propagation of cosmic rays in the 
Galaxy is quite poorly understood. Due to these astrophysical uncertainties, it is difficult 
to make reliable predictions for a given particle dark-matter candidate, so negative results 
from cosmic-ray searches cannot generally be used to constrain dark-matter candidates. 
On the other hand, if observed, these cosmic-ray signatures could provide a smoking-gun 
signal for the existence of WIMPs in the halo. 

2. Cosmic-Ray Antiprotons 

The best place to look for a distinctive cosmic-r:ly signature is where the background 
is smallest. The majority of cosmic rays are protons, and most of the rest are heavier 
nuclei. Only a very small fraction are antiprotons. Cosmic-ray antiprotons are produced 
in standard propagation models by spallation of primary cosmic rays on hydrogen atoms 
in the interstellar medium (ISM)7 l .  The exact flux of antiprotons produced by this mech­
anism actually varies quite a bit in standard propagation models, and the observational 
situation is equally cloudy. However, there is one feature of the energy spectrum of such 
secondary antiprotons that is quite generic to standard cosmic-ray models: It is expected 
that the flux of antiprotons from primary spallation should fall dramatically at low en­
ergies, Ep ;SGeV. This is simply because an antiproton at rest must be produced with 
a large backward momentum in the center-of-momentum frame. This requires a primary 
cosmic-ray antiproton with a large energy, and the cosmic-ray spectrum falls steeply with 
energy. 

Annihilation of WIMPs, on the other hand, can produce low-energy antiprotons8l. 
WIMPs will annihilate into quarks, leptons, gauge bosons, etc. which will then hadronize 



172 

0.0001 

t0-0 

.. /
/./

/ •...•..•. 
// 

1 0� '--�"-���..u...�����'"'-'"'--�����....._��-"-�'-'-'� 

10-0 

0.01 0.1 1 0  100 
Kinetic Energy (GeV) 

Fig. 1 Observed antiproton/proton ratio as a function of kinetic energy. (From Ref. 8.) 

and produce, among other end products, antiprotons. There is no reason why the flux 
of such antiprotons should decrease dramatically at energies less than a GeV. Therefore, 
observation of low-energy cosmic-ray antiprotons would provide evidence for WIMPs in 
the halo. 

Calculation of the antiproton flux from WIMP annihilation is straightforward. One 
assumes that the WIMPs have an isothermal distribution in the halo with a density suitable 
for accounting for the rotation curves. The flux is proportional to the annihilation rate in 
the halo. The energy spectrum of the the antiprotons is determined by the fragmentation 
functions for producing antiprotons from the various annihilation products, which are ob­
tained from Monte Carlos and from fits to accelerator data. Propagation of the anti protons 
through the interstellar medium and solar modulation must also be considered. 

In Fig. 1 are shown the cosmic-ray antiproton spectra expected from models where 
the dark matter is made up of a B-inos of mass 30 GeV (the upper solid curve) or 60 
GeV (the lower solid curve)8l . For simplicity, we chose the WIMP to be a B-ino and 
assumed that the WIMPs contribute closure density, f2xh2 = 0.25 with h = 0.5 to fix the 
annihilation cross section. We also assumed that WIMPs contribute the entire halo density, 
and used standard confinement times and solar-modulation models. The dotted curve is 
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the expected background due to spallation in the standard leaky-box model of cosmic-ray 
propagation. Also shown is the current observational upper limit9l . As the WIMP mass 
is increased, the number density in the halo, and therefore the cosmic-ray flux, decrease. 
As illustrated, observation of low-energy cosmic-ray antiprotons could plausibly provide 
evidence for the existence of particle dark matter. It should be noted, however, that if the 
WIMP mass is too large, the antiproton signal would be unobservably small. In addition, 
even if the WIMP is fairly light, there are considerable astrophysical uncertainties, so it 
is possible that WIMPs could be the dark matter and still not produce an observable 
antiproton signal. 

3. Cosmic-Ray Positrons 

There is also a possibility that annihilation of some WIMP candidates will produce a 
distinctive cosmic-ray positron signature at high energies. Again, there is a "background" 
of cosmic-ray positrons from spallation of primary cosmic rays off the ISM. Pions produced 
when primary cosmic rays interact with ISM protons decay to muons which decay to 
positrons. The flux of positrons, expressed as a fraction of the flux of electrons, decreases 
slowly with increasing energies. 

The showering of WIMP annihilation products will produce positrons in the same way 
that antiprotons are produced. The energies of the positrons that come from showering of 
annihilation products will have a broad energy distribution. The background spectrum of 
positrons expected from standard production mechanisms is quite uncertain, and precise 
measurements of the positron energy spectrum are quite difficult, so it is unlikely that 
positrons from WIMP annihilation with a broad energy spectrum could be distinguished 
from background. 

However, in addition to the positrons that come from decays of hadrons, there is also 
the possibility that WIMPs may annihilate directly into electron-positron pairs thereby 
producing a "line" source of positrons. Although propagation through the Galaxy would 
broaden the line somewhat, the observed positron energy spectrum would still have a 
distinctive peak at an energy equal to the WIMP mass10l .  There are no standard produc­
tion mechanisms that would produce a positron peak at energies of 10-1000 GeV, so such 
an observation would be a clear signature of particle dark matter in the halo. It is also 
interesting to note that some recent measurements of the positron spectrum indicate an 
increase in the positron fraction at high energies possibly suggestive of WIMP annihilation, 
although these. results are far from conclusive. 

Unfortunately, most of the leading WIMP candidates (e.g. neutralinos) are Majorana 
particles, and such particles do not decay directly into electron-positron pairs. On the 
other hand, if the WIMP is heavier than the w± boson, it can in some cases (for example, 
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Fig. 2 The differential positron flux divided by the sum of the differential electron and 

positron fluxes as a function of energy for a neutralino of mass 120 GeV. (From Ref. 1 1 . )  

i f  the WIMP i s  a higgsino) annihilate into monochromatic w+w- pairs, and the w+ 
bosons can then decay directly into positrons with a distinctive energy spectrum peaked 

at roughly half the WIMP mass1 1l . In addition, there will be a continuum of lower energy 

positrons produced by the other decay channels of the gauge bosons. 

Fig. 2 shows the differential positron flux as a ratio of the electron-plus-positron flux as 

a function of energy for a higgsino of mass 120 GeV for two different models of cosmic-ray 

propagation (the solid and dashed curves). The dotted curve is the expected background. 

The peak at higher energies is due to direct decays of gauge bosons produced by WIMP 
annihilation into positrons, and the broader peak at lower energies comes from the other 

decay channels of the gauge bosons. The dramatic height of the peak in Fig. 2 is the 

result of some fairly optimistic, yet reasonable astrophysical assumptions. Again, due to 

the astrophysical uncertainties, nonobservation of such a signal cannot be used to rule out 

WIMP candidates. 

4. Cosmic Gamma Rays 

Cosmic gamma rays will be produced by annihilation of WIMPs in much the same 
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Fig. 3 The intensity of a gamma-ray signal from WIMP annihilation in the halo as a 
function of the angle between the line of sight and the galactic center. (As in Ref. 12.) 

way that antiprotons and positrons are produced. Showering of the annihilation products 

will produce gamma rays with a broad energy distribution centered roughly around lflOth 

the WIMP mass. Such a signal will in general be difficult to distinguish from background. 

However, there are two possible signatures of WIMP annihilation in the halo. 

The first signature will be a distinctive directional dependence of the gamma-ray flux. 

In the simplest (and most plausible) models that account for galactic rotation curves, 

WIMPs populate the halo with a spherically symmetric isothermal distribution. Then, 

the density p of WIMPs as a function of distance r from the galactic center is p(r) = 
p0(R2 + a2)f (r2 + a2), where R � 8 kpc the distance between the solar system and the 

center of the Galaxy, and a is the scale length of the halo. The ratio Rf a varies between 

roughly lf3 and 2. Given such a distribution, it is straightforward to calculate the angular 

dependence of the gamma-ray intensity I(!/;) from WIMP annihilation as a function of !/;, 

the angle between the line of sight and the galactic center. Fig. 3 shows the result for the 

angular dependence of the gamma-ray flux for three values of the ratio Rf a. Observation 

of such a signal would provide evidence for WIMPs in the halo. 

Along similar lines, it has been suggested that there may also be an enhancement in 
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the dark-matter density in the galactic bulge or in the disk and if this dark matter were 
made of WIMPs, annihilation could lead to a strong gamma-ray signal from the galactic 
center or the disk1 3) ; however, it is difficult to see why WIMPs would accumulate at the 
galactic center or in the disk. Recently, Gondolo has suggested that the Large Magellanic 
Cloud could be immersed in a halo of dark matter with a central density 10 times that of 
our own galaxy, and that annihilation of dark matter therein could lead to a gamma-ray 
intensity from the LMC roughly ten times stronger than that from our own halo14) . 

The other, and very distinguishable, signature is a gamma-ray line from direct annihi­
lation of WIMPs into photons. WIMPs, essentially by definition, have no direct coupling 
to photons. However, by virtue of the fact that the WIMP must have some appreciable 
coupling to ordinary matter (or else annihilation in the early Universe would be too weak 
to provide Oxh2 ;S 1) ,  it is almost guaranteed that any realistic WIMP will couple to 
photons through loop diagrams. Therefore, there will always be some small, but finite, 
cross section for direct annihilation of two WIMPs into gamma rays. Therefore, WIMP 
annihilation in the halo can produce a gamma-ray signal that is monochromatic at an 
energy equal to the WIMP mass. There is no easily imaginable astrophysical source that 
would lead to a gamma-ray line at at an energy between roughly a GeV and a TeV, so 
discovery of such a line could almost certainly imply the existence of WIMPs in the halo. 

The problem with gamma-ray signatures from dark-matter annihilation is that the 
signals are at best only marginally observable with current detectors even with the most 
optimistic assumptions. There is, however, hope that heavier WIMPs which couple to 
the w± boson, such as higgsinos, will annihilate more efficiently into gamma rays15) . 
Also, there should be substantial improvements in observational high-energy gamma-ray 
astronomy in the forthcoming years. 

5. Conclusions 

Of the many proposed dark-matter candidates, the WIMP is perhaps the most promis­
ing. The rather suggestive result that a stable particle with weak-scale interactions has a 
cosmological mass density of order unity has spurred tremendous theoretical and experi­
mental activity in an attempt to detect dark-matter particles. The most reliable detection 
methods involve terrestrial low-background detectors and searches for energetic neutrinos 
from WIMP annihilation in the Sun and Earth. However, if WIMPs populate the halo, 
they will annihilate and produce cosmic rays. Although it will generally be difficult to 
distinguish such cosmic rays from background, WIMP annihilation may possibly lead to 
distinctive cosmic-ray signatures. Such signatures are by no means guaranteed even if 
WIMPs are the dark matter, but in many models it is quite plausible that observations 
of low-energy antiprotons, high-energy positrons, or gamma rays could provide indirect 
evidence for the existence of particle dark matter in our halo. 
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Abstract 
We discuss the annihilation processes in the galactic halo XX --+ 11 

and XX --+ 1 Z, where x is any halo dark matter particle that has 
w+ w- as one of the major annihilation modes. Examples of such 
particles are supersymmetric particles with a dominant pure higgsinos 
or heavy triplet neutrinos. A substantial branching ratio is found for 
these modes. We estimate the detection potential of Air Cherenkov 
Telescopes for monoenergetic 1 ray lines that result from such anni­
hilations in the Galactic or LMC halos. 
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One of the favoured particle dark matter candidates is the lightest su­
persymmetric particle x, assumed to be a neutralino, i.e. a mixture of the 
supersymmetric partners of the photon, the zo and the two neutral CP­
even Higgs bosons present in the minimal extension of the supersymmetric 
standard model (see, e.g. [ 1 ] ) .  

A particularly interesting annihilation process in the galactic halo is  XX -> 
TY or XX -> Z01. Since these are two-body final states and the annihilating 
massive particles move with non-relativistic speed in the halo (typically v / c � 
10-3) the produced 1s will be nearly monoenergetic, meaning a I ray line 
signature [2]. 

In [3] the II process was estimated for the case of a nearly pure Bina. 
These rates turn out to be very small [3, 4]. Recently the more difficult 
calculation for a pure Higgsino has been performed, both for the II and 
the z01 final states [4]. The latter turns out to be the most important one 
for Higgsinos (and for any other dark matter candidate that has a strong 
coupling to the w+ w- final state in its annihilations). 

One gets for the imaginary part of the amplitude (see [4] for details) a 
logarithmic enhancement of the form 

2 ( l + /9) Mim = /9 log l _ /9 , ( 1 )  

where /9 = J1 - (mw/mx)2 • 
In the limit of large X masses (above, say, 500 GeV) this becomes 

(4m2 ) Mim � log 
m� . (2) 

In the leading logarithmic approximation, both the real and imaginary parts 
can be calculated: 

where s = 4m; . 

LL ( 8 ) Mim = log -2 ' mw 
LL 1 2 S M,e = - log (-2 ) , 

27r mw 

(3) 

(4) 

The I ray luminosities from II and Z01 should be added together. In 
fact the line strength from the latter is a few times larger than that from the 
former. 
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Fig. 1 .  The average number F� (Eq. (5)) of / line photons from X X  --> If 
and z01 normalized to the w+ w- annihilation rate, as a function 
of the x mass. The solid line is the lower bound obtained by using 
only the imaginary part of the amplitude which is given by unitarity. 
The dashed line is an estimate of the full rate obtained by taking the 
leading logarithmic result of Eq. ( 4) for the real (dispersive) part of the 
amplitude. 
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In Fig. 1 we show our lower bound [4] for the average number of / line 
photons of energy � mx per w+w- annihilation: 

F 
= 2rrn(xx --> 11) + O"v(xx --> Z01) = 2 (l 

+ t2 (} ) l 2 (4m�) 
� - O"v(xx --> w+w-) 

ae.m. co w og 
mw ' 

(5) 
as well as the value for this rate resulting from the adoption of ( 4) for the 
dispersive part of the amplitude. The remarkable feature of our result (5) is 
its very large size compared to the case of, e.g. a pure Bino [3, 4]. As can be 
seen in Fig. 1 ,  the effective branching ratio to line photons can easily be as 
large as 10-2 • 

For a generic dark matter particle that gives a substantial contribution to 
fl of the universe, ( O"V )tot is of the order of 10-26 cm3s-1 . If the annihilation 
rate of neutralinos into w+w- does not vanish nor become small when 
< v > -->  0, (O"v)tot is expected to be of the same order of magnitude in the 
galactic halo. As an example, this happens for a Higgsino of the minimal 
supersymmetric extension of the Standard Model of a mass around 1 TeV. 
Since we see from Fig. 1 that the number of line photons per annihilation 
is roughly of the order of a percent, we can use the value (O"v)i;ne � 1 0-28 
cm3s-1 in estimates. 

In fact ,  for the case of a pure Higgsino, we can calculate the absolute 
value of the lower bound of the line cross section. We find 

7ra4 2 (4m2 ) 
20"v(xx --> II) + O"v(xx --> zo,) > 8 2 :·"'ii(} log ----f , mx s1n w mw 

(6) 

which corresponds to 0.6 · 10-28 cm3s-1 for mx = 1 TeV. Assuming, lacking 
a full calculation, a contribution from the dispersive part of the amplitudes 
of the same order of magnitude, we see that in this case the annihilation rate 
into line photons is indeed around 10-28 cm3s-1. 

Using the Ipser-Sikivie model for the core of the halo [5] , a flux of around 
200 photons per year is predicted in an ACT of area 20 000 m2 during a 
typical observation "year" of 2 · 1 06 s, with an estimated (but poorly known) 
background about an order of magnitude lower (including misidentified pro­
tons and electrons; see [3] for further discussions). This rate for Higgsino-like 
particles is two orders of magnitude larger than that expected for pure Binos 
[3, 4]. In the model by Berezinsky et al [6], the flux can be still at least two 
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orders of magnitude larger. However, if one assumes a smooth halo distribu­
tion p(r) = p0(r� + a2)/(r2 + a2) with a �  r0 , the rate falls below one event 
per year in our generic ACT detector in the direction of the galactic center. 
In the LMC model of Gondolo [7] the rate could be enhanced by an order of 
magnitude making it just about reaching the detectability limit. It should be 
noted, though, that the high threshold (200-300 GeV) of present day ACTs 
make these processes rate limited. Going to larger areas and lower thresholds 
could greatly increase the discovery potential of this type of detector. 

If the galactic halo contains regions with higher dark matter density than 
the local (solar neighbourhood) value, the detection of high energy monoen­
ergetic photons could at the same time determine the mass of the dark matter 
particle and map its galactic density distribution. 
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thank P. Gondolo, F. Martin and H. Rubinstein for useful discussions. We 
are especially grateful to M. Urban, whose idea to detect 1 lines from WIMP 
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A fundamental question of astrophysics and cosmology is the nature of "dark matter". 
Among the possibilities is the existence of weakly interacting massive particles (WIMPs ). Cryo­
genic detectors are especially suited for a direct detection of WIMPs. The recoil energy trans­
ferred to a nucleus by elastic scattering of a WIMP is mainly converted into phonons, which 
are measured by the thermometer of the cryogenic detector. At the Max Planck Institute for 
Physics and at the Technical University Munich we are developing low temperature calorimetric 
detectors with large mass, low energy threshold and high energy resolution. A first experiment 
with a 1 kg detector made from sapphire and with an energy threshold of 500 e V for nuclear 
recoils is in preparation. The range of sensitivity and the realisation of such an experiment are 
discussed. 
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1 Introduction 

The search for "dark matter" is currently one of the greatest challenges of particle and astrophy­
sics. Besides baryonic dark matter and massive neutrinos, weakly interacting massive particles 
(WIMPs) are a possible constituent of dark matter. The lightest supersymmetric particle, the 
neutralino (x), is presently a theoretically favored candidate for a WIMP l) .  

Direct detection of WIMPs is possible by their elastic scattering on nuclei. This process 
transfers a recoil energy to the nucleus: 

mnm� 2 
LlE = ( )2 v (l - cos B), 

mn + md 

where mn is the mass of the nucleus, md the mass of the dark matter particle, v its velocity, and 
8 the scattering angle in the center of mass system. The velocity of the WIMPs is assumed to 
follow a Maxwellian distribution (vrms � 300 km/s) with an upper cutoff at the escape velocity 
of about 600 km/s, which is modified by the velocity of the solar system relative to the center of 
the galaxy of 220 km/s. For WIMP masses in the GeV range one expects nuclear recoil energies 
in the keV range. The present exferimental limits are given by low background silicon and 
germanium ionization detectors 2, ' 4l .  

2 Operating Principles 

2.1 Calorimeters 

The energy of the recoil nucleus can be measured by various excitations: ionization, scintillation 
or phonons. The measurement of phonons by a calorimeter has the advantage of being able to 
measure the full energy of low energy nuclear recoils . 

A calorimeter consists of an absorber, in which the particle interaction takes place, and a 
thermometer attached to the absorber. The particle interaction (i.e. the recoil nucleus) creates 
high energy phonons, which are absorbed in the thermometer and lead to a temperature rise 
given by LlT = LlE/C, where C is the heat capacity of the thermometer. 

To obtain large signals, the heat capacity has to be reduced by lowering the operating 
temperature of the calorimeter. 

2.2 Phase transition thermometers 

To achieve maximum temperature sensitivity, we use as the thermometer an evaporated super­
conducting film stabilized in its phase transition from the superconducting to the normal state. 
The very strong dependence of the resistance on the temperature in the limited temperature 
range of the phase transition makes this kind of thermometer very sensitive. 

To obtain phase transition thermometers with low operating temperatures, we use two 
approaches: 

- Tungsten has a bulk critical temperature of 15 mK. By epitaxial evaporation in a de­
signated system, we can produce thin films with a critical temperature near the bulk 
value 5l . 

- By completely covering a superconducting iridium film with a normalconducting gold film, 
the critical temperature of the iridium is reduced by the proximity effect. We succeeded 
in producing thermometers with critical temperatures between 30 and 120 mK 6l . 
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Figure 1: (a) Pulse height spectrum of a 55Fe source. The detector consists of a 31 g sapphire 
crystal and an iridium-gold thermometer with a critical temperature of 44 mK. (b) Single 
5.89 ke V event measured with a band with of 15 kHz. 

3 Experimental Results 

3.1 Iridium-gold bilayer thermometers 

A sapphire crystal with a mass of 31 g and an evaporated iridium-gold bilayer thermometer 
with a critical temperature of 44mK was irradiated with a 55Fe X-ray source. The energy 
resolution of this detector is 210 eV for photons of an energy of 5.9 keV (figure la) S). 

Figure lb shows a single 5.89 keV event exhibiting two pulse components - a pronounced fast 
one with a decay time of about 2 ms and a small slow one with a decay time of about 13 ms. The 
fast component results from the absorption of high frequency phonons in the thermometer, and 
the slow component represents the temperature rise of the absorber crystal. We have developed 
a model that explains the shape and temperature dependence of the signals 9) and allows us to 
optimize our detectors for a dark matter experiment. 

6000 

Ill 4000 
+> i:l 
;:l 0 

u 2000 

0 0 

Al-K"' Ti Mn 
K"' K"' 

6E= 120 eV 200eV --') ,....._ 

K V\ P Kp ) l.J\ 

Energy [ keV J 
Figure 2: Energy spectrum of a fluorescence X-ray source, observed with a 31 g sapphire 
crystal with tungsten thermometer. The irradiation time is 12 hours. 
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Figure 3: Dilution refrigerator, cold box and shielding. 

3.2 Tungsten thermometers 

A 31 g sapphire detector with a tungsten thermometer was irradiated with an X-ray fluorescence 
source. The resulting energy spectrum is shown in figure 2. The resolution for 1.5 keV photons 
is 120 eV. 

By optimizing the thermometer design we want to realize a detector with a mass of 250 g 
and a threshold of 500 eV. The first phase of our dark matter search will then use four of these 
detectors. 

4 Planned Experiment 

4.1 Low-Background Environment 

For a search for dark matter, it is of extreme importance to reach the lowest possible radioactive 
background. To avoid background events induced by cosmic rays the whole experiment needs 
to be located in an underground laboratory. A request for space to the LNGS lO) has been 
approved. A _low background cryostat will be installed in Gran Sasso in 1995. 

Because not all materials necessary for building a dilution refrigerator are radiopure we 
decided to divide the experimental setup into two parts: one containing the dilution refrigera­
tor and the other containing the detector surrounded by very low background materials and 
shielding. The cooling power of the refrigerator will be transferred into this cold box by a cold 
finger. The space for experiments in the cold box will be about 30 liters. From the mechanical 
and cryogenic point of view, it is the simplest solution to place the cold box under the dilution 
refrigerator (figure 3). The line of sight into the cold box will be blocked by an internal lead 
shield. 
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Figure 4: Rough estimate of limits of sensitivity of different experiments in terms of the point­
like cross section for the scattering of WIMPs on the corresponding target nucleus, assuming 
a background of 1 count/(keV kg day) and a measuring time of one year. The sensitivities of 
a 100 kg Na!, a 0.5 kg 73Ge with 99 % background rejection, and a 1 kg sapphire detector are 
shown. The present limits from Ge and Si ionization detectors are also shown. 

4.2 Sensitivity 

The present experimental limits for WIMP dark matter are given by low background silicon and 
germanium ionization detectors. In this section we compare the sensitivity range of planned 
experiments. 

- N al scintillator 11) 

A l kg prototype of a NaI scintillator has an energy threshold of 4 keV for i's, which 
corresponds to 16 ke V for Na nuclear recoils and 60 kev for I recoils due to the poor 
ionization efficiency for slow recoil nuclei. The energy resolution is 12.5 ke V (FWHM) for 
88 keV photons. A total detector mass of lOO kg is planned. 

- Combined measurement of ionization and heat in a germanium crystal 12> 

This allows discrimination of nuclear recoils from electron or photon induced ev�nts in 
the detector, and may be used to reduce the radioactive background by two orders of 
magnitude. The threshold of a 60 g detector is about 12.5 ke V for nuclear recoils, and the 
energy resolution is about 1 .SkeV (FWHM) for 60 keV photons. The UCSB/LBL/UCB 
group has enough enriched 73Ge for a 0.5 kg detector. 

- Our cryogenic detectors will have low thresholds of about 0.5 keV for nuclear recoils and 
an excellent energy resolution of about 0.2 keV (FWHM) for l keV photons. We plan to 
use 1 kg of sapphire for an initial experiment. In contrast to the other detectors a wide 
range of absorber materials can be used. 

In figure 4 we show rough estimates of the upper limits on the cross section for WIMP-nucleus 
scattering as a function of the WIMP mass that different proposed detectors could set assuming 
a measuring time of one year and a flat background of 1 count/(keV kg day). 

For WIMP masses below 15 GeV a detector with a low threshold is needed. For large WIMP 
masses most of the recoil spectrum is above all thresholds, and the sensitivity is then given 
mainly by the detector mass, the measuring time and the background rate. 
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5 Conclusion 

We will begin a test phase for a dark matter experiment with a total mass of 1 kg of sapphire 
in the Gran Sasso underground facility in 1996. The detector should have an energy resolution 
of 200eV at l keV and an energy threshold of 500 eV. This experiment will be complementary 
to other planned dark matter searches especially in the low WIMP mass region. 

In a later stage of the experiment, we plan to increase the detector mass and to use other 
absorber materials. The different recoil spectra for different target nuclei may allow us to 
determine the mass of the WIMPs. 
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Recent X-ray and � decay irradiations of detectors based on granular suspensions of 

metastable Type I superconductors have yielded spectra of the energy loss of the 

incident radiation. Interpretation of the results suggest the application of these 

devices to new searches for relic neutrinos and WIMPs, with the possibility of 

achieving energy resolutions on the order of e V and reasonable event rates. 
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Current experimental limits on the existence of WIMPs are derived from low 

background Si and Ge ionization detectors l l .  New experiments under development, 
employing liquid or solid scintil l ators and cryogenic bolometers, are resumed 

elsewhere in these Proceedings2l . All of the new search experiments are based on the 
detection of nuclear recoils induced by neutral current scattering. The key focus of 

these new experiments is on the lowering of the recoil energy threshold, and 

reduction of signal-competing backgrounds. 

The use of metastable superconducting detectors in searching for WIMPs was 

first suggested by Drukier and Stodolsky3 l .  These devices are based on the phase 
transition of superheated microgranules of Type superconductors induced by 

energy loss of incident radiation. Order 10  nS timing resolution with grains of 
diameter > 8 micron has been demonstrated4 l; smaller diameters however require 
implementation of SQUID-readout, which is intrinsically slower. XY camera 
techniques, comprising orthogonal planes of pickup loops, have yielded order I mm 

spatial resolution5 l .  Despite having demonstrated sensitivity to a variety of different 
i rradiat ions6l ,  the difficulty with these devices has until recently been in obtaining 
either energy calibration or particle spectra. 

Last year we reported first results7l obtained with a Sn detector prototype 
irradiated by decay electrons of 3 5 S. In Fig. I ,  we show these results in comparison 
with an improved Monte Carlo simulation of the detector response based on the 
thermodynamics of the hot border mode18 J ,  and experiment detail including the 

measured distribution of grain diameters. The electrons are randomly emitted from a 
distributed source in accordance with the decay distribution; tracking through both 
the grains and dielectric includes Moliere scattering, and the energy loss is accounted 

for by Bethe-Bloch. Other than the effective source intensity, the simulation contains 

no free parameters. 
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Fig. I :  electron energy loss spectrum obtained with a n  MS detector 

Pertinent features of the measurement were its execution over 0.4 s following a 3 s 
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pause in magnetic field ramping91 to establish the hot border, and that it was 
performed from high-to-low energy deposition. More recently, similar irradiation 

studies of various detector prototypes with 6 keV Xrays of 5 5Fe have yielded energy­

resolved spectra of the X-ray absorption and fluorescent activation of the suspension 

materia 1 I OJ .  A typical result, obtained at 400 mK with a composite device of 20-25 µm 
diameter Sn and Al grains, is shown in Fig. 2 (the magnetic field was held above 300 G 

so that the Al was normal). 

1 20 

1 00 

80 
::r: 'O 60 
z 'O 40 

20 

ifJ' 
55Fe irradiation 

1 
"--��� 
'1 [' 8 : o  

dH (Gauss) 

Fig. 2: spectrum of 6 keV Xray irradiation of an MS detector 

For a detector operated at temperature T, the energy calibration is to a first 

approximation 8 1 ,  
�E = Cp [ -T + { T2 + 3/2 Tc2 [Hsh(0)-1 dH} 1/2 ] ( 1 ) 

where Tc is the critical temperature of the detector material, Cp is its heat capacity, 
H sh(O) is the superheating critical field at T=O; dH is the magnetic field step from the 

pause field. For the beta decay study, the 0.29 G step-size at 2.3 K was equivilent to 1 .2 

keV over a range of approximately 1 00 keV. In the case of the X-ray study, 
identification of the highest energy peak with the full absorption of the incident 
photons in the Sn grains implies the intermediate and lowest peaks correspond to the 

activated Al ( 1 .5 keV) and carbon (277 eV) X-rays, respectively. The FWHM of the 
carbon line is 100 eV. The energy equivilence of the magnetic stepsize is in principle 

only a function of the grain specific heat and operating temperature: at 100 mK, with 
the same suspension, a 0.01 G step would correspond to 0.21 eV. 

For WIMP elastic scattering, the maximum recoil energy is dependent on the 
candidate (mx) and target nucleus (M) masses: 

Erecoilmax [GeV] = 2mx2M [mx + MJ-2 (v/c)2 (2 )  

Estimates of  this energy for a range of  candidate detector targets assuming v/c = 10- 3 
are shown in Table 1 ,  as well as corresponding event rate estimatesl l l  assuming P x  
0.4 GeV/cm3 . For comparison, 1 0  GeV WIMP values for  Ge are 700 kg-Id- I ,  Erecoilmax 
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2.2 keV. The X-ray results suggest the sensitivity of metastable detectors to energy 

depositions of well below 1 keV; results obtained in neutron-irradiations of Al and Sn 

detectors 1 21 similarly indicate a thresold sensitivity of 1 keV or below. 

Table 1 :  WIMP scattering rates and recoil energies for various target nuclei. 

mx [GeV] 

1 
5 
1 0  
50 
1 00 

--- rate (events/kg day) --

Al 

27 
95 
150 
1 63 
1 20 

S n  

1 70  
730  
1400 
4000 
4700 

P b  

370 
1400 
3400 
9700 
6000 

Erecoi lmax [keV] 

A l  

0.076 
1 .4 
4. 1 
22 
3 2 

S n  

0 .0 17  
0.41 
1 .5 
2 1 
50  

P b  

0.0 10 
0.24 
0.93 
1 6  
45 

The beta decay results suggest the further possibility to search for evidence of 

relic neutrinos predicted by standard cosmology I 3 · 1 4 J .  Studies of  nuclear � d e c a y  

spectra performed i n  this background are subject to competitive effects from capture 

reactions, which would yield a peak at the spectrum endpoint with a width determined 

by the background neutrino spectrum. If massive, these relics might be clustered in 

galaxies with a density comparable to that estimated for dark matter in our galaxy, and 

would shift the capture peak mvc 2 above the spectrum endpoint. The expected event 

rate in 3 H for massless neutrinos is 0. 15 yr- l g - I ;  for 25 eV neutrinos, 3 1  yr- l g - 1 . The 

ability to perform the experiment from high-to-low energy would obviate to a large 

extent pileup effects, permitting larger source intensities. Unfortunately, a mg of 3 H 
equals 10 Ci activity, which would heat the detector. An alternative, superconducting, 

decay possibility is 1 87Re, with an endpoint of 2.67 keV and rate estimate of 1 .27 x 10-2 
g - l y - 1 for mv = 25 eV: the activity of JO g is 0.5 µ C, well below the activity of our 

higher endpoint 3 5 S experiments. Any plateau in the rate of grain transitions 

at/above the spectrum endpoint would serve as an indication of the existence of such 

rel i c s .  

The m aterials-associated radioactive backgrounds o f  these devices remain 

largely unexplored. One and only one grain would be expected to transition per event 

in either search,  providing a convenient background rejection criterion; estimates 

suggest the rejection efficiency in a 10  g Sn-based WIMP experiment to be of order 

90%. Another difficulty is the currently small mass-to-readout ratio. While primarily 

a result of suspending the grains in the dielectric to volume fi lling factors of � 2 0 % , 

only 10% of the sensitive grains are currently util ized. We show in Table 2 

comparative device parameters, based on the current prototype design, yielding a 

reasonable event rate for each of the searches. One detector element consists of a 3x3 
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cm 2 epoxy plane, carrying a single pickup loop on each face; this loop is 700 µm wide 

(including 200 µm of wire diameter) and serpentined with a pitch of 2000 µm. Each 
readout channel consists of a pickup loop, transformers, preamp, amp, and 
discriminator; there are two channels of instrumentation per plane. The suspension 
thickness is 0.3 mm, so that each detector plane has a height of 0 .16 cm. 

Table 2: search detector parameters. 

relic WIMP 

detector Re Al S n  

event rate (mo- I ) :  1 42 4.2 x 102 
active mass (g): 103 1 0  1 0  

mass/plane (g): 0.823 0 . 108  0.296 
total plane mass (g): 3 .59 2 .48 2 .98 
plane no.: 1 .2 x 104 926 3 3 8  
stack height (m): 1 9  1 .5 0.54 

As evident, either search is electronics-intensive. Eq. ( I )  suggests a factor 5 or 
more improvement by simply operating at 100 mK, with a corresponding reduction in 

the above Table entries; this however remains to be demonstrated. Our work 

cont inues .  

We thank the remainder of our collaboration -- D. Limagne, V. Jeudy, H .  Dubos, 
and 0. Heres -- for the efforts which make this report possible. 
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The models of gauge theory with family symmetry breaking, reproducing the observed 
properties of quarks and leptons, provide the unified description for the main candidates of 
dark matter particles: neutrino with the mass 20ev as hot dark matter, archions (axions, being 
simultaneously singlet Majorons and familons) as cold dark matter, and unstable neutrino with 
mass lOOev, decaying on lighter neutrino and archions with the lifetime 1018s as unstable dark 
matter. The mechanisms for baryosynthesis and inflation are also provided by the models. 
The choice between these cosmological models, depending on the unknown a priori scale of 
the horiiontal symmetry breaking can be made unambiguously in the combination of search 
for rare archion decays and astronomical studies of the dark matter in the Universe. 



198 

The foundations of both particle theory and cosmology are hidden at super energy scale 

and can not be tested by direct laboratory means. Cosmoparticle physics is developed to probe 

these foundations by the proper combination of their indirect effects, thus providing definite 

conclusions on their reliability. Cosmological and astrophysical tests turn to be complementary 

to laboratory searches of rare processes, induced by new physics, as it can be seen in the case 

of gauge theory of broken symmetry of quark and lepton families, ascribing to the hierarchy of 

the horizontal symmetry breaking the observed hierarchy of masses and the mixing between 

quark and lepton families. 

The problem of fermion families (generations) remains one of the central problems of 

particle physics. The standard SU(3) • SU(2) •U(l) model, so as its possible 'vertical' extensions 

( in the framework of one generation ) of the type SU(5), SO(lO) etc., does not contain any 
deep physical grounds both for the existence of mass hierarchy between generations and the 

observed weak mixing of quarks and leptons owing to arbitrary Yukawa couplings. The identity 

of quark and lepton families: 

(u, d, e, ve);  (c, s, µ,11µ ) ; (t, b, r, 11,) (1) 

relative to strong and electroweak interactions strongly suggests the existence of 'horizontal' 

symmetry between these generations. The concept of local horizontal symmetry SU(3)H, first 

proposed in [l], is reasonable to be considered with left-handed quark and lepton components 

transforming as SU(3)H triplets, and the right-handed ones transforming as antitriplets. Their 

mass terms transform as 3 • 3 = 3 + 6 and consequently may arise as a result of SU(3) breaking 

only. ( Generalization on the case of n generations, SU(n), is trivial.) 

In this approach the hypothesis is reasonable, that the structure of these matrices is 

determined by the pattern of horizontal symmetry breaking (i.e., by the structure of vacuum 

expectation values (VEV) of horizontal scalars, maintaining SU(3) breaking ) and the mass 

hierarchy between generations is related to a definite hierarchy in this breaking ( the hypothesis 

of horizontal hierarchy - HHH ) [2,3]. 
The simpliest realisation ofHHH invokes the introduction of additional superheavy fermions, 

acquiring their masses via direct coupling with horizontal scalars. The ordinary quark and 

lepton masses are induced by their "see-saw" mixing [3] with these heavy fermions. 

The concept of grand unification (GUT) is another argument in favor of chiral G symmetry. 

In the GUT models left-handed quarks and leptons are put together with antiparticles of their 

right-handed component into the same irreducible representations of GUT group Gaur • So 

in the framework of GauT • G H symmetry left-handed and right-handed components must 

transform as conjugated representations of GH, i.e., GH symmetry must be chiral. 

One may hope, that complete unification of horizontal and vertical symmetries will be 

achieved on the base of unifying fundamental symmetry G, including GauT • G H in the course 

of superstring theory development. Though the most elaborated simpliest variant of realistic 

superstring model E8 • E� [4,5] does not leave any room inclusion of horisontal symmetry, such 

inclusion is possible within the frame of wider class of superstring models, c.f., in 80(32) or 

in heterotic string models with direct compatiftcation to 4-wmentional spacetime [6]. In the 

latter case [6] a wide class of GUT groups with the rank smaller than 22 is possible. The 

analysis of broken horizontal symmetry, given in the present paper, may be useM for the 

choice of realistic models from this variety of possibilities. 

Here we do not consider supersymmetric extensions of the model, in which a nimber of 

new particles are predicted, extending the hidden sector of the theory. Properties of such 

particles depend critically on details of supersymmetry breaking and need special detailed 

study. 
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To build the realistic model of broken horizontal symmetry, rather wide set of parameters is 
to be introduced. But: i) the number of these parameters is smaller than in the realistic models 
without horizontal symmetry; ii) the bulk of these parameters is fixed by the experimental 
data on the quark and lepton properties, and, finally, iii) the set of new nontrivial physical 
phenomena, predicted by the model, provides in principle complete check of the model and 
determination of all the parameters. These new phenomena arise at a high energy scale of 
horizontal symmetry breaking > 105 - 108GeV, which can not be achieved even in the far future 
at accelerators. However combination of experimental searches of their indirect effects in the 
processes with known particles with the analysis of their cosmological and astrophysical effects 
makes it possible to study physics, predicted at this scale. 

The proposed model satisfies the following naturality conditions: 
a) natural suppression of flavour changing neutral currents (FCNC) [7]. There are absent 

light scalar SU(2} • U(l} doublets, transforming according to nontrivial representations of GH 
(vertical-horizontal fields} and leading to unacceptably strong FCNC. Yukawa couplings, re­
sponsible for quark and lepton mass generation, include the only standard SU(2) • U(l} Higgs 
doublet, though left-handed and right-handed fermion components transform as conjugate rep­
resentations of horizontal symmetry group. The price for it is the introduction of additional 
superheavy fermions, maintaining the hidden sector of the theory. Quark and lepton masses 
are induced by mixing with these heavy fermions. That is the so called 'see-saw' mechanism 
[8) is realized not only for neutrinos, but for all the quarks and leptons either. Besides that, 
our approach provides natiral explanation of the hierarchy of electroweak and GUT scales 
on base of mechanisms suggested for GUT with one generation,c.f., by means of supersym­
metric extensions of SU(5), SO(lO} etc. [9). Quark and lepton mass generation by means of 
vertical-horizontal fields would have needed unnatural fine tuning of their parameters even in 
the supersymmetric case; 

b) natural horizontal hierarchy. The observed mass hierarchy of families (c.f., m, : mµ : 
m, = 1 :  200 : 4000 etc.) is explained by much more moderate hierarchy of horizontal symmetry 
breaking. The parameters of such breaking are proportional to m for quarks and leptons. So 
there is no need in special mechanisms to protect the hierarchy from loop corrections; 

c} natural solution for QCD CP-violation problem [10). Through there is the only Higgs 
doublets present, the theory provides natural inclusion of U(l} Peccei-Quinn symmetry [10), 
being associated with heavy Higgs fields, breaking G at scale. Breaking of this global U(l) 
symmetry results in the existence of pseudo-Goldstone boson a of invisible axion type with 
interaction scale VH [11). a has both flavour-diagonal and ftavour-nondiagonal coupling with 
quarks and leptons, i.e., is simultaneously familon [12,13). Finally, it is related to neutrino 
Majorana mass generation, being in fact Majoron of singlet type [14). 

The model inevitable consequences are: 
a) flavour changing neutral transitions, related to axion and horizontal gauge bosons in­

teractions; 
b) the existence of neutrino Majorana mass and of the neutrino mass hierarchy of different 

families; 
c) the instability of heavier neutrino relative to axion decay on lighter neutrino; 
d) the existence of metastable superheavy fermions. 
The presented model may be cheched in the combination of laboratory tests (the search 

for neutrino mass, for neutrino oscillations and for 2f3ov decay, the study of f<0 -K" and i3° - B" 
transitions, the search for axion decays µ -+ ea, K -+ 11"a etc.) and of analysis of cosmological and 
astrophysical effects of its predictions. The latter includes study of axion emission effects on 
stellar evolution, investigation of primordial axion field and· massive unstable neutrino effects 
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on the dynamics of cosmological large scale structure formation, as well as the analysis of the 

mechanisms of inflation and baryogenesis, based on the hidden sector of the model. 

Consider SU(2) • U(l) model with local chiral horizontal symmetry SU(3)n (1,15) between 

the families (1). Quarks and leptons are put Into the following representations of SU(2) • U(l) • 

SU(3)n: /Lo : (�to (2, 1/3, 3), (�)Lo (2, - 1 , 3) 

!'R : u�(l, 4/3, 3), <Fn(l, -2/3, 3), eW, -2, 3) 

where we retain family (SU(3)n ) index: or =  1,2, 3. 

(2) 

We can choose scalars, breaking the horizontal symmetry, as SU(3)n sextets and triplets. 

All of them are to be SU(2) •U(l) singlets, to prevent electroweak symmetry breaking of SU(3)n 

scale. To generate realistic quark and lepton mass matrices at least three such 'horizontal' 

scalars are needed. At least one of them with the greatest VEV is to be sextet: {��� or, f3 = 1, 2, 3. 

Otherwise, triplet fields only don't generate realistic mass matrices. For the other two scalars {(I) and {<2> may be concretize further their SU(3) content, mentioning only those cases, when 

sextet and triplet representations result in different consequences. 

Let us Introduce additional fermions In the form (3,15) 

Ff :  Uf(l,4/3, 3); Di(l, -2/3, 3); 

Uno(l, 4/3, 3); D no(l, -2/3, 3); 

Ei(l, -2, 3) 

Eno(l, -2, 3); 

(3) 

Note, that these fermions cancel the SU(3)n anomaly of quarks and leptons (2). The most 

general Yukawa coullngs allowed by the symmetry are 

(4) 

for quarks and leptons (3,15) (I = u,d, e;F  = U, D, E) and 

(5) 

for neutrinos (15,16). Here ¢>0 is the neutral component of the standard SU(2) • U(l) Higgs 

doublet (2, -1, 1) ({¢>0) = v = (/BGF) = 250GeV) and 'I is real SU(2) • U(l) * SU(3)n singlet scalar 

((ri} = µ/G,) 
Yukawa couplings (4),(5) are invariant relative to global axial U(l)n transformations: 

/L -+ fLexp(iw), In -+ /nexp(-iw), 

(6) 

Fn -+ Fnexp(iw), </> -+  </>, n = 0, 1 ,2  

This U(l) symmetry will b e  malntaned also by the Higgs potential, provided that there are 

trilinear couplings such as A{��{(l)a{(l)P + h.c. etc. These couplings are not Induced by any 

other (gauge or Yukawa) Interactions. So their absence In the Lagrangian is natural (15,16) 
The analysis of the Higgs potential (see [2,15,16) for details) shows, that the VEV matrix 

can obtain the form: 
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( r1 
Vy =< {(O) + {(I) + {(2) >= +(-)p1 

+(-)pa �) ra 
(7) 

(where '+' and '-' signs correspond to sextet and triplet - and , respectively) with the natural 
5-10 fold hierarchy of their values: 

(8) 

Inserting the scalar VEVs into Yukawa couplings (4),(5) one obtalns full 6*6 fermion m888 
matrices: 

fR 
�L ( 0 
FL µ 

VR 
ih ( 0 
Nn g.v (9) 

Here MF = I::({(n))G�l , F = U,D, E, N; and NL = CNn, vn = Cih. Note, that only sextet scalars 
contribute into Majorana mass matrix MN. So, one has Dirac "see-saw" mechanism of the 
quark and lepton mass generation and ordinary Majorana "see-saw" mechanism for neutrino 
m888 term where N no play the role of right-handed neutrino. The quark and lepton mass 
matrices obtained from the block-diagonalization of (9) will have the form: 

f = u,d,e; (10) 

So the mass hierarchy between the families appears to be inverted with respect to hierarchy 
of SU(3)H • U(l}H symmetry breaking: 

SU(3)y • U(l)y[vy � ri] -+ SU(2)y • U(1)8[v� � pi] -+ U(l)':t[vu � P2] -+  I (11) 

where. Here the Intermediate SU(2)H • U(1)8 horizontal symmetry is maintained between the 
second and the third generations of quarks and leptons: and the remaining global U(l)y is 
appropriate to the third generation only. The considered case is called the Inverse hierarchy 
model In contrast with the direct hierarchy model, In which the quark and lepton m888 hierar­
chy is parallel with hierarchy of SU(3)H • U(l)H symmetry breaking (15,17]. The global U(l)H 
(U(l)�) symmetry breaking results In the existence of m888less Goldstone boson, a, named 

archion, having both flavour diagonal and flavour nondlagonal couplings with quarks and lep­
tons and thus being famllon of the type (13,18). For sextet {<1> and {(2) its main couplings with 
e.g.charged leptons have the form 

where 

9T-r = m,../v�, 

g,,.e � m{3/v;,, 

9ee < (m./m,)(mtfvu) 

g.,. < (m,./m,)112(mi2/v':t) 

(12) 

For triplet {<1> and {<2> flavour nondlagonal coupling are scalars. In the tree approximation 
the couplings of a with quarks are similar to (12). In our minimal SU(2) • U{l) • SU(3)H model 
is the particle of the arion type (19). It has no couplings a"("( and agg Induced by triangle 
diagrams. Its Interactions with the ordinary matter are suppressed sufftclently to remove the 
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strong astrophysical restrictions [20] on the scale v';,. So the flavour changing decays may go 
with noticeable probability [15], e.g. 

µ -+ ea, T -+  µa, K -+  7ra, B -+  K(K")a, D -+  ,..(p)a (13) 

The search of such decays could provide the valuable information about the structure of 
fermion mass matrices. 

In any realistic extension of our scheme, c.f. in SU{5) • SU(3)H model triangle diagrams 
owing to the inevitable presence of additional heavy fermions (GUT) induce a-y-y and agg 
vertices, so that U{l)';, turns to be Peccei-Quinn symmetry [10] and archion becomes the 
invisible axion of nearly hadronic type [21]. The scale v';, = vpq is then restricted from below 
by astrophysical estimations of stellar energy losses due to archion emission: vpq > 106GeV (sun 
and red giants [22,20,15] and Vpq > l010GeV (supernova SN1987A [23]. The latter restriction 
seems to be taken with caution. 

According to (10) the hierarchy of neutrino Majorana masses is similar to the ordinary 
quark and lepton mass hierarchy: m"• : m"• : m"' - me : mµ : m,. For sextet {(I) and {(2) 
neutrino mass matrix m" (10) is nondiagonal and archion decays are possible with the lifetimes 

r(vH -+ VLa = 1611"/g'jlLmH, where 9HL = g"H"L = ffiHLVPQ• 
For "small" scale of family symmetry breaking vpq - 106GeV the predicted effect of Ma­

jorana masses of neutrino is rather close to the modern sensitivity of 2/3o" searches. 
Since the archion couplings to fermions of the lightest family (u, d,e) are suppressed, the 

existing constraints on the respective scale are weakened to vpq > 106GeV, making the model of 
archion rather close to the model of hadronic axion [21]. However, it turns out [24], that archion 
model escapes the serious problem of primordial superheavy stable Q quarks, predicted in the 
model of hadronic axion [24,21,25]. One can estimate the frozen concentration of Q quarks and 
respective Q hadrons in the Universe and ftnd it contradicting [24] the upper limits on such 
concentration, following from the search for anomalous nuclei (so called "crazy isotope•"). So 
the theory should introduce the mechanism of superheavy quark instability. But the inclusion 
of the hadronic axion model into GUT models leads inevitably to the existence of superheavy 
lepton, coupled to axion. Then, the mixing of superheavy quark Q with the light (ordinary) 
quarks, inducing Q instability, would lead to the existence at the tree level of the axion coupling 
to leptons, so that axion is not hadronic. In view of these troubles of the model of hadronic 
axion the model of archion is of special interest, since it naturally provides both superheavy 
quark instability and the suppression of the axion coupling to leptons. 

Since the mass of neutrino m" - v-p�, its lifetime T - v�q and the density of primordial 
axion field [26] Pa = p - vpq, at larger vpq axion field is to dominate in the Universe, massive 
stable neutrino dominancy corresponds to smaller vpq, and, finally, the smallest possible vpq 
correspond to cosmological models with massive unstable neutrino [28,29,24). So changing the 

parameter Vpq one reproduces all the main types of cosmological models of the formation of 
the structure of the Universe. In our approach continuous change of vpq results in continuous 
transition from one to another form of dark matter, dominating in the Universe, and in definite 
predictions of the model for each type of dark matter, corresponding to the combination of 

respective cosmological, astrophysical and physical constraints. 
The total cosmological density Ptot and the baryon density PB being fixed, relationship 

[15,24) 

fY.:rim(vpq) + E��im(vpq) + p�••(vpq) + Ep��°(vpq) + PB =  Ptot 

turns to be an equation relative to vpq. 
{15) 
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The solutions of this equation define a discrete set of cosmological models with different 
types of dark matter, forming the structure of the Universe. In general, there are six different 
dark matter scenarios (15,24) which may be realized in the framework of the considered model. 

1. Cold dark matter (CDM) scenario. The cosmological evolution of axion field after 
Peccei-Quinn symmetry breaking follows basically in our approach general features of the 
standard model of'invisible' axions (26). SU(3)H•U(l)H symmetry breaking leads U(l}'.;, to be in 
fact Peccei-Quinn symmetry of only one quark-lepton generation, what resolves automatically 
the cosmological II-domain problem in the axion theory (30). Stochastic distribution of the 
axion field: II = a/vpq may lead to its change on 2ir along a closed path, resulting in the 
appearance of string structure, decaying rapidly after the axion mass swiches on at T < 800Me V 
(31). Then axion field oscillations with the averaged amplitude ii - 1 start in the Universe. 
In the standard model of invisible axion the density decreases in the course of expansion as 

Pa - a-3 , where a is the scale factor, and the modern axion mass density is equal to (26): 

3H2 Per = SirG (16) 

According to (31) intensive axion emission by decaying axion cosmic string structure result 
in the growth of the modern cosmological axion density up to 

(17) 

Comparing these predictions with the total cosmological density, taken to be equal to Peri 
one obtains the upper limit on vpq. However, within the frame of inftational cosmology the 
situation is possible, when the axion field in the observed part of the Universe has an amplitude 
II < < 1 (27). Exponential expansion of the region with II < < 1 provides also the absence of axion 
strings in this region, so that there is no increase of the axion density due to axion emission 
of such strings. 

Cosmological upper limits on the scale vpq seem to be absent in this case, so that this 
scale may have reached even planckean values vpq - mpl• But in our model the scale vpq may 
be constrained even in this case, taking into account the condition on the absence of phase 
transition at the inftational stage. Based on the chaotic inflation scenario, in order to avoid 
the peaks in density fluctuations one should exclude the possibility of horizontal symmetry 
phase transitions at the inflationary stage, what leads to the restriction vpq < 21010GeV (32). 

It was recently shown (37), that the initial distribution ofll changing on 2ir around the string 
implies the inhomogeneity of the amplitude of coherent axion field oscillations relative to the 
true vacuum, being proportional to 11 - llvae• where Ovac = 2irn with n being integer. The large 
scale distribution of these primordial inhomogeneities named archioles, reflects the vacuum 
axion walls-surrounded-by-strings structure, formed when the axion mass is "switched on" at 
T - SOOMeV. Owing to superweak self-interaction of invisible axion the vacuum walls-strings 
structure and archioles split and their successive evolution goes separately. The vacuum walls­
surrounded-by-strings structure is known to disappear rapidly due to gravitational radiation, 
and the large scale structure of archioles freezes out at the radiation dominancy stage. Archi­
oles reflect the original Brownian nature of axion strings, having at each scale about 80length 
in the form of infinite string, stretching out the region of the considered size [38). So the ar­
chioles form the fractal structure, causing inhomogeneities at all the scale. Putting aside the 
small scale evolution of archioles, estimations [37) show, that the large scale inhomogeneities 
induced by archioles can not be smaller than 6 - 10-2(F/1010GeV) causing the serious trouble 
for the cosmological models with even small axionic dark matter admixtures at F > 108GeV 
in view of the observed isotropy of relic radiation. According to [24) at F < 108GeV coherent 
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axion field oscillations are thermalized due to aN(N) -+ 7rN(N) reactions, so that the archi­

oles structure dissipates. Primordial axion field distribution may in this case induce fractal 

distribution of baryonic charge. 

2. Hot dark matter (HDM) scenario. The dominancy of v, with the standard concentration 
nv = 3/lln, and the mass mv, = 20eV and the !lifetime exceeding the age of the Universe 

(tu < r(v, -+ vµa)): 
(18) 

3. Relativistic unstable dark matter (UDM) scenario. The dominance in the Universe 

of relativistic archions and vµ, being the products of v, -+ vµa decay of with the mass mv, = 
50 - lOOeV and lifetime r(v, -+ vµa) = 4 · 1015 - 1016s (mv. < 5eV): 

r.t (vpq/l010GeV)312 
Pv.+a = x(g2/G)'l2 Per 

where x - 1 is neutrino mixing parameter. 

(19) 

4. Nonrelativistic UDM scenario. The dominancy of nonrelativistic vµ with the mass 

- lOeV, both primordial and from v, -+ vµa decay of v, with mass - lOOeV and the lifetime 

- 1015s, provided that r(vµ -+ v,a) > tu: 

_ 0, 6 · 1012GeV( 2/G) P11" - VPQ 9 Per (20) 

5. Relativistic hierarchial decay (HD) scenario. The dominancy in the modern Universe 

of relativistic archions p�•e and v., from decay of VmU with the mass mv. = 50 - lOOeV and 

lifetime r(vµ -+ v,a) = 4 · 1015 - 1010s, under the condition of rapid decay of v, with the mass 

mv, - (1 - lO)keV, r(v, -+ vµa < (108 - 1010)s: 

r.t (vpq/108GeV)312 
Pv,+a = (ffJ./G)l/2 Per (21) 

6. Nonrelativistic HD scenario. The dominancy of nonrelativistic or semirelativistic ar­
chions, originated from both early v, decay and succesive Vµ decays, provided that m. > mv, • 
Or, in the other case (m. < mv.) the dominancy of nonrelativistic v, both primordial and from 

v, and vµ decays: 
_ 3,3 · 1010GeV(-2/G) P11. - Y Per vpq (22) 

In the former case the main contribution into the inhomogeneous dark matter (in rich 

galaxy clusters and halos of galaxies) is maintained by both primordial thermal archion back­

ground and nonrelativisic archions from early v, decays 

9 · 104GeV 
Pa = Per Vpq (23) 

So the archion model provides the unique physical basis for CDM (primordial axion con­

densate) UDM (stable v,), relativistic and nonrelativlstlc UDM and HD scenarios, being 

realized as the solutions of the Eq (15). The complete set of the solutions of the Eq. (15) can 

be realized subject to vpq for g2/G - (1, 5 - 40)10-0• On the other hand the set of cosmological 

and astrophysical constraints leaves only two small intervals near i) vpq - 106GeV, in which 

only HD scenarios 5 and 6 can be realized, and ii) vpq - 1010GeV where scenarios CDM and 

HDM or their mixture are possible provided that the archiolea problem is solved. The UDM 

scenarios 3 and 4 are excluded from SN1987A restrictions on vpq. 
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Note that HD scenarios 6 and 6 combine the attractive features of HDM, CDM and UDM 
models. It makes HD scenarios appealing peysically relevant theoretical basis for detailed 
models of the cosmological large scale structure formation and for comparison of the predictions 

of such models with the astronomical data. Indeed in the HD scenarios the dominancy of v, 
with the mass (1-lO)keV in the period (Ul8 - 1010)s induces short wave fluctuations in the 
spectrum of density perturbations of v,. with the mass (60-lOO)eV. v,. from v, -+ v,.a decays 
enhance In this spectrum (by the factor of 2 ) the long wave component, inherent to HOM 
models, providing the formulation of clear cell structure of voids and superclusters. Finally, 
v,. -+ v.a decays at t - (1016 - 1018)s slow down the rate of the evolution of the structure and 

provide its survival to the present time. The primordial thermal archion background, being 
in these models the coldest component of the modern dark matter play the important role in 

the evolution of the shortest wavelength part of density perturbations, inducing, in particular, 
the formation of massive halos outside the visible parts or galaxies. One should take In mind, 
that according to (33), the phase space restrictions on the mass of halo particles (34) can be 
weakened or even completely removed in the case of Bose gas. 

The second possibility vpq - 1010GeV corresponds to more conservative "standard" CDM 
model of large scale structure formation with possible modlftcaton to mixed COM + HOM 
scenario. Note that HD scenario also provides effective mixtire of COM + HDM, so that 
the both possibilities provide natural basis for refined mixed COM + HOM model of large 
scale structure formation. The acount for archioles problem seem to reduce the space of free 
parameters of the model to the only possibility of HD scenario. 

The recent indications on the existence of the anysotropy of microwave thermal back­

ground, claimed in COBE experiment [36) seem to favour such mixed scenario. They also 
favour "flat" Harrison-Zeldovich spectrum, predicted by simple one-field inftational models 
(by chaotic inftational scenario, in particular). Such a scenario can find its grounds in the 
framework of the presented model, since the singlet Higgs field 11, determining the flavour 
independent mass term µ = G0(11) may self consistently play the role of inftaton at (11) - mp1 
and a. < Vpq/mpt• The predicted spectrum or density fluctuations practically coincides with 
the "flat" one at vpq < 1010GeV. 

Even at the presented level of"horlzontal" SU(2)•U(l)•SU(3)H gauge unification the model 
provides the mechanism for baryogenesis without GUT-induced baryon nonconservation. The 
meshanism combines (B+L) nonperturbative electroweak nonconservation at high tempera­
tures with llL = 2 nonequilibrium transitions, induced by Majorana neutrino interactions. 
Estimations (36] show, that the mechanism can, in principle, reproduce the observed baryon 
assymetry of the Universe for the allowed parameters of the model. So the proposed model 
provides unified fundamental basis for theoretical description both of the structure of elemen­
tary particles and of the structure of the Universe. Such unified approach to cosmological and 
particle phenomena is the brightest feature of new science - cosmoparticle peysics, forming 
last years in the confrontation of particle theory and cosmology. Unifying the separate results 
of studies of partial problems of cosmology and particle peysics, the proposed model seems 
to be the first step on the way towards realistic unified description of unique fundamental 
grounds of the micro- and macro- world structure on the basis of ftavourdynamics. 

Our way to the highlights of the theory, based on the detailed elaboration of its 'low energy' 
basis, may give valiable recomendatlons for the choice of realistic variant of the complete unified 
'theory of everything' (superstring theory, for example), what seems to be of sure importance 
in view of the existing theoretical uncertainties in the searches for fundamental grounds or 
peysics and cosmology. 
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The important epistemological aspect of the presented studies is to be pointed out. We 

have demonstrated the principal possibility of detailed study of multiparameter "hidden" sec­

tor of particle theory. The example of the QFO with low energy scale of family symetry 

breaking implies the hope, that multiparameter model of superhighenergy physics, being 

elaborated In details, will lead to the amount of indirect effects, accesible to experimental 

and observational tests, exceeding the number of independent parameters of the theory, so 

that overdetermined system of equations relative to these parameters can be deduced from 

the set of tests of the predictions of the model considered. So the general approach to the 

experimental test of the theory, based on the overdetermined system of equations for unknown 

theoretical parameters, can be realized in the framework of cosmoparticle physics. The anal­

ysis of the combination of effects, predicted by the theory provides its detailed study in the 

case, than direct experimental test is inpossible. 
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Abstract 

A brief introduction to recent advances in gravitational lensing is presented. Multiple­
imaged quasars, arc images of distant galaxies elongated by intervening clusters and radio 
rings formed by individual galaxies are all described. Gravitational lenses may be useful for 
magnifying distant galaxies, for performing cosmographic measurements and for probing dark 
matter in our Galactic halo, in distant galaxies and clusters and in the universe at large. 
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1. Introduction 

The subject of gravitational lenses, like much else in physics, has its origin in the work 

of Isaac Newton. The first query of the third book of Newton's Opticks is "Do not Bodies act 

upon Light at a distance, and by their action bend its Rays; and is not their action ( c<eteriJ 

paribus) strongest at the least distance?". The answer, as I hope to demonstrate, is yes. 

In his first attempts to construct a theory of gravitation, Einstein l ) essentially adopted 

Newton's approach and computed that a stellar image would be deflected through an angle 

&_N = 2GM0/R0c2 � 0.911 near the solar limb. However, in 1915 he demonstrated that 

the general relativistic prediction 2l included an equal space curvature contribution which 

doubled the total deflection to 

(1 ) 

The famous eclipse expedition of 1919 3) measured a deflection more consistent with the 

relativistic prediction and this success led to wider acceptance of relativity among physicists 

and brought Einstein himself to public attention. (We now know from VLBI measurements 4) 

that the agreement is at least good to 10-3 . )  Lodge s) (although he rejected general relativ­

ity), is generally credited with being the first to realise that the sun, and consequently other 

celestial bodies could actually focus a distant source. Despite various prophetic theoretical 

investigations, sixty years were to elapse before the first bona fide example of gravitational 

lensing, Q0957+561, was discovered by Walsh, Carswell & Weymann ( 1979) 6) 
2. Simple Lenses 

In his attempts to explain relativity to an astronomical establishment somewhat unfa­

miliar with Riemannian geometry and tensor calculus, Eddington 7) pointed out that, in the 

weak field limit, a stationary gravitational field deflects light as if space were fl.at but endowed 

with a refractive index n = 1 - 2rf>/c2, where </> is the Newtonian gravitational potential. This 

prescription is adequate for describing cosmic gravitational lenses and, adopting it, we can 

see that a self-gravitating, transparent body such as a galaxy or a cluster of galaxies will 

produce a deflection 

&. = 47r ( <T�j ) 2 '.::= 2" ir�oo (2) 

where ir11 is the characteriHtic velocity dispersion and ir3oo is this quantity measured in units 

of 300 km s-1 .  For a galaicy, the deflection is typically a couple of arcseconds; for a cluster 

of galaxies it is an order of magnitude larger. 

If we introduce angular diameter distances, connecting the observer to the deflector, D d, 
the observer to the source, D s , and the deflector to the source, D ds , then a ray connecting 

the source to the observer must satisfy 

(3) 
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Fig. 1. Basic geometry of gravitational lensing. A ray from the source S is incident upon 
the deflector or lens L with impact parameter e and is deflected through a small angle i:r to 
reach the observer at 0. The apparent position of the image is measured by the angle 8 and 
the true position by /3. 

where we treat all angles as small and represent them as 2D vectors on the sky. 

For a compact lens of mass M = 1012  M12M0, it is useful to introduce the Einstein 

radius 

(JE = (GM ) 1 /2 
= 3"Mi£2 n-;1/2 

Dc2 (4) 

where D = DdDs/ Dd, = D9 Gpc. A point source that lies within a circle centred on the lens 

of radius (JE , will produce two comparably bright images. For an extended lens, we can also 

define a critical density 
c2 

Ecrit = 4nGD = 0.35DQ"1 gcm-2 (5) 

which is the average mass density in the lens for a background source to create multiple 

images. 

Cosmic lenses differ in two key respects from simple Gaussian lenses in which the deflec­

tion of a ray is supposed to be linearly proportional to its impact parameter. The first is that 

this variation is strongly non-linear. For a point lens, a ex (J - 1 ,  for a galaxy, the deflection, 

although ex (J for small impact parameter passes through a maximum and then diminishes to 

zero. The second difference is that cosmic lenses are non-circular. Both effects contribute to 

the peculiar properties of observed sources. 

3. Types of Gravitational Lenses 

S. 1 Multiple-Imaged Quasars 

The "double quasar" , Q0957+561, was the first example of a multiple-imaged quasar. 

There are two bright images, separated by 61 1 ,  of a distant quasar with a redshift of z = 1 .4 
formed by an intervening giant galaxy combined with a surrounding cluster with a redshift 
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z = 0.36. Another good example is provided by the z = 3.3 radio source 2016+1 12, 8) 
where three images separated by � 3" are formed by two intervening galaxies, probably at 

different redshifts. In total, there are roughly 14 convincing and 8 proposed examples of 

similar sources with multiple, point-like images. It is often astronomically challenging to 

decide if lensing really is occuring as spectroscopically similar quasars can occasionally be 

found in the same cluster. Radio observations are particularly helpful discriminants because 

gravitational lenses ought to be achromatic and images should show the same flux ratios 

at all wavelengths. More compelling evidence is provided when four images are located, or 

when there is resolved structure which is similar, though inverted in two images (as indeed 

is the case for the VLBI observations of 0957+561) 9) measuring a correlated variation in 

two images or locating the lensing mass in the predicted location. 

It is easy to show that the probability that a point source is magnified by a factor > µ, 

is ex: µ -2 • As there are many more faint quasars than intrinsically bright quasars, it turns 

out that many of the brightest gravitational lenses are highly magnified. This effect is known 

as "magnification bias" and has to be taken into consideration in statistical studies. 

3. 2 Cluster Arcs and Arclets 
The second type of lens is associated with distant rich clusters of galaxies. Yet more 

distant, individual galaxies, located near their effective foci, can be magnified to form giant 

luminous arcs. These structures, which have identical surface brightness to an unlensed 

counterpart but subtend far larger angular sizes so that their fluxes are greatly enhanced, 

have been found in about 15 clusters as described here by Mellier. (The effect may be 

simulated by looking at a point source of light axially through a plain wineglass.) Much more 

numerous than the arcs are the arclets which are formed when a galaxy images are mildly 

distorted and elongated tangentially by the action of a cluster. Over 50 examples are known 

associated with the cluster A2218, for example. 

3. 3 Radio Rings 
A related phenomenon is the radio ring. Here the extended object is a radio source 

and the lens is an individual galaxy. Often, nearly complete "Einstein rings" are formed. 

1131+0456 is a prototypical example. IO) In general, there is far more information in a 

radio ring than in a multiple-imaged quasar and by matching parts of the image with the 

same surface brightness, it is possible to derive quite accurate models of the lens and source. 

4. Uses of Gravitational Lenses 

There are some parallels between the study of gravitational lenses and that of pulsars. 

After a long hiatus, a theoretical idea, neutron stars became observational reality and a decade 
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(a )  ( b) 

"" . ' 

( c )  

Fig. 2. (a) 15GHz radio image of the radio ring MG1131+0456 10l. (b) Reconstructed 
source model 1 l )  {c) 2µ image showing the two quasar images corresponding to the two 
compact radio components in (a) 12l {d) lµ image showing the lensing galaxy which absorbs 
the infrared emission from the quasar. 12) 

was spent trying to understand how they worked. In the following decade, the emphasis 

shifted to their use as astronomical tools. We seem to be entering this last phase with 

gravitational lenses especially with regard to cosmological applications. Although it still has 

to be admitted that gravitational lenses have told us so far nothing new about the large 

scale structure and history of the universe in which we have high confidence, they have 

corroborated, in quite elegant ways, our prior prejudices and may soon allow us to probe 

distant galaxies, perform basic cosmography and illuminate the dark matter problem. 

4 . 1  Natural Tele.s cope.s 
Zwicky 13) was the first to propose that cosmologically distant clusters of galaxies could 

act as giant telescopes and magnify background galaxies. This has already happened in the 

giant arcs where we can see distorted images of ordinary z � 1 galaxies stretched over tens 

of arcseconds. This allows us to measure the recessional velocities of the stars and, in this 

manner, study the dynamics of these galaxies as has been attempted in the case of the 

"straight arc" in A 2390. 14) 

A less direct technique for super-resolving source structure is to exploit the phenomenon 

of "microlensing" . Galactic gravitational lenses are not smooth, but are made granular by 
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their constituent stars. For a source that subtends an angular size large compared with 

the size of the stellar Einstein rings, ( � 1015 - 1016 cm) , this is unimportant. However, 

the inner regions of accretion disks orbitting massive black holes in the nuclei of active 

galaxies, which are supposed to be responsible for the immense ultraviolet emission from 

quasars are marginally compact enough to be focused as they pass behind individual stars. 

It is therefore of considerable interest that the four images of the quasar 2237 +0305, that are 

(rather improbably) formed by a z = 0.04 barred spiral galaxy, appear to vary independently, 

with a variation time � 1 month compatible with the expected time for the lens to move 

across the source. It has been argued that the existence of microlensing variation in this 

source allows us to deduce that this particular source has to be so compact that we can infer 

that non-thermal emission is responsible. 15) 

4 .2  Cosmography 
A simple way to understand the formation of images by a single lens is to consider the 

delay t associated with a geodesic connecting the source to the lens plane and connecting 

to a second geodesic from the observer. Labelling this pair of rays by the angle B, we can 

compute a dimensionless form of this delay using the expression 

r :=  (6) 

where 
2Dds J .,P(B) = 

c2DdDs ef;ds (7) 

The first term is simply the geometrical delay associated with the longer path. The second 

term is the gravitational delay associated with the effective refractive index. (In the context 

of solar system test of general relativity, this delay is known as the "Shapiro effect" .) .,P, is 

effectively the two dimensional Newtonian potential and satisfies the Poisson equation 

(8) 

Invoking Fermat's principle, the actual rays that connect the observer with the source 

are those that extremise r and from this we trivially recover the lens Eq. (3) .  However we 

can also compute the magnification tensor that relates the image shape to the original source 

shape using the Gaussian curvature of the time delay surface at the image location 

(9) 

This formalism allows us to understand other properties of lenses. 16) In particular, the 

time difference for a pair of images is given applying Eq. (8) to the actual rays. To order 

of magnitude, this is � 02 / H0 � 1 yr, for a galactic lens. Note that, given a good enough 
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model of the lens, in principle obtainable from the disposition of the galaxies and the image 

properties, it is possible to measure the Hubble constant, a quantity that is known to no 

better than fifty percent using traditional astronomical methods. A delay of 1 .5 yr has been 

convincingly measured in one case, the quasar 0957+561 .  17) Unfortunately, the lensing 

configuration is almost certainly too complex too allow us to infer H 0 in this case. There 

are probably two clusters at different redshifts involved. More promising are the radio rings, 

where the lensing often appears to be caused by an isolated galaxy. It will undoubtedly be 

necessary to obtain several concordant determinations of H 0 by this method before they are 

accepted by the general astronomical community. 

We can use an alternative physical approach to gravitational lensing to elucidate the 

formation of cluster arcs. Consider a ray congruence about some fiducial ray propagating 

backward in time from the observer through the lens to the source. In the paraxial approxi­

mation, we can propagate basis vectors e 1 , e2 , perpendicular to the fiducial ray and measure 

the proper and angular displacement of another ray in the congruence, at the observer, by 

e(>.) , 8(>.),  respectively where >. = J dt/(1  + z) is a distance measure known as the affine 

parameter. e, 8 are linearly related by a generalised angular diameter distance 1J, a complex, 

two component vector defined by 

(10) 

Now, in the weak field approximation of general relativity, 1J(>.) propagates according to 

·· - (R :F* ) 
1J _  :F R 1J ( 1 1 )  

where R = -47r(l + z)2Gp describes isotropic "Ricci" focusing by matter of  proper density 

p within the congruence, and :F = -(1 + z) 2 (4>1 1 - 4>22 + 2ief>12 ) relates to the anisotropic, 

"Weyl" focusing by tidal forces associated with matter outside the beam. Eq. (12) is a linear 

equation which maps e --t 8. This mapping becomes singular at a conjugate point where the 

fiducial ray is tangent to the caustic surface formed by the rays. In other words, the caustic 

surface is the envelope formed by all rays propagating backward from the observer. 

Now, giant arcs are formed whenever a source galaxy is located close to a cusp line on a 

caustic surface. As the shape of this caustic surface is slightly sensitive to the world model, 

it is possible, at least in principle, to measure q 0 by measuring the redshifts and locations 

of these arcs provided that one is able to make an accurate model of the cluster potential. 

Recently, it has been possible to set limits on extreme values of the cosmological constant 

using the redshift distribution of multiple-imaged quasars and to rule out some even more 

radical cosmographic models. 18) 
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4.S ProbeJ of Dark Matter 

Currently, the greatest interest centres around the use of gravitational lenses as probes of 

dark matter. Closest to home are the halo dark matter searches. When a star in the Galactic 

halo (or bulge) passes in front of a more distant star, for example in the Magellanic Clouds, 

it will magnify its flux by a factor 

1 + ,82 /211� 
µ = 

,B/lls [l + ,e2 /411�] 1/2 
{12) 

where the angular separation of the source varies with time according to ,8 2 = ,B!in + Pi t2 , 
with ,8 J_ its relative proper motion. The EROS, MACHO and OGLE collaborations have 

all reported candidate microlensing events, the largest with a fitted peak magnification of 

6.9, and these will be described here. The expected incidence of halo micolensing depends 

upon the mass model, but is given to order of magnitude by � (v 0;,0/c)2 J. � 10-e J. per star 

where f • is the fraction of the halo in stars. The experimental efficiencies are not yet known, 

but based on conservative estimates, the inferred incidence of low mass stars is surprisingly 

large, especially in comparison with an extrapolation of the local disk stellar mass function. 

It seems important to rule out intrinsic variability by identifying good candidate events in 

real time and obtaining high dispersion spectra of them.* 

It is also possible to study distant galaxies using radio rings. So far, it appears that the 

surface densities derived by inverting the observed images are entirely consistent with those 

measured by other means in nearby galaxies of matched luminosity, at least within the inner 

regions This technique is potentially quite accurate. 

A related issue is that of dark matter lenses. Here the evidence is contradictory. A 

model of a gravitational lens source 1422+231 20J 21 J derived the distribution of mass 

concentrations and galaxies were subsequently detected at the predicted locations. If this 

turns out to be common experience, then good limits can be placed upon the incidence of 

"dark galaxies" . Dark matter will either have to be associated with the outer parts ofluminous 

galaxies or more smoothly distributed. In addition, there is a class of large separation double 

quasars, most notably 1634+267 and 2345+007, that are spectroscopically extremely similar 

and cannot be lensed by a single galaxy (which in any case is not seen) .  One possible 

explanation is that the lensing is caused by a giant mass distribution and that the two quasars 

are a highly amplified merging pair of images. 22 ) The test of this that background galaxies 

* One explanation that we presumably need not take too seriously is that put forward by 

Arthur C. Clarke in his 1953 novel Childhood's End. 19) In this story, the "accelerations" 

of a receding, alien space ship distort space and focus the light of distant stars whenever 

conditions are favourable, "visible proof of relativity - the bending of light in the presence of 

a colossal gravitational field" . 
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should be distorted tangentially with respect to this mass concentration. In the rich clusters, 

where a large number of arclets have been identified, it is possible to conclude that the 

mass clistribution is centred upon the luminous galaxies, but is more centrally concentrated. 

Finally, there have been a searches for weak distortions of faint, background galaxies by 

the stochastic action of intervening large scale structure in the mass distribution. Simple 

cosmogonies preclict an rms elongation � 2 per cent and this is comparable with existing 

upper limits. 23 l 

The prospects for gravitational lensing contributing significantly and uniquely to obser­

vational cosmology seem good at this time. 
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We present preliminary results from a search for gravitational microlensing of stars in the 
Large Magellanic Cloud by low mass objects in the Galactic Halo. The search uses the 
light curves of over 100,000 stars sampled every 10 minutes for about 300 nights. No light 
curve exhibits a form that is consistent with a microlensing event of maximum amplification 
greater than 20 percent on time scales in the range 0.05 < r < 10 days. 
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Introduction 

The presence of large quantities of "dark matter" in the outer regions of spiral galaxies like 
our own has been inferred from the flat rotation curves obtained from 21 cm line observations 
[ 1 ] .  Because they can be easily incorporated into structure formation schemes based on 
the physics of the early universe, a variety of new weakly interacting elementary particles 
have been proposed to make up the dark matter. On the other hand, ordinary primordial 
hydrogen and helium is also a viable candidate if it is in a form that is not easily detected 
via emission or absorption of photons [2]. Possible forms include compact objects too light 

to burn hydrogen to 4He (M < 0.08M0)  [2] and cold fractal clouds of helium and molecular 
hydrogen [3]. 

We report here results from a search for unseen objects in the Galactic Halo being 
performed by our collaboration "EROS" (Experience de Recherche d'Objets Sombres) at the 
European Southern Observatory at La Silla, Chile [4] . We use the gravitational microlensing 
effect [5] which would lead to a temporary brightening of stars outside our galaxy as the 
unseen object passes near the line of sight. The amplification A is given by A = (u2 + 
2)/ [u( u2 +4)112)] where u is the undeflected "impact parameter" of the light ray with respect 
to the unseen object, in units of the "Einstein radius" . For the "standard" isothermal halo 
model, the probability that a given star in the Large Magellanic Cloud (LMC) is amplified 
by more than 0.3 magnitudes at any given time is calculated to be about 0.5 x 10-6 [5, 6] .  

For a deflector of mass M the typical time scale for the amplification is r = 70 days/\!/,\!,� . 

The light curve of such an event should be symmetric in time, achromatic, and the event 

should not be repeated. 

The two EROS observing programmes 

EROS consists of two complementary programmes. The first uses 5° x 5° Schmidt plates 
of the LMC that allow us to monitor about eight million stars with a sampling rate of no 
more than two measurements per night. This makes this programme primarily sensitive to 
deflector masses in the range 10-4 M0 < M < 1 M0, corresponding to mean lensing durations 
in the range 1 day < 7 < 100 days. After analysis of 40 percent of the photographic data 
from this first programme, we have reported two light curves [7] that are consistent with the 
microlensing hypothesis. Another event has been reported by the MACHO collaboration [8]. 
The OGLE collaboration [9] has reported the possible observation of the microlensing of a 
star in the galactic bulge. 

EROS's second programme uses a CCD camera to monitor over 100,000 stars in one 
field of the LMC bar. The sampling time is 10 minutes making the programme sensitive to 
deflector masses in the range 10-7 M0 < M < 10-3 M0, corresponding to event durations 
in the range 1 hour < r < 5 days. We present here the first results from this second 
programme. 

The CCD camera consists of sixteen buttable 576 x 405 pixels Thomson THX 31157 
CCDs covering about 1° by 0.4° . It is mounted on a 40 cm reflector (f/10) constructed by 
us with the help of the Observatoire de Haute Provence. We have used this setup to observe 
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one field in the LMC bar from December 1991 to March 1992 and from AugL1st 1992 to 
March 1993. As of March 1993, a total of 8100 exposures have been taken with red and blue 
filters. (Over 6000 additional exposures are expected from the ongoing 1993-94 observations.) 
About 100,000 stars are seen on the images with a mean photometric precision ·Jf about 6%. 

Data reduction 

After deflatting of the images, one reference image for each color was constructed by 
combining 50 CCD images taken with good atmospheric conditions. The reference image 
was subjected to a star finding algorithm in order to establish a star catalog. Next, each 
image is geometrically aligned with the reference using bright isolated stars. The positions 
of the stars previously found on the reference image then serve as input to a photometric 
fitting program to determine the luminosity of each catalog star on the new image. The 
image is then aligned "photometrically" with the reference image by requiring that the 
mean luminosity of stars in a given luminosity band be equal to the mean luminosity in the 
catalog. (The small number of intrinsically variable stars does not affect this procedure.) 
Successive images then add one point to the blue or red light curve of each star in the catalog. 
Photometric errors associated with each point on the curve are estimated empirically from 
the point-to-point variations on a given curve and from the overall image quality. 

Search for microlensing light curves 

After data reduction, each light curve is subjected to a series of tests designed to iso­
late microlensing-like events. In this analysis, the 1991-92 and 1992-93 data samples are 
considered separately. The efficiency of the cuts to accept real microlcnsing events is esti­
mated with Monte Carlo generated lensing events, superimposed on a random sample of the 
experimental light curves from both samples. 

We start by searching for sequences of 4 points on the red and blue curves that exhibit 
significant fluctuations from the reference magnitudes defined as the most probable magni­
tude on the light curve. For the first and second most significant variation in each color, we 
calculate the mean amplitude, time and x2• Figure 1 shows a scatter plot of the difference f:i.t 
between the times of the most significant variations in the red and in the blue, vs. their am­
plitude, averaged over the red and blue bands. At small amplitude, the red and blue times 
are uncorrelated indicating that the variations are statistical fluctuations. At amplitudes 
greater than 1 .5 ,  an accumulation at time differences near zero indicates true variations. We 
retain those stars for which lt:i.tl < 15 days; this cut does not affect our detection efficiency. 

Having isolated a sample of light curves with at least one significant variation coincident 
in the red and blue, we proceed to isolate curves with one and only one such variation. We 
reject stars which show either a second significant variation or activity outside the largest 
luminosity variation. As an illustration, Figure 2 shows the ratio of the x2's of the second 
and first most significant variations for the red vs. the same ratio for the blue. Fig. 2a 
shows the Monte Carlo generated events. The accumulation of events in the lower left is 
due to events with one and only one significant variation, as expected for microlensing of 
stable stars. Fig. 2b shows the data. Most of the points are concentrated in the upper right 



224 

part of the diagram, indicating that most correspond to stars with more than one significant 
variation, as expected for certain classes of variable stars. At this stage, a total rejection 
factor larger than 1000 has been obtained and slightly less than 100 stars are retained. 

Their light curves are then examined in detail and fitted for the theoretical light curve. 
We then reject stars for which the x2 per data point in the region of the largest light increase 
is very large (larger than 10), and those for which the maximum increase, averaged over red 
and blue, is smaller than 20 % ( i.e .  u > 1 .3). At this level, most of the selected stars 
arc among the brightest or the reddest in the colour-magnitude diagram. This makes it 
likely that these stars are intrinsically variable. (Apparent luminosity variations due to 
microlensing would equally affect all stars, bright or dim. )  

Finally, we ask that the times of  maximum luminosity be compatible in the red and 
blue light curves, itoR - toa l/v'rn + TB < 0. 1 . The effect of this last cut is illustrated in 
Figure 3. We are left with only two stars passing all the cuts listed above. These two stars 
are very bright and red. One is selected from the 1991-92 data sample, the other one from 
the 1992-93 data sample; they are shown in Figure 4. The second one is obviously a variable 
star that survived all our cuts; this shows how loose these cuts are, especially regarding 
the activity outside of the main luminosity variation. The first one is compatible with a 
microlensing light curve, although there is a hint of a deviation before day 760. This same 
star has been observed to vary in the 1992-93 data sample (its light curve is not compatible 
with microlensing in that period) : it is thus eliminated. We are left with no candidates. 

We note in addition that these last two stars would correspond to time scales of about 
-!O days. This is not short enough compared to the duration of an obserYing season to test 
safely for the pre- or post- "lensing" stability of the stars. In the microlensing hypothesis, 
these time scales correspond typically to lensing by objects of 0.3M0, for which we expect 
less than 0.1 event. 

From the absence of microlensing candidates in our sample, we are able to put limits on 
the presence of low-mass objects in the Galactic Halo. Precise limits are presently under 
evaluation. From our Monte-Carlo model of the Halo, we expect up to 10 microlensing 
events in our two data samples if the Halo is fully comprised of these low-mass objects. 
(This takes into account the effect of LMC star size on the microlensing light curves, which 
is important for the lowest masses, 10-7 M0, and negligible above 10-5 M0. )  When this 
analysis is finished, we expect to be able to exclude the presence of a significant amount of 
objects lighter than 10-4M0 in the Galactic Halo. 

As a final remark, we note that a small number of stars that are rejected because their 
main luminosity variation is smaller than 20 % show light curves that look like microlensing 
when restricted to the vicinity of the maximum. They are relatively achromatic. They are all 
very bright or very red, i. e. belong to unpopulated regions of the colour-magnitude diagram. 
All these stars either show activity outside the main variation, or correspond to time scales 
longer than 10 days. For these reasons, they can be rejected in the analysis and do not at 
present represent a limiting background in our search for both long and short time scale 
microlensing phenomena. 
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Figure 1 .  Scatter plot of the difference flt between the times of the most significant variations 

in the red and in the blue, vs. their average amplitude. At small amplitude, the red and blue times 
are uncorrelated indicating that the variations are statistical fluctuations. At amplitudes greater 
than 1 .5, an accumulation at time differences near zero indicates true variations. (Microlensing 
Monte-Carlo, left; data, right.) 
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Figure 2. The ratio of the x2's of the second and first most significant variations for the red light 
curves vs. that for the blue. Fig. 2a shows the Monte Carlo generated events. The accumulation 
of events in the lower left is due to events with one and only one significant variation, as expected 
for microlensing of st able stars. Fig. 2b shows the data, for those stars that exhibit at least one 

significant variation. The accumulation i n  t he upper right corner shows that most stars show more 

than one such variation. 
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Figure 3. A variable describing the compatibility between the times of maximum light in the 

red and blue bands, ltoR - toe I/ v'Tn + T8, where toR and t08 are the fitted times of maximum light 
and Tn and Ta the fitted time scales of luminosity increase in the red and blue. This variable was 
chosen because it is rather insensitive to the fitted value of T. Microlensing Monte-Carlo (left) are 
peaked near zero, contrary to data (right ) . 
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Figure 4. The light curves of the last two selected stars. The first star was observed to vary 
again in the 1992-93 data sample. The second star shows obvious off-peak activity. Their fitted 
time scales are respectively 47 and 38 days. 
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Analysis of the data from first two seasons of observations of the Optical Gravitational Lensing 
Experiment resulted in six microlensing events found (two of these were found after the Moriond 
Conference). The time scales and magnifications of the events range from 8 to 45 days, and from 
1.3 to 1 1 .5, respectively. Gravitational microlensing seems to be the most likely explanation of the 
observed light variations. 

1 Based on observations obtained at the Las Campanas Observatory operated by the Carnegie Institution of Washington 
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1. Introduction 

There is a strong observational evidence that as much as 50-80 percent of the mass of the Galaxy 

is included in a halo of dark, unseen matter. Theoretical studies (Paczynski 1986, 1 99 1 ,  Griest 199 1,  

Griest et al. 1 99 1 )  Jed to a conclusion that if this dark matter in  the Galactic halo is  made of compact 

objects, such as black holes or brown dwarfs, then the brightness of stars located in the nearby 

galaxies (e.g. Magellanic Clouds) or in the Galactic Bulge should change because of gravitational 

microlensing. The probability of microlensing in these directions is very low, � 1 o-6 per star, and it 

is necessary to make many millions of photometric measurements to detect the phenomenon. A huge 

amount of data should be acquired, reduced, archived and analysed in order to find enough events to 

draw statistically significant conclusions on the nature and distribution of the dark matter objects. 

The Optical Gravitational Lensing Experiment (OGLE) is a Jong term observational project started 

in 1992 to search for dark, unseen matter using the microlensing phenomena. The Galactic Bulge has 

been selected as the first target. After analysing the 1992 and 93 seasons' data we have discovered 

six events (Udalski et al. 1993b, Udalski et al. 1 994a). Two other teams conduct similar searches 

in the direction of the LMC: the MACHO and EROS collaborations; both reported the detection of 

microlensing event candidates (Alcock et al. 1993) and the EROS collaboration (Aubourg et al. 1993). 

2. Observations and Reductions 

The OGLE observations are performed with 1-m Swope telescope at Las Campanas Observatory, 

Chile, which is operated by the Carnegie Institution of Washington. A single chip CCD camera with 

2048 by 2048 pixel Ford/Loral detector with the scale of 0.43 arcsec/pixel was used throughout all 

observations. A total of 1 50 nights have been allocated in 1992 and 1993 for the OGLE project giving 

about 2000 frames of the Galactic Bulge. The details of hardware and data pipeline, coordinates 

of observed fields, error analysis as well as the log of 1992 and 1993 observations can be found in 

Udalski et al. ( 1 992) and Udalski et al. ( 1994b). 

The collected frames were reduced almost in real time using the procedure described in detail in 

Udalski et al. ( 1992). For easy manipulation of the huge amount of data the databases have been built 

for each field and color (Szymanski and Udalski 1993). To select the microlensing event candidates 

the following procedure has been applied: In 13 fields which were observed in both ( 1 992 and 93) 

seasons we selected about 1 . 1  million stars that were constant during 1992. The "constancy" criteria 

were described in detail in Udalski et al. ( l  993b ). Then all observations collected in 1993 were 

compared with the mean 1992 value and if more than 4 photometric points of a given object deviated 

by more than 3 sigma from the 1992 mean value, the object was marked as suspected. A variety of 

filters were then applied to the selected sample of suspected objects leaving a small number of objects 

which increased their brightness and did not vary randomly. In this way the first microlensing event 

candidate has been selected (Udalski et al. 1993b ). Similar procedure was performed on the stars 

found to be constant during the 1993 season. We checked them for variability in the 1992 data and 
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found next three microlensing events. 

The final photometry of each event was derived by running the DoPhot reduction photometry 

program (Schechter et al. 1993) in the fixed position mode on 150 by 150 pixels subframes centered 

on the microlensed object. The differential magnitudes were derived with respect to magnitudes of 

two nearby bright comparison stars which were constant over the entire observing season. We did 

these additional reductions in order to minimize errors introduced by the variations of the Point Spread 

Function on the CCD chip. This was normally done by "frame dividing method" (Udalski et al. 1 992) 

but in case of microlensing events we wanted to get the photometry as accurate as possible. 

3. Microlensing Event Parameters 

Table 1 lists the parameters of all microlensing events discovered so far by the OGLE collaboration. 

For each event we give 12000.0 coordinates of the lensed star as well as its minimal (base) magnitude 

in I band, color index V - I and the parameters of 4-parameter fit of the theoretical light curve: A 
- maximum magnification, T max - moment of maximum brightness (Heliocentric Julian Date minus 

2448000), t0 - time scale of event and m0 - minimum (base) I magnitude. Figures 1 - 3 show light 

curves of the discovered events. 

Tab l e  I 
Microlensing Event Parameters 

OGLE #! OGLE#2 OGLE#3 OGLE #4 OGLE #5 1 OGLE #61 

RA2rx111 18h04 m 24! 8 18'02m 52:' 1 18h04m43!4 1 8 ' 04m 16:'3 . • 

Dec2000 -30°05'58'.'8 -30°04'21�'5 -30°14'09'.'0 -29°51 '56'.'7 . . 

Mean V - I  1 .22 1.56 1 .75 1.51 1.57 1.49 
Base / mag mo 18�82 ± 0.02 19�05 ± 0.03 15�89 ± 0.01 19�27 ± 0.03 17�88 ± 0.02 1 8�07 ± 0.01 
Moment of maximum Tti 1 153'9 ± 1.0 803�4 ± 0.3 831?5 ± 0.5 807'3 ± 0.1 824?33 ± 0.04 818'90 ± 0.15 
Time scale to 25'9 ± 1 .7 45'0 ± 0.9 10�7 ± 0.7 14'0± 0.8 1 2'4 ± 0.4 8?4 ± 0.3 
Magnification A 2.7 ± 0.3 6.5 ± 0.9 1 .26 ±  0.02 5 .8± 1 .0 1 1 .5 ± 2.5 6.9 ± 2.5 

All events found in the OGLE data fit well the theoretical light curves. Whenever V-band 

observations are available, the light curves are well achromatic (due to limited number of allocated 

nights, we decided to make observations mostly in I band, doing only small number of V frames). 

Also, for at least one observing season the brightness of the lensed stars remained at a constant level 

suggesting non-repeatibility of the events. Still, further observations are required to confirm that fact. 

The lensed stars are located in different parts of the color-magnitude diagrams (Udalski et al. 
1993a). The #3 event star is a red giant, others can be found in different regions of the broad turnoff 

area of the main sequence. It would be difficult to find a physical processes producing identical light 

curves in so different stars. Secondly, the common shape of the light curves with so different duration 

1 Events #5 and 6 were found after the Moriond Conference 
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and maximum magnification find the most natural explanation in terms of microlensing. Thirdly, we 

do not know about any other type of variable stars that would resemble the microlensing variability. 

Therefore we conclude that we indeed observe microlensing events. 

4. Data availability 

Photometry of the OGLE microlensing events as well as regularly updated OGLE status report can 

be found over the Internet network from "sirius.astrouw.edu.pl" host ( 148.8 1 .8. 1 )  using the "anony­

mous ftp" service (directory /ogle) or via World Wide Web (WWW): "http://www.astrouw.edu.plf' 

Some of the OGLE data (calibrated FITS images from 1992 season) are accessible for astronomical 

community from the NASA NSS Data Center. 
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Fig. 1. Light curves of OGLE microlensing events no. 1 and 2. 
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LOOKING FOR MICROLENSING OF STARS OF THE 
ANDROMEDA GALAXY M31 BY MONITORING PIXELS 

Abstract 

P. Baillon1 A. Bouquet2 C. Ghes�uiere3 Y. Giraud-Heraud3 
P. Gondolo2 J. Kaplan A.L. Melchior2 

1 CERN Geneve, 2 LPTHE Universites Paris 6 et 7, 
3 LPC College de France Paris 

The galaxy M31 is a very good potential target for microlensing searches. However, only 
few stars are resolved, and a different method is therefore needed : monitor pixels and not 
stars. This method and the present status of the study of its feasibility are presented here. 
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Three experimental teams [2, 3, 4] recently reported the possible detection of microlens­
ings of stars by low mass stellar objects. These observations have been made, as suggested by 
Paczinsky [l] , by looking at well resolved stars in the Large Magellanic Cloud [2, 3] and in the 
Galactic bulge [4]. We pointed out [5] that it was also possible and even more favourable to 
look for microlensings phenomena in front of rich fields of unresolved stars such as the M31 
galaxy in Andromeda. We describe this project here. 

Why M31 ? The Andromeda M31 galaxy is the nearest large galaxy after the 
Small and Large Magellanic Clouds. It is a giant galaxy, roughly 2 times as large as our Milky 
Way. M31 probably has its own halo, the brown dwarfs of which, if present, would also give rise 
to microlensing events. As M31 is tilted with respect to the line of sight, this could give provide 
to a very interesting signature: assuming an approximately spherical halo for M31, the far side 
of the disk lies behind a larger amount of M31 dark matter, therefore more microlensing events 
are expected on the far side of the disk. Such an asymmetry could not be faked by variable stars 
[6]. The interest of looking for microlensings of stars of M31 has also recently been stressed in 
reference [7] 

In other words, M31 seems very well designed to detect brown dwarfs through microlens­
ing. However, as very few stars of M31 are resolved, we developed an approach to look for 
microlensing by monitoring the pixels of a CCD, rather than individual stars [5]. 

Monitoring pixels. In the case of a crowded field such as M31, the light of a 
pixel comes from the many stars in and around the pixel, plus the sky background. The light 
of an individual star is spread among all pixels of the seeing spot and only a fraction of this 
light, the " seeing fraction" ,  reaches any definite pixel. When the star is sufficiently amplified, 
the brightest pixel may emerge above the background fluctuation. The flux of a pixel is : { seeing } 

Fpixel = fraction Fstar + (Fother stars) + Fbackground, 

where the flux F,,., of the star to be amplified has been singled out. 
If the star is amplified by a factor A, the increase of the pixel flux is { seeing } 

b.Fpixel = (A - 1) 
f t •  Fstar rac 10n 

(1) 

(2) 

An event will be called detected if the flux increase is larger than the natural fluctuation of the 
pixel <Tpixel by some factor Q, for at least a few consecutive exposures : 

.6.FpixeI > Q apixel (3) 

For example, in the simulation we use to evaluate the number of events we will be able to see, 
we require that Q be larger than three during 3 consecutive exposures and equal to 5 for at 
least one of these three exposures. 
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Pixel fluctuations. The number of expected detectable events depends crucially 
on the value of the relative fluctuation on the pixel (the root mean square of the fluctuation 
divided by the flux : er/ F) .  For example, we ran our Monte-Carlo simulations supposing that we 
were aiming at M31 with a 1 m telescope, opened at F /4 and equiped with the EROS camera. 
The result is that we expect one detectable event every 3 days if the relative fluctuation is of 
the order of 13, but only one every 10  days if it rises to 23. 

To test the feasibility of the experiment, we have analyzed three series of real data : 
• 1) 82 images of the Large Magellanic Cloud (LMC) taken by the EROS collaboration 
• 2) 26 images of M31 taken with the one meter telescope at Pie du Midi, in collaboration 

with F. Colas (Bureau des longitudes, Paris) and J. Lecacheux (DESPA, Meudon) 
• 3) 4 images of M31 taken by E. Davoust (OMP, Toulouse) with the 2 m telescope at Pie 

du Midi. In this case as the angular size of the pixels is very small, we have also rearranged 
them in 4x4  "superpixels" 

The results are given in Table 1 and in Figure 1 where maps of the relative fluctuations are 
shown in various configurations 

Images mirror size pixel size relative fluctuation 
(meter) (arcsec) 

LMC EROS (• 1 )  0 .4  1 . 15 33 
M31 Pie (• 2) 1 0.7 13 
M31 Pie (• 3) 2 0.25 0.73 
M31 Pie (• 3) 2 1 ( "superpixels" ) 0.233 

Table 1: The mean relative fluctuation obtained for the three series of images listed above. The 
numbers in the first column refer to the numbers in the list. 

These numbers clearly show that the required photometric stability of pixels can be reached. 
Moreover the comparison between the two lower maps of figure 1 shows what we gain by using 
small pixels regrouped in larger "superpixels" : Pixels small compared to the seeing, allow an 
efficient matching between different images, whereas, once images are matched, superpixels are 
more appropriate for a stable photometry. 

Discriminating against variable stars. Variable stars will be the 
main background. The usual tools to discriminate against this background are available (sym­
metry, unicity, achromaticity of the light curve) . Still some points, particular to our approach, 
are discussed below. 

Achromaticity. At first sight, one would think that there is no achromaticity as a star 
rising above a background of a different color will cause a color variation of the concerned 
pixels. However, it is easy to show that when a star rises above the background in two color 
bands (say red and blue) then the ratio 

(Fpixel - (Fpixel) )red _ Fstar l red 
(Fpixel - (FpixeI) )blue - Fstar lblue 

( 4) 
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is constant in time. 
High amplifications. To rise above the background an unresolved star needs a rather 

high amplification ((A) � 6), which will exclude most variable stars. 
On the other hand small secondary maxima indicating unstable stars with occasional strong 

flares will not be discriminated. Further study is required in this respect, which will be per­
formed using the EROS variable stars catalog. 

Seeing variations. Seeing variations may turn out to be a major problem, as they induce 
variations of the light flux of pixels near bright stars. This point is under study. 

Statistics. To evaluate the number of events we can expect, we have run Monte-Carlo 
simulations in various configurations. Results are given in Table 2. For the sake of comparison 
all evaluations are based on the same observation period of 120 consecutive nights. The Brown 
Dwarf mass is taken to be 0.1 M0, and we assume a usual halo (see reference [5] for instance) 
with a local dark matter density of .3 Ge V / cm3 and a core radius of 5 kpc. 

Target Mirror field size pixel seeing Photometric number of 
galaxy diameter (m ) ('x')  size (") (") precision detections 
M31 2 60x 20 1 1 .23% 110 

(24fields) 
1 60x20 1 .15 1 1% 50 

(EROS camera) 
LMC 0.4 60x20 1 .15 1 .5  1% 4 

(EROS camera) 

Table 2: 

These numbers have to be compared with the total number of events expected by the EROS 
collaboration during three years of observation, which is of order 5 for brown dwarfs with masses 
around 0 . 1  M0 . 

We thank The EROS collaboration, and E. Davoust who allowed us to use their data, as 
well as F. Colas, and J. Lecacheux with whom we took data at Pie du Midi. 
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Figure 1 :  Map of the relative root mean square of the flux fluctuations on various images. 
Upper-left: 82 images of the LMC taken by the Eros collaboration, 128 by 128 pixels of 1 . 1  
arcsec. Upper-right: 2 6  Images o f  M31 taken on the 1 m telescope of Pie d u  Midi, 128 by 128 
pixels of .7  arcsec. Lower-left: 4 images taken on the 2 m telescope at Pie du Midi, 256 by 256 
pixels of .23 arc sec. Lower- right, same as lower-left but the pixels have been lumped in 64 by 
64 "super-pixels" of .94 arcsec. The scale is indicated on each picture. 
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The Karlsruhe - Rutherford Medium Energy Neutrino Experiment KARMEN at the pulsed 
spallation neutron facility ISIS makes use of v,. , Ve and ii,. from the 7r+ --> µ+ --> e+ decay 
chain at rest. Neutrinos are detected in a 56 t high resolution liquid scintillation calorimeter. 
Consisting entirely of hydrocarbons the calorimeter serves as a massive live target of 12C and 
1 H nuclei for the investigation of various v-induced reactions. The exclusive charged current 
reaction 12C ( Ve ,  e- ) 12Ng.s. , which is observed with negligible background and spectroscopic 
quality, allows to measure for the first time the spectral shape of Ve emitted in µ+ - decay. 
The experimental flux averaged cross sections is compared with theoretical predictions. The 
measured energy dependence of this cross section is used to deduce the q2-dependence of the 
axial vector form factor, the first direct measurement of a weak nuclear form factor as yet. 
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nitz : Kernforschungszentrum Karlsruhe and Universitat Karlsruhe. D. Blaser, B .  Bodmann, 
M. Ferstl, E. Finckh, T. Hanika, M. Hehle, J. Hofil, W. Kretschmer, F. Schilling, H. Schmidt, 
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1. Introduction 

Neutrino-induced reactions in nuclei at low and intermediate energies are important in the 
study of fundamental neutrino properties and v-interactions with matter, especially in astro­
physics. The dynamic processes of core-collapse supernovae where v-nucleus interactions are 
believed to contribute to nucleosynthesis1 is one of the most impressive examples. However, as 
in solar neutrino physics, the almost total lack of experimental cross section data introduces 
great uncertainties. Furthermore, v-nucleus interactions in this energy range are an ideal tool to 
study the structure of weak interactions. Transitions between discrete nuclear states with well 
defined quantum numbers J"T, which can be identified by subsequent characteristic nuclear 
de-excitation processes, select specific parts of the weak hadronic currents. 2 In v-induced tran­
sitions of the 120g.s. ( o+ 0 )  state, either to 12Ng.s. ( 1+ 1 )  through weak charged currents or 
to 120* ( 1  + 1 ) through weak neutral currents, the spin flip ( b.S = 1) selects the axial vector 
amplitudes of the weak hadronic currents, the change of isospin ( b. T = 1 , b. T3 = 0,1) the iso­
vector components.Therefore, this dominant isovector axial vector amplitude can be measured 
exclusively. 
This report describes in detail only results in connection to charged current reactions. 

2. The KARMEN Experiment 

The ISIS facility, driven by an 800 Me V, 50 Hz proton synchrotron of 200 µA de-intensity, is the 
world's most powerful pulsed low energy neutrino source. The successive decays 'It'+ --> µ+ + Vµ 
and µ+ --> e+ + Ve +  iiµ, both 'It'+ and µ+ decaying at rest inside the Ta-D20 beam dump tar­
get, are the v- generating processes of monoenergetic Vµ (30 MeV) and v., iiµ of energies up to 
52.8 MeV. The unique time structure of ISIS (together with the different life times of 'It'+ (26ns) 
and µ+ (2.2 µs)) defines a duty cycle factor of 10-4, providing high neutrino peak intensity, 
effective suppression of cosmic background and clear separation of vµ-induced reactions from 
those induced by Ve or iiµ-2 Neutrinos are detected in a high resolution 56 t liquid scintillation 
calorimeter3 located at a distance of 17 .5 m from the v - source. A bookshelves structure of 
totally reflecting double layers of acrylic glass divides the central detector into 512 independent 
modules with an energy resolution of u(E) / E  = 1 1.5 % / JE (MeV) and a time resolution of 1 ns. 
The central detector consists almost entirely of hydrocarbons, serving as a massive target of 
120 and 1 H nuclei for v-nuclear interactions and providing excellent calorimetric characteristics 
for low energy particles at the same time. 

3. The Charged Current Reaction 12C ( Ve ,  e- ) 12Ng.s. 

At neutrino energies available at ISIS, charged current reactions in nuclei can only be induced by 
electron-neutrinos. The signature of the exclusive charged current reaction 120 ( Ve ,  e- ) 12Ng.s. 
is a spatially-correlated delayed coincidence of an electron from the inverse ,8-decay on 120 wi­
thin the Ve time window of 0.5 - 9.5 µs after beam-on-target, and a positron from the subsequent 
,8-decay of 12Ng.s. back to 120g.s. materializing within the following 32 ms. The kinetic energy of 
the prompt electron is restricted to E,- < 35.5 MeV due to the negative Q-value of 17.3 MeV 
in the inverse ,8-decay. The 12N-decay, characterized by its lifetime of r = 15.9 ms and its end 
point energy of E0 = 16.3 Me V, uniquely identifies v-induced transitions to the ground state of 
12N. Only events fully contained within the fiducial volume, with no hit in the veto system and 
no previous activity in the central detector in a pretrigger interval of 20 µs, were taken into 
account. After software cuts4 on time, energy, position correlation and background subtrac­
tion 223 ± 15.3 events remain. The energy distributions (fig. 3) of the electrons and positrons 
are well matched with simulations of the detector response. The time distributions relative to 
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Fig. 1. Energy and time distributions of the 12C ( Ve , e- ) 12N g.s. reaction (broken lines GEANT 3 simu­
lations), time distributions with decay curves ofµ+ ( T = 2.2 µs) and 12N ( T = 15.9 ms) superimposed. 
Normalized background is shown as shaded area. 

beam-on-target reflect the decay time constants of µ+-decay and ,B-decay of 12Ng.s.· In particu­
lar, the time distribution of the prompt signal (fig. 3(c)), which is fitted by a time constant of 
Texp = (2.21 ± 0.18) µs, clearly indicates that these events are due to neutrinos from µ+-decay. 
Identical cuts on background data samples of high statistics, taken simultaneously in the time 
intervals before beam-on-target, result in exponential energy and flat time distributions, de­
monstrating the random nature of the background coincidences. Background contamination 
(11.8 events) is almost negligible due to the unambiguous signature. The integral signal to 
background ratio is 20:1, an advantage a high resolution calorimeter can only gain at a pulsed 
neutrino source. The cross section for the charged current reaction averaged over the incident 
Ve energy distribution (0- 52.8 MeV) is: 

( Ucc ( Ve )  )exp = [8.9 ± 0.60 (stat.) ± 0.75 (syst.)] X 10-42 cm2 

in good agreement with recent theoretical predictions5-8 of (8.0 - 9.4) x 10-42 cm2, confirming 
that cross sections for v-induced transitions between specific nuclear states can be calculated 
reliably. 

4. Energy Dependence of the Charged Current Cross Section 

The excellent calorimetric characteristics of the KARMEN detector made it possible to ascer­
tain the energy dependence of the 120 ( Ve , e- ) 12N g.s. cross section for the first time. The initial 
Ve energy distribution can be reconstructed from the kinetic energy of the electrons E.- by 
E., = E.- + 17 .3 Me V, where the recoil energy transferred to the 12N nucleus is assumed to be 
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Fig. 2. Energy dependence of the 12C ( Ve , e- ) 12Ng.s. reaction cross section. 

negligible. Thus a precise measurement of the kinetic energy of the electrons determines the 
initial neutrino energy, allowing the possibility of neutrino spectroscopy. The mean cross sec­
tions over six neutrino energy intervals obtained by regularized unfolding9 is shown in fig. 4 in 
comparison with theoretical calculations5-7 of the energy dependence. No further normalization 
has been applied. The theoretical curves represent the threshold energy dependence { Ev - Q )2 
modulated by the q2-dependence of the axial vector form factor FA( q2 ). 

5.  q2-Dependence of the Axial Vector Form Factor 

The energy dependence uee ( Ev )  can be used to obtain the q2-dependence of the weak iso­
vector axial vector form factor FA( q2 ). Experimental information about this important weak 
form factor has so far been available only at fixed four-momentum transfer q2 from weak pro­
cesses such as /3-decay of 12N, 12B (q2 = 0) or from µ--capture reactions (q2 = 0.56 m,..2). To 
separate the threshold factor ( Ev - Q )2 from the assumed q2-dependence of the axial vector 
form factor FA( q2 ), an expression for <Tee ( Ev )  has been used, where the energy dependence 
of the 12C ( Ve , e- ) 12Ng.s. cross section is expressed only in terms of kinematic factors and 
FA( q2 ), neglecting contributions from FM( q2 ) and Fr{ q2 ). Assuming FA( q2 ) has the same 
q2-dependence as the weak magnetism form factor FM{ q2 ) leads to the quasi-dipole form6•7 

The function g( q2 ) = 1 + 0( q4) incorporates small corrections in the second and higher power 
of q2• The cross section <Tee ( Ev ,  MA ) is then folded into the Ve energy spectrum and the 
detector response function and MA determined from a maximum likelihood fit to the electron 
energy spectrum. The result, using the form of g( q2 ) given by Mintz and Pourkaviani,7 is: 

MA = 180 ��6° MeV / c2 

to be compared with a value of 236 Me V / c2 derived from inelastic electron scattering. 7 In fig. 5 
the KARMEN result for FA( q2 ) is compared with the form adopted by Mintz and Pourkaviani7 
and by Fukugita. 6 This is the first direct measurement of a weak nuclear form factor confirming 
the assumed identical q2-dependence of vector and axial vector form factors. 
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Fig. 3. q2-dependence of the weak isovector azial vector form factor FA ( q2 ) of 12C obtained from the 
energy dependence of the 12C ( Ve ,  e- ) 12Ng.s. reaction cross section (dipole fit with MA = 180MeV / c2 ) 
compared to dipole fits of the electromagnetic vector form factor µ( q2 ) of 12C obtained from inelastic 
electron scattering. 

6. Other Results and Outlook 

Other main topics of the KARMEN research programme include 11-induced nuclear transition 
via the weak hadronic neutral current.1° From the ratio of the neutral current and charged 
current cross sections a first test of universality of couplings in the weak neutral current at 
low energies has been derived. A detailed analysis of the lie spectrum originating from µ+ 
decay, measured directly for the first time, sets limits on non Standard Model contributions 
in muon decay. The search for lepton number violating pion and muon decay modes tightens 
the limits on neutrino identity in these decays. A highly sensitive search for appearance type 
neutrino oscillations between IIµ and lie as well as between the corresponding anti-neutrinos 
provides reliable limits on neutrino mixing of the first two neutrino generations. The KARMEN 
experiment is scheduled to continue data taking for another three years. The data sample will 
then consist of almost 3 000 recorded neutrino-nucleus interactions. 
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The experimental status of double beta decay is briefly reviewed, with the main 
emphasis being put on the HEIDELBERG-MOSCOW experiment. In this 
collaboration at present three enriched (86%) 76Ge detectors with a total active mass 
of 6.02 kg are operated in the GRAN SASSO laboratory. With a 76Ge exposure of 
2924.2 kg·d (91 .63 mol·y) we derive the following half life limits for the neutrinoless 
double beta (Ovl313) decay: Ty, (O+ � O+) > l .9 ·1024 y and Ty, (O+ � 2+) > 8.2· 1 023 y 
with 90% C.L. By this limit a Majorana mass of the neutrinos larger than 1 . 1  e V is 
excluded. 
In the first high statistics measurement of the two neutrino double beta (2vl313) decay 
of 76Ge a half life of Ty, = (1 .42 ± 0.03 stat ± 0 . 13  syst} 1021 y is extracted. For the 
neutrinoless double beta decay with majoron emission (Ovxl313) a half life of 1 .7 · l 022 y 
is excluded, leading to a limit for the neutrino-majoron coupling of <gvx> < 1 .8 ·  l 0-4 

with 90% C.L. First results on a dark matter search improved the existing cross section 
limits for WIMP masses above - 1 50 Ge V and excluded Dirac neutrinos in the range 
of 26 GeV to 4.7 TeV as the dominant component of the dark halo. 

Presented by: B. Maier 
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1. INTRODUCTION 

The main aim of double beta (1313) decay research is to probe physics beyond the 
standard model by investigating the nature of the neutrino (Majorana or Dirac particle) 
and the question of a non zero neutrino mass. The constraints derived by 1313 decay 
experiments on the existence of a non zero Majorana neutrino mass and right-handed 
weak currents (RHC) are the most stringent limits published so far. In 1313 decay 
research usually three decay modes are discussed [ ! ,  2] : 

(Ovl313) 
(Ovxl313) 

(2vl313) 

A(Z,N) � A(Z+2,N-2) + 2 e-
A(Z,N) � A(Z+2,N-2) + 2 e- + X 
A(Z,N) � A(Z+2,N-2) + 2 e- + 2 ve 

The neutrinoless double beta (Ovl313) decay and the Majoron-accompanied neutrinoless 
double beta (Ovxl313) decay are forbidden decay modes in the standard model, since 
the B-L conservation is violated. With a measured half life limit of the Ovl313-decay 
mode and calculated matrix elements an upper limit for the effective neutrino mass can 
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be deduced. Since this 
method relies on � theoretically calculated 

� matrix elements (see, 

� e.g. [3]), it is essential 
g to also focus on the two 

neutrino double beta 
(2vl313) decay, where 
no unknown particle 
physics parameters 
have to be included in 
the theoretical calcula­
tions like in the Ovl313-
decay. The measure­
ments of 2vl313-decay 
rates can test the 
predicted half lifes in 
order to enlarge the 
confidence in the Ovl313-
matrix elements, 

although the calculations show some substantial differences [4] . The fact that out of 35 
potential 1313-emitters 15 different isotopes are investigated in more than 50 
experiments using 13 different measuring techniques [5] shows the great activity in this 
field of physics. Experiments working with enriched source materials will set the pace 
in the near future, especially with the isotopes 76Ge [1 ,5], 136Xe [6], IOOMo [7] and 
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I 16Cd [8] . The present situation and the perspectives of the most promising PP­
experiments are shown in Fig. 1 ,  where only isotopes with Ovpp half life limits greater 
than 1 02 1  y have been considered. 

2. EXPERIMENT 

The HEIDELBERG-MOSCOW group is using p-type HP Ge semiconductor detectors, 
made from isotopically enriched 76Ge [ l ,  9, 1 0] .  The isotopic abundance of 76Ge is 
86% compared to 7 .8% in natural Ge. The enrichment was measured for each crystal 
separately by accelerator mass spectroscopy using residues from the crystal 
fabrication. This experiment has three main advantages: the excellent energy resolution 
of the detectors, which favours the search for the discrete spectrum of the Ovpp-decay 
at the Q-value of Q = 2038.56 keV, the large size of the detectors, concentrating the 
background in the peaks, and the fact that the source is equal to the detector allowing 
large source strengths. 
At present three enriched detectors are operated in a common shielding in the Gran 
Sasso underground laboratory (3500 m.w.e.). This setup of detectors with 6.29 kg total 
and 6.02 active mass of Ge (taking into account the inactive zones of the diodes) 
corresponds to a 76Ge source strength of 68.7 mol. Two more detectors with masses of 
- 2.5 and - 3 . 5  kg are in preparation and will be installed soon. In the present setup 
the three enriched detectors are surrounded by a 30 cm Pb shield, which consists of an 
inner shielding of 1 0  cm highly radiopure LC2-grade Pb followed by 20 cm of Boliden 
Pb. All cryostat parts of the detectors are made of electrolytical Cu. The whole setup is 
placed in an air-tight steel box and flushed with radiopure nitrogen in order to suppress 
the Rn-contamination of the air. Since February 1 994 the steel box is centered inside a 
1 0  cm bor-polyethylen shielding to decrease the neutron flux from outside. All 
materials used in the setup are carefully selected and cleaned, while the activation due 
to cosmic radiation was minimized by storing the materials underground. 

Table 1 
Parameters of the three enriched operating detectors 
Detector Active Enrichment Measuring time Background B 

at 2000-21 00 keV mass 
[kg] 

Enr. 1 0 .920 

Enr. 2 2.758 

Enr. 1 0.920 
Enr. 2 2.758 
Enr. 3 2.344 

[%] 
86 

86 

[date] 
2.8.90 - 3.8.91 

19 . 1 .92 - 12 .8.92 
4 . 10.91 - 12 .8 .92 

[days] [ counts/ke V 'Y' kg] 

388.6 0.56 
223 .0 0.29 

common shielding of three enriched detectors 
86 3 .9.92 - 4 . 10.93 325.9 0 .20 
86 3 .9.92 - 4. 1 0.93 325.9 0.22 
88 3.9.92 - 4 . 10.93 325.9 0 .25 
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Table 1 shows some of the parameters of the operated detectors and the measured 
background numbers during the different data acquisition periods. The last period 
corresponds to the present setup described here. The progress from setup to setup is 
obvious by the decreasing background numbers. Taking the combined value of B for 
the present setup with 0.23 [counts/keVykg] we have reached the best background 
published in literature so far. Accumulating the data of all enriched detectors the 76Ge 
exposure is 9 1 .634 mol·y or 2924.2 kg·d with a background between 2000 and 2 100 
keV of 0.29 [counts/keV·y·kg] . The combined spectrum of all detectors is shown in 
Fig. 2. Due to the already discussed advantages of our detectors (size and energy 
resolution) it is possible to clearly identify the various background contaminations, like 
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Fig. 2. Combined spectrum of the three enriched 
detectors with an 76Ge exposure of 9 1 .634 mol· 
y or 2924.2 kg·d. 

3. RESULTS 

OvJ3J3-decay mode 

the natural decay chains, 
cosmogenic activities and 
the activities of 137Cs and 
40K. The energy threshold of 
detector #2 is in the present 
setup at 1 3  ke V and that of 
detector #3 at 1 5  keV. The 
data taken with these 
detectors can therefore be 
used for a dark matter search 
by looking for scattering of 
WIMP's at Ge nuclei. The 
first results of a dark matter 
evaluation taking the data of 
detector #2 in the first data 
aquisition period with a 
stable threshold of 1 1  ke V 
are briefly reviewed later. 

For the evaluation of the OvPP-decay the data with 9 1 .634 mol·y (2924.2 kg·d) from 
the accumulated spectrum shown in Fig. 2 are used. The energy resolution in the 
summed spectrwn is 3 .7  keV for the ground state transition (O+_·�O+ at Q=2038.56 
keV), respectively 3 .2 keV for the excited state transition (0+-+2+ at Q=l 479.46 keV). 
The FWHM at the decay energies is estimated from a linear fit of the FWHM of the 
background peaks in the summed spectrum. The region of interest between 2000 and 
2080 keV is shown in Fig. 3 .  The 3cr interval of a hypothetical Ovpp-peak for the 
ground state transition contains 32 events. Using the method reconnnended by the 
PDG ( 1 1 ]  we can exclude 1 9  .6 ( 14.5) events with 90 (68) % C.L, leading to a half life 
limit of T y, > 1 .9 (2.6)- 1 024 y with 90 (68) % C.L. Using the matrix elements of [3] we 
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derive neglecting RHC an upper limit for the neutrino mass of <mv> < 1 . 1  eV with 

90% C.L. Considering RHC we obtain with 90% C.L.: <mv> < 1 .3 eV, </...,> < 2.0· l 0-6 

and <ri> < l .3 · 1 0-8 (effective right-right- and left-right-handed admixture to the weak 
interaction). These are so far the sharpest limits from detector experiments [ 1 ,  2] .  
Extrapolating the expected background, evaluated in - 30 ke V ranges left and right 
from the centroid energy at 2038.56 keV, into the 3cr interval of a hypothetical Ovl313-
peak we seem to observe a systematic excess of events. In Fig. 4 the expected and 
measured counts in the 99% peak interval are shown as a function of measuring time. 
Under the assumption that this excess is background (no-peak hypothesis) the 
deviation corresponds to - 2.4cr. It has to be mentioned that this effect is very sensitive 
to single counts in the region of interest, so that in the recent data of the last weeks the 
deviation decreased to - 2cr. Further measuring time and data evaluation is necessary 
to observe the evolution of this effect. Especially our developed method of pulse shape 
analysis [ 1 2] will help to increase the efficiency for 1313-events. 
For the transition to the first excited state (O+ ---+ 2+) we deduce from 9 1 .634 mol·y of 
measuring time a half life limit of Ty, > 8.2 ( 1 3 . 1 )- 1 023 y with 90 (68) % C.L. This 
excludes 46 .5 (29 . 1 )  decays with 90 (68) % C.L. The combined escape probability of 
35.5% for the 559 . 1  keV y-quanta was calculated with the Monte-Carlo code 
GEANT3 for each detector separately. 

2vl3f3-decay mode 
For the analysis of the 2vl3f3-decay the data from 4 . 1 0.91  to 1 2.8.92 of detector #2 are 
used, corresponding to a 76Ge exposure of 6 1 5  kg·d. For the first time a quantitative 
background model was developed and applied in such a low-level experiment in order 
to unfold the various continuous background components [ 1 3] .  This model is based on 



256 

a Monte-Carlo simulation using the CERN-code GEANT3 . Only measured quantities 
are used to nonnalize the calculated background spectra. 
In a first step 27 identified peaks of the background contaminations are removed from 
the measured data. These measured peak intensities of the identified background 
isotopes in the raw data are then used to nonnalize the simulated background spectra. 
In this way the continuous contributions due to the cosmogenic activities of 54Mn, 
57,58Co and 65zn inside the Ge crystal and the activities of 54Mn, 57,58,60Co in the Cu 
parts of the cryostat system, identified by their characteristic shifted and unshifted y­
lines, are included in the model. The absolute activity of 2 10Pb in the lead shielding 
was measured separately with low-level a-spectroscopy in order to normalize the 
bremsstral1lung spectrum of its daughter 2 IOBi in the model. Since several lines of the 
natural decay chains of 232Th and 238U are identified in the measured spectrum, it was 
possible using the relative peak intensities to locate these impurities in the Cu parts of 
the cryostat system and to include their contribution in the model. The small effects of 
40K in the lead shielding, of 137Cs in the Cu parts of the cryostat system and a 
phenomenological constant background due to inelastic neutron scattering complete 
the background model. 
From the difference of measured spectrum and background model we deduce a signal 
to background ratio of 1 .3 : 1  in the evaluation interval of 500 -1 500 keV, containing 
72% of the 2vj3J3-intensity. A maximum-likelihood fit yields a half life for the 2vj3J3-
decay of 76Ge of Ty, = (1 .42 ± 0.03 stat ± 0 . 1 3  syst) - 1 02 1  y. The result after subtracting 
the backgrmmd model is shown in Fig. 5. The result presented here is probably the 
first undoubtable evidence for this nuclear decay mode. A comparison with various 
other results for 2vj3J3-decay measurements is given in (2, 5, 1 3] . 
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Fig .5 .  The "stripped" data (dotted 
histogram) and the residual data 
after background unfolding (solid 
histogram). The continuous curves 
are calculated 2vPP-spectra with half 
lifes of Ty, = 0.92· J 02 1  y [ 14] and 
Ty, = l .42· I021  y. 
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Fig.6. Residual spectrum after subtraction 
of background model and 2vPP­
spectrum (solid histogram), the 
measured raw spectrum (dotted 
histogram) and a calculated OvxPP­
spectrum with Ty, = l .66· 1022 y 
(dashed curve) are shown. 
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Ov:xJ31J-decay mode 
For the analysis of the OvxJ313-decay the same set of data as for the 2vl313-decay 
described before has been used. Subtracting the background model and the 2vl313-
spectrum from the data the Ovxl313-spectrum should remain (see Fig. 6). In the energy 
range from 1 . 1  to 2.05 MeV, containing 74.5 % of the Ov:x,1313-spectrum, 208 events 
are remaining. The analysis of the spectral shape shows a disagreement with the 
theoretically calculated shape [ 10] .  The deduced half life limit for the Ov:x,1313-decay is 
Ty, > 1 .7 (I .9)- 1 022 y with 90 (68) % C.L. Using matrix elements of [3] we derive an 
upper limit of <gvx> < 1 .8 ·  l 0-4 with 90 % C.L. for the neutrino-majoron coupling 

constant [ 1 0] .  

Dark Matter 
For the first time enriched material was used to search for dark matter [ 1 5] .  In the first 
data aquisition period of detector #2 in April I 992 a threshold of 1 1  ke V was 
achieved. The measuring time of the used data is 165.6 kg·d. The background in the 
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Dark matter exclusion plot. The Heidelberg­
Moscow result a) (shaded area) is not corrected 
for loss of coherence, while b) is corrected for 
loss of coherence. 

region between I I ke V and 
30 keV is (0. 1 06 ± 0 .006) 
[counts/keVykg], which is 
by a factor of 5 - 7 lower 
compared with other 
dedicated dark matter 
experiments of this type 
[16] .  The parameters for the 
calculated recoil spectra of 
the WIMPs (weakly 
interacting massive particles) 
are given in [ 1 5] .  For the 
evaluation of the data 

10' several criteria have been 
used. The resulting exclusion 
plot of cross sections and 
masses for the scattering of 
spin-independently inter-
acting WIMPs off 
Gennanium is shown in 

Fig.7. The result of the Heidelberg-Moscow experiment is shown 'not corrected for 
loss of coherence' (shaded area) and 'corrected for loss of coherence' together with the 
theoretically predicted weak cross section of heavy Dirac neutrinos. The exclusion 
limit of the Gotthard experiment (geometrically estimated from [ 1 6]) is referenced for 
comparison. The existing cross section limits for WIMP masses above 1 50 GeV were 
improved and Dirac neutrinos could be excluded as the dominant component of the 
dark halo in the mass range between 26 GeV and 4.7 TeV. 
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4. CONCLUSION 

By end of 1 994 the experiment will be in full scale operation after the installation of 

two more crystals in the Gran Sasso laboratory with - 1 30 mo! or - 12 kg of 76Ge­

detectors. This will allow to probe Majorana neutrino masses down to - 0.2 eV within 
5 years of measurement. 
We would like to thank Professors Bellotti, Cabibbo, Maiani and Monacelli for their 
continuous generous support of the experiment. We also thank the Gennan Ministry of 
Research and Technology (BMFT) and the Russian Atomic Energy Committee for 
their substantial support. 

REFERENCES 

[ l ]  H. V. Klapdor-Kleingrothaus, Proc. III. Int. Symp. on WEAK and 
Electromagnetic Interactions in Nuclei, WEIN'92, Dubna, 1992 p. 20 1 ,  World 
Scientific, Singapore. 

[2] H. V. Klapdor-Kleingrothaus, in: Progress in Particle and Nuclear Physics Vol. 
32, 1994, Pergamon Press, Oxford. 

[3] A. Staudt, K. Muto and H.V. Klapdor-Kleingrothaus, Europhys. Lett. 13 
( 1990) 3 1 .  

[4] K. Muto, E. Bender, H. V. Klapdor, Z. Phys. A 334 (1 989) 177,  1 87 .  
[5] M.K. Moe, Preprint UCI-Neutrino 93-1  (1 993). 
[6] H.T. Wong, J.Phys. G 17 (1991) Suppl. 
[7] H.Ejiri et al., Phys. Lett. B 258 ( 1991)  17 .  
[8] Yu. Zdesenko, in: Progress in Particle and Nuclear Physics Vol. 32, Erice, 

1 994 to be published, Pergamon Press, Oxford. 
[9] A. Balysh et al. (HEIDELBERG-MOSCOW collaboration), Phys. Lett. B 283 

( 1 992) 32. 
[ 10] M. Beck et al. (HEIDELBERG-MOSCOW collaboration), Phys. Rev. Lett. 70 

(1 993) 2853 . 
[ 1 1 ]  Particle Data Group, J.J. Hernandez et al. , Review of particle properties, Phys. 

Lett. B 239 (1 990) p. III. 36. 
[ 12] F. Petry et al., Nucl. Instrum. Meth. AA 332, (1 993) 107.  
[ 13]  A. Balysh et al. (HEIDELBERG-MOSCOW collaboration), Phys. Lett. B 322 

(1 994) 1 76. 
[ 14] F.T. Avignone et al., Phys. Lett. B 256 (1991) 559. 
[ 1 5] M. Beck et al. (HEIDELBERG-MOSCOW collaboration), to be published 
[ 16] D. Reusser et al. , Phys. Lett. B 255 ( 1991 )  143.  



259 

ATOMIC PHYSICS 





ATOMIC ELECTRIC DIPOLE MOMENTS AND CP VIOLATION 

S.M.Barr 
Bartol Research Institute 

University of Delaware 
Newark, DE 19716 

USA 

Abstract 

The subject of atomic electric dipole moments, the rapid recent progress in searching 
for them, and their significance for fundamental issues in particle theory is surveyed. In 
particular it is shown how the edms of different kinds of atoms and molecules, as well as 
of the neutron, give vital information on the nature and origin of CP violation. Special 
stress is laid on supersymmetric theories and their consequences. 
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I. INTRODUCTION 
In this talk I am going to discuss atomic and molecular electric dipole moments ( edms) from 

a particle theorist's point of view. The first and fundamental point is that permanent electric 
dipole moments violate both P and T. If we assume, as we are entitled to do, that OPT is 
conserved then we may speak equivalently of T-violation and OP-violation. I will mostly use 
the latter designation. 

That a permanent edm violates T is easily shown. Consider a proton. It has a magnetic 
dipole moment oriented along its spin axis. Suppose it also has an electric edm oriented, say, 
parallel to the magnetic dipole. Under T the electric dipole is not changed, as the spatial 
charge distribution is unaffected. But the magnetic dipole changes sign because current flows 
are reversed by T. Thus T takes a proton with parallel electric and magnetic dipoles into 
one with antiparallel moments .  Now, if T is assumed to be an exact symmetry these two 
experimentally distinguishable kinds of proton will have the same mass. But we know that 
there is only one type of proton in the world, as otherwise the chart of nuclides would look 
very different. Thus either the proton has no edm or T is not an exact symmetry. The same 
argument applies to any other elementary particle (that is not "CP doubled" , which includes 
all the known ones). The same kind of argument shows that edms violate P. 

Now, CP violation is not well understood. That it is violated has been known since the 
classic experiment of Christenson, Cronin, Fitch and Turlay in 19641) for which Cronin and 
Fitch received the Nobel Prize in 1980. What that experiment showed was that CP was violated 
in the neutral Kaan system; in particular that KL decayed about two times in a thousand into 
two pions rather than three. It is remarkable that from that time until now - thirty years -
CP violation has been observed in the laboratory in no other system than the neutral Kaons. 
I put in the qualifier "in the laboratory" because according to the currently standard picture 
of cosmology the cosmological baryon asymmetry (OBA), which is the fancy name for the fact 
that the matter in the universe is almost entirely matter rather than antimatter, is due to CP­
violating processes in the early universe.2l However, this fact, while it almost certainly points 
to OP-violating physics beyond the standard mode!3l , is of little help in understanding CP 
violation because there are so many possible scenarios of cosmological baryon generation. 

From the neutral kaon system there are two OP-violating quantities which can be measured, 
E and E1• E has been known for thirty years ([ E [= 2.3 x 10-3), while the situation with 
fl remains murky, with one experiment showing a definitely non-zero value4l and the other6l 

being consistent with zero. The Particle Data Book gives the average of the two as [ E1 / E [ = 
2.2 ± u x io-3. 

With so little data to work with it is not surprising that CP violation is poorly understood. 
Our other information about CP violation is in the form of null results. The most important 
of these is the limit on the neutron edm,6) which is d,. � 1.2 x lQ-25 e-cm. As we shall see, 
this leads to a major puzzle for particle theory called the Strong CP Problem. As we shall 
also see, the limits on the edms of atoms and molecules are also theoretically very important 
and will become greatly more important as they are pushed further, unless, of course atomic 
or molecular edms are seen, which would be epoch-making. 

It should be emphasized that the subject of CP violation is not some obscure corner of 
particle physics. It is a central topic of inquiry. It touches on such diverse issues as the edms 
of elementary particles and the origin of matter in the universe (as already noted), as well as 
on the nature of dark matter ( "axions" are a prime candidate), the origin of galaxies, and the 
structure of physics beyond the so-called Standard Model of particle physics, as we shall see. 
And, of course, it is a question of fundamental interest in itself whether the laws of physics 
are T invariant and if not why. Fortunately, there are good prospects of learning more about 
CP violation over the next ten years. The main hope lies in the direction of further progress 
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in atomic and molecular edm experiments and in the study of neutral B mesons (a heavier 
analogue of the neutral kaons) at either "B factories" or at the LHO. There is also a large and 
promising effort being made to detect dark-matter axions by a variety of techniques, as is being 
discussed in other talks at this conference. 

II. CP VIOLATING PHASES 
OP violation arises, essentially, because of the presence in the underlying particle theory 

of non-trivial, physical, complex phases. Not all phases are physical. Some can be "rotated 
away"; that is, they can be absorbed by field redefinitions. 

Take, for example, QED, the theory of photons and electrons. In that theory the electron 
mass parameter can be complex: m.e'8eLeR+ h.c .. The phase B is not physical as it is possible 
to eliminate it by redefining the righthanded electron field: ek = e'8eR => m.eLek+ h.c . .  

In  simple theories there are often few enough parameters that all the phases can be  rotated 
away, as in QED. Such theories automatically conserve OP. But as a theory becomes more 
complicated the number of OP-violating phases tends to proliferate rapidly. 

III. CP VIOLATION IN THE STANDARD MODEL 
The Standard Model of particle physics is so simple that there are only two possible OP­

violating phases in it. They are called ti (or {jKM) and 8. ti is the Kobayashi-Maskawa phase 
which appears in the charged weak interactions, while 8 is the QOD vacuum angle which appears 
in the theory of the strong interactions. Let us discuss the latter first. 

A. The Strong CP Problem 
The Strong OP Problem, or B Problem, arises due to the fact that the neutron edm gets 

a contribution of order (10-16 e-cm) x sin 8. The experimental limit, therefore, implies that 
8 � 10-9. The problem is to explain why, given the presumed fact that the weak interactions 
badly violate OP (suggested by the neutral Kaon system), the strong interactions conserve OP 
to at least a part in a billion. Any explanation of this requires going beyond the Standard 
Model. 

There are two main approaches to solving this problem, the Peccei- Quinn mechanism7l and 
models with spontaneous OP breaking8l . 

The Peccei-Quinn mechanism involves the existence of the particles called "axions" . (Al­
ternatively there could be massless quarks. For example, it is much discussed whether the up 
quark could in actuality be massless.)  In the axion models Ii comes out to be of order 10-15, 
generally. (In exotic variants it could be different.) This would give a value of order 10-31 e-cm 
for the 8 contribution to d,., far too small to be interesting experimentally. Axion models are 
not without difficulties. They are highly constrained by laboratory searches, and astrophysical 
and cosmological limits. Moreover there are potential problems with cosmic domain walls and 
with possible quantum gravity effects that have to be faced in constructing such models. Nev­
ertheless, the axion idea still has to be considered the most attractive solution to the strong 
OP Problem. 

The alternative approach is based on the idea that 8 is small as the consequence of some 
symmetry. The most likely possibility is that this symmetry is OP invariance itself. The 
idea is that OP is a good symmetry of the Lagrangian which is "spontaneously broken" by a 
OP-non-invariant ground state. In this way some OP-violating parameters may be small as a 
consequence of the underlying symmetry of the theory, while others may feel the spontaneous 
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OP breaking more directly and have larger values. In many of these models there is some 
difficulty in making 1J come out as small as 10-9. This may be even more of a problem in 
the context of supersymmetry. However, this idea has attractive features and quite viable and 
relatively simple models exist. One would expect that if this solution of the Strong OP Problem 
is the correct one that 1J would be not far below present limits. 

We see, therefore, that edm experiments already have had a major impact on particle 
theory. And it should be emphasized that the limits on 1J coming from searches for the edms 
of diamagnetic atoms and molecules are competitive with that coming from the neutron, and 
it is quite likely that 1J may eventually first be seen in atomic experiments. 

If an edm of the neutron or a diamagnetic atom or molecule is observed, how will we know 
that it is a consequence of IJ? With just this kind of experiment we will not. There are many 
kinds of new OP-violating physics that could give rise to these effects. The answer will probably 
come from experiments on paramagnetic atoms or molecules. These are sensitive to the edm 
of the electron. Most sources of OP violation contribute significantly to both the electron edm 
and to hadronic effects such as the neutron edm. A distinctive feature of 1J is that it contributes 
strongly to the latter but utterly negligibly to d. , since the electron has no strong interactions. 

B. Weak Interaction CP Violation in the Standard Model 
In the charged weak interactions of quarks, a w+ boson can be absorbed by a down-type 

quark, d; = (d, s, b), and be converted into an up-type quark, u; = (u, c, t) .  This, and the 
related processes, are governed by a matrix, V.;, called the Kobayashi-Maskawa matrix. Being 
a 3 x 3 unitary matrix it is specified by 9 independent quantities . Five of these are phases 
which can be absorbed by redefining the relative phases of the six quark "flavors" . Remaining 
as physical parameters are three mixing angles (essentially Euler angles in generation-space) 
and one OP-violating phase, which is 8. 

Thus, weak-interaction OP violation only shows up in "flavor-changing" processes in which 
one kind of quark turns into another. It can show up, therefore, in the oscillations of neutral 
Kaons, K0 ;=> K0, where effectively d + s ;=> 8 + d. This occurs through the well known "box 
diagram" shown here: 

s 

J 

* V1 1 d 

s 

Notice that because there is a net flavor change the phases in the product of factors 
V,jV;2 V,; V;2 do not cancel. This is the mechanism that is generally thought to give rise to 
the e parameter in the Kaon system. A crucial fact, however, is that the Kobayashi-Maskawa 
phase contributes negligibly to electric dipole moments. Because the edm operator conserves 
the flavor of the particle the KM phase cancels in low-order diagrams. For example, a one loop 
diagram for the edm of the d quark would involve the d emitting a w- to become a u; = ( u, c, t) 
and reabsorbing it to become a d  again. This depends on the product V,jV;1 , which is obviously 
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real. In fact it was shown by Donoghue9l for the electron and independently by Shabalin9l for 
quarks that even the two loop Weak contributions to the edm vanish. In fact it has recently 
been shown by Khriplovich et al.9l that the three-loop Weak contributions vanish as well. 

The weak-interaction contribution to d,. is expected to be of order 10-31 e-cm if DKM is of 
order unity. d. is expected to be many orders of magnitude less than that, though no reliable 
estimate exists. In other words, there is no prospect of seeing these contributions. 

C. Beyond the Standard Model: edms an ideal way to search 
Because the Kobayashi-Maskawa phase contributes negligibly to edms they are an ideal 

place to search for CP violating effects that go beyond the Standard Model. Any edm that 
is observed necessarily tells us about physics beyond the Standard Model. if it is due to 8 
that is so because any resolution of the Strong CP Problem must involve new physics, whether 
axions or the machinery associated with spontaneous CP violation. And the observation of a 
neutron or atomic edm due to 8 would provide evidence against the axion solutions, which, as 
we have noted, tend to predict d,. � 10-31e-cm. If 8 is not involved, then any edm observed 
must originate from new sources of CP violation that lie beyond the Standard Model. 

There are many compelling reasons to believe that the Standard Model is not the ultimate 
theory of non-gravitational particle interactions. The subject of CP violation provides us with 
at least two reasons, the Strong CP Problem, and the necessity (as it presently appears) to 
have a new source of CP violation to generate the baryon asymmetry. There are a number of 
other reasons as well. There is strong circumstantial evidence that there is a grand unification 
of electroweak and strong interactions. There is the technical issue of the "Gauge Hierarchy 
Problem" that cannot be resolved within the Standard Model. And there is the problem of 
understanding the spectrum of quarks and leptons. 

What is exciting is that, for reasons explained above, most extensions of the Standard Model 
to incorporate new physics tend to bring in new CP violating phases, and richer possibilities 
for edms. Some of the more frequently discussed extensions are supersymmetry (SUSY), multi­
Higgs models, and Left-Right models. I will discuss the the first two, which I believe to be the 
best motivated. But first I will discuss very briefly the subject of atomic and molecular edms. 

IV. ATOMIC EDMs 
Atomic and molecular permanent electric dipole moments can arise from a variety of sources: 

an edm of the electron, an edm of the neutron or proton, T-odd and P-odd electron-nucleon 
interactions, and T-odd and P-odd nucleon-nucleon interactions. 

A well-known fact in this subject is Schiff's Theorem, which states that a nonrelativistic 
assemblage of point charges in equilibrium under the action of electrostatic forces alone will 
not have any permanent edm even if the constituent particles do.10> This is fairly easy to prove 
and can be understood even more easily as follows. Consider an atom in which the nucleus has 
an edm. The nucleus, being charged, will drift to a region where it feels no net electric field, 
no matter what external electric field may be applied to the atom. Thus, there is no E .  d,.""',,,, 
interaction energy; and the nuclear edm does not contribute to the atomic edm. In other words 
the electron cloud acts to screen the nuclear edm. 

In this example it is clear that we have assumed that the nucleus is moving slowly, is acted 
upon only by the electrostatic forces, and is a point particle. In actual atoms the finite size 
effect of the nucleus, non-electrostatic forces, and relativistic effects would allow an atomic edm 
to exist if CP violation is present. However, in many cases the atomic edm will have a "Schiff 
suppression" , so that datom � d., dnuc1eu• · 



266 

In large atoms, where relativistic effects can be quite important , if there is an unpaired 
electron there can actually be a large enhancement. Typically, in such "paramagnetic" atoms 
datam � (Z3a2) • d.. (One factor of Z comes from the coulomb field of the nucleus. The 
other factors of Za can be understood as relativistic in origin.) When Z is of order 100 
then enhancements of order 100 to 1,000 are possible. For example,11l for Cesium (Z = 55) 

I de, I'.:::' 120 I d. I ;  and for atomic Thallium (Z = 81) I drt I'.:::' 600 I d. 1 -
In "diamagnetic" atoms, where electrons are paired, there is of course a suppression of the 

d. contribution. For example,11) I dHg I'.:::' 1 .2 x 10-2 I d. I ·  
As i t  turns out, an edm of a paramagnetic system i s  most likely to  come from the edm of 

the electron, while an edm of a diamagnetic system is most likely to come from the nucleus 
(in particular the so-called "Schiff moment" of the nucleus - a finite-size effect whereby there 
is a mismatch between the charge distribution and the edm distribution inside the nucleus). 
The Schiff moment, in turn, would come primarily from the T-odd and P-odd nucleon-nucleon 
interactions. Essentially, diamagnetic systems look at the same underlying CP violating effects 
at the quark level as does the neutron edm. For some quark-level operators the neutron may 
be more sensitive, while for others the atoms may be. Both approaches are important. 

It should be emphasized that diatomic molecules have further enhancements that make them 
very useful. For example, the molecule TlF, although it has paired electrons, has I drlF/d. I'.:::' 
80; and it has been estimated that paramagnetic diatomic molecules can have enhancements 
of even 107• If the latter can be exploited, it may be possible to see an electron edm as small 
as 10-29e-cm! 

V. MULTI-HIGGS MODELS 
Several contexts in particle theory call for a doubling of the Higgs sector of the theory: 

certain grand unified theories, like SO(lO) (though both Higgs need not be light), certain axion 
models (in particular DSFZ models), and supersymmetry. Such a doubling makes possible in 
some cases CP violation in the Higgs sector. 

Consider the Higgs potential of the Standard Model. 

(1) 

Since the potential energy is real and the operator ¢>1 </> is hermitian, the parameters A and µ2 
are real quantities. However, consider the Higgs potential of a model with two Higgs doublets. 

"2-Higg• µ�(</>l</>1) + A1(</>l</>il2 
+ µ� ( </>�</>2) + A2( </>�</>2)2 
+ (11-�2</>l </>2 + µ�;</>�</>1) 
+ (A12(</>l</>2)2 + A�2(</>�</>1)2) 
+ other term8 

(2) 

Here we see that there are several terms that involve nonhermitian operators and hence can 
have complex coefficients, for example µ�2 and A12 . One complex phase can be absorbed into 
the relative phase of </>1 and </>2 , so that if there is more than one complex parameter in the 
Higgs potential CP violation results. 

This CP violation shows up, among other places, in the propagator of the neutral Higgs; 
for instance, if a </>� makes a transition into a ¢>g. In 1989 Weinberg12l pointed out that such an 
effect could lead to a measurable edm for the neutron through a two-loop diagram which induces 
a T-odd and P-odd three gluon operator. In 1990, Zee and I observed13l that a different class 
of two-loop diagrams can, in these models, induce directly edms for the electron and quarks as 
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well as "chromo-electric dipole moments" for the quarks. The Weinberg three-gluon operator, 
the edms of the quarks, and the chromo-edms of the quarks should all contribute roughly 
comparably to d,., with the chromo-edms perhaps dominating. A diagram that contributes to 
d. is the following. 

e e 

This diagram gives, typically, if the CP violating phases are of order unity and the Higgs 
masses are of the order of 100 GeV, d. � 10-27 to 10-26 e-cm. This should be compared 
to the present best limit on d. coming from the Thallium experiment of the Berkeley group: 
d. = (-2. 7 ± 8.3) x 10-27 e-cm. Clearly these experiments are able to tell us important things 
about the structure of the Higgs system! 

It is worth emphasizing to those who have not followed these developments that in the last 
several years there has been remarkable progress in the search for d. as can be seen in the 
following table listing some of the limits obtained.14) 

1968 
1970 
1987 
1989 
1989 
1990 

M.G.Weisskopf et al. 
H.Gould 
S.K.Lamoreaux et al.( Hg) 
S.A.Murthy et al.( Gs) 
D.Gho et al.(TlF) 
K.Abdullah et al.(Tl) 

VI. SUPERSYMMETRY 

d0(e - cm) 
� 3 x 10-24 
(-2.6 ± 4.8) x 10-24 
(-0.5 ± 1.1) x 10-24 
(-1.5 ± 5.5 ± 1.5) x 10-26 
(-1.4 ± 2.4) x 10-25 
(-2.7 ± 8 .3) x 10-27 

There is a growing belief among particle theorists that at energy scales above a few hundred 
GeV or a few TeV nature will exhibit a symmetry called supersymmetry ( "SUSY") .  There are 
at least three reasons for this. 

First, there is a fundamental problem in particle physics called the Gauge Hierarchy Prob­
lem, which is the problem of understanding how the scale of the weak interactions (Mw � 80 
GeV) can be so much smaller that either the Planck scale (1019 GeV) or the scale of grand 
unification ( 1016 GeV). The problem is that without fine-tuning of parameters to an accuracy of 
26 decimal places radiative corrections should drive the weak scale up to the unification scale. 
Supersymmetry seems to be an essential ingredient in a natural solution to this difficulty. 

Second, there are strong reasons to suppose that superstring theory may be the correct 
theory that unifies gravity with the other forces. In particular, superstrings appear to tame the 
severe problems that arise in quantizing Gerreral Relativity. And supersymmetry is a feature 
of superstring theories. 



268 

And, third, there is the fact that the three gauge couplings of the Standard Model (which 
are functions of energy) converge to a point when extrapolated to high energy if supersymmetry 
is assumed above the weak scale, whereas they do not so converge in the non-supersymmetric 
Standard Model. Conversely, if supersymmetry and unification of couplings are assumed there 
is a "prediction" for the ratio of electroweak couplings measured at low energies: sin2 Ow = 
0.2334 ± 0.0036 (SUSY GUTS), sin2 Bw = 0.2324 ± 0.0003 (from experiment) .  

A notable example of expectations among theorists is  provided in remarks made by S. 
Weinberg in his summary talk at the XXVlth ICHEP meeting in Dallas in 1992. In projecting 
the future shape of particle physics he said "My . . .  guess . . .  is that the hierarchy problem will 
be solved by supersymmetry. I say this for a number of reasons . . .  " 

What is exciting for us is that supersymmetry can give rise to large edms for both the 
neutron and the electron.15) A diagram that gives quark edms and thus a neutron edm is the 
following. ;ic 

I 

A 

There are other diagrams as well. d� and d� are the scalar partners under supersymmetry 
of the left- and right-handed down quarks, respectively. g is the gluino, the spin-1/2 partner of 
the gluon. There can be OP-violating phases in the parameter A and in the gluino mass, m9. 
There are similar graphs for the electron edm with photinos, neutralinos, or charginos instead 
of the gluino, and scalar electrons instead of scalar quarks. 

If one assumes that the relevant OP-violating phases are of order unity, and that the un­
known masses of the various superparticles is of order 100 GeV, then one finds that typically 
d.. � 10-23 to 10-22 e-cm - that is, 102 to 103 times the experimental limit! Likewise, typically 
one finds d. � 10-25 e-cm, which is about 10 times the present limit. In other words it is a bit 
of a puzzle why edms of the neutron electron and atoms have not been seen already. 

There are several possibilities for what might be going on. 
(A) The reason may simply be numerical. That is the real world may correspond to a point in 
parameter space where the edms come out smaller than their typical values. This would require 
that the OP-violating phases be somewhat small, the scalar quarks and leptons be quite heavy, 
or, probably, both. if this is the case, then edms cannot hide for much longer. They should be 
"around the corner" . 
(B) There may be some suppression mechanism, dynamical or symmetry-based, that makes 
the new OP-violating phases of supersymmetry, such as the phases or the gluino mass, the 
photino mass or the A-parameter, very small. One idea for suppressing these phases involves 
CP being a spontaneously broken symmetry. We saw that ideas such as this have been invoked 
to suppress the 8 parameter. It should be noted that these new phases of supersymmetry appear 
in the so-called soft supersymmetry-breaking terms. So, another idea is that the breaking of 
supersymmetry occurs in such a way that these terms conserve CP. Perhaps this can happen 
in certain schemes of dynamical supersymmetry breaking. 
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If there is such a suppression mechanism at work, it would be a model dependent question 
by how much the edms are suppressed below their "typical" values. Some models exist in the 
literature16l in which this suppression is of order 10-2 to 10-3• This is a reasonable expectation 
if the phases arise at one-loop order. In this case, the edms of atoms may be just around the 
corner. On the other hand, it is also possible that the suppression could be much greater, in 
which case edms would not be observed. 
(C) Supersymmetry may not exist .  

If supersymmetry does exist, and that should be discoverable at the LHC, if not sooner, 
then the search for edms will - one way or the other - provide information about GP-violation 
of enormous importance. If edms are seen, of course it will be epoch-making. Even if not 
seen it will tell us something crucial either about the way CP is violated or about the way 
supersymmetry is broken, or both. 

It is anyone's guess whether atomic edms will be seen. I will close with another quote 
from the same Dallas talk by Weinberg: "Also endemic in supersymmetry are CP violations 
that go beyond the CKM [Cabbibo-Kobayashi-Maskawa] matrix, and for this reason it may 
be that the next exciting thing to come along will be the discovery of a neutron or atomic or 
electron electric dipole moment. These electric dipole moments were just briefly mentioned at 
this conference, but they seem to me to offer one of the most exciting possibilities for progress 
in particle physics." 
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An experimental measurement of the 199Hg atomic electric dipole moment (EDM) has 
yielded the null result d(199Hg) < 1.3 x 10-27 e cm. This is the smallest limit ever set on a 
system electric dipole moment, and sets the most stringent limits to date on several sources 
of time-reversal violation, and gives limits comparable to those set by the neutron EDM. A 
brief review of the technical innovations which made such precision possible will be given. 
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I. Introduction 

The nature of the interaction which leads to the observed violation of C P symmetry (com­

bined operation of charge conjugation and parity inversion) in a rare decay mode of the 

K0 meson remains and enigma. 1 l  Since CPT = 1 ,  the observed GP implies time reversal 

symmetry violation. Theories put forward to explain the observed C P violation predict the 

existence of permanent electric dipole moments (EDMs) of elementary particles (e.g., the 

electron) and more complex structures (e.g., neutron, atoms). 

A system with angular momentum I which has an EDM interacts with electric and 

magnetic fields as described by the following Hamiltonian: 

H = -(dE + µii) . f;r (1)  

where d and µ represent the electric and usual magnetic dipole moments, E and ii are the 

applied electric and magnetic fields. The Hamiltonian is written in this form because any 

vector expectation value associated with the system must lie along l, otherwise additional 

quantum numbers would be required to describe the system; that there are only two states 

associated with the neutron (ground state) is well-verified by the observation that nucleons 

in composite nuclei obey the Pauli exclusion principle. 

An important feature of Eq. ( 1) is that the EDM is proportional to I, just as the mag­

netic moment is. The implication is that an EDM is the result of internal (time-dependent) 

dynamics, and represent it as a simple charge separation along I isn't correct. When the 

system is reflected in the mirror, the EDM direction must reverse with I, in order for there 

to be an observable which manifests T violation. This can be seen from Eq. (1 ) ;  under time 

reversal, E -+ E, ii -+ -ii, while under parity, E -+ -E, ii -+ ii, and in order for the 

eigenvalues of Eq. (1 )  to show parity or time reversal effects, the EDM must be proportional 

to f. 
To measure the EDM of an object, one in principle could simply look for the precession of 

the spin about an applied electric field. In the case of spin 1/2, any spin dependent interaction 

with the applied field is strictly forbidden (Kramer's theorem, which is a statement about 

time reversal symmetry). For spin > 1/2, there can be an electric polarizability effect , which 

should be the same independent of electric field direction, unlike a true EDM. Perfect reversal 

of an electric field is difficult in practice. 

By Eq. (1 ) ,  if parallel electric and magnetic fields are applied, on reversal of E relative 

to ii, there will be a shift in Larmor frequency 

w = 2dE/1i. (2) 

Equation (1) is also applicable to the internal interactions within a molecule, and if one 

of the atoms of a polar molecule has an EDM, the effects can be evident in the molecular 

hyperfine structure. 
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II. Theoretical Interpretation of Atomic EDM Measurements 

A splendid review of the fundamental processes which can lead to an EDM is given by S.  

Barr,2l and a review of the calculation of atomic EDMs is given by A.-M. Martensson.3l For 

the present discussion, I will compare limits set by our 199Hg EDM experiment4l to those of 

the neutron.5l A full discussion of the 199Hg result is given in Ref. 4). 

It has been long known that a neutral bound system of point particles interacting elec­
trostatically cannot manifest the effects of an edm in the nonrelativistic limit. This is simply 
because under equilibrium conditions, the average electric field at each constituent particle is 

zero. Thus, one might expect that to search for an atomic EDM is a bit pointless. Schiff dis­

cussed possible ways around this problem;6l in the case of atoms, in addition to electrostatic 
interactions, there is also the magnetic fine structure and hyperfine interactions. Further­

more, the electrons are relativistic near the nucleus, and the nucleus is of finite extent. Thus, 

we can expect a non-zero atomic EDM if, for example, the electron has an EDM. In the 
case of the alkali atom Cs, the atomic EDM is actually about 120 times the electron EDM.7) 

For 199Hg, the effect is less favorable, where the atomic EDM is about 1/100 of the electron 
EDM. The difference between these two atoms is the electron spin: Hg in the ground state 
has none, and an electron EDM couples in third order through the hyperfine interaction. 

In the case of a nuclear EDM, the atomic effect can be estimated, following arguments 
used in a related calculation of an intrinsic proton EDM:8l 

datom >:::: Z2 Kr(Rnucleus/ Ratom)2 dnucleus (3) 

where Z is the atomic number and Kr is a relativistic enhancement factor of order 10 for 
Hg; we thus see an atomic EDM about a factor of 100 less than the nucleus. If we think 
of the nuclear EDM as being that of the valence nucleon, we can thus think of our atomic 
Hg experiment having an inherent factor of 100 reduction in sensitivity over the neutron. In 
fact, our measurement4l 

d(199Hg) < 1 .3 x 10-27 e · cm 

(95% confidence) limits the QCD () parameter to 

()QCD < 7 X 10-IO 

whereas the neutron limit 

d(n) < 1.2 x 10-25e · cm 

limits 

Limits on T-odd quark-quark interactions are also comparable between the two.9l 
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III. Experimental Technique 

Our first measurement of the 199Hg EDM was completed in 1987 set a limit of 3 x 10-25 
e cm;10l our recently completed work has improved this limit by a factor of 25. This work is 
fully described in Refs. 4) and 11 )  

The major factors contributing to the increased sensitivity are as follows: use of  isotopi­

cally enriched 199Hg, improved optical pumping cells, and the use of a transverse pumping 

scheme (also, considerably more data was taken with the new apparatus). The transverse 
pumping scheme, first suggesting in 1987 and described in Ref. 12), eliminates possible effects 
due to the AC Stark shift of the optical pumping light since the light propagation direction 
and magnetic fields are perpendicular. In addition, fluctuations in this "light shift" seemed to 
be a source of excess noise in the earlier version of the experiment. The transverse pumping 
scheme gives a factor of two increase in inherent sensitivity. 

We opted to use atomic oscillators as opposed to a pump/probe free precession technique 
because the latter requires switching static magnetic fields within the shields. At our level 
of sensitivity, magnetic field drifts associated with such switching would be unacceptable. 
However, I have proposed a new technique which gets around this problem, and has a number 
of advantages, as will be described later. 

The optical pumping cells are the heart of the experiment, and took about 7 years to 

develop. The spin relaxation lifetime is about 70 seconds, electric fields up to lOkV /cm can 
be applied, and about 5 x 1012 atoms are contained in the cell (of total volume 5 cc). Two cells 
are used in the experiment; the electric field is applied oppositely between the two cells, and 
an EDM would be evident by a relative phase change between the respective atomic oscillator 
signals. This differential measurement discriminates drifts in the static homogeneous field, 
which tend to be about a factor of 10 greater than drifts in the gradient. So far, our result is 

consistent with the shot noise limit, however, a future increase in precision will require better 
field stability, or auxiliary measurements. 

To search for an EDM, one simply periodically reverses the direction of the electric 

field; a correlation with the atomic oscillator frequency with electric field direction would be 
evidence of an EDM. The experiment operates with a 1/8 duty cycle for the following reasons: 
the atomic oscillators take about 20 seconds to respond, displacement currents associated 

with field-reversal charging currents can give a transient shift so we give the system time 

to respond, and data is taken with no voltage applied (between field reversals) to test for 
systematic effects. The electric field is reversed every 1000 seconds, and about 1/8 to 1/16 
of the data can be used with confidence. 

IV. Statistical Limits to Sensitivity 

The basic experimental idea is to measure the spin precession frequency difference for 
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parallel and antiparallel magnetic fields. We have N uncorrelated atoms per cell, and on 
reversal of the electric field, for each cell, from Eq. (2), a net frequency uncertainty of 

1 1 ow = v'2- r.T 
T yN 

(4) 

is expected by the Heisenberg relation over an observation time T ::::; 25 sec, the effective spin 
lifetime. After many such measurements, over a time T, the final uncertainty is 

(5) 

Taking an electric field of 10 kV /cm, and taking a difference between two cells (a net factor 
v'2 increase in sensitivity over a single cell), we might expect a daily uncertainty of 

Od ::::; 3.4 X 10-JOe · cm. 

However, there are a number of reduction factors. The spin precession is detected by the 
absorption of photons. First, the signal modulation is only a fraction of the total transmitted 
photon flux detected (1/8). Next, the light collection is efficiency is 25%, the photomultiplier 
quantum efficiency is 10%, and the net transmitted photon flux is e-1 .8 = .17, and the 
incident flux is determined by N /r. Finally, the duty cycle is 1/8. The last four factors enter 
as the square root, whereas the overall signal to noise factor 1/8 enters linearly (in addition, 
the effective linewidth of the atomic oscillator is twice the Heisenberg limit because not all 
atoms live for r; this also enters linearly); we thus have a reduction factor 

Jo.25 x 0.10 x 0.11 x � 
16 = 1.4 x 10-3 

giving a daily statistical accuracy of about 2.5 x 10-27 e cm, which is experimentally observed 
(at lOkV/cm). 

V. Systematic Effects Considered 

A "quadratic" effect due to changes in the light shift of the pumping light (lmHz) with 
application of high voltage through the usual Stark effect is possible; field perpendicularity 
and polarization averaging to zero reduces the effective light shift to < lµHz, and the high 
voltage symmetry, certainly better than 10%, gives an EDM signal < 10-28 e cm. 

Leakage currents in the steady state of order 1 pA,by flowing in a loop around the cell, 
can give rise to an EDM of 5 x 10-29e cm. 

Displacement currents from the high voltage application can permanently magnetize the 
shield. Simulating these currents with wires placed in the shields but with current increase 
by 100-1000 times showed no remanance effects. 
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In addition, the zero-voltage data (i.e., atomic oscillator phase after each high voltage 
application) yielded no resolved effect. 

Magnetic fields associated with the high voltage supply are lµG 1 meter from the shields; 
the shielding factor on the gradient is 20 x 70, 000 which gives an EDM of 10-28e cm. 

Changes in spatial dependence of the atomic polarization due to application of the high 
voltage was explored by applying a magnetic field gradient 50 times larger, along various 
directions, than is normally present, and no effects were observed.13) 

The time dependence of the atomic oscillator signals, after application and removal of 
the high voltage, showed no resolved systematic effects. 

The possibility of a v x E systematic magnetic field exists due to the difference between 
the spatial average of pumping vs. detection; this is estimated to be < 10-28e cm. 

VI. Future Prospects 

In order to reduce dead-time effects and increase the signal-to-noise, we are now con­
sidering a pump/probe type of experiment. Furthermore, background effects inherent in 
the atomic oscillator effects will be reduced, and higher quantum efficiency photomultipli­
ers (which have a light polarization dependent sensitivity) can be used, and the collection 
efficiency increased. In total, a factor of about 3 increase in sensitivity is expected. 

Since the switching of static fields must be avoided, a coherent precessing polarization 
must be produced by other means. One possibility is to pump the atoms along the fixed static 
field direction, then use an RF pulse to rotate the polarization by 7r /2, thereby creating the 
precessing spin polarization. Unfortunately, the electrodes of the cells are not transparent to 
the 254 nm ultraviolet pumping light, so this is not possible; also, the application of the RF 
magnetic field could lead to drifts. 

This led to the proposal of a "pulse pump" system; pumping light is incident on the cells 
from a direction perpendicular to the applied static magnetic field, and this light is pulsed at 
the Larmor frequency. A net spin polarization builds up, because each time the polarization 
precesses a cycle, it gets reinforced. 

A Zeeman-shifted high intensity pump light has been constructed; the idea is that non­
resonant light from 202Hg can be Zeeman shifted to resonance, and the light parallel to the 
magnetic field is circulary polarized. Thus, the pumping light needs no additional polarizer. 
The light is the chopped by a toothed disk turning at a frequency such that the pulses occur 
at the Larmor frequency. The pump light is only used for polarization, after which it is 
blocked. An atomic polarization of 80% has been produced by this method. 

The probe light has its polarization modulated at high frequency by use of a photoelastic 
Lame plate modulator. Thus, the light shift is again reduced by this, and by having the 
incident probe light perpendicular to the applied field. 
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The gain in sensitivity comes about from an increased atomic polarization, decreased 
dead time (pump time is of order 10 sec, no waiting for atomic oscillator response or displace­
ment current effects), and increased detection efficiency. At least a factor of three increase in 
sensitivity is expected, and systematic effects associated with the atomic oscillators will be 
eliminated, although the new technique will certainly have its own set of systematic problems. 

We also hope to fabricate cells with a longer spin lifetime, and to incorporate either a Cs 
or Squid magnetometer system to monitor systematic and background magnetic fields, which 
are anticipated to be a problem at the new level of sensitivity. High Tc Squid magnetometers, 
or a High Tc flux transformer coupling to a conventional Squid outside the magnetic shield 
are being considered. 
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Abstract 

We present the status of the Berkeley measurement of the electron electric dipole moment. The 
electron electric dipole moment can only be non-zero if the fundamental symmetries C and T 
are violated. To date, no non-vanishing dipole moment has been measured. 

Although the Standard Model predicts a value of de '"" 10-37 e cm , approximately ten orders 
of magnitude smaller than we can measure, extensions of the model predicts non-zero EDM's 
easily within experimental reach.1l 

We shall describe the basic elements of our experiment, and then provide the current expec­
tations of machine performance. 



280 

1 Introduction 

Our electron electric dipolt> me r:1t•nt (EDM) experiment is a classic Ramsey interference ex­

periment. Fig. 1 is an experimental schematic. We make two vertical, counterpropagating 

beams of atomic thallium with effusive atomic beam ovens. The beams are not run simultane­

ously and are not cooled. We first optically pump the atoms, aligning the ground state. They 

then undergo a pulse of radio frequency, rotating the alignment into a superposition of two 

polarizations. They then enter the true interaction region, a large electric field. 

In this experiment the interaction of interest is: -datom · E, and this enters as a phase 

of opposite sign in the tw;J pola. ' ·atioa componentH. Atomic theory predicts that the atomic 

dipole moment of th: gi',' •Ul' 1 ; , e · ,f thallium is -.585 times larger than the electron dipole 

moment, so we can infer thf ,..Jee ' •  m EDM from this atomic measurement. This magnification 

is called the "enhancement factor." As with all Ramsey interference experiments, we then 

pulse the atoms with a second rf region, which is phase related with the first. This allows 

us to extract -datom linearly with a second optical pumping region. The invariant associated 

with the measurement is: B·E; a true EDM will change sign with electric and magnetic field 

reversal. 

Fluoresent 
Detector 

Electric Field 

Region 
(into page) 

+ Atoms 

" 

Fluoresenl Detector ....._,_ 
CJ Re�fon 

378 nm Photons 
z-Polarized t Atoms 

r;::i � 

100 115 325 
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Figure 1 :  The necessary elements of the EDM experiment. Not drawn is a magnetic field in the z direction, 

which is constant over the entire apparatus except for the oven regions. 
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As already mentioned, thiB <·xperiment measures the dipole moment of the ground state of 
atomic thallium, not the elect ron. However, we will discuss the measurement as an electron 
measurement, the true quantity of interest. 

The most recent results of the two experiments most sensitive to the electron electric dipole 
moment are: L. Hunter and collaborators measured the electron EDM in cesium, and found, 
de = - 1.5  ± 5.5 ± 1 .5  x 10-26e cm .2l Most recently, our group measured: de = -2.7 ± 8.3 x 

10-27 e cm in thallium.3l 

2 An Experimental Overview 

We chose the thallium atom beu. , 1se of its large enhancement factor and spectroscopic con­
venience. Fig. 2 is a level diagram of the three lowest levels. The nuclear spin is 1/2, so the 
62 P1 and 72 S l states are each split by the hyperfine interaction. The 62 P1 state is metastable, 

2 2 2 

T '°" 0.3 s; its hyperfine structure is irrelevant to the experiment. The 72 S � state decays with 
roughly equal probabilities via El transitions to the 62 P� and the 62 P� states. 

2 
7 s 

l/2 

F=! � 
--.------1 12.4 GHz 

F=<I � 

2 
6 pl/2 

m F =-I 

m F::O 

2 
6 p 3/2 

Co< ( 

m p=l 
m F"° 

m F =-I 

F=<I � 
m F "° 

Figure 2: The low lying energy levels of thallium 205, Z=81. The figure includes the Zeeman splittings at the 

right. Isotope 205 is used because it is 703 abundant. 

We pump the 62 P� F 1 transition, cycling it hundreds of times. We 
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collect and count the 72 S l -+ 62 P� , 535 nm light. The Clebsch-Gordan coefficient between 
2 2 

the mF = 0 states vanishes, and, therefore, the pumping has three effects: 1) depopulates the 

62 P1 F = 1 ,  mp = ± 1  states, 2) populates the 62 P1 F = 1, mp = 0 state, and 3) measures the 
2 2 

populations of the 62 P� F = 1, mp = ± 1  states. 

Keeping the effects of the optical pumping in mind, we can follow a thallium atom up through 

the apparatus as it moves from the lower oven to the final detection region. First, the atom 

is optically pumped into the 6� P� F = 1 ,  mp = 0 state. Then, it is pulsed with rf tuned to 

the (Ml) Zeeman transitions, depopulating the mp = 0 state and populating the mp = ±1 

states equally. The atom passes through the electric field region; if  there is a non-·zero EDM, 

the m.F = ±1 states acquire a phase of opposite sign and the magnitude: 

-dele lREL 
fo = 

nv 
(1)  

v is  the atomic velocity, 4.4 x 104 cm/s, E is the electric field strength, 1 20 kV /cm, R is  the 

enhancement factor, -585, e is thf' unit charge in cgs, and L is the length of the electric field 

region, 100 cm. For an EDM cl" 1 0  '2? e c·m ,  c0 "" 10-1. Note that this phase changes sign with 

E. Like all Ramsey intc-rferenc e>: µeriments, the atoms are then pulsed again with rf, phase 

different from the first interaction , egion, which brings the EDM phase down from the exponent. 

We then reprobe the atoms with the same optical pumping light in the second optical interaction 

region. This extracts a signal proportional to the populations of the mF = ± 1  transitions, and, 

therefore, the phase, c:0. Reversing the electric field and constructing the signal (S) asymmetry: 

A = B+s - s_s 
S+s + s_s 

(2) 

constructs a number proportional to the electron EDM. If we scan the rf through the transition, 

we see the well known R<cmsey fr;nges. These are shown in Fig. 3.  

l9J JO 1 9 3 3 5  Fr�q (kH?) 

Figure 3: Two measured double loop resonances, central 250 Hz. The phase difference between the rf regions 

is, ±3ir/4. 
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When we reverse the sign of the electric field, we move off the center of this fringe by an 

amount equal to the about 10-4 Hz for an EDM of 10-27 e cm . Because the central fringe has 

a large slope, the numbC'r 'Jf 530 · 1m photons changes with the electric field reversal. 

3 Systematic Uncertainties 

Critical to the success of this experiment is the control and understanding of its systematics. In 

general, any non-random phase which rotates the mp = ±1 components of the wave function 

in opposite directions, that is not due to a real atomic EDM, is a systematic. This unwanted 

phase is most likely due to the -µ ·B interaction, it can also he topological in origin. To remove 

the unwanted phase, we reduce it manually with the apparatus, or make certain by calculation 

that it is so small that it isn't ncLuit-king a true EDM. We discuss the dominant contributions 

only. 

3 .1  The 'Exv' Effect 

Our atomic EDM measurement is severely complicated by the large magnetic moment of the 

62 P1;2 F = 1 ,  mp = ±1 states: µB/3 in magnitude. Any magnetic field which changes syn­

chronously with the electric field could create a false EDM; in particular, the magnetic field 

includes relativistic terms from the thallium atom's passage through the intense electric field, 

B=E xv/c. 

A detailed calculations show;. (hat the magnitude of this effect is: 

21 ( Oliy / Bx \ 8By i5Ey Bz ) dfalse = 7.9 X 10 .  lvx l  \ WzT / + ([Bz l )  + (Ez )  fB'J e cm (3) 
The i5's indicate up/down atomic beam difference. Note that if the beams overlap exactly 

and have the same velocities, the uncertainty vanishes. This is our motivation for using two 

opposing atomic beams. We are able to estimate and minimize the contribution from each of 

these terms. Note that strict atomic beam overlap is essential for the experiment's success; if 

the apparatus were not vertical, t l •e orbits would be affected by gravity and such good overlap 

impossible. 

We have recently noliced th t there could be a contribution to the E x v effect from a 

difference in atomic beam overlap as a function of :i: if a large electric gradient is present. 

However, this must be investigated further. 
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3.2 The Geometric Phase Effect 

If the x direction of magnetic field is different at the two ends of the magnetic field, then there 

is an additional systematic uncertainty that is topological in origin. It is described in detail 

elsewhere.4l The mp ± 1 components of the wavefunction will accumulate a phase of opposite 

sign and magnitude: 

Q = 2v 
(Bx1 �

2
Bx2) E c z 

where 1 and 2 refer to the two ends of the electric field region. 

(4) 

If the x gradient is due to the z coils, the systematic is B-even (unlike a true EDM) and 

varies like B-; 1 .  If the gradient is from an external source, then the effect is B-odd but scales 

like B-;2 • We know the magnitude and the sign of the effect at a variety of magnetic field 

magnitudes, and may be able to subtract it from our result. 

3.3 Charging and Leakage Currents 

Charging currents may generate an EDM-like asymmetry if they have not stopped flowing when 

<lata taking commences, so we allow a generous delay before taking data. 

Leakage currents aI'' a very di!t"• ·dt problem. We cannot calculate the effect of them, and 

they can be very hard to iem· ,, During runs, we measure that they were less than 10 nA 

over the entire 500 cm2 surface of the plates and recondition the plates in an argon atmosphere 

during the running. 

3.4 Systematics Summary 

The following is a summary of the two major systematics of our experiment. The important 

experimental contributions are listed, followed by their values and a conversion coefficient, and 

the final uncertainty. These arf' the expected values; they might be larger or smaller during 

the final data runs. No�e the ex,;euuental values of the magnetic gradients and the up/down 

atomic beam spacial overlap. 

'Exv' 

= 7.9 x 10-21 · 8 x 10-5 

< 2 x 10-28 e cm 

l.7x10-4 . Q.4o9 

= 7.9 X 10-21 . { Jz�;,�Y�} < 7.9 X 10-21 . { 10-• 6x10-�to�-3 6xIO-' } 
< 2 x 10-28 c cm 

= 7.9 x 10-"1 · -1; · {�oz} < 7.9 x 10-21 · 460 · 0.36 · 10-4 
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< 7 x 10-28 e cm 

(This uncertainty is removed completely by reversing the electric field plates.) 

< 7.6 x 10-28 e cm 

(This un•certainty is B - even and cannot mimic a true EDM.) 

Geometric Phase 

2v:z:(B:z:1-B:z:2)E cB'f = 1 .4 x 10-23 (Bx1 - Bx2) 

< 3 x 10-27 e cm at Bz = 0.17 G 

< 7 x 10-28 e cm at Bz = 0.4 G 

Total Systematic Uncertainty: 7 x 10-28 e cm 

If we measure the geometric phase systematic well, this uncertainty could drop to 4 x 

10-28 e cm . 

4 Counting Time 

From shot noise considerations alone, we expect a mere 7.5 hours to count to 10-27 e cm . 

However, there is additional noise which limits us to roughly 5.3 x 10-25 e cm per second, or 

80 hours to achieve 10-27 e cm . 

5 Conclusion 

We are have designed an experiment to measure the electron electric dipole moment that should 

be sensitive to a moment in the neighborhood of 10-27 e cm . 
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Abstract 

Time reversal and parity non-invariant interactions within an atom naturally 
give rise to an atomic permanent electric dipole moment (EDM) . For noble gas 
atoms, the size of such an EDM scales as Z2 and higher powers of Z depending 
on the actual manifestation of T non-invariance, most importantly a distribution 
of electric dipole moment within the nucleus (Schiff Moment) and a T-odd tensor 
interaction between the nucleus and atomic electrons. We have developed a noble gas 
Zeeman maser that can simultaneously measure the EDMs of 129Xe and 3He in the 
same maser cell in order to mitigate systematic effects due to leakage currents and 
common mode problems such as magnetic field and time base noise. The philosophy 
of our approach is that the EDM of 3He is negligible compared to that of 129Xe, 
and thus we use the 3He as a "magnetometer" and monitor of systematic effects. 
The maser's measured precision for an integration time T has been observed to be 
10-27-3/2, and we anticipate EDM sensitivity better than 10-27 e-cm for a one day 
run. 
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Introduction 

The observation of an Permanent Electric Dipole Moment (EDM) would reveal interac­

tions that are not invariant under time reversal (T) and parity (P) transforinations.1 Such 

interactions, described in the language of modern elementary particle physics, also violate 

invariance under the transformation of CP (C is the charge conjugation transformation). The 

question of the symmetry of physics under the CP and T transformations is a natural one and 

independent of the first observation of CP non-invariance in the neutral Kaon system nearly 
thirty years ago.2 In atomic systems, the searches for an EDM are currently motivated most 

strongly by the opportunity to discover physics beyond the Standard Model. This is because 

the current Standard Model picture of elementary particle interactions can accommodate CP 

violation in the Kaan system but predicts EDMs much smaller than will be detectable in the 

near future in any system. For example, the neutron EDM searches currently set upper limits 

near 10-25 e-cm while the Standard Model predicts values near 10-32 e-cm. Thus we hope 

to discover physics beyond the Standard Model by measuring EDM's much larger than the 

Standard Model prediction or to clarify the theoretical picture by setting upper limits on CP 
non-invariant contributions which eliminate or constrain alternatives to the Standard Model. 

In fact several extensions of the standard model can accomodate electron and neutron ED Ms 

of the order of current experiments' sensitivity.3•4 (We refer the reader to the review by S. 

Barr presented at this Workshop.) 

In an atom, a detectable EDM arises becasue the atom is polarized by T non-invariant 

interactions. In general, heavier atoms are more polarizable and the size of the EDM of the 

atom grows as Z2 and higher powers of Z.5 Thus the heaviest atoms, Xe, Cs, Tl and Hg have 

generally been the experimenters' first choice. However, certain systematic effects may be 
limiting current experiments' sensitivity to an atomic EDM in the range of 10-27 e-cm. The 

comparison of 129Xe with Z = 54 and 3He with Z = 2 sampling the same volume at the same 

time is designed to greatly reduce sensitivity to the systematic effects that are common mode 
including bulk magnetic fields, especially those created by leakage currents present when the 

electric field is applied and reversed. Other common mode noise sources such as time base 

drift are also reduced. 

In Table 1 .  we list the several sources of an EDM in 129Xe. These include 1) the possi­

bility of an electron EDM (de) ,  2) T-noninvariant nuclear forces such as those inducing the 

neutron's EDM ( dn) or a nuclear distribution of electric dipole moment different from the dis­

tribution of electric charge leading to a finite Schiff moment ( Q s) ,  and 3) T-noninvariant weak 

neutral currents between the electrons and nucleus which may have tensor-pseudotensor char­

acter (labeled Cr) or scalar-pseudoscalar character (labeled Cs). In terms of these sources, 

the atomic EDM of 129Xe in units of e-cm may be written 
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In Table 1 we also show the Z dependence for each source of atomic EDM and the limits 

established by recent experiments. These current limits establish dxe < 10-27 e-cm, which 
sets the scale for our measurement goals. 

Table 1. Sources of atomic EDM and current limits 

Source Z dependence Current Limit system 
Electron EDM Z3a2 for J =f 0 de = -3 ± 8 x 10-27 e-cm Tl- beam6 
T-nonconserving dn = -3 ± 5 X 10-25e-cm neutron bottle7 

nuclear interactions z2 A2/3 Qs = -6 ± 13 x 10-12e-fm3 Hg - cells 
T-nonconserving z2 Cr = - 4 ± 9 x 10-9 Hg - cells 

neutral currents z3 Cs = 2 ± 6 x 10-7 Hg - cells 

The Free Induction Decay Experiment 

Our initial approach was a Free Induction Decay (FID) technique that simultaneously mea­

sured the precession frequencies of 129Xe and 3He in a single cell in the presence of parallel 

or anti-parallel applied magnetic and electric fields. The apparatus is shown in figure 1. The 

129Xe and 3He were contained in a cell which also contains a small amount of Rb and several 

hundred torr of N2 . The Rb was optically pumped with light from a Ti-sapphire laser and 

polarization was transferred from the Rb to the noble gas nuclei by spin exchange.9 Spin ex­

change is mediated by a contact hyperfine interaction which is enhanced during a collision due 

to effects which are much stronger for the 129Xe-Rb collisions than for the 3He-Rb collisions. 10 

The cells consisted of glass cylinders about 0.8 cm long (made of Schott 8290) with glass end 

plates (Schott Tempax) and Molybdenum wire mesh electrodes sandwiched between the end 
plates and cylinder. The cylinder walls were coated with octadecyltrichlorosilane and the 

end caps and mesh were attached with epoxy. The cells must satisfy the following require­
ments: ( 1 )  they must hold off several kV; (2) the 3He and 129Xe relaxation times must be 10 
hours and 0.3 hours respectively for T1 and at least 0.3 hours for T2 ; (3) they must remain 
mechanically intact and maintain the relaxation times during thermal cycling between 120 C 

and 80 C; (4) all materials must be inert to Rb in the operating temperature range. Detailed 

information on cell construction can be found in reference 8. 
The laser polarized the Rb and the noble gas nuclei parallel (or anti-parallel) to Bapplied· 

We began a run cycle by pumping for several hours at a temperature of 120C in order to 

build up the 3He polarization to about 103. Then the cell was cooled to SOC, a temperature 

at which the 3He polarization relaxation time was about 10 hours and the 129Xe relaxation 

time was about 0.3 hours ( 1000 seconds). A measurement was initiated by applying resonant 

oscillating magnetic field pulses simultaneously to both species (about 3 kHz and 10 kHz 
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respectively for 129Xe and 3He) which tip the spins by 90° for 129Xe and 10-30° for 3He. 

The spins then precessed freely and the precessing magnetization was detected inductively 

by a pick-up coil near the grounded electrode. The pick-up coil signal was amplified and 

distributed to mixers from which beat frequencies between the two species and reference 

oscillators are derived and acquired by computer. The 3He signal was used in two feedback 
loops one which controls the magnetic field by locking up the 3He Larmor frequency, and a 

second which provides a frequency proportional to the 3He frequency, but divided down so 

that it is near the 129Xe precession frequency. 12 

Figure 1 .  Schematic diagram of the apparatus for the Free Induction Decay set-up. 

Beat frequency signals for the two species are shown in figure 2 along with Fast Fourier 

'fransforms (FFT) of those signals. The FFTs are shifted by the reference frequencies for the 

two and show that the 129Xe line width is a bit broader than that for the 3He, a consequence 
of the shorter coherence time, T2 . Also note that the magnet control loop locked the 3He 

frequency to 9726 Hz exactly. The free precession frequencies of 3He and 129Xe are extracted 

from the time domain signals by a least squares fitting to the model S(t) = Ao +  A1cos(wt + 

¢)e-r2t Typical precision for a 1000 second measurement is u..,/27r � lOOnH z. 
The effectiveness of our techniques of magnetic field locking and extraction of the free 

precession frequency is illustrated in figure 3. Here we show the 3He precession frequency 

extracted over one cycle of 12 runs. As expected, the 3He frequency is constant indicating 
that the lock loop is operating well. Also apparent is the size of the frequency error bar which 

is consistent with the scatter of the extracted frequencies for each run. In figure 3 we also 

show data for 129Xe precession frequency during the same run cycle. In this case, the drift 

of the 129Xe frequency is due to the frequency shifts discussed in the next section. We have 

investigated the rejection of magnetic field contributions due, for example to leakage currents. 

A modulation of the current to the solenoid was effected with the 3He feedback loop open 
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(no magnet control) and closed (magnetic field locked to maintain constant 3He frequency).  

With the loop open, the frequency modulation is  IO  mHz and with the loop closed, a limit 
of 10 µHz demonstrated a factor of greater than 1000 rejection of magnetic field variations. 

If we use the typical leakage current of 1 pA and assume this current completes one full 

loop around our cell, the resulting magnetic field would produce a false EDM frequency shift 

corresponding to an EDM of :::::: 10-28 e-cm. With the 1000-fold rejection provided by 3He 

magnetometry, this false EDM signal is reduced to 10-31 e-cm! This clearly demonstrates 

the importance of our two species approach. 
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Figure 2. Beat signals for 3He and 129Xe in the time and frequency domains. The magnetic 

field is controlled to maintain the 3He precession frequency at 9726 Hz. 
10.00IO 

,,..0011 I I l 10.0010 I I I I 1 .. - I I I I I"· .... 
IJ ··-· 

...... 

• . • • .. 
..,-

..... 

-i'·-
. ..... -
" 

JIUO -

-..... -1 ..... -

-

..... -
-

-··-
• • .... � • • .. 

Figure 3. Extracted 3He and 129Xe frequencies for a cycle of 12 runs. 
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Frequency Shifts 

Frequency shifts of the 129Xe and 3He limit the sensitivity to an ED M. Two sorts of shifts 

must be considered: shifts that that correlate with the electric field reversal and thus appear 

as a false EDM signal and shifts that are not correlated, but are not stable and therefore 

produce frequency noise that limits the precision of our measurement. The magnetic field is 
locked to maintain the 3He free precession frequency constant and therefore any frequency 

shifts of the either the 3He or 129Xe appear in the extracted 129Xe frequency as 

where A represents any field which couples to the noble gas spin with strength k. (Both 
the EDM coupling and leakage current effects have this form, however for a leakage current, 
kxe /kHe = µxe/  µH., and the shift vanishes. )  

The cases of kxe/kHe =F µxe/µHe, in  order of  decreasing importance are: 1 )  The longi­

tudinal magnetizations of the 129Xe and 3He produce frequency shifts estimated to be as large 

as 250 µHz for the 129Xe and 30µ Hz for the 3He; 2) Rb is polarized by spin exchange with 

129Xe and 3He and the hyperfine contact interaction leads to shifts '.S 10 µHz; 3) Any rotating 

magnetic field, Br with frequency wr causes a shift proportional to (µxeBr )/(wxe - wr) for 
129Xe and similarly for 3He. This is a generalization of the Bloch-Siegert shift for which 

wr = -wxe· These fields include the oscillating Rb quenching fields and the rotating fields 

due to the precessing 129Xe and 3He magnetization. The estimated shifts are about 0.2µHz 

and << 1 nHz respectively for the two sources; 4) The wall interactions of 129Xe and 3He 
are temperature dependent, and we have determined that the shifts are less than 0. 1 µHz 

for a temperature change of 0.1 K; 5) Gradients of static and rotating magnetic fields also 

induce shifts, which we estimate to be less than about 10 nHz. None of these sources of 

frequency shift lead to a false EDM signal, however they do introduce frequency noise. For 

the FID thechnique this severely limits the EDM measurment because the shifts dependent 

on the 3He or 129Xe magnetization change abruptly every time a run is initiated. These shifts 

are effectively mitigated with the dual noble gas maser in which the population inversion is 
produced by spin exchange. The maser technique provides greater signal to noise and CW 

stability of the 3He and 129Xe magentizations. 

The Spin Exchange Pumped Noble Gas Maser 

A noble gas Zeeman maser can be effected by spin exchange pumping a population 

inversion and coupling the precessing coherence to a resonant cavity, or in our case a tank 

circuit formed with the pick-up coils. In a two cell maser, illustrated in figure 4, conditions 
for both species can be optimized. A pumping cell (labeled Vp) and a measurement or maser 
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cell (labeled VM) are connected by a transfer tube13 The precessing magnetization induces a 

current in the pick-up coil and therefore a resonant oscillating magnetic field, which produces a 
torque on the spins that changes the magnetization. This self-coupling can lead to stimulated 

or super-radiant Rabi precession of the spins and to steady state maser oscillations with stable 

longitudinal and transverse magnetizations. Spins in the pumping cell do not take part in 

the maser oscillation because the transverse component of magnetization is rapidly damped 

by spin exchange and by the magnetic field gradients. 
OWn '-ti sunping Clll to 1 SO" c 

- · -

- ­Controller 
Figure 4. The spin exchange pumped noble gas maser apparatus. Data acquisition and 

electronics are similar to the FID set-up shown in Figure 1. 

The maser operation can be understood by writing the equations of motion for the 

noble gas polarization (P) in the frame rotating at the noble gas precession frequency 14 and 

assuming the tank-circuit resonant frequency is equal to the precession frequency. In this 

frame the magnetization is directed along the x-axis. Neglecting the high frequency (e.g. 
Bloch-Siegert) components of the induced magnetic field 

p2 1 Pz = PpGM - --"'- - Pz(- + GM) PoTRD T1 

where T1 and T2 are the phenomenological relaxation times for Pz and P.,, Pp is the pump 

cell polarization, GM is a rate of polarization transfer to the maser cell 13, Po is the equilib­

rium value of Pz in the absence of spin-cavity coupling, and Pz :S Po. 1/TRD, often called 

the radiation damping rate, is a measure of the torque that is self-induced by the spin-coil 

coupling: 
1 1 2 1i 

- = -2')'.,.9TJQµo-2 [ng]Po. TRD 
TJ is a geometric factor that accounts for the difference in volume of the pick-up coil and the 

magnetized sample, and Q = woL/ R is the quality factor of the pick-up coil tank circuit. 
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For a single cell maser, equations (3) can be modified by setting Pp = PRb (the Rb 

polarization) and GM = '"YSE (the spin exchange rate)9. The solution of these coupled 

equations depends on initial conditions. The conditions for steady state maser oscillation, 

found by setting Px = P, = Fp = 0, are (I) P, > 0 (i.e. population inversion) ,  (2) TRD < T2 , 

and (3) Px > 0. The last condition (3) is required for the maser to start and can be induced by 

spontaneous emmision, black body radiation, or with a pulse of applied oscillating magnetic 
field. 
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Figure 5. Observed start-up transients and approach to steady state for the single cell 129Xe 
(a.) and the 3He (b.) masers and the two cell 3He maser (c.) .  

I n  figure 5 we show the measured maser signal (proportional to MT) for the start u p  and 

approach to steady state of separate single cell masers using 129Xe (a.) and 3He (b.) and 

for a two cell 3He maser (c.) .  The optical pumping was initiated at t � 0. The single cell is 

spherical in shape with volume approximately I cm3 and is coated with a siliconizing agent 

which increases the wall relaxation time for 129Xe 11.  The double cells, each spherical with 

volume � 3 cm3 are uncoated. The T2's for the maser are limited by the polarization transfer 

times l/GM and are typically much shorter than for free induction decay. The illustrated 

transient behavior can be understood as follows: spin exchange produces polarization P,, 
which builds up and increases the radiation damping torque. When that torque exceeds the 

threshold given by TRD < (P,/ Po)T2, Px can increase as the polarization rotates. Thus P, 
decreases, decreasing the radiation damping torque until a temporary equilibrium is attainted 

from which the process repeats. Eventually, the transients decay, and steady state oscillation 

proceeds. One interesting feature of these transients is the damping time. For the single 
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cell maser, the rate at which the transients damp out is determined by /SE which is several 

minutes for 129Xe and several hours for 3He. For the two cell 3He maser, the transients damp 
out with a rate characteristic of the spin transfer rate GM ::::< 1/(3min). 

The precision of the maser for the EDM search is illustrated in an experiment that 

uses the maser precession frequency to lock the magnetic field while monitoring the maser 
oscillation frequency. In this experiment, the maser serves as a phase locked local oscillator 

which is compared to a master clock as shown in figure 4. This measurement is not sensitive 

to the intrinsic frequency stability of the maser for observation times long compared to the 

time constants of the phase locked loop. The frequency was measured by beating the maser 

signals against a reference oscillator shifted from the lock frequency by 0.05 Hz (i .e. for the 

single cell 3He maser, the reference oscillator is at 9388.05 Hz). This beat signal was averaged 

with a 1 .25 s time constant and sampled at 1 Hz. 

i 1 0"' 

t 
J ,�: 
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Figure 6. Frequency precision of the single cell 3He and 129Xe masers. In both cases, the 

maser oscillation frequency is locked to an external oscillator by feed back to the static 

magnetic field. 

We extract the best fit frequency, which can be thought of as a linear fit of the phase 

as a function of time. In our case, the phase is determined by the measured signal voltage 

with the relationship v(t;) = vo sin(¢(t;)) ,  where vo is the amplitude of the measured voltage. 

The expected optimal maser frequency performance, the precision for a given measurement 
interval T, is limited by the error on the slope of ¢ as a function of time. For our measurements, 

with T between 1 ,000 and 10,000 seconds, this is dominated by the white voltage noise from 

the pick-up coil at temperature T and noise from the electronics which cause white phase noise 

of uniform density. Fluctuations of the maser frequency on time scales short compared to 
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the inverse of the 0.05 Hz beat frequency also appear as phase noise and cannot be separated 

from the voltage noise. For white phase noise, the error on the measured frequency is 

CTv = -27r 
12 ¢�ms/ B -3/2 - --- C( T 
7r 73 

where we assume that B is matched to the sample rate so that the number of samples is 

N = 211" Br. In figure 6 v•e show the results of our measurements for the single cell 3He and 
129Xe masers. Each data point represents the standard deviation of a series of measurements 

for each measurement interval r. The data demonstrate that av ex: r-312 (solid and dashed 

lines) as expected for the phase locked maser. The intrinsic frequency noise of the maser 

includes unstable collisional and wall induced shifts and imperfect operation of the magnetic 

field lock loop. White frequency noise causes a random walk of the phase that accumultates 

as ¢�ms ex: r15, and for r sufficiently large so that white frequency noise dominates, we would 

expect av ex: r-1/2. The best strategy is to choose the electric field flipping rate to limit r 
so that white phase noise dominates, which we anticipate to be r � 10, OOOsec and therefore 
in one day of data taking, frequency precision of 3 x 10-9 Hz is anticipated. For a 5 kV /cm 

electric field, this would correspond to EDM sensitivity of 1 x 10-27 e-cm. 

Conclusion 

Measurements with two species are expected to be crucial for future EDM measurements. 

We have developed extremely precise free induction decay techniques with 3He and 129Xe have 

the limitation of frequency shifts due, most importantly, to changing noble gas magnetization 
during the pulse and FID cycles. The recently developed spin exchange pumped masers, 

which have somewhat better signal to noise characteristics and the important advantage of 

CW operation. The performance achieved to date for the single cell, single species, phase 

locked 129Xe maser can be expressed as av < 10-27-3/2 Hz for measurement intervals r = 

1 ,000 to 10,000 seconds. We anticipate significant improvement of this performance in the 
optimized two cell configuration. The two cell arrangement also eliminates the frequency shift 

due to polarized Rb, the need for quenching RF, and the maser cell is cooled so that higher 

voltage can be applied. Also note that, since maser performance is currently dominated by 

pick-up coil Johnson noise and other sources of white voltage noise, a DC squid detecting 

the precessing magnetization could also lead to improved performance. Operation with other 

noble gas species, including 21 Ne, is straight forward, providing opportunities for a wide array 

of applications. 
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Abstract 
The essential characteristics of the neutral kaon system am! t.he way CP, T, and pm;sible CPT 
violations may be observed in it are recalled. The principle of the CPLEAH. experiment is 
presented. CPLEAH. experiment.al results in the semi-lept.onic decay channels are given and 
discussed. It is shown, in particular, that direct. time reversal invariance violation will be ex­
perimentally observed for the first. time. 
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1 INTRODUCTION 
CP violation was first observed in the long-lived neutral kaon decaying1l 

into 7r+7r-.  We will first recall the essential characteristics of the neutral kaon 
system. Then we will show how CP, T,  and CPT symmetries come in and 
how their eventual violation can be observed. The principle of the CPLEAR 
experiment will be explained2l . Finally CPLEAR experimental results in the 
semi-leptonic decay channels will be given and discussed. We will show, in par­
ticular, that in the CPLEAR experiment , for the first time, direct T violation 
will be experimentally observed. 

2 NEUTRAL KAON SYSTEM 
We first describe the neutral kaon system assuming that CP symmetry 

is valid. 
Neutral kaons are produced under the form IK0) = lsd) , S = +1 , IK°) = 

l sd) ,  S = -1 with a well defined strangeness S .  
Once strong interaction cannot do anything more to the neutral kaon, 

weak interaction has time to induce, among other things, .6.S = 2 transitions 
that produce K0 � K° oscillations (see Fig. 1 ) .  

w ·  

Figure 1 :  K0, R0 oscillations 
The two neutral kaon physical states are Ks and KL with very different 

lifetimes, due to phase-space conditions. By looking at their decay channels 
(see Table 1 ) ,  they can be shown to be the symmetric and antisymmetric com­
binations of K0 and K°, that is the CP eigenstates K1  and K2 with eigenvalues 
+1  and -1 ,  IK1) = ( IK0) + IR°) )/v'.2, IK2) = ( IK0) - IK°) )/v'.2. 

Table 1 Neutral kaon main decay channels 
I Ks) --t 17r+7r-) 69% } CP = +1 Ms c::: 498 MeV 

__, 17ro7ro) 31% Ts = 1/fs c::: O.ODns 
IKL) __, 17r+7r-7ro) 12.4% } CP = -1 ML c::: 498 MeV 

__, I 7ro7ro7ro) 21 .6% (£ = 0) TL = 1/fL c::: 52ns 
--t j7r+µ-D1,) , 1 71'-µ+v,,) 27% 

I + - - ) I -
+ ) --t 7r e Lie , 7r e Lie 39% 
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Once a K0 is produced, its Ks and KL components evolve according to 
their masses and widths. The probabilities of finding a K0 or a R° at a time 
t after production can easily be calculated. 
P(K0, t) 

=Hexp[-rst] + exp[-rLt] ± 2 exp[-(rs + rL)t/2] cos[D..mt]} 
P(R°, t) 

An interference term clearly shows up between the Ks and KL decay 
terms. The essential characteristics of the neutral kaon system is that the 
6.m = ML - Ms term that drives this interference is about the same as 
the decay constant rs/2. This means that this interference pattern has time 
to show up before it is killed by the decay. We will see that this effect is 
experime�lly observable in the semi-leptonic decay charge asymmetry of a 
K0 (or a K ) beam because of the 6.S = 6.Q rule that relates directly the 
charge of the lepton to the strangeness of the kaon (see Fig. 2) .  

Figure 2 :  K0 , Tr> semileptonic decay 

3 CP, T, AND CPT VIOLATION 

The fact that 2 x 10-3 KL also decayed into 7r+7r-I) showed that CP was 
violated somewhere. This can happen in two places: 

CP + 1 = + 1 + 1 # -1  
(27r JH IKL) EL(27r lH IK1)  + (27r lH IK2) 

(I) (II) 
(I) In the production: Ks and KL may no longer be the CP eigenstates K1 

and K2 but there could be a small admixture of the other component. 
!Ks) = IK1 ) +cs lK2 ) ;  !KL) = EL IK 1 ) + IK2) ; lcs l ,  lcL I « l ;  Es = c+8; EL =  
E - 8; E and 8, sometimes referred to as ET and 8cPT, can be shown3l to 
correspond to T and CPT violations respectively. 

(II) In the decay: The main component K2 of KL can also decay directly into 
27r through a CP violating transition (penguin diagram) . This 
direct CP violating term is parametrized through a coefficient E1, which 
is measured4•5l to be at most a few 10-3 of E. 
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3 . 1  CP-violating amplitude measurements 

The CP-violating amplitude to a final CP eigenstate F is parametrized 
by a complex number TJF which is its ratio to the CP conserving amplitude. 
The decay rate of a K0 (R{l) beam into F = 27f shows again an interference 
term between the allowed Ks decay and the CP forbidden KL decay: 
R(K0 , F; t) 

= C=i: (e-rst + I TJF l 2e-rL1 ± 2ITJF ! e-(rs+r,,)1/2 cos( �mt - ¢F ) )  

R(K° , F; t) 

h C = I =i= 2 Re (c:) j (F!H IK ·l l 2 w ere 'f 2 . s, . 
A first method to get information about TJF is to compare the Ks and KL 

decay rates. It gives I TJr l 2 and has lieen used by NA3 I  4l at CERN and E73 I 5l 
at Fermilab to measure c:' / c:. 

A second method used by CPLEAH. cousists of measuring the decay rate 
asymmetry of K0 and R0 in the interference region, which provides not only 
I TJF I  but also <f;p. It can be calculated that this asymmetry can go up to 60% at 
t"' 13.5 T.c; , which means that at this lifotirne the rate of K0 decay to 7r+ 7f- is 
four times larger than that of K1 . Starting from l rir l rv 2 x 10-:l the observable 
effect , the ratio of rates b etween iuitial particles and antiparticles, goes up to 
four, typical of interferonwtry where a small signal is strongly enhanced by 
interfering with a large one. In addition CPLEAR. uses the Ks decay region 
to calibrate the respective K0 and Ki detection efficiencies. 

Coming back to the semi-leptonic decay charge asymmetry, in addition 
to the interference pattern due to K0 <==? Ki oscillations, CP violation adds, 
for large decay times, a residual asymmetry 2 H.e ( E) which has the same sign 
for K0 and K°. 

This leads to an absolute definitiou of what we call matter and antimat­
ter. In a world made of matter this residual asymmetry has the sign of the 
nuclei of the chemical elements;  in a world made of antimatter it would be 
the opposite. 

4 CPLEAR EXPERIMENT 

The CPLEAR. experiment uses the annihilation at rest of the low-energy 
antiproton beam of LEAR at CERN on a hydrogen target. It selects the an­
nihilation channels leading to a neutral kaon aud a pair of charged K and 
7r mesons . By detecting and measuring the momenta of the charged mesons 
tagged neutral kaons with known momentum and initial straugeness are pro­
duced. 
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Two essential features of the CPLEAR experiment are the following: 
K0 and R° are produced with the same rates and they have low momenta 
(:::; 800 MeV /c) ,  which gives a typical decay length of rv 2.5  cm for the 
Ks so that the interference pattern is fully contained inside the detector. 
The simultaneous detection of the K0 and the R0 together with their 
decay products to many channels allows for, by using rate asymmetries 
between R° and K0, the cancellation of many systematic errors. 
The decay channels studied are: 27r; 37r; semi-leptonic 7r+C-De and Jr-c+ve. 

5 CPLEAR EXP ERIMENTAL RES ULTS IN THE 

S EMI- LEPTONIC D ECAY CHANNELS 

Four decay rates are measured: 
R+ = R (K0 ==;. 7r-c+vi:, t ) ,  
R- = R (K0 ==;. 7r+£-Dp ,  t) , 

-
- --o R = R (K =? 7r+c-De, t) 

-+ ..,.{} R = R (K =? 7r-c+vp ,  t) 
The last two are directly forbidden by the .6.S = .6.Q rule implying, to 

be non zero, that at least one K0 {:=:::;> K1 transition has occurecl. 
A possible violation of this rule is characterized by the parameter: 

x = (7r-c+v1 dH IK1) / (7r-c+v1 dH IK0) . 
From the four rates tlw following four asymmetries can be built: 

(R+ - R-) - (R+ - R- ) R+ - R-
A1(t)  = -+ __ and AT(t) = -+ = 4 Re (cT) for x = O, (R + + R- ) + (R + H. ) R + R-
are shown in Fig. 3.  

0.5 0.2 

0.4 A, 0.15 
AT 

11 

0.3 0.1  

0.2 T = CP 

0.05 
0.1 

0 
0 

-0.1 -0.05 

-0.2 
0 2 4 6 8 1 0  1 2  14 16 18 20 2 4 8 1 0  1 2  14 1 6  1 8  20 

tits t/�s 

Figure 3 :  A 1 ,  AT serni-leptouic asymmetries 
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• A1 (t) is sensitive to t:..m and Re (x) . Since it is roughly the charge asym­
metry of a K0 beam minus that of a R0 beam, the interference pattern adds 
up and is clearly visible and the residual asymmetry 2R.e(c) cancels out. 
• AT (t) is expected to be '""' 6 x 10-3_ If the t:..S = t:..Q rule holds it can only 
be different from zero through a first K0 <===> tr> step. Therefore it is a direct 
measurement of T violation. 

(R+ + R-) - (R.+ + n-) • A2(t) = � __ is sensitive to Re (cs) and Im (x) . 
(R. + R. ) + (R+ + R.-) 

• AcPT(t) = �= - R.+ 
--+ 4 R.e (8) for t »  Ts is related to CPT violation. 

R. + R.+ 

6 CONCLUSION 

Table 2 shows the statistical precision (10') of the parameters measured 
at CPLEAR together with the precision on these parameters quoted by the 
Particle Data Group (PDG)6l before CPLEAR.. 

Table 2 Present and future performances of CPLEAR. 
Parameter PDG ( '92) '92 '93 '94 & '95 
t:..m [10101i/s] 0.0024 0.006 0 .003 0.002 
Re (x) [10-:1] 18 20 10 5 
Im (x) [10-:3] 26 8 4 2 
R.e (cs) [10-3] - 1 .4 0 .7 0.4 
AT[10-3] - 4 2 1 

It can be seen that at the completion of the experiment in 1995, taking 
"into account systematic errors, the accuracy on Re ( x) and Im ( x) should 
be improved by factors of 3 and 10 respectively. Another striking feature is 
that a non-zero value of time reversal invariance violation should be directly 
measured at a four-standard deviation level. 
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Abstract 

The CPLEAR experiment running at CERN, measures CP T and CPT,violating parameters in the 

neutral kaon system by measuring time dependent decay asymmetries between K0 and K0. Physics 
results corresponding to about 25% of the presently available statistics are presented for the rr+rr­
and the rr+rr-rr0 decay channels. The present precisions are already at the level of the world average 
value for <f>+- and one order of magnitude better than the published results for 11+-o · Moreover, for 
the first time the amplitude for the CP allowed Ks decay into rr+rr-rr0 has been evaluated. 
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INTRODUCTION 

The CPLEAR experiment aims to measure the CP, T violation effects through the 
observation of particle-antiparticle decay rate asymmetries by detecting initial K0 
and K0 states and their decay products: Jr+ Jr- ,  7f+ Jr-Ko and mA. 

The decay rate of initial K0(K0) into 7f+7f-- assuming Es=E£=E, is given by (see 
the previous presentation for the definition of the parameters): 

RKo (t) 1 -"f · I 2 -"! 1 - 1-,8+oi1' 
R

Ko (t) cx [l � Re( E)J [e ' + 1 11+- I  e L ± 2 1 i7+- l e ' cos (D.mt - <P+- )]  

The mass difference D.m between Ks and KL is  approximately equal to  half of the 
decay width of the Ks and the interference amplitude is observable between 5 and 
15 T8 • CPLEAR measures the time dependent asymmetry between K0 and K0: 

RK_O + _ ( t) - RKo + _ (t )  
A + - ( t) = __ -:±JL_7f _____ __::+I1:__7f __ 7r 7r R0 + _ (t )  + RKo . + _ (t) K ->7r 7r -> 7T  1r 

which is sensitive to L\m and the CP violation parameters 1 11+-. I  and 1>+- : 
� 

4 ( )  � ?R , ( ) _ 2 1 11+- I e ' cos (.6.mt - <P+ - l . + _ f � - .e E 2 7f 7f 1 + l il+- 1 ehs -"tL)I 
( 1 )  

The detector efficiencies, geometrical acceptance and residual background are 
identical for K0 and K0 decay and therefore cancel in the asymmetry. This measure­
ment allows to evaluate both the amplitude and the phase of the CP violation param­
eter in the 7f+ 7f- decay channel. Moreover, the conservation of CPT can be tested by 
comparing <P+- with the superweak angle ¢sw defined as arctan( 2.6.m/ (rs-1L ) ) .  If 
CPT is a good symmetry ¢+ - � ¢sw ·  The present value for \)SW is (43.7±0.2}° [ 1 ] . 

Time dependent asymmetries probe the CP violation even if the final state is not 
a pure CP eigenstate and allow to measure l/+-o in the 7r+ 11 ·· 7f0 decay. 

1 THE CPLEAR EXPERIMENT 

The CPLEAR detector, shown on Figure 1 ,  allows to tag the strangeness of the neutral 
kaon and to measure its decay product. It has a cylindrical geometry and is mounted 
inside a solenoid of 3.6 m length and 1 m radius, which produces a magnetic field 
of 0.44 T parallel to the antiproton beam. Antiprotons coming from LEAR with 
a momentum of 200 MeV/c annihilate at rest, at the center of the detector, in a 
spherical target filled with hydrogen at a pressure of 1 6  bars. K0 and K.0 are produced 
in � 4 1 0-3 of the annihilations through the reactions: 

pp -+ K+ iT-Ko or K-- n+Ko (2) 
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Figure I :  CPLEAR detector 

In these reactions, the identification of the charged kaon and of its charge sign 
determines the strangeness of the associated neutral kaon. 

The target is surrounded by a tracking device consisting of 2 proportional cham­
bers, 6 drift chambers and 2 layers of streamer tubes. This detector allows the 
reconstruction of the charged particle tracks and the measurement of their momen­
tum. It is followed by a particle identification device, made of a threshold Cherenkov 
sandwiched between 2 layers of scintillators, which separates charged kaons (which 
do not produce light in the Cherenkov) from charged pions. Finally an 1 8-layer 
gas-sampling calorimeter is used to detect gammas. With its high granularity, the 
impact points of the showers are reconstructed accurately. 

To face the high rate (1 MHz) required to measure accurately the CP violation 
parameters and to select the reaction (2) among the much more numerous multipionic 
annihilations, a sophisticated multi-level trigger is required. It is based on the 
recognition of the associated charged Kri pair at the annihilation vertex. The first 
requirement of the trigger is that there are at least two hits in the inner scintillator layer 
and at least one charged kaon candidate in the Cherenkov. The next trigger stages 
place kinematical constraints on the event firstly by applying a cut to the transverse 
momentum of the kaon candidate, and then by requiring 2 or 4 tracks after a full 
event reconstruction and track parameterization. The following processor improves 
the particle identification using the energy loss of the particles in the scintillators, the 
time of flight difference between kaons and pions and the number of photo-electrons 
in the Cherenkov. The last trigger stage requires a minimum number of clusters in 
the calorimeter for two-tracks events. The maximum trigger decision time is around 
34 p.s and its reduction factor is about 1 000. 
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The identification of the K0 decay into 71"+ 71"- is based on constrained fits. The 
constraints are the following: 

- the missing mass to the K± IT+ pair at the annihilation vertex should be equal to 
the K0 mass. 

- the total energy of the 4 particles should be equal to twice the proton mass and 
the total momentum should be equal to zero. 

- the K0 flight direction should agree with the direction between the annihilation 
and the decay vertex. 

The present analysis used data recorded up to the end of 1 992. After the fits, 2 106 

events are selected with a decay time above 2 T5 • In the final sample the remaining 
background is very small. It is only present at large decay time and comes mainly 
from the KL decay into m//.  It has been evaluated to be about 1 .2 1  ±0. 1 4  larger than 
the CP violating KL decay into 71"+ r< - .  

Even if K0 and K0 are produced symmetrically, the number of reconstructed K0 

and K0 is not equal because the detector efficiencies of K+ and K- differ in the 
detector due to their different nuclear cross-section. This effect modifies the relative 
proportion of K0 and K0 in our sample but we have checked that this proportion 
does depend neither on the K0 momentum nor on the K0 decay time. It is taken into 
account by introducing a normalization factor 1 . 1 1 87 ± 0.0026 measured on K0---+ 
71"+ 71"- events with a decay time between 2 and 4 T, where the CP violating effects are 
very small. 

The reconstructed time dependent asymmetry is shown on Figure 2a together 
with the results of the fit. The fit of the asymmetry to expression (1) ,  using a fixed 
value of /s , /L and �m (0.535 1 ±0.0024 1010 h/s) from reference [ l ]  and taking into 
account the remaining background, gives the following values for the CP violation 
parameters: { 17+- = ( 2 .25 ± 0.07stat ± 0.02sys ) 1 0-3 

(/>+- = ( 44.7 ± l .3stat ± 0. 7 sys ± 0.7 �m ) 0 

The quoted systematic errors are preliminary. They take into account the uncertain­
ties linked to the correction for the regeneration effects and to the K0, K0normalization. 
The error related to the uncertainty on �m will be reduced in the future due to the 
measurement of �m which will be obtained in our experiment. 

In this analysis, events are selected by using the following criteria: 
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Figure 2: a) Time dependent asymmetry for K0 decay into 11'+ 11'- .  The solid (dotted) line is the 
result of a fit with (without) taking into account the residual three-body background. b) Time 
dependent asymmetry for K0 decay into 11'+11'-11'0• 

- the missing mass to the K±7f:i= pair should be equal to the K0 mass. 

20 

- the missing mass to the 4 detected charged particles should be equal to the 
7fo mass. 

- the K0 flight direction should agree with the direction between the annihilation 
and the decay vertex. 

- the event should not satisfy the kinematics of K0 --+ 7f+7f- . 
- at least one photon should be detected in the calorimeter. 

After selection, about 36 000 events remain with a background level of 15%. The 
time dependent asymmetry A+-o allows a measurement of Re ( 11+-o ) and Im ( 11+-o ) : 

-h5-0( )t 
A+-o (t) � 2Re (Es ) - 2 (Re(11+-u) cos (L\mt) - Im( 11+-o ) sin(.!.lmt ) )  e 2 

The fit of the time dependent asymmetry shown on Figure 2b gives the following 
results: { Re ( 11+-o l = 0.002 ± 0.01 6stat 

Im(11+-ol = 0.044 ± 0.026stat 
The systematic errors, still under study, are estimated to be smaller than the present 

statistical error. 
By studying separately the time dependent asymmetry for events with .T < 0 or 

x > 0, where .1: = (m;.+ rro - m;._rro )/m;. , the amplitude of the CP allowed Ks decay 
into 7f+7f-7fo can be measured (Figure 3). The fit performed simultaneously on both 
asymmetries leads to the following CP allowed decay width of the Ks: 

f(K " --+ 1f+7f- 1f0 ) c·p 1 .) 
0 

- =+ 
= (2 . 1 ± 1 .2)  10-3 

f(KL --+ 7f+7f-7f )cP=-1 
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Figure 3:  Time dependent asymmetry for K"decay into ir+rr - ir0with .>: > 0 and >: < 0 

1 11+- I 1 1 0-:1] 
C7J+_ [o] 

Re ( 11+- o l  
Im ( '1+-o)  

I'(K,s:-t7f+ 7f- 7ru)cP-±I 
f(K r.-t7f+ 7T - 7rOlcP�- 1 

PDG '92 CPLEAR '92 
2.279±0.022 2.25±0.07 

46.5 ± 1 .2 44.7 ± 1 .3 
0.05±0. 1 7  [2] 0.002±0.0 1 6  
0. 1 5 ±0.33 [ 2] 0.044±0.026 

(2. 1± 1 .2) 10-:i 

Table I :  Present and future performances of CPLEAR 

CONCLUSIONS 

CPLEAR '95 
±0.02 
±0.4 

±0.004 
±0.006 

±o.3 1 0-3 

The CPLEAR experiment measures CP violating parameters in the K0 system by 
measuring time dependent rate asymmetries between initial K0 and K0• The present 
results are summarized in table 1 together with the world average values given in 
the PDG 92 [ l ] . The data recorded in 1 993 are being analyzed and should bring an 
improvement of factor 4 in statistics. Running up to 1995 should allow a statistical 
improvement by a factor of � 16. The expected statistical precisions at the end of the 
experiment are listed in table 1 .  The improved accuracy on d>+_ will allow a precise 
test of CPT. 
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ABSTRACT 
Parity violation (PV) in stable atoms arises from z0 exchange between electrons 

and nucleons. Measurements of atomic PV provide low energy tests of the electroweak 
interaction complementary t0 high energy experiments because in the atomic case all 
nucleons interact coherently with the z0 • The cesium atom is of particular interst since 
atomic calculations have reached 1% accuracy, while work is underway to push the accu­
racy of the experimental measurements to the same level. This would constrain further 
electroweak theories while the comparison of PV from different hyperfine components 
should allow one to identify a nuclear spin dependent PV interaction. 

1. Introduction 
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Parity violation occurs in atoms because, in addition to the electromagnetic interaction 
between electrons and nucleons (exchange of photons), there exist weak neutral currents ( zo 

exchange) .  The hamiltonian describing the interaction is, in the non-relativistic approxima­
tion, 

H
PV = 

!!...!____ [u,.p,8(r) + h.c] 
Qw 

4v'2 m, 
( 1 )  

where GF i s  the Fermi constant and u • .  p./ !P e  I the electron helicity. The delta function 8(r) 

indicates the short range of the interaction associated with the heavy boson mass, very short 
indeed on the atomic scale. The parameter Qw is the weak nuclear charge. It represents the 
combined effect of the weak charges of all the quarks of the nucleus : 

Qw = (2Z + N) Qw(u) + (Z + 2N)Qw(d) (2) 

Z and N being the atomic and neutron number. As far as atomic physics is concerned, the 
weak interaction HPV mixes states of opposite parity. This leads to the apparition of an elec­
tric dipole transition moment between states of the same parity; in other words, usual atomic 
selection rules are violated. However, since T-invariance is preserved, there are no energy 
level shifts at first order in HPV . If the atomic proportionality factor has been calculated, 
then by measuring a parity violating transition amplitude one can extract a value for Qw. 

The possibility of observing PV in heavy atoms was originally suggested by Claude 
Bouchiat and myself in 1973 1-2 • An experiment begun in Paris at that time led in 1982-83 
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this being the quadrature sum of the experimental uncertainty and theoretical one at the 
moment 3 •  The principle of the experiment performed in atomic Cs was to excite a forbidden 

magnetic dipole transition by counter-propagating laser beams of opposite helicity and to 
search for a circular polarisation of the :fluorescent light emitted perpendicular to the direc­
tion of excitation. A forbidden electromagnetic transition was chosen in order that the weak 
interaction assume a greater relative contribution. This reduces the risk of sytematic error. 

In fact, because the transition is so forbidden a static electric field was applied to render it 

slightly allowed and so optimise the signal-to-noise ratio. In addition, since the PV signal 
changes with the sign of the electric field orthogonal to the direction of the beams, the reversal 

of this field provided a further discriminant against systematic effects. Indeed the dominant 
contribution to the experimental uncertainty was of statistical origin. 

In this paper we shall focus our attention on the work done in Cesium. This atom 
even today still appears the best compromise between a high value of Z which considerably 
enhances the parity violating effects in atome 2 and the simplicity of the atomic structure 
which helps one to perform reliably the computations required for the interpretation. The 
experimental and theoretical work oncerning the thallium atom and the optical rotation of 
atomic vapors like bismuth and lead has been discussed in various review articles 4 and the 
most recent work is presented in this volume, as well as the very interesting dysprosium work. 

2. The Mi Forbidden Transitions and the First Generation of Experiments in Cs 
and Tl 

In order to discuss electroweak parity-violation in highly forbidden transitions it is con­
venient to introduce an effective dipole operator. This is a hybrid vector-type quantity which 
behaves as a matrix element in the radial atomic coordinate space and as an operator in the 
spin space : u is the spin operator. It contains the various components which govern the 
interaction with the radiation field exciting the nS1i2-n' S112 (or nP112 -n' P112) transition5 

d(n' ,n) = -a(n1, n)E - if3(n' ,n)u x E 
+ M1 ( n', n )u x k 

- iimEfv(n', n)u 

+ .. . (nuclear spin dependent terms) (3) 

The first term corresponds to the Stark-induced dipole, it involves a scalar and a vec­
tor transition polarizability. The next term represents the normal magnetic dipole, k is the 
direction of propagation of the light beam. The last component directed along the electron 
spin is the result of the PY weak interaction. 

When the transition is excited the radiation field is absorbed coherently by these transi­
tion dipoles. Interferences take place between the various dipole amplitudes and lead to new 

optical pumping effects5•6 • An interesting effect of this kind occurs in the electronic polariza­
tion created in the final state when the transition is excited in a transverse electric field with 
circularly polarized light (e represents the incident photon helicity). From the usual optical 
pumping rules we expect a longitudinal component such that the atomic angular momentum 
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is proportional to the photon angular momentum. It is indeed present and takes the form : 

P II =  -�ek. However we can predict also a transverse component, far more unusual : 
a 

p J. 
= _

2
Mi + eimEfv k x E 

aE2 
The first term proportional to Mi is present even if the incident beam is linearly polarized 
and it is parity conserving : indeed the quantity k x E transforms under P like an angular 
momentum. It results from a breaking of the revolution symmetry by the E field. The second 
term proportional to lmEfV involves the same quantity multiplied by the beam helicity e, 
therefore it behaves as a polar vector and this is a manifestation of parity-violation. From 
these considerations results the basic principle of our experiment in 1982 at ENS3•7 • We used 
counterpropagating beams whose contributions to P J. via the Mi amplitude cancel each other. 
Hence the ratio PJ./ P11 directly yields the PY parameter of interest : ImE[V / f3E � 1.5x 10-5 
at a typical field strength of 100 Y /cm. The electronic polarization in the 7 S state was de­
tected by measuring the circular polarization ratio of the fluorescence light emitted in the 
radiative decay of the 7Sit2 state via the allowed 7Sit2 - 6Pit2 transition (1.36 µ). 

A schematic view of this experiment is shown in Fig. 1. The forward and backward 
beams propagate parallel to the capacitor plates and one observes the fluorescence light 
emitted in the direction orthogonal to the beams and to the field through a circular polariza­
tion analyzer. In this way P J. is monitored continuously. The detection of P II is performed 
during calibration sequences during which a lOG magnetic field is applied along E : the 
component of P II appearing in the observation direction is thus detected with the same op­
tics and electronics as P J.· Two key-components of this experiment were the cesium cell 
with multipassages of the laser beam between internal mirrors (Fig.2) and the triple modu­
lator providing complete characterization of the beam polarization. In this experiment the 
shot-noise limit was reached. The control of geometrical alignment, stray E - fields and light 
polarization defects was made from parity-conserving signals7 • About thirty such signals were 
recorded simultaneously with the PY signal and exploited in order to reconstruct in real time 
the systematic asymmetry resulting from the combination of two defects. The effective av­
eraging time lasted 300 hours. The experiment was performed twice, on two different hf s 
components, a D..F = 0 and a AF = 1 transition, where the observation conditions are very 
different. The two results were in agreement with each other. 

The Paris 82 experiment which reached 12 % experimental accuracy led to a new quanti­
tatively interpretable test of electroweak theory at low energy. There was room for improve­
ment however, mainly because of the limited angular acceptance of our detection system. 
Therefore, we kept thinking about various possibilities of improvements. In fact, in 1978 
we had proposed new experiments in static transverse electric and magnetic fields where a 
pseudoscalar this time appears in the transition probability8 • 

In the first one the PY effect is a chiral absorption of plane polarized light involv­
ing the pseudoscalar quantity (e · B)(e · E x  B). This effect was observed later on in the 
6Pit2 - 7Pi;2 transition in Tl in a beautiful experiment conducted in 1984-86 by E. D. 
Commins at Berkeley9• 
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Fig. 1 : The Paris 82-83 experiment. (a) The main elements of the apparatus. Mirrors Mi and 
M2 inside the cesium cell allow about 60 double passages of the beam through the vapor with 
small direction dispersion � 1° (beam impacts shown on mirror M2)· (b) Mirror-symmetry of the 
experiment broken by the circular polarization f.J of the fluorescence intensity detected in the direc­
tion k1 contained in the symmetry plane. (c) Cesium energy levels involved in the parity-violation 
experiment. 
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Fig. 2 : The Cesium cell with multi passages of the beams between internal mirrors 7• 

In our second suggestion the PV effect is a circular dichroism involving the pseudoscalar 

quantity ek·Ex B. This is the basic principle of the experiment started in Cs by C. E. Wieman 

at Boulder which yielded results in 198510 and 8811 and presently provides the most precise 
PV measurements in Cs. For this experiment the Zeeman structure of the 6P1 12 - 7 P112 
transition must be resolved, otherwise the effect cancels out . For this reason the Boulder 
group has chosen to work with an atomic beam that they irradiate at right angles. Thus 
Doppler broadening is avoided and the field strength required is less than lOOG. Since it is 
no longer necessary to analyse the polarization of the fluorescence light they detect all the 
light emitted in the red in the second step of the 7 S112 state radiative decay, at the price of a 

certain loss in selectivity. The accuracy achieved in 1988 reached 2.5 %. There is still room 

for improvement by using a polarized Cs beam. 
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The upgraded version of the Boulder experiment is discussed elsewhere in this volume 
and a totally new version of the Paris experiment in Cs, at an advanced stage is presented 
later on. Before this, we are going to examine the present results of experiments and atomic 
theory in Cs and their implications for electroweak theory. This will make more explicit our 
motivations for improving the experimental accuracy. 

3. Present Status of the Results in Cesium 

We turn now to the atomic physics calculations necessary to extract the weak charge 
from the experimental data12 • We can write Efv as the product of ( Qw / - N) by a purely 
atomic quantity, t:fV = EfV / ( ��) (the neutron number is introduced here just for con­

venience : Qw / - N being close to unity). t:fv can be considered as an infinite sum over 
the intermediate P states admixed with the S states by the parity-violating interaction : 

(4) 

The atomic orbitals and the valence-state energies are perturbed by many-body effects. There 
are two different approaches, one starting from first-principles and the second semi-empirical. 
In the first case the Dirac equation is solved for one electron in an Hartree-Fock potential 
and the many-body corrections are computed perturbatively (with ressummation of specially 
chosen sets of diagrams). The second approach incorporates in a consistent way much empir­
ical information available from the numerous spectroscopic measurements performed in Cs, 
namely information regarding energies of the valence states, allowed-dipole matrix elements 
and hf s splittings of the S1;2 and P1;2 states. In this way atomic many-body perturbation 
theory is needed only to compute small correcting terms. 

Table 1 : Summary of the results in Cesium 

A - Experiments(•) B - Atomic Theory Computations 

lmEfV (10-11 lelao) (-N/Qw) E[V (10-11 ilelao )  
"First Principles" : 

-0.803 ± 0.095 3Paris 82 - 83 -0.908 ± 0.010 13Novosibirsk 89 
-0.872 ± 0.069 10Boulder 85 -0.905 ± 0.009 14Notre Dame 90 
-0.833 ± 0.020 11Boulder 88 

Semi - Empirical : 
*using f3 (a�) from S.E. determinations -0.935 ± 0.02 ± 0.03 15Paris 86 

27.19 ± 0.4 18 -0.904 ± 0.02 160xford 90 
27.17 ± 0.3519 -0.895 ± 0.02 17 Paris 91 

A/B => Q'W = -71 .5 ± 1 .8 

The results in cesium are presented in Table 1. Experimental values of ImEfV are de­
duced from the measured PV parameter ImEfv /fJ, combined with the value of fJ obtained 
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from two independent semi-empirical determinations (Table 1 ). The accuracy has improved 
from 12 % in our first 82-83 experiment to 2.5 % in the last Boulder measurements but all 
results are in agreement with each other to within the quoted uncertainty. Concerning atomic 
physics theoretical results there are two computations using the first-principles approach13•14 
which agree with each other, each one reaching an accuracy of one per cent. This is a real 
"tour de force" and in this respect we should stress the pioneering work of the Novosibirsk 
group13 , the first to show that relativistic many-body computation in Cs could be pushed to 
the 1 % precision level using techniques inspired from field theory. The work of the Notre 
Dame group was much more than a mere confirmation. By using very advanced numerical 
methods they arrived at an exact treatment of two electron-hole pair excitation. The calcu­
lations by the semi-empirical approach15•16 now reach an accuracy of 2 % which is limited 
by the uncertainty relative to the empirical inputs (the allowed E1 amplitudes). This should 
improve once new precise measurements have been performed. The agreement obtained by 
the two approaches still reinforces our confidence in the final result. Finally, by combining the 
experimental and the atomic theoretical results we obtain an empirical value of Qw whose 
accuracy at present is limited essentially by experiment : 

Q'W = -71.5 ± 1.8 

4. Implications for Electroweak Theory 
4.1 .  Model-Independent Interpretation 

(5) 

The most direct implication of a precise determination of the weak nuclear charge con­
cerns the determination of the fundamental constants c�l) ' c�l) appearing in the parity­
violating Lagrangian : 

(6) 

where q" represent the various quarks ( u, d, etc ... ) of the nucleus. In a model independent 
analysis, in the electron-hadron sector the cesium result defines an allowed band in the C�1) ,  di) plane (Fig. 3) ,  d1l = -!Qw(u) and C�1) = -!Qw(d) are directly related to  the weak 
charges of the quarks. 

The high-energy SLAC experiment observing highly inelastic polarized electron scat­
tering on deuterons20 define another allowed band. Its slope is totally different because, the 
nuclei and the nucleons themselves being broken, the quarks act incoherently and the linear 
combination of c�l) and c�l) determined from the measurement happens to be nearly or­
thogonal to that obtained for atomic physics. This illustrates the complementarity of the two 
types of experiments. The high-energy band is also larger, this is partly so because the result 
is obtained from a two-parameter fit : indeed both the vector and the axial vector hadronic 
current contribute to the asymmetry. We expect SLC and HERA will soon improve upon the 
precision of the SLAC results. 

The predictions of the Standard Model for the various values of sin28w are represented 
in Fig. 3 by a segment. It is noteworthy that it intercepts the intersection region for a value 
of sin28w which is close to the world average value. 
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_, 

_, 90% conf. level 
Fig. 3 : Experimental, model-independent determination of the weak charges of the u and d quarks. 
The two bands represent the domains allowed by the high-energy SLAC experiment20 and by the 
cesium experiments (Table 1 ) . The graduated segment represents the prediction of the Standard 
Model for values of the parameter sin 20 from 0 to 1 .  

4.2. Comparison to  the Standard Model Prediction 

Since Qw is a fundamental quantity it must be compared to the value predicted by 
the Standard Model. In order to incorporate radiative electroweak corrections, the theory 
being renormalizable, it is necessary to fix a certain number of constants, three in fact, for 
a complete definition of the theory. We choose a, G F and as the third constant the most 
natural choice is the mass of the Z0 boson, Mz. With such a choice the sensitivity of the 
radiative corrections to the top mass, via vacuum polarization loops which involve ( mt/mw )2 

terms (Veltman effect),  practically disappears. It even cancels accidentally for the particular 
ratio of protons to neutrons involved in natural cesium21 .  The theoretical value of Qw is : 

Q� = -73.20 ± 0.13 (7) 

the uncertainty coming from hadronic physics. We must note that the difference with the 
experimental value 

fJQw = Q"W - Q� = 1 .7 ± 1 .8 (8) 

does not exceed one a. This is a remarkable result if one thinks of the difference of some 10 
orders of magnitude between the values of q2 at which the determinations of Mz and Qw 
were carried out. Such a result demonstrates the success of the Standard Model over this 
extensively wide range. If as the third constant we choose Mw / M z instead of M z, the de­
termination of Q� would then involve the top quark mass. As early as 1989 this was used to 
place a limit on mt < 190Gev/c2 (at the 90 % confidence level). Even if there are now more 
stringent compatible limits coming from LEP and recently more direct indications coming 
from Fermi Lab, it is satisfactory to note the consistency between results of very different 
physical origin. 
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4.S. Constraints Regarding an Extra Z0 Boson 

It presently looks beyond the reach of atomic physics results to compete with LEP data 
in a test of q2 - independent radiative corrections of pure electroweak origin22.  However the 
major merit of atomic physics results is their ability to test q2 - dependent effects. In par­
ticular most alternatives to the Standard Model make the assumption of a second neutral 
vector boson Z� . While the LEP data are sensitive to the Z� only through its coupling with 
the Z0 boson, the atomic physics data receive a contribution whatever the degree of Z0 - Z� 

mixing and even when there is no mixing whatsoever. The corresponding modification of 
Qw is proportional to (Mz/Mv )2 • Several theorists23 have analyzed the present results. In 
a specific model G. Altarelli et al. find that the lower limit to Mz• coming from Qw with the 
present uncertainty is 360 Gev/c2 while the direct CDF measurements lead to a somewhat 
smaller limit 288 Gev / c2• A more detailed analysis is presented elsewhere24 .  

4.4. The Nuclear Spin-Dependent Electron-Nucleus P V  Interaction 

The study of the nuclear spin-dependent e-nucleus PV interaction constitutes another 
motivation for precise PV atomic measurements. Indeed from measurements performed on 
different hf s lines, the spin-dependent and spin-independent contributions can be separated 
unambiguously. The separation of the effects does not require any improvement in atomic 
theory. 

In the case of Cs it is convenient to introduce the measurable physical quantity : 

E['v(6S - 7S, !lF = -1) 
rhf = Ef'v(6S - 7S, !lF = +1) -

1 (9) 

A non zero experimental value of rhf can serve as a diagnosis of a nuclear spin-dependent 
contribution. The Boulder group has announced a 2a effect1 1  

rhf = (8.3 ± 4.4) X 10-2 (10) 

Obviously more measurements are necessary to arrive at a definite conclusion. 

The dominant physical origin is actually considered as being not the e - nucleus neu­
tral currents but in fact the hadronic weak interactions taking place inside the nucleus. The 
parity-violation in the nucleus contaminates the atom via the conventional photon exchange 
(see Fig. 4). Actually, this kind of interaction takes the same structure as the axial coupling 
of the Z0 to the nucleus but, for cesium, it is about 4 times larger. It was first discussed 
by Zel'dovich, who introduced the relevant concept of the nuclear anapole moment25. The 
magnitude of the total nuclear spin-dependent effect was computed by the Novosibirsk group 
who predicted for Cs26 : 

rhf = 3.2 X 10-2 ( 1 1 )  

More detailed computations by the Paris group included nuclear configuration mixing 
effects and gave an estimate of the uncertainties originating from both nuclear and hadronic 
physics27 : 

rhf = (1 .  7 to 2.3) X 10-2 (12) 
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Fig. 4 : (Left), schematic representation of the dominant nuclear spin-dependent parity-violating 
electron-nucleus interaction. (Right), chiral distorsion of the nuclear magnetization resulting from 
parity-violating interactions between the nucleons. The nuclear spin I is perpendicular to the figure. 

From these evaluations (Eq. 11 and 12) we note that theory predicts values substantially 
smaller than the central experimental value (Eq. 10). 

The Paris group has also given a physical interpretation of the nuclear anapole effect 
in the frame of a realistic nuclear model. The parity-violating nuclear interactions generate 
a chiral distorsion MPV in the normal spin magnetization. This distorsion lies in the plane 
perpendicular to the nuclear spin I and is shown in Fig. 4. The nuclear anapole moment A 
is the first moment of this chiral distribution : 

(13) 

MPV being deduced from the normal spin magnetization M1(r) by an infinitesimal rota­
tion fJ around the radius vector r : 

PV 
r 

M (r) = fJTtj x M1(r) (14) 

It can be seen that 6. is an axial vector directed along I. In terms of this anapole moment 
the electron-nucleus PV hamiltonian can be written : 

(15) 

a being the Dirac velocity operator and p (re) the nuclear spin distribution. 

5. The Second Generation of Cesium Experiments in Paris with Detection via 
Stimulated Emission 

The basic principle in our new method in Paris is to replace the fluorescence method of 
detection by one using the observation of the stimulated emission caused by a second laser 
beam tuned at the resonance frequency of the 7S112 - 6P312 transition. The detection effi­
ciency is greatly improved since all atoms are forced to emit in the direction of the probe 
beam. To take full advantage of the method the only constraint is that the probe ampli­
fication reach or exceed unity : otherwise the atomic signal would be overwhelmed by the 
probe intensity and the asymmetry appearing in the transmitted probe intensity would be 
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seriously diluted. In practice this condition is achieved by employing intense and short pulses 
of excitation light to create a large 7 S - 6P312 population inversion in a time short compared 
with the 7 S lifetime. In addition, the interaction region can be made long by choosing the 
excitation and probe beams to be colinear. An electric field, colinear with the beams, controls 
the transition probability and hence the probe amplification. 

In this experiment the right-left asymmetry manifests itself as a change of the principal 
axes of the refractive index of the excited vapor28•  (Note that the imaginary part of the re­
fractive index is nothing but the gain). With linearly polarized excitation beam the excited 
vapor is prepared with two planes of symmetry. However, as a result of parity violation, 
its principal axes do not lie in those symmetry planes. They deviate from them by a small 
angle (JPV and this angle (JPV = lmEfV //3E, odd under reversal of the electric field, is the 
PV parameter to be determined experimentally. As a consequence of this deviation angle, 
the gain of a linearly polarized probe beam is different according to whether its polarization 
Epr lies at + 45° or - 45° to the excitation beam polarization Eex · In other words, the two 
mirror-image experimental configurations represented at the bottom of Fig. 5 lead to different 
gains. This reflects the existence of a pseudoscalar contribution to the gain ex lmEfV · fJ 
E ( Eex · Epr) (E · Eex X Epr) • 

_20ns_. 
�---

1ms 

E 

y 

rf'-_ - cex Cpr 
Fig. 5 : The second generation Paris experiment. (Left), the planes of symmetry of the experiment 

and the deviation of the principle axes from those planes. (Bottom right) , the two mirror-image 

configurations leading to a different amplification of the probe. (Top right), optical system giving 

access to the deviation angle 9PV at every individual excitation pulse. Inset : Experimental timing. 

This is the very principle of the measurement which consists precisely of a comparison 
of the optical gains for two situations which only differ by the plus or minus sign of the 45° 
angle between the excitation and probe polarizations. To this end we irradiate the vapor 
with a coherent linear superposition of these two configurations : i. e. Epr and Eex at the cell 
entrance are taken either parallel or perpendicular. At the output a two channel polarization 
analyzer splits the probe beam in two orthogonally directed beams, each one being polarized 
at + 45° and - 45° to the incoming beam. In this way the information relative to each one of 
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the two-configurations to be compared is switched towards two distinct photodetectors (see 
Fig. 5). For each reference probe pulse, with no 7S excitation, exact balance between the 
two signals S1 and S2 is verified. For every probe pulse immediately following an excitation 
pulse, we measure the imbalance R = (S1 - S2) / (S1 + S2) .  We retain the part odd under 
electric field reversal. This method29 ensures complete rejection of the pulse-to-pulse inten­

sity fluctuations common to both channels. Furthermore, it is a doubly differential technique, 
since it compares two channels with and without 7S excitation. Thereby, it presents specific 
advantages. Firstly, since it involves the polarization properties of the stimulated emission, 
it guarantees that only 7S atoms excited via the 6S- 7S transition contribute, so it is highly 
selective. Secondly, the imbalance R is kept always close to zero, that is to say 8PV is detected 
via a dark field technique. If we write R(±E) = 80 ± 8PV, the offset 80 can be kept below the 
noise level, providing some careful optical adjustements are made prior to data acquisition. 
To this end, as well as for precise calibration of the measured value of R in terms of an 
absolute angle, we use a Faraday rotator to make fine angle tuning of the direction of Eex 29 • 
We note that the pesent Boulder experiment misses those attractive features : selectivity 
and zero-measurement technique. However we shall not enter the discussion concerning the 
advantages and drawbacks of the two parallel approaches at Boulder and Paris, very different 
in their conception and in the Physics involved. The most important point is that they will 
provide truly independent measurements. 

With the signal to noise ratio presently achieved in our experiment, we can anticipate a 
precision on 9PV close to 1 % for an effective averaging time comparable to that of the 82 -83 
experiment. We now face the crucial problem of systematics. For this new experiment we 
want to stick to the same philosophy adopted in our 82 - 83 experiment 7 .  Then, our efforts 
succeeded in having the various causes determined before beginning long runs, reducing the 
effects individually (below the expected final statistical uncertainty) and controlling them 
during acquisition. In this way the final result was practically equal to the raw result : no 
systematic correction was necessary. Of course the realization of a new experimental situation 
such as the one chosen, which requires high excitation energy density, means the apparition 
of new physical effects. Complete understanding of the subjacent atomic processes is required 
and, we believe, is well on the way to being achieved. 

6. Conclusion 

Low-energy atomic physics experiments have still an important role to play in the ver­
ification of the Standard Model and the exploration of possible alternatives to it . Any gain 
in the experimental determination of Qw will directly improve the test of electroweak inter­
actions in the electron-hadron sector, in a region of four-momentum transfers not accessible 
to large accelerators. In this way they will place more significant constraints on alternative 
models, in particular those involving an extra neutral vector boson : optical experiments can 
help to understand Physics at the Tev mass scale ! 

With the expected gain in precision the nuclear spin-dependent contribution to the 
electron-nucleus PV interaction will show-up by comparing different hf s components. In 
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addition by comparing different isotopes this should open up the path to further implications 
for nuclear physics such as detection of an anapole nuclear moment but also variations in the 
neutron distribution along a string of isotopes 30 •  

This is why it is important that independent projects develop simultaneously with dif­
ferent new techniques being tried. 
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An improved measurement of parity nonconservation in cesium is being performed. We 
measured the forbidden electric dipole transition amplitude between 6S and 7S states of cesium. 
We employed optical pumping technique to produce a spin polarized cesium atomic beam, and 
achieved five times better signal-to-noise ratio than our 1988 measurement. So far we have 
reproduced the 1988 result and plan to measure the parity nonconserving amplitude within 0.5 % .  
By studying four different hyperfine transitions between 6S and 7 S  states we expect to measure the 
anapole moment of the cesium nucleus as well. 
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I. INTRODUCTION 

Since the proposals by the Bouchiats'1 to measure the parity-nonconserving neutral 

current interactions in heavy atoms, parity nonconservation (PNC) has been measured in Bi, Tl, 

Pb and Cs with varying degrees of precision. During the 80's when these experiments 

measured the PNC within roughly 10%, the main interest was to show the existence of the 

neutral current interaction at this very low energy scale. Following the 2% measurement on 

cesium PNC by the Boulder group in 19882>, however, atomic cesium has become one of the 

most important systems to precisely study the standard model and look for a new physics 

beyond it. It should also be emphasized that we need to know atomic wave function with 

corresponding precision to interpret the experimental result in atomic PNC in terms of more 

fundamental parameters of the interaction. The groups at Notre Dame3) and Novosobirsk 

provided just such calculations for cesium with 1 % precision. It is relatively simple structure of 

cesium atom - one valence electron outside a closed core - that made the calculation tractable 

and calculation for other heavy atoms with a comparable precision is much more difficult, if not 

completely impossible. 

Since our 1988 measurement we have implemented optical pumping and new detection 

schemes that gave us a big improvement in the signal-to-noise ratio. Recently we successfully 

reproduced the 1988 result with only one day of data taking and are currently working to bring 

the precision down to 0. 5 % . 

II. CESIUM ATOM and PNC MIXING 

Heavy atoms are preferred in PNC measurement because size of the PNC is scaling as a 

cube of an atomic number (Z') in addition to relativistic enhancement. For cesium, which is the 

heaviest stable alkali atom (Z = 55), added advantages include relative ease in generating high­

density atomic beam, availability of lasers at all the relevant transitions, and the wealth of 

precise spectroscopic information due to its role in atomic clock. 

Ground state cesium is in 6S,12 state and Cs133 has nuclear spin of 217, leading to the 

hyperfine structure of F = 3  and 4 (see Fig. 1 ) .  The hyperfine separation is 9.2 GHz, the 

famous clock transition. First excited states consist of fine structure of 6P11, and 6P,12 • 

Transitions between 6S and 6P, known as alkali D lines, are electric dipole (E 1) allowed and 

very strong. They are used for optical pumping or cooling and trapping of cesium atoms. In 

our PNC measurement we are interested in the transition between 6S and 7S states, which is 

forbidden for El amplitude if the parity is conserved symmetry. Given the parity nonconserving 
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nature of the neutral current interaction between electrons and quarks mediated by Z bosons 

(Fig. 2) we may rewrite the nS eigenstate as 

<n'PIH lnS> lnS>= lnS>+E PNC ln 1P> 
n1 EnS-En1P 

--- F'::4 
._ __ i:'::: ?> 

----- G�h 
----- G P1h. 

?4-0 7)tm. 

--- Fc:. Lf 
------ f:: 3 

( I) 

Fig. l Cesium Energy Levels Fig. 2 Diagram for PNC Hamiltonian 

Ill. OUTLINE OF THE EXPERIMENT 

Evaluation of the matrix elements in ( 1 )  shows that the amplitude of P-state admixture to 

S is 10-u. This is hopelessly small quantity to measure directly. Instead, we applied de electric 

field to produce Stark induced E l  amplitude, 

(2) 

which can interfere with each other to produce E l  rate 

(3) 

The interference term can be made much larger than the PNC term by applying suitable de 

electric field. In the real experimental set up (Fig.3) we have E field normal to the k vector of 

540-nm laser photons, and magnetic field is also applied perpendicular to both E and k. We 
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may regard these three vectors as defining 

our coordinate system. Reversal of any one 

of E, B or helicity of the photons constitutes 

a parity transformation and introduces sign 

change to the interference term. From this 

point of view we define PNC modulation as 

dPNC- REl(RHC)-REi(LHC) , (4) 
REi(RHC) +REi(LHC) 

where, RHC stands for right handed 

coordinate system, LHC for left handed 

coordinate. At typical electric field, 

E=500V/cm, dPNC is about 6x l0"', which 

is large enough to be measured precisely. 

-:x. ( E )  

Fig. 3 Experimental Configuration 

The interference term in (3) vanishes when averaged over ground state Zeeman levels, 

and to measure PNC we have to study 6S-7S transition between well defined hyperfine and 

Zeeman levels. In 1988 experiment we accomplished it by applying large (70 Gauss) magnetic 

field to resolve transitions between different Zeeman levels. For the present experiment we 

employed optical pumping technique. We have two diode lasers tuned to cesium D lines to 

pump almost all the atoms into a single state, e.g. I 6S,F=3,mF=3 > .  This implies 16 fold 

increase in signal size. Optical pumping also allowed us to use a novel scheme to detect 6S-7S 

transition. 

While optical pumping increased effective atomic beam density, power buildup cavity of 

540nm laser beam increased number of photons that interact with atoms. Use of power buildup 

cavity is not new in Cs PNC experiment, but its improvement helped to increase signal size. 

Overall, we achieved 25 times larger signal (or 5 times signal-to-noise ratio), and we can 

measure dPNC to within 10% of its size in less than half an hour. 

IV. PRELIMINARY RESULT 

The improvement in sensitivity presented us with both opportunity and challenge. We 

can now measure dPNC to 0.5% precision, which will provide very stringent test on many 

ideas of new physics. However, higher precision also requires correspondingly better control of 

various systematics. One class of systematics concerns the issue of calibration. Imperfect 
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optical pumping, presence of nearby unwanted 6S-7S transitions or saturation of the main 

transition can complicate interpretation of dPNC. Another group of systematics is from those 

rate terms that can mimic the Stark-PNC interference. Most problematic in this regard is the 

presence of magnetic dipole transition amplitude and its mixing with the Stark amplitude. Also 

some type of misalignment in E or B can couple with ambient field to produce PNC-like 

modulation on 6S-7S transition rate. 

After two years of intensive study all of these problems are well understood and we can 

either measure or control them with enough precision and accuracy. We made a series of runs 

in October and December of 1993 to measure PNC. Our new result was in good agreement 

with the 1988 result and presently we are taking care of final loose ends before we further 

accumulate data. 

V. CONCLUSION 

So far we have focussed our attention on a single hyperfine transition, namely 6S F = 3  
to 7 S  F =4. By simply tuning the lasers to proper transitions we should be able to study all 4 

lines between 6S and 7S. PNC measurement on AF=O transitions is new, because application 

of magnetic field does not remove degeneracy among Zeeman levels when AF=O. Comparison 

among the PNC numbers from different hyperfine transitions are important because they should 

provide information on parity violating anapole moment of cesium nucleus. 

During the last decade there have been revolutionary developments in cooling and 

trapping atoms. Alkali atoms are the most extensively studied species in this field, and this 

opens up new experimental possibilities in atomic PNC measurements. High atomic density and 

pure polarization should give higher signal-to-noise ratio than beam experiment. It will also 

allow us to make measurements on a string of cesium isotopes. Comparison of PNC among 

isotopes implies cancellation of atomic matrix element whose uncertainty will soon limit the 

cesium PNC measurement. We may also measure PNC from francium (Z= 87) which has 20 

times larger PNC effect than cesium, but does not have a stable isotope. 
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A brief review our recent measurements of weak interaction effects in heavy atoms is 
presented, with emphasis on the technical innovations which have allowed us to obtain this 
unprecedented precision. 
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As was originally theoretically shown by Bouchiat and Bouchiat, the weak interaction 
between electrons and nucleons can lead to observable effects in heavy atoms.1 l This is because 
the mixing of opposite parity states increases as the atomic number as Z3• Each of the 
following contribute one factor of Z to the enhancement: momentum of the electron at the 

nucleus, overlap of the wavefunction at the nucleus, and the number of nucleons (for the spin 
independent part of the weak interaction). 

The weak interaction leads to observable effects in the optical properties of atoms since 

opposite parity states are mixed into S112 and P112 states, which have a non-zero overlap with 
the nucleus. This leads to, for example circular dichroism: the absorption of light depends 
on the light helicity. By the Kramers-Kronig relations, a helicity dependence of the index of 
refraction is expected also. Since linearly polarized light is a superposition of left- and right­
handed circular polarization, on propagating through a vapor, the linear polarization vector 
will rotate on propagation through a heavy metal vapor. This effect is enhanced at weak 
transitions, i.e., magnetic dipole, since the rotation comes about by an interference between 
the different possible electromagnetic transition coupling the mixed parity state with the 
excited state. For an allowed Ml atomic transition, makes an El transition between these 
levels also possible. The experimental observable is 

R = Im Elpnc 
Ml 

(1) 

which gives the rotation angle per optical absorption length of atomic vapor. The rotation is 
frequency dependent (dispersive about line center) and R is a  constant which simply sets the 
amplitude of the dispersive lineshape, all other parameters of this line shape being determined 
by the absorption profile, in principle. For heavy atoms such as Pb and Tl, the effect is of 

order 10-7 rad/ absorption length. 

R is measured by simply directly measuring the rotation angle of plane polarized light 
as a function of frequency on propagation through a dense atomic vapor. Such measurments 
have been performed on Bismuth and Lead,2l , and more recently Thallium.3) Precision mea­
surements (of order 1% accuracy) on Bismuth4l at Oxford, and on Lead5) at the University 
of Washington have recently been completed. A high precision measurement of Thallium is 
currently in progress at the University of Washington. The technical innovations which led 
to the precision of our Lead and Thallium work will be the main focus of this paper. Further 

details concerning this work can be found in Ref. 5). 

II. Interpretation of R 

The magnitude of R is proportional to the weak charge, 

Qw � -N + (1 - 4 sin2 8w)Z (2) 
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where N and Z are the neutron and proton numbers, and llw is the weak angle. There are, in 
addition, radiative correction and possible new physics contained in Qw, as we will address 
shortly. 

In order to determine Qw from and experimental determination of R, accurate atomic 
calculations are required. Currently, the best heavy atom calculations are in Cesium, which 
are now better than 1 %, while the experimental accuracy is about 2%. In Lead and Thallium, 
our experimental results are better than 1 %, while the atomic theory is at the 8% and 3% 
level, respectively. 6) There is hope to improve the Thallium calculations, as we will discuss. 

One of the most useful ways to compare the low-energy tests of the Standard Model 
which atomic parity experiments provide with High Energy results is through modifications 
of Qw parameterized as follows:7> 

Qw = ( .9857 ± .0004)(1 .00782T)(-N + Z[l - (4.012 ± .OlO)]x) + Q!;:::, (3) 

x = 0.2323 ± .0007 + .00365S - .00261T ( 4) 

where S and T represent weak isospin conserving and breaking effects, respectively, and 
possible new tree level interactions are included. In the case of heavy atoms, where Z R:J �N, 

Qw R:J 0.06T + l .20S - N 

8Qw 
aN 

= .00365S - .00261T. 

(5) 

(6) 

A 1 % accuracy measurement plus theory of atomic weak interaction effects determines S to 
an accuracy ±0.9. 

In the atomic theory calculations, nuclear size effects enter at the 0.3% level.8) It has 
been suggested that a comparison of a string of isotopes can be compared9) and the atomic 
theory uncertainties be eliminated, however, the nuclear structure uncertainty remains at 
some level. In addition, much higher experimental accuracy is required for deviations from 
the Standard Model enter as a fractional difference in Qw between isotopes. An isotope 
comparison determines S and T in nearly the same linear combination as results of high 
energy experiments7> whereas a single isotope plus theory result determines S, as can be seen 
by Eqs. (5) and (6). So far, atomic parity experiments and high energy experiments show 
S < 0 at about la confidence; the Standard Model and extension thereof predict S 2: 0. 

There are also nuclear spin dependent weak interaction effects. In this case, the electron­
nucleon direct weak interaction is on order ( 1  - 4 sin2 llw )/Z times smaller than the spin­
independent part. However, the weak interaction within the nucleus, between the nucleons, 
can give rise to an internal electromagnetic moment of the nucleus, the so-called anapole 
moment,10) , with which the electron interacts. Such an effect would appear as a hyperfine­
level dependence on the observed value of R. The effect is expected to be relatively large in 
Thallium11l , and a primary goal of our work is a reliable measurement of this. 
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III. Recent Technical Innovations 

A. The Laser 

The heart of our experiment is an external cavity semiconductor diode laser. Since both 

the Thallium and Lead 6p1;2 - 6p3;2 magnetic dipole transition frequencies are near 1280 

nm, the same laser is used for both elements. 

The first version of the laser used a Mitsubishi ML 701 lR InGaAsP diode, rated at 5 mW 

output power with wavelength 1300±20 nm. The units we obtained have a center frequency 

of 1310 nm. 

The laser can was carefully opened, and the output facet of the semiconductor chip was 

antireflection coated with antimony trioxide, which has a nearly perfect index (1 .86) for such 

a coating. Although the coating is less robust than, for example, sapphire or silicon oxide, the 

evaporation temperature of 700 C makes the coating process much simpler, reliable, and safer. 

The spontaneous output power from the opposite facet is monitored during the evaporation 

process, and a minimum indicates a perfect quarter wave coating (at the center of the gain 

curve). Measurements of the spontaneous emission spectra of lasers coated by this technique 

indicate a residual facet reflectivity of less than 1 %. 

Since the ML 7011R laser is contained in a can, light from only one facet is available. A 

Melles-Griot 6 mm focal length, f=0.7 lens is used for collimation. The external cavity is 6 
cm long, and the light is fed back with a 1200 line/mm grating (750 nm blaze) in the Littrow 

configuration. Light is extracted from the cavity with a 10% cube beamsplitter. Light from 

the direction of the laser chip is used in the experiment; tuning of the laser, accomplished 

by a simultaneous displacement and rotation of the grating, could in principle, result in a 

movement of the grating-reflected beam. The diode provides a fixed point diffraction limited 

light source. 

In this version of the laser, the diode is cooled to -100 C to shift the gain curve to 

1280 nm. The diode and collimating lens are contained in a vacuum vessel, with a window 

at Brewster's angle to pass the light out of the vessel, and the grating and beamsplitter 

are outside the vessel. The cavity is constructed of Invar rods. The net output power is 

about 0.5m W, and is continuously tunable over about 20 GHz. The intrinsic linewidth is less 

than 1 MHz, however, boiling of the liquid nitrogen used for cooling causes low frequency 

vibration, resulting in a technical linewidth of about 5MHz, with the deviations at relatively 

low frequency. 

The second version of the laser is built around a STC Defence Systems LYC7*M2 semi­

conductor diode which had a peak wavelength of 1305 nm as obtained from the company. 

For this laser, both facets are available for output light; one facet is slightly blocked by the 

chip mounting, however, this only results in a factor of two loss, and the beam splitter in the 
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external cavity is no longer required. Amazingly, we were able to tune this laser to 1280 nm 

at room temperature without a crippling loss of power. The net output power is about 1 mW 

(as measured from the partially blocked facet) when the light is collected with an f2.8 lens; 

this indicates an internal power of about 5 mW, to be compared with the original power of 

about 10 mW at the same current. This laser is single-mode continuously tunable over 30 

GHz and has a total linewidth of less than 2 MHz. 

Since the piezoelectric transducers used for tuning are nonlinear and have considerable 

hysteresis, a Fabry-Perot cavity with 15 cm mirror spacings is used to provide frequency 

markers as the laser is scanned over the atomic transitions. In the data analysis, these 

markers are used to determine the frequency axis through a linear and quadratic fit. 

Since the laser linewidth is so narrow, its effect on the line shape is insignificant, and the 

data analysis is thus simplified. 

B. Detection Electronics 

A major advance over all previous measurements of parity violation in this wavelength 

range was the substitution of Germanium photodetectors with InGaAsP PIN photodiodes. 

The Germanium detectors were slow, noisy, and had to be cooled, whereas the PIN photo­

diodes are very quite, extremely fast, and of extremely low noise. We are currently using a 

Mitsubishi PD7006 PIN diode which has a quantum efficiency of nearly 100%. 

The photocurrent must be converted to a voltage; Johnson noise in the resistor used to 

do this is an important issue, as is the bandwidth of the amplifier. With a feedback resistor of 

50 Mf!, Johnson noise and shot noise contributions to the angle noise are about equal when 

about 60% of the incident light is absorbed by the atoms. At higher intensities, the noise is 

dominated by vibration of the optical table and air currents. 

In order to have a frequency response greater than 2kHz, the input/output capacitance 

of the amplifier must be less than 2pF; this is much smaller than can be obtained in any 

integrated circuit amplifier, so we built our own discrete component amplifier. A low-noise 

FET cascode amplifier was found to be most effective, with the input FET a 2SK117, and 

the follower a 2N4416, and is based on a design by F. Walls of NIST, Boulder. The noise was 

measured to be about 1 nV$z, 0.5 fA$z, with an input capacitance of less than 20 pF, 

an unmeasurable input/output capacitance, and input resistance of over 1012[!. 

Another important feature of the detection is the elimination of black-body light from 

the oven. This is accomplished by use of a diffraction grating; the laser beam is diffracted 

with high dispersion after the polarization analyzer; 60% of the incident light is diffracted, 

after which it travels about 1 m to a spherical mirror; the spherical mirror brings the beam 

to a focus at 1 m, where there is a 1 mm pinhole. The net effect is a filter with about 1 nm 

width and 60transmission efficiency, which reduces blackbody light to less than 5% of the 

total signal. This also reduces the detected laser spontaneous emission light. 
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C. Background Rotation Elimination 

Due presumably to multiple paths of reflected and scattered light, cu.ipled with residual 

birefringence of the optical elements, the light polarization angle shows a background fre­

quency dependence of magnitude 1 µrad which must be eliminated from the atomic signal 

if an accurate value of R is to be obtained. Since the metal and metal vapor is contained 

in a tube, heated at the center and cooled at the ends (heat-pipe oven) , and there are no 

windows on this tube, the metal vapor can be easily moved out of the laser beam without 

disturbing any of the optical elements, and the background rotation can be easily measured 

and subtracted from the atomic signal. 

For our apparatus, I proposed a "  Gatling Gun" configuration, which allows the possibility 

of comparing several isotopes. A number of vapor tubes, each with a particular isotope, could 

be measured in sequence, by simply rotating consecutive "barrels" into the beam. So far, 

we have only employed a " double-barrel" configuration, with one tube empty, which is used 

for background measurement. The motivation for measuring separated isotopes in Lead or 

Thallium seems to be waning. 

D. Calibration 

We have two independent means of calibrating the apparatus: first, we have very accu­

rately measured the rotation angle as a function of current applied to a coil on the Faraday 

modulator glass. This was done mechanically. Second, there is a very accurately wound coil 

on the vapor tube, which allows a precisely known magnetic field to be applied to the atoms 

(better than 0.2% accuracy) . The vapor tube coil is constructed of 1 mm diameter Molybde­

num wire, cemented in place with an alumina-based ceramic adhesive. Expansion of the tube 

on heating is taken into account. The resulting atomic Faraday signal from the accurately 

known magnetic field provides a calibration. We find that the atomic calibration is more 

reliable than the mechanical; however, an important systematic check is the consistency of 

R using the two calibrations. The mechanical calibration results show a larger scatter in R, 

but with unshifted central value. We have found that the mechanical calibration is sensitive 

to the optical path, hence is less reliable-the atomic Faraday calibration gives the true effect 

of atoms on the light, in whcih case effects of the optical elements are irrelevant. 

IV. Future Prospects 

We are considering a new generation rotation experiment based on using an atomic 

beam. The idea is to send the laser light through the beam, transverse to the velocity. This 

eliminates the first order doppler shift to some degree of precision, hence the absorption line 

narrows, and the absorption, for a given number of atoms, increases. The principal advantages 

are the line narrowing, which might allow the various isotopes present in natural Pb or Tl to 



337 

be independently resolved, and the optical path lenght is considerably reduced, which might 

increase the system stability. The background rotation angle effects are over rather larger 

frequency scales, so problems associated with such might be substantially reduced. In order 

for a beam technique to be useful (high enough density) several supersonic Tl sources would 

have to be used.12) 

V. Conclusion 

We have completed a measurement of R for natural Lead with 1 % accuracy; this is 

currently the most accurate measurement of parity violation in any atomic system. We have 

nearly completed a measurement in Thallium, and we expect slightly better accuracy. Atomic 

theory for Lead is at the 8% level and there is little hope of improvement here. For Thallium, 

theory is at the 3% level and an improvement is anticipated. Already, A.-M. Martensson 

has calculated the electric quadrupole amplitude, which agrees to better than 1% with our 

experimental measurement of this parameter. 

Most interesting is the possibility to measure the Thallium anapole moment, expected to 

be relatively large. Thallium has the additional advantage over Lead in that both naturally 

occuring isotope have nuclear spin 1/2, whereas Lead has only 207 with nuclear spin 1/2, all 

other natural Lead isotopes being even. Even so, the limit on a spin dependent effect in Lead 

has already detennined 9n < 4.11 > 
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Abstract: 

There exists in atomic dysprosium a pair of nearly-degenerate levels of opposite parity. 
These levels are of potential interest for the study of parity non-conservation because the small 
energy separation enhances level mixing due to weak-interaction processes. In this paper, we 
review the unique properties of these levels which make them attractive for measurements of parity 
non-conservation, and outline the principle of such an experiment now underway. 
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Introduction 
The study of parity non-conservation (PNC) in atoms is now a mature field. Measurements 

of PNC effects have reached a precision of 2% or better in several elements1 '2 ·3 . Measurements 

with higher precision are of interest for several reasons. First, it should be possible to observe the 

nuclear anapole moment, which arises from PNC in the nucleus and induces a nuclear spin­

dependent component of atomic PNC4 • In addition, if PNC can be measured to high precision in a 

chain of isotopes of the same element, information can be obtained about neutron distributions in 

the nucleus5 . Finally, if some other method of obtaining neutron distributions is available, 

measurement of PNC in a chain of isotopes can serve as a high-precision test of the standard model 

of weak interactions6 ·7 • 

Measurement of PNC in the system of nearly-degenerate levels of opposite parity in atomic 

dysprosium (Z=66) offers the possibility in principle to make such a measurement at a level of 

precision orders of magnitude better than that achieved so far in other elements. This possibility 

arises because the small energy splitting enhances the weak-interaction induced mixing between the 

levels. We describe here the unique properties of this system, and will outline the effort now 

underway to make a first observation of PNC in dysprosium. 

12GHz F=12.5 

12.5 

1 1 .5 1 1 .5 

1 0.5 10.5 
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9.5 
8.5 
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Figure 1: Hyperfine 
structure of levels A and B 

for t63Dy. 

The nearly-degenerate levels A (even parity) and B (odd 

parity) both have angular momentum J=lO and lie 19797.96 cm-1 

above the ground level (J=8). (The level structure of atomic Dy is 

tabulated in Ref. 8 .) Dysprosium has both even and odd neutron­

number stable isotopes ranging from A=l 56 to A=l64. The 

magnitude of the energy splitting between A and B is of the order 

typically associated with hyperfine and isotope shifts9 , and thus 

varies greatly among the various HF and IS components. For the 

even isotopes (which have nuclear spin 1=0, and thus no hyperfine 

structure) this splitting ranges from 235 MHz for 162Dy to 4200 

MHz for 156Dy. The two odd isotopes (61Dy and 163Dy) both have 

nuclear spin I = 5/2. Fig. l shows the hyperfine structure of levels 

A and B in 163Dy. The hyperfine components with F=I0.5 of 163Dy 

are the closest pair, with a separation of only 3 . 1  MHz. This pair of 

levels is used in the current search for PNC. 
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Outline of the PNC Experiment 
In the PNC experiment now underway, we observe Stark-induced quantum beats between 

levels A and B and look for interference between the Stark amplitude and the much smaller PNC 

amplitude connecting the two levels. A magnetic field is applied in order to bring Zeeman sublevels 

of A and B with the same value of mF to near crossing, and thus to enhance the PNC mixing 

between them. (Fig. 2 shows some of the Zeeman structure of the 163Dy F=I0.5 levels of A and B in 
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a weak magnetic field.) An electric 

field is applied parallel to the 

magnetic field to induce -100% 

Magnetic Field,  Gauss 

amplitude of the quantum beats. The 

Stark and PNC amplitudes have a 

relative phase of rr/2 and so do not 

interfere if the electric field is DC. 

In order to adjust the phases in such a 

way as to produce interference 

between these two amplitudes, the 
Figure 2:  Partial Zeeman structure of the Dy F=I0.5 

sublevels of A and B. 
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-E t ._I ----,.- pulse I 
' 
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+E l ....---'*.._ pulse 2 

-E ________, 

0 T 2T 

Figure 3: Electric field pulses used 
in the nonadiabatic switching scheme. 

The PNC signal is the fractional 
difference between the signals 

obtained with these two pulses. 

polarity of the electric field is rapidly 

(non-adiabatically) switched. This scheme of PNC 

detection was originally proposed in a slightly different 

form for use in the 2s-2p system in hydrogen10 • 

Quantum beats are observed by populating level A 

instantaneously at time t=O and probing level B at some 

later time t=2T. The electric field polarity is switched 

between the population and probe pulses at t = T (see Fig. 

3). Level A is populated by two-step excitation from the 

ground state via an intermediate odd-parity level with 

J=9; the corresponding El transitions are excited by two 

consecutive laser pulses at 626 nm and 2614 nm. Level B is probed by excitation to a high-lying 

even-parity level with another pulsed laser at 571 nm and detection of the subsequent fluorescence. 

The PNC signal is the fractional difference between the signals from two consecutive population­

probe sequences with opposite ordering of the E-field polarity (Fig. 3). 
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Calculation of the Quantum Beats and the Stark-PNC Interference 
The Hamiltonian for the 2-level system formed by the nearly-crossed components of A and 

B (with the same value of F and mp) in the presence of an electric field E parallel to the magnetic 

field is: 

( -irA 1 -
H = l 2 

dE - i8 

. ' 
dE + 18 I 

ir0 j · 
A - -

2 

(1) 

Here, r A (r 8) is the natural width of level A(B), A is the energy splitting in the absence of mixing 

(determined by the applied magnetic field), iii is the PNC matrix element (pure imaginary due to T­

reversal invariance), and d is the electric dipole matrix element between these sublevels. The 

experimentally determined values of r A , r 8 and d are9: 

rA = 20 kHz; 

rs < 1 kHz; 

I d(F=I 0.5, mp=I 0.5) I = 4 kHzJ (V/cm). 

(2) 

(3) 

(4) 

In addition, the PNC matrix element 8 has been estimated1 1 using multiconfiguration Hartree-Fock 

wavefunctions for Dy: 

lol = 40 Hz .  (5) 

The nonzero value of 8 arises from configuration mixing and core-polarization effects: the 

dominant configurations of A and B differ by the exchange of an f electron for a d electron, whereas 

the PNC Hamiltonian mixes only s and p states. As a comparison, it can be noted that the PNC 

matrix element between the 6pu2 and 7s112 states of Tl has magnitude "" I 00 kHz. The electric 

dipole matrix element is also suppressed, because EI selection rules are not satisfied in the 

transition between the dominant terms of A and B; a typical value for an allowed El amplitude is 

eao "" 1 MHzJ(V /cm). 

( a1 21 
The complex eigenvalues A.1,2 and corresponding eigenstates l ' j of the Hamiltonian in 

bl,2 

eqn. I are found by solving the characteristic equation. The linear combination of these eigenstates 

which corresponds to state A is excited at time t=O: 

(6) 

Just before the electric field switching, the wavefunction has evolved to: 



. (ai l  . (a2 I ljl(t = T) = c1e-1A.1TlbJ+ c2e-1A.2 Tlb2J 
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(7) 

In the above wavefunction there appears no Stark-PNC interference term, since the PNC 
matrix element is pure imaginary and the Stark matrix element is real. Non-adiabatic switching of 
the polarity of the electric field can adjust the relative phases of the PNC and Stark mixing terms to 
produce interference. After the electric field has been switched, there are new eigenvalues A 1,2 and 

( A1 2 I 
eigenfunctions l ' j. Thus, just after the switching, the wavefunction can be written in the form 

B1,2 

IJl'(t = T) = c{::J+ c2(:: J (8) 

where C1 and C2 are determined by setting IJl'(t = T) = ljl(t = T) . At the time t = 2T of the probe 
pulse, the wavefunction is: 

(Ail (A2 I  
IJl'(t = 2T) = C1e-iA 1T BJ + C2e-iA2TlB2 J 

Since the probe pulse couples only to state B, the signal has the form 

(9) 

(10) 

Fig. 4 shows the measured and expected dependence of the signal as a function of the applied 
magnetic field near a level crossing. 

For dE » o, The signal asymmetry 
S(E+ � E-) - S(E- � E+) 

"' =  �---�----'�-----'-S(E+ � E-) + S(E- � E+) (1 1 ) 

is linear in o. With T, E, and the magnetic field chosen so that (l/T) "' dE "' 6. "'  fM the population 
of state B at the time of the probe pulse is a considerable fraction of the initial population of state A, 
and the asymmetry l'l is on the order of (o/6.) "' 2x l 0-3. This asymmetry changes sign with the 
overall applied magnetic field and with the detuning 6.; it has the signature of the P-odd, T-even 
invariant 

(12) 
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where the subscripts f and i 
denote final and initial, and Be is 
the magnetic field required to 
produce an exact level crossing. 

Systematics and Sensitivity 
A full analysis of possible 

systematic effects in the PNC 0 � '-35""""':=---,�.4-0----,�.4-5----, .�50 ____ 1 .5;; measurement is beyond the scope 
Magnetic Field ( Gauss) 

Figure 4:  Magnetic field dependence of the nonadiabatic­
switching quantum beat signal near the 163Dy F = 10.5, mp = 
10.5 level crossing, which occurs at 1 .46 G. The line shows 
the expected dependence; the points are experimental data. 
The conditions are: E = ±7 V/cm, T = 4 µs. The lineshape is 
asymmetric becasue of contributions from the nearby mp = 
9.5 level crossing. 

of this paper. Briefly, however, 
several points can be made. First, 
it can be noted that the 
availability of multiple field 
reversals to change the sign of the 
asymmetry leads to rejection of 

systematic effects due to stray and nonreversing fields. In particular, we find that the use of 
balanced E-field switching (i.e., with both polarities for each pulse, as in Fig. 3) greatly suppresses 
spurious effects due to nonreversing E-fields. In addition, the presence of spurious fields can be 
detected and corrected for by means of numerous auxiliary measurements using the Dy atoms 
themselves. It is also of interest to note that the magnitude of a stray or non-reversing electric field 
required to produce mixing as large as the expected PNC mixing is macroscopic: 
lo I di "" 10 m V I  cm. For these reasons, we believe that systematic effects can be controlled to a high 
level of precision. 

Study of PNC in the nearly-degenerate levels offers the potential for unprecedented levels of 
statistical precision in the measurement of PNC effects. This potential arises both because the 
predicted PNC asymmetry for these levels is large (;4 ""  2x 10-3) and because this asymmetry is 
obtained using E l  transitions in every stage of the experiment, which means that high counting rates 
can be achieved. Both properties are important because, in the shot-noise limit, the fractional 

uncertainty in the PNC matrix element o is given by (1'1../N )-I , where N is the total number of 
detector counts. 
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Current Status and Conclusion 

The current statistical sensitivity of our apparatus to the asymmetry ,4 is -5x  1 0-2 I .Jlli.. 
This sensitivity is limited by two primary difficulties. First, our laser system is far from optimal for 
the PNC measurement; the pulsed lasers have a repetition rate of 10 Hz, which gives an effective 

duty cycle of -1  o-4.  Second, pulse-to-pulse fluctuations in the laser intensities and spectral profiles 
lead to noise far above the shot noise limit. Nevertheless, it should be possible to unambiguously 
detect PNC at the predicted level with only a few hours of integration time. Before this is 
attempted, however, we are investigating in detail all possible sources of systematic effects and 
attempting to reduce the stray and nonreversing fields now present in our apparatus. With control 
over these fields at levels similar to those obtained in other PNC experiments and with an optimized 
laser system, it is a reasonable goal to measure PNC in the nearly-degenerate levels of Dy to a 

precision of 1 0 -4 or better. 
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ATOMIC PHYSICS: 

QED, FUNDAMENTAL SYMMETRIES 

I .B. Khriplovich 

Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia 

Abstract 

This is a summary of the talks on the mentioned subjects presented at the Workshop. 
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The time allotted for the summary is short, and the number of the talks to be covered is 

large. I like all of them. I enjoyed those by my theoretical friends, S. Barr and J. Sucher. 

Could not but admire the experimental ingenuity with which modern traps for positrons and 

hydrogen are constructed (K. Abdullah and T. Hijmans). As to the spin-polarized hydrogen (I. 
Silvera) , my fascination by those experiments lasts already for many years. 

But I don't wish to make the summary talk a complete commonplace. So, with the hope to 

be able to say at least something of interest to the audience, I'll confine to comments on three 

subjects: 

1. Precision measurements in hydrogen and positronium 

2. Parity nonconservation in atoms 

3. CP-violation 

1. Precision measurements constitute for a long time the essential feature of atomic physics. 

Such measurements in hydrogen involving high levels and ls - 2s transitions were described in 

the talks by L. Julien and C. Zimmerman respectively. Besides being a tool for metrology, 

those experiments are a source of valuable information on the electron-proton mass ratio and 

on the proton charge radius, they constitute a sensitive test of quantum electrodynamics. And 

who can predict at all what surprises await us at the next level of precision? 

Such a surprise has been brought indeed by precise measurements of the orthopositronium 

decay rate (oPs--> 31), as discussed in the talk by R. Conti. The experimental value of this 

decay rate 

r�:; = 7.0482(16)µs-1 

is by six standard deviations above the theoretical prediction 

r�r:· = ma62(71"2 - 9) [1 - 10.28� - �a2 log �] = 7.03830µs-1 • 
971" 71" 3 Q 

And positronium is presumably pure QED system! 

(1) 

(2) 

To reconcile the theory with experiment staying within QED, one should assume that the 

correction � (a/11")2 should be 

250(40)(a/7!")2. 

which may look unreasonably large. We believe nevertheless that the natural scale for the 

factor at (a/11")2 is about 100. The argument is as follows (LB. Khriplovich, A.I. Milstein, A.S. 

Yelkhovsky, Phys.Ser. 46 (1993) 252). The large, -10.28, factor at the a/71" correction to the 

decay rate (see (2)) means that the typical magnitude of the factor at the a/71" correction to 

the decay amplitude is roughly 5. Correspondingly, this correction squared contributes about 

25(a/11")2 to the decay rate. Indeed, numerical calculations by Burichenko (Yad.Fiz. 56 (1993) 
123 [Sov.J.Nucl.Phys. 56 (1993)]) have given factor 28.8(0.2) at (a/71")2 in this contribution. 
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Then, it is only natural to expect that the interference of the second-order radiative correc­

tion to the amplitude with the zeroth-order amplitude should contribute about twice as much 

to the decay rate as the square of the first-order correction. In other words, the natural scale 

for the total second-order radiative correction to the decay rate should be close to 

100(0:/11")2. (3) 

One more class of large corrections is of relativistic origin. As Conti claimed in his talk, 

a = /3  (/3 = v/c). 

But of course it is other way around: 
/3 = a. 

And even this is not always true. In particular, in the problem discussed 

Coming back to more serious tone, I wish to say that a preliminary result of calculating 

relativistic corrections to the orthopositronium decay rate gives for their contribution (LB. 

Khriplovich, A.I. Milstein, A.S. Yelkhovsky) 

� 50:2. 

As distinct from usual radiative corrections, the relativistic ones do not contain 7r in denomi­

nator (7r is almost a dimensional number!). In the common "radiative" form, with 7r in denom­

inator, this correction constitutes 

(4) 

Having in mind estimates (3) and (4), we believe that it is premature to talk about the con­

tradiction between the QED and the experimental result (1) now, until the complete calculation 

of the second-order correction to the decay rate is done. 

In the conclusion of this section it is worth mentioning that terms of relativistic origin 

absolutely dominate the corrections of the relative order o:4 to the positronium nP levels (LB. 

Khriplovich, A.I. Milstein, A.S. Yelkhovsky, Phys.Rev.Lett. 71 (1993) 4323). By the way, in 

this problem 

/3 = o:/2n. 

2. Parity nonconservation in atoms has gone already a long way, 

from 
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from 

to 

the pioneering works by Bouchiat and Bouchiat ( 1974) 
which transformed the subject from science fiction into science attracting attention to 
heavy atoms, 
pointing out the P-odd correlations of experimental interest in strongly forbidden 
M l  transitions; 

the first experimental observation of electron-nucleon weak interaction due to neutral 
currents, 
by measuring optical activity of bismuth vapour near normal Ml transitions (Novosibirsk, 
1978) 

present precision tests of the electroweak theory: 
the experimental accuracy in cesium has reached now 2% (Boulder, 1988) ,  
the theoretical one is about 1 % (Novosibirsk, 1989; Notre Dame, 1990). 

Recent precision measurements of the optical activity of lead and thallium vapours with the 
accuracy 1 % in Pb and about 0.5% in Tl were described by S. Lamoreaux. 

It is certainly a challenge for atomic theory to reach the corresponding accuracy. That 
would mean not only new independent tests of the standard model, but a new level of precision 
for those tests. And at present the accuracy of atomic calculations of parity-nonconserving 
effects is no better than 8% in lead and 3% in thallium. 

However, from the talk by A .-M. Pendrill we have learned about the impressive progress 
achieved in the theoretical description of the thallium hyperfine structure constants and E2 
amplitude for 6p1;2 - 6p3;2 transition in Tl. This progress makes the accuracy about 1 % in 
calculating parity-nonconserving effects in thallium sufficiently realistic. But to guarantee such 
a precision the theoretical calculations should be accompanied by as precise measurements of 
El amplitudes in thallium. 

New generation of the experiments with cesium, in preparation now, are discussed in the 
talks by M.-A. Bouchiat and D. Cho. 

Quite curious situation takes place in dysprosium where there are opposite parity levels sep­
arated by tiny energy interval. Ingenuous spectroscopic investigations described by D. DeMill 
have shown that the interval between hyperfine components belonging to those levels is in some 
cases as small as 3 MHz (compare with 103 MHz in the hydrogen Lamb shift ! ) .  The experiment 
is being prepared now to investigate parity-nonconserving effects in this system. Theoretical 
uncertainties do not allow to predict reliably the expected magnitude of those effects. So, the 
success of such an experiment here is to a large degree a matter of good luck. But at least it 
is a first-rate atomic spectroscopy. 
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One more aim of the experiments discussed is the search for nuclear anapole moments. 

Anapole is a new electromagnetic moment arising if parity is not conserved. Nuclear anapole 

moment is induced by P-odd nuclear forces. Atomic P-odd effects dependent on nuclear spin are 

dominated by contact electromagnetic interaction of electrons with nuclear anapole moment. 

The problem of experimental observation of a new physical phenomenon, nuclear anapole 

moment, is by itself a fascinating one. Moreover, if the theoretical results of one-particle 

approximation, which are remarkably stable by nuclear standards, will be supplemented by 

a serious treatment of many-body effects, those experimental investigations will give reliable 

quantitative information on P-odd nuclear forces. 

3. Up to now CP-violation has been observed in K-meson decays only. That is why the 

discussion in the talks by D. Garreta and R. Legac of CP-odd effects in kaon decays, as studied 

at LEAR, is so interesting. 

The searches for electric dipole moments of neutron, atoms and molecules constitute another 

source of information on CP-violation. In the talk by S. Lamoreaux a record-breaking upper 

limit on electric dipole moment (EDM) of anything was reported. The measurements of atomic 

EDM of a mercury isotope result in 

d(199 Hg)/ e < 1 .3 · 10-27 cm. (5) 

The measurements in atomic thallium, as reported by S. Ross, brought the following upper 

limit on electron EDM: 

d(e)/e < 10-26cm. (6) 

New experiment with xenon is being prepared by T. Chupp. I learned also, but in private 

discussions only, from E. Hinds and A .  Weiss about their new projects. Let us hope that at 

the next Moriond Workshop we will hear exciting news from these experiments. 

But what is the real significance of the limits obtained? How do they relate to, say, the 

results of studying the neutron EDM? The answer to this question is given in Table where the 

limits on the constants of an effective Hamiltonian 

G 
H = lil L k;O; 

v 2  ; 

(G = lQ-5 /m; is the Fermi constant, mp is the proton mass) for the CP-odd interaction of u-, 

cl-quarks and gluons are presented (V.M. Khatsymovsky, LB. Khriplovich, Phys.Lett. B296 

( 1992) 219). 

Clearly, the atomic experiments are as informative as the neutron ones. In fact, they are 

complementary to each other. But still, what is the real value of both? 
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k;O; 

k;( ibi1st"q1)( <[2t"q2) 
q1 = qz 
qi # qz 

d(n)/e < 10-25cm d(199Hg)/e < 1 .3 · 10-27cm 

lk. I  < 3 · 10-s l k. I  < 3 . 10-s 

lk;I < 10-4 lk;I < 10-s 
lk;I < 10-4 lk;I < 2 · 10-3 

lk,I < 10-s l k, I  < 2 · 10-4 

lkil < 10-s lkil < 2 .  10-4 

1 � 1 < 2 . 10-1 1 � 1 < s · 10-s 

lkY I  < 5 .  10-s lkgl < 3 .  10-2 

101  < 3 . 10-10 101 < 10-9 

Table 

Although dipole moments have not been discovered up to now, the limits obtained in those 

experiments have played an extremely important role, allowing one to exclude a number of the 

models of GP-violation. 

In particular, to explain GP-violation in kaon decays by the so-called 0-term (see the last 

line of Table) one should assume 0 � 10-3 which is definitely excluded. 

The model where spontaneous breaking of GP-violation in the Higgs sector is the only, 

or main, source of GP-odd effects in kaon decays (Weinberg model of GP-violation) is also 

excluded. Moreover, present upper limits on d(n) and d(e) are close to the predictions of the 

model of spontaneous breaking of GP-violation in the Higgs sector at the "natural" choice of 

its parameters. 

The conclusion is clear. Atomic experiments give valuable information on elementary par­

ticle physics NOW, and will give even more valuable one in future. 
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The calculation of accurate electronic properties for low-lying states of Tl would be 
helpful for the interpretation of experimental results, e.g. of isotope shifts and 
parity non-conserving effects. Such calculations are, however, quite challenging, not 
only due to the high Z, but also because of the valence structure: Although the 6p 
and 7s states studied in this work can formally be described as a valence electron 
outside a closed shell core, the presence of two 6s electrons in the core leads to very 
large perturbations, which are not adequately described by low-order perturbation 
theory. The coupled-cluster approach provides a systematic way to sum certain 
terms in perturbation theory to infinite orders. In this work single and double 
excitations involving the core orbitals 4f, 5p, 5d and 6s have been included. The 
wavefunctions have been used to calculate hyperfine structure including anomalies, 
field isotope shift constants, electric dipole and quadrupole transition matrix 
elements. The extracted properties include changes in charge and magnetic radii, 
from isotope shifts and hyperfine anomalies. It was found, e.g., that the change 
O<rm 2> in magnetic radius between the two stable isotopes 203Tl and 205Tl is 
significantly larger than the corresponding change in charge radius. This may have 
some implications for P and T violating Schiff moments, discussed elsewhere in 
these proceedings. 
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1. Probing the nucleus 

Is it not fantastic that a valence electron outside the 80 core electrons in Tl can 
probe the nucleus? Of course, the valence electron isn't always outside the core 
electrons, and it even har a finite probability of being within the nucleus, in 
particular if it has j=l/2, like the 6p112 ground state of TL Also valence electrons 
with j> 112, which have no significant penetration of the nucleus, can perturb the 
core electrons that do and in this way probe the nucleus. The correlation between 
valence and core electrons must thus be well described in order to extract nuclear 
properties from spectroscopic measurements. 

The study of nuclear effects in atomic structure has a long tradition, 
particularly in the case of hyperfine structure (hfs) and istotope shiftl )  and more 
recently involving parity non-conserving effects2,3), with or without accompanying 
T violation. There is accordingly a long tradition of using semi-empirical electronic 
factors to extract the nuclear properties from the atomic spectroscopy data 1 ) . 
However, the development of relativistic atomic many-body techniques4-7) makes it 
possible to perform accurate ab initio calculations of such factors and also to 
examine the validity of the semi-empirical evaluations8,9). The improved accuracy 
enables a more reliable extraction of e.g. nuclear charge radii and quadrupole 
moments from optical isotope shifts and electric hfs. Since magnetic moments can 
often be determined independentlylO), the magnetic hfs can instead be used to test 
the quality of the wavefunctions. 

In this work we describe the application of relativistic "coupled-cluster "  

calculations to a few low-lying states of  Tl, following the procedures applied 
earlier l l , 1 2) to calculations for Ba+ and Yb+. The calculations presented here 
include single and double excitations with respect to the unperturbed core of n+ 
involving excitations of the core orbitals 4f, Sp, 5d and 6s up to a maximum angular 
momentum of 6 for the core-valence pair excitations and a maximum anulgar 
momentum of 4 for the core-core excitations. The orbitals were expanded in a 
logarithmic grid with 76 points in the range exp(-6.6)/Z to exp(8.4)/Z. The energy 
eigenvalues obtained in this procedure are E6p 112=-0.22458 a.u., E6p312 = 
-O. l 8980a.u. and q s=-0. 1 05 1 4a. u. (including Dirac-Pock-Breit contributions of 
0.00052 a.u.,  0.0001 5a.u. and 0.00005 a.u. respectively) compared to the 
experimental values E6p112=-0.22446 a.u., E6p312 = -0.1 8896 a.u. and E?s=-0 . 10382 
a.u. The resulting wavefunctions were used to evaluate properties, such as electric 
dipole and quadrupole transition rates, hyperfine structure, isotope shifts and 
hyperfine anomalies. 



355 

Table 1. Comparison between calculated hyperfine structure constants A for 20511 and electronic 
factors F for the field isotope shift with experimental values. 

F(6p112) A(6p112) 

(GHzlfm2) (GHz) 

This work 
DF -2.70 17.68 
BO -0.34 2.24 
RPA 1 3.60 - 1 .98 
Corr -0.38 - 1 .04 

Total: 10. 10 20.86 
+inner RP A3> 10. 13 2 1 .43 
+Finite size 9.52 21.3 

Other calculations 
scop b> 12.32 1 8.73 
Mcop c> 15.77 20.32C) 
g-Hartree d) 20.89 

BO+RPA0l 16.95f 24.06g) 
21 .77h) 

+ "int. corr."i) 2 1.32h) 

Experiment (GHz) 10.6(6).i> 21.3 108 

F( 6p312) A( 6P312) 

(GHzlfm2) (GHz) 

0 1 .304 
0 0.21 

1 1 .40 - 1 .64 
0.05 0.39 

1 1 .35 0.256 
1 1 .43 0.317 
10.74 0.34 

13.21 1.381 
17.31 l .485C) 

0.895 

17.Q4f -1 .885g) 
- 1 .919h) 

0.60Qh) 

1 1.4 (6�) 0.2651 

F(7s) A(7s) 

(GHzlfm2) (GHz) 

-4.36 7.78 
- 1 .25 2.22 
0.69 2.88 
0.69 -0.20 

-4.24 12.67 
-4.22 12.92 
-3.97 12.8 

-4.37 

-5.080 1 3.06g) 
12.47h) 

12.56h} 

-3.64(3�) 12.297 

a) This line gives an estimate of the RPA correction from core orbitals not included in the coupled-
cluster calculation. b) Hermann et a/15). 

c) Grexa et a/16), The MCDF hfs values include increments from separate MCDF results. 
d) Millackl 7) e) Brueckner orbitals + RP A corrections 
f,g) Hartley and MArtensson-Pendrill, refs 14,18 h) Dzuba et a/4) i) BO+RPA+"intemal correlation" 
j) The estimated field isotope shifts, 1 .2 16(0)(58) GHz, 1.324(1)(49)GHz, and -0.419(2)(27)GHz, 

respetively, are taken from Ref 14, using the experimental level shifts by Grexa et al.16) The first 
error bar gives the experimental error, the second reflects the uncertainty in the SMS. The 
"experimental" F values were obtained by combining these estimates with the muonic value19) 
o<r2>203,205 =0. 1 15 (3) fm2. 

2. Hyperfine Structure and Isotope Shifts 

The magnetic interaction between the electrons and the nuclear magnetic moments 
gives rise to the magnetic hyperfine structure. In the case of the hydrogen ground 
state, this results in the well-known 21 -cm line observed abundantly in radio­
astronomy. The hyperfine structure of the ground state of 133cs constitutes the 
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definition of the second and many other hyperfine structures, e.g. that of the Tl 
6p112 ground statel3), have been determined very accurately using radio-frequency 
techniques. 

Different isotopes of an element have slightly different transition energies. 
For light nuclei, this "isotope shift" is mainly due to the kinetic energy associated 
with the nuclear motion . The "reduced mass effect" , leading to the "Bohr" or 
"normal" mass shift is directly proportional to the transition energy and is thus 
easily evaluated. This is the shift observed, e.g. between the Lya lines for H and D. 
For atoms with more than one electron, the nuclear kinetic energy leads also to a 
cross terms between individual electon momenta, the so-called "mass polarisation" 
or the "specific mass shift'', proportional to Li.,jPi'Pj· This is a two-body operator, 
which is found to be very sensitive to correlation effects14). It is nearly as large as 
the normal mass shift for the 2s-2p transitions in 6Li and 7Li. 

For heavy atoms, the isotope shift is instead dominated by the "field shift" 
or "volume shift'', ovFS=FK�krc2>=FAc arising due to differences in the charge 
distribution for different isotopes of an element, and one reason for studying 
isotope shift is series of isotopes is then to obtain information about the nuclear 
charge distribution. In the case of Tl, the mass dependent effects account for only 
about a percent of the observed isotope shift14), but is still an important source of 
uncertainty in the extraction of charge radii. The calculated electronic factors then 
provide a scale relating observed isotope shift to changes in nuclear charge radii, as 
discussed in detail in our earlier studies of KS), ca+(9), Csl4), Ba+O l), and Yb+(l2)_ 

The contributions to the calculated hyperfine structure A-factors and 
electronic factors, F, for the field isotope shifts are shown in Table 1 together with 
other theoretical4, 14- 1 8) and experimental l 3 , 15- 1 6 , 19-20) results. A detailed 
description of the terms included in the individual terms can be found in Ref. 21 .  
The calculated A(6p112) factor is very close to the experimental result. The A(7s) 
factor, on the other hand is overestimated by nearly 4%. The 6p312 state is more 
problematic: Many body corrections reduce the 6p312 hfs to about 115 of its Dirac­
Fock value. It is then hardly surprising that the final result for this state is quite 
uncertain. The estimate of the contribution from perturbation of inner core orbitals 
amount to nearly 20%, thereby destroying the previously good agreement. 
Although the result obtained here seems to be the best calculated value to date, an 
even more detailed treatment is required, probably involving either three-particle 
excitations or a more general model space as a starting point. Our calculated F 
factors for the field shift are essentially consistent with the change in charge radius 
O<rc2> = 0. l 15(3)fm2 found in experiments on muonic atoms. 19) Due to the 
uncertainty in the calculated electronic factors, in particular for the specific mass 
shift, the values extracted from accurate laser spectroscopic experiments cannot yet 
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compete with the muonic determination for the stable Tl isotopes. Nevertheless, the 
calculated F factors provide a scale for extracting �krc2> from the istotope shift 
measurements on chains of radioactive isotope Tl isotopes. 22) 

3. Hyperfine anomalies 

Changes in the distribution of charge, but also of magnetic moments cause a shift, 
Li 1 2=(A 1 g2 )/(A2g 1 )- 1 ,  in the ratio between the measured hfs A-factor and the 
nuclear g-factor (g1=µ1/I), arising from changesin the wavefunction normalization 
close to the nucleus, and from modified expressions for the hyperfine interaction, 
respectively. The form of the interaction is different for magnetic moments arising 
from nuclear spin and orbital moment, as first analysed in detail by Bohr and 
Weisskopf23), and later, e.g., by Stroke et az. 24) We find that the anomaly can be 
written as Li 12=b2sA.c,m=b280 .. m±l .9(1 )Ac), where Ac=Kc�krc 2>,,,0.940<rc 2> for 
TI25) was introduced in Sect. 2 and 

Am=Km0<rm2>=0<rm2>(1+(b4/b28)0<rm 4>/0<rm2>+ .. .  ) 
with Km"'0. 8 1  for a magnetic moment arising mainly from a nuclear spin, as 
expected for the two stable Tl isotopes, which both have an unpaired 3s112 proton in 
the ground configuration. The numerical Dirac-Pock orbitals used in our evaluation 
were obtained in the potential from a homogeneous nuclear charge density and give 
b28(6p 112)z-2.26· I 0-4/fm2 and b28(7s)z-7 .95· I0-4/fm2. To a good approximation, 
these coefficients depend only on the angular momentum, but are independent of the 
orbital energy. The correction due to higher moments of the distribution are 
essentially the same: for both these states we find b4/b28z-0.003 2/fm2 and 
b6/b28z8.8· l 0-6/fm2. 

In Table 2, we have given the correction (expressed in terms of b18) due to 
a distributed nuclear moment for the various contribution to the hyperfine structure 
(shown in Table 1 )  for the 6p and 7s states. These corrections reflect the interplay 
between admixtures of various angular momenta into the wavefunction. For the 
6p 112 state, the admixture of s orbitals with larger anomalies gives a 10% increase 
of the final hfs anomaly, whereas for the 6p312 state, where the individual 
corrections to the hfs are many times larger than the final result, the final hfs 
anomaly is even larger than for the s state (and with opposite sign). These results 
can be combined with experimental data for 203:205Tl, as shown in Table 2, and 
with the known change in charge radius, to extract a change in magnetic radius, 
O<rm2>=0.26(2)fm2, between the two stable Tl isotopes. The error bar includes an 
uncertainty due to the correction of higher moments of the distribution. We see that 
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this change is more than twice as large as that for the charge distribution. The 
distribution of a possible P and T violating nuclear electric dipole moment may be 
similar to that of the magnetic dipole distribution, and its difference from the 
charge distribution gives essentially the "Schiff moment" .3) The results shown here 
give no information about the size of a possible Schiff moment, but indicate a 
difference between the two stable Tl isotopes and may, in this way, provide a 
calibration for nuclear physics calculations. 

Table 2. Hyperfine anomalies: The theoretical values give the relative effect of the magnetic moment 

distribution on the various terms shown in Table 1 and are given in terms of b2 factors, i.e. Aft... 

Calculated (104/fm2) 

DF(BO) 
RPA 

Corr 

Total 

Experiment (GHz) 
Z03Tl (µ=l .62225787µN) 
ZOSTI (µ=l.6382146lµN) 

Anomaly A(6p112) 
(10-4) 

/,. 
(fm2) 

6P112 
�(6P112)//,. 

-2.26 
-4.89 
-4. 12 

- 2 . 48 

A(6P112)a 
21 .105447(5) 
21 .3 10835(5) 

A(6p312) 
- 1 .04 

0.42 

6p312 
�(6P312)//,. 

0 
-5.02 
-4.24 

43.0  

A(6P312)b 
0.2620300(1) 
0.2650383(1) 

�(7s) 
16.26 

0.38 

a) Lurio and Prodell (1956)13) b) Gould (1956)20) c) Hermann et al (1993)15) 

4. Discussion and Outlook 

7s 

�(7s)//.. 

-7.95 
-5.86 
-1 .63 

- 7 .62 
A (7s)c 

12181.6(22) 
12297.2(16) 

-3.4±1 .8  

0.44(23) 

Atomic theory is capable of giving information about nuclear structure. The 
capacity is not yet fully utilised, as seen e.g. from the extraction of changes in 
magnetic radii from hyperfine anomaly measurements in the 50's. The relatively 
good accuracy obtained in these coupled-cluster calculation gives hope for more 
accurate calculations of parity non-conserving properties. 
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Modern Doppler-free laser techniques have allowed the resolution obtained in 
optical spectroscopy to be improved by a huge factor. The application of these 
techniques to atomic hydrogen makes it possible to test theoretical calculations on 
this simple system with a very high degree of accuracy. 

The energy levels of atomic hydrogen 

The hydrogen atom consists only of one proton (mass M, charge e) and one 
electron (mass m, charge -e) .  To a rough approximation, the energy depends only on 
the principal quantum number n and is given by the simple formula : 

(1) 

with R8 the Rydberg constant for hydrogen, h Planck's constant and c the velocity 
of light. 

From the above expression, one can derive the Balmer-Rydberg formula which 

gives the transition wavelength between two different levels n and p : 

(2) 
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The hydrogen atom has transitions in a wide range of wavelengths from the UV 

to microwaves, and the Rydberg constant RH can be deduced from any wavelength 

or frequency measurement between two levels having different principal quantum 

numbers. 

A knowledge of the electron-to-proton mass ratio allows one to deduce the 

Rydberg constant R= for the case of an infinite nuclear mass : R =  = RH (1 + m/M) . 
R =  is a fundamental constant combining m, e and h : 

(3) 

In fact, in order to obtain the exact energy levels, some corrections must be 
added to this very simple treatment : 
- relativistic corrections, calculated from Dirac theory, which are responsible for the 

fine structure of the levels, 

- hyperfine corrections, due to the magnetic moment of the proton (/ = 1/2), which 
split all the levels into two components, 
- radiative corrections which result from the interaction of the electron with the 
quantized electromagnetic field and are calculated using the theory of quantum 
electrodynamics (QED), 
- the nuclear size corrections arising from the finite volume of the proton. 

The last two corrections are especially important for the S levels : taken 
together they give the so-called Lamb shift. The ground state (lS) Lamb shift is 

about 8 GHz ; the uncertainty in this quantity limits the accuracy with which the 
theoretical value of the lS energy itself is known, to a few parts in 10 1 1 . 

Finally, although the listed corrections cause the energy to depend on four 
quantum numbers (n, /,j, FJ, the Rydberg constant remains an overall  scaling factor. 

Motivation for high precision measurements of the Rydberg constant 

Although the Rydberg constant is the most precisely known physical constant, 
with a present accuracy of 2 parts in 10 1 1 , there is still a vigorous competition 
between several groups aiming to improve the precision still further. 

One motivation to continue is the prospect of more stringent tests of QED. The 
experimental precision is now close to the precision of calculations giving the 

energy levels of hydrogen and simple atomic systems. To carry out QED tests on 

these systems, one needs a precise value of the scaling factor hcR=,  their natural unit 
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of energy. We quote two examples : the 1 S-2S two-photon transition of hydrogen at 

243 nm which gives the lS  Lamb shift, and the 1
3
S-23S two-photon transition of 

the positronium atom at 486 nm 1 ) (positronium is of special interest as it is a purely 
leptonic system) . 

Another motivation is that the Rydberg constant gives a relation between such 
fundamental constants as the electron mass and charge. It can also be expressed in 

terms of the fine structure constant a : 
R= = (mc/2h) a2 (4) 

As a consequence it plays a key role in the least-squares adjustment of the 

fundamental constants where it is used as an auxiliary constant (that is, with a fixed 
value) 2) .  It then gives a test of the consistency between various areas of physics. 

Finally, R= can be deduced from any transition frequency in hydrogen and 
gives a means of connecting microwave and optical frequencies. The methods used 
to study some optical transitions are reported in the next section. In the microwave 

range, the most convenient transitions are between adjacent circular states as 
suggested by Hulet and Kleppner J ) .  Circular states have maximum orbital angular 
momentum (l = n-1) ,  so that - in a classical description of the atom - the electron is 

orbiting in a circle centred on the nucleus. For these states, the probability for the 
electron to be close to the nucleus is very low and radiative and nuclear size 
corrections are at a minimum. Moreover they have a lifetime much longer than the 
other Rydberg states. The study of these transitions with n of the order of 25 or 30, 

in order to deduce the Rydberg constant in the microwave domain, has been carried 
out on the lithium atom in Paris 4 l and on hydrogen at M.I.T. 

The hydrogen atom gives then a means to test the 1 /r dependence of the 

Coulomb potential 5 ) .  If this dependence is supposed exact, the hydrogen atom can 

provide a check of frequency chains between the optical and the microwave ranges 

(specifically, the Cs clock at 9 GHz) and may even be used in the future to give a 

misc en pratique of the meter in the visible range. 

Spectroscopic m easurements in atomic hydrogen 

In the optical range, the Balmer single-photon transitions in  atomic hydrogen 

have been studied extensively. The most precise result, with a precision of 3 parts in 

10 1 0  6 l was obtained at Yale on the 2S-4P transition. It was limited by the natural 
width of the P levels which is responsible for a relative linewith of a few parts in 
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1 08 • Indeed, the P levels are the broadest in hydrogen since they can radiate directly 

to the ground state. 

The advantage of the two-photon transitions is to avoid these P states. The 1S-
2S transition has an extremely small natural width (5 parts in 10 1 6 ) and lies in the 

UV range. It is presently being studied in Garching (see the paper of 
C. Zimmermann in this volume) and at Yale. The study of the 2S-nS/nD, carried out 

in Paris, is described in the following. 

The Paris experiment 

The 2S-nS/nD two-photon transitions (n = 6 to 1 2) lie in the near infrared (750-
820 nm) and have relative linewidths of a few parts in 1 0 1 0• In order to obtain  very 
narrow signals, we use the following experimental conditions ? )  : 
• Metastable atoms are produced in an atomic beam to avoid collisional broadening. 
• They are optically excited by two counterpropagating laser beams so that the first­
order Doppler effect is cancelled. 
• In the interaction region, the atomic beam is collinear with the two laser beams so 

that the transit time broadening is reduced. 

The metastable atoms are produced by dissociation of molecular hydrogen in a 

radio frequency discharge followed by atomic excitation to the 2S state by electronic 
impact. The deviation of the atomic beam due to inelastic collisions with electrons i s  
used to  align the 2S beam with the laser beams. After passing through the interaction 
region (length "" 50 cm) , the metastable atoms are detected by quenching in an 
applied electric field and measurement of the induced Lyman-a fluorescence by two 

photomultipliers. 

The light source is a Ti-sapphire laser. To enhance the two-photon transition 
probability, the whole apparatus is placed inside a Fabry-Perot cavity. The length of 

this cavity is locked to the laser wavelength so that the light power experienced by 
the atoms can be up to 100 W in each direction of propagation. After optical 
excitation to the nS or nD states, most of the atoms decay to the ground state ; the 
two-photon absorption signal can then be detected through the associated decrease 
of the 2S beam intensity. An example of a recorded signal is shown in figure 1 .  

A numerical calculation of the signal profiles has been done taking into account 

light shift and saturation S ) .  For each recording, the fit of the theoretical curve to the 
experimental one gives the line position corrected for light shift with respect to a 

fringe of a reference Fabry-Perot cavity. 
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n(2S) 0 
of> 0 

lMHz 

atomic frequency 

Figure 1 .  Signal obtained for the 2S 1 1r8D512 transition. The circles are the 
experimental data and a fitted calculated profile is superimposed; the light power 
experienced by the atoms is here 48 W, the relative decrease of the metastable yield 
1 1 .5% and the observed linewidth 950 kHz. 

The calibration of the transition wavelength or frequency of the transitions is 

done by comparison with a standard laser, as for example an Irstabilized standard 

He-Ne laser at 633 nm. Two methods can be used for this absolute measurement. 

In our previous measurement of the Rydberg constant, performed in 1988, the 

transition wavelength was compared with the standard one in a high stabil ity Fabry­

Perot interferometer 9 l . We estimate the intrinsic limit of this interferometric 

method to be about 2 parts in 1 0  1 1 . The physical reason is that in the interferometer 

we compare two beams having different wavelengths and hence different spatial 

extensions : a small imperfection on a mirror surface can be "seen" differently by the 
two beams and so induce an error of this magnitude in the wavelength comparison. 

To avoid this limitation we have now replaced the wavelength measurement by 

a direct frequency comparison of the 2S-8S 1 12 ,  8D312 and 8D512 lines with two 
optical standards 1 O l . The scheme used for this comparison takes advantage of a 
near coincidence (89 GHz) between the frequency of the Irstabilized He-Ne 

standard at 633 nm and the frequency sum of the CH.-stabilized He-Ne laser at 

3.39 µm and the excitation laser at 778 nm. Two Ti-sapphire lasers are used, one for 
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the excitation of the atomic transitions and the other for the frequency sum in a 

LiI03 crystal with an auxiliary He-Ne at 3.39 µm, frequency-locked to the He­
Ne/CH4 standard laser. The synthesized beam generated at 633 nm is heterodyned 

with the He-Ne/12 standard laser. The frequency difference between the two Ti­

sapphire lasers is measured with a Schottky diode using a Gunn diode as an 

auxiliary source at 89 GHz. The frequencies of both standard lasers have been 
previously measured by comparison with the Cs clock through frequency chains 1 1 ) . 

Using this method, we have measured the frequencies of three two-photon 
transitions in atomic hydrogen : the 2S 1 12 - 8S 1 1 2 , 2S 1 12 - 8D312  and 2S 1 12 - 8D5;2 
transitions. We obtained in this way three independent determinations of the 
Rydberg constant, which are in good agreement. Our weighted mean is : 

R= = 109 737.3 1 5  683 4 (24) cm- 1 

This result, with an uncertainty of 2.2 parts in 10 1 1 is the most precise one at 

the present time. It is in very good agreement with that obtained by T.W. Hansch 
and his collaborators from the frequency measurement of the 1S-2S transition with a 
completely different frequency chain 1 2 l . 

Table I : Uncertainty budget. 

Contribution Parts in 10 1 1  

Statistical uncertainty 0.7 
Fits to theoretical profile 0.5 

Standard at 633 nm 0.9 

Standard at 3.39 mm 0.3 
Second-order Doppler effect 0.3 

Stark effect 0.2 

Lamb shift and QED calculations 1 .3  

Electron-to-proton mass ratio 1 . 1  

Global uncertainty 2.2 

The various contributions to our uncertainty are l isted m table I. One can 
distinguish two types of contribution : 
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- those due to our experimental method, which give altogether a contribution of 1 .3 
parts in 10 1 1 ; they come either from our signal and its study, or from the standards 

and their intercomparison, and could be reduced in the future. 
- those not inherent in our experiment ; they arise from other data needed to deduce 

the Rydberg constant from our measurements, for example the electron-to-proton 
mass ratio, the 2S Lamb shift and QED calculations. They give altogether an 

uncertainty of 1.  7 parts in  10 1 1 . 

Prospects 

To improve further the accuracy of the Rydberg constant R=,  a new 

measurement of the electron-to-proton mass ratio, presently known with a precision 
of 2 parts in 108 , is highly desirable. Until we have such a measurement, increasing 
the precision of frequency measurements in hydrogen will lead only to improved 

values of R H .  

It i s  a lso the case, however, that new Lamb shift measurements are of great 
interest. As proposed by T.W. Hansch, a convenient means for the determination of 
the IS Lamb shift is the comparison of two frequencies having an almost integer 
ratio, such as the 1S-2S and 2S-4S/4D two-photon transitions studied i n  

Garching 1 J ) .  A similar experiment i s  currently underway prepared in Paris based 

on the 1S-3S and 2S-6S/6D two-photon transitions at 205 and 820 nm. 

Finally, the two recent results obtained in Paris and Garching for the 2S-8D and 
IS-2S transitions, with respective uncertainties 1 2  and 45 kHz, can be combined 
together to deduce the IS Lamb shift : L = 81 72.8 I5 (70) MHz. Moreover, if one 
assumes that the Lamb shift varies as 1 /n 3, a linear combination of these two 

transition frequencies al lows one to eliminate the IS and 2S Lamb shifts and then 
directly provides the RH constant. The uncertainty would be 2 parts in 10 1 2 in R H  if 

the two frequencies were known at a level 1 0- 1 2, which can be expected in the near 

future. 

Conclusion 

The development of tunable lasers has allowed an advance of three orders of 
magnitude i n  the precision of the Rydberg constant in less than twenty years. The 

experimental precision is presently 2 parts in 10 1 1  and will probably be a few parts 

i n  10 1 2 in the near future. This precision is now challenging the theoretical 

calculations. 
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In atomic hydrogen two types of spectroscopic measurements can be 
distinguished : 
• Absolute measurements of a given transition frequency. The difficulty of this type 

of measurement is the need for a good frequency standard and for a frequency chain 
to connect the studied transition to the standard. 

• Comparisons of two different transition frequencies, one involving the ground 
state. Such a measurement provides a determination of the lS Lamb shift. 

Both are complementary and give together on one hand the Rydberg constant and on 
the other hand QED and proton size corrections 1 4 l .  
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Abstract 

Two-photon spectroscopy of the extremely narrow 1S-2S transition has reached 
a resolution of better than 1 part in 101 1 .  Recent precision measurements of the lS­
Lamb shift, the hydrogen deuterium isotope shift, and the Rydberg constant are 
reported. 

Introduction 

As the simplest of stable atoms hydrogen may be studied, theoretically and 
experimentally with extraordinary accuracy. This offers unique opportunities for 
stringent tests of fundamental physics such as the theory of quantum 
electrodynamics (QED) as well as for ultra precise measurements of fundamental 
constants. ( l) The experimental resolution of an optical atomic resonance is 
ultimately limited by its natural linewidths which for most transitions is typically on 
the order of several MHz. However, the hydrogen atom features an exceptionally 
narrow transition between the lS  ground state and the metastable 2S state. The 
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provided by a single mode dye laser near 486nm whose frequency is doubled in a 
nonlinear crystal (B-Barium Borate). Sufficient conversion efficiency is obtained 
by placing the crystal in a passive resonator which enhances the fundamental light 
power by a factor of 50 resulting in about 6 mW ultraviolet radiation. The dye 
laser is electronically stabilized to a carefully designed ultrastable reference 
resonator made from dielectric mirrors with gyroscopic quality which are optically 
contacted to the front facets of a 40 cm long Zerodur spacer. The spacer is 
suspended by soft springs and placed inside a thermally stabilized vacuum chamber. 
A wooden cover improves thermal and acoustic isolation. The laser bandwidth of 
about lkHz is determined by residual frequency fluctuations of the reference 
resonator due to seismic and acoustic noise. 

Lyman-a Detector 

quench 

L field 

1 1 1 1 1 1243 nm1 1 1 1fl l j 1 1g1 1il1 1�1 1���------;�tN�• 1 1 1 1 1 1ll Li Ir;- ·-- lJ 

liquid 
Helium 

hydrogen 
atoms 

solar-blind 
photomultiplier 

Fig. 1 Atomic beam apparatus for resolving the hydrogen 1 S-2S transition with 
relative linewidth of better than 1 part in 101 1 . 

The spectra of the F=l hyperfine component for different temperatures are 
shown in fig. 2. At room temperature, the asymmetric line shape is explained by 
the relativistic Doppler effect which shifts the atomic resonance due to time dilation 
of special relativity. The asymmetry reflects the thermal velocity distribution of 
the atomic beam. At lower temperature the Doppler broadening vanishes and at 
8.6 K the resonance shape is almost entirely determined by transit broadening. 
The line width of 1 2  kHz in the ultraviolet corresponds to a resolution of 1 part in 
1 01 1 . For the heavier deuterium isotope, an even narrower line of 9 kHz has been 
observed. 
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lifetime of the 2S state - which for parity reason may not decay to the ground state 
by a single photon electric dipole transition - is determined by a two photon decay 
and limits the resolution to 1 .3 Hz. The transition may be excited by two photon 
absorption from counterpropagating laser beams(2). This has the advantage that the 
transition frequency is almost independend of the atomic velocity since the linear 
Doppler effect cancels for absorption from opposite directions. In addition the two 
photon transition splits the necessary photon energy and shifts the excitation 
wavelengthinto a range (243 nm) where continuous wave laser sources are 
available. 

In this article we describe recent results of the Garching hydrogen project, all 
based on high resolution spectroscopy of the 1S-2S transition. A comparison of the 
1 S-2S transition frequency with the 2S-4S two photon transition has led to an 
improved value for the 1 S Lamb-shift which for the first time exceeds the accuracy 
of the best reported measurements of the "classical" 2S Lamb shift.(3) Initially, the 
result did not agree with theory but now new improved calculations of higher order 
QED corrections (4) seem to solve the discrepancy. In a second experiment the 1S-
2S transition frequency has been compared to the cesium clock by means of a phase 
coherent frequency chain and an intermediate frequency standard near 3.39µm.(5). 
The result was used to derive an improved value of the Rydberg constant. Finally, 
the isotope shift between hydrogen and deuterium has been measured with 20-fold 
improved accuracy providing information about the charge radii of the proton and 
the deuteron.(6) 

Two Photon Spectroscopy of the 1S-2S Transition 

To minimize line broadening due to collisions and transit time effects, the 
hydrogen atoms are observed by longitudinal excitation of a cold atomic beam (7) 
(fig. I) .  The hydrogen atoms are produced by dissociation of H2 in a radio 
frequency gas discharge and enter the vacuum chamber through a nozzle which is 
mounted at the bottom of a cryostat. The atoms thermalize by wall collisions inside 
the nozzle and form a atomic beam parallel to the axis of a standing wave 
resonator. The resonator builds up the incident ultraviolet laser light to about 20-
50 mW circulating power and provides the two counterpropagating laser beams for 
Doppler free two photon excitation. At the end of the 1 5  cm long atomic beam, the 
excited atoms are detected by mixing the 2S and the 2P state with a small electric 
field ( lOV/cm) which stimulates a rapid radiative decay. The emitted Lyman-a 
photons are counted by a photomultiplier. The ultraviolet light near 243nm is 
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11v = 80 kHz 
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-200 - 1 00 0 1 00 kHz 

detuning at 243nm 

Fig.2 Spectra of the F=l hyperfine component of the hydrogen 1S-2S two photon 
transition at different temperatures. 

The 1 S-2S energy interval is determined by the Dirac energy, by the IS 
Lamb shift, by well understood corrections due to the motion of the nucleus, by the 
2S Lamb shift and by the hyperfine interaction. The latter two contributions are 
both precisely measured. Thus, the I S-2S transition mainly provides information 
about the I S  Lamb shift and the Dirac energy. An independent determination of 
both entities is possible by observing a linear combination of two hydrogen 
transition frequencies. If for instance the I S-2S transition frequency is subtracted 
from four times the 2S-4S transition frequency all energy contributions 
proportional to n-2 cancel and with it the main part of the Dirac energy (n is the 
principle quantum number). The compound frequency which is on the order of 
·several GHz is therefore dominated by quantum electrodynamic corrections and a 
precise value for the I S  Lamb shift may be derived. In combination with an 
absolute measurement of the I S-2S frequency interval the precise knowledge of the 
compound frequency also allows to determine a new value for the Rydberg 
constant. 
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Precision Measurement of the lS Lamb shift 

The 2S-4S transition is observed by longitudinal excitation of a metastable 
hydrogen beam. The hydrogen atoms are excited into the 2S state by electron 
collisions which in addition deflect the atoms onto the axis of a standing wave 
resonator with 50 W circulating power near 972 nm. At the end of the beam the 
metastable atoms are observed by applying an electric field and observing the 
Lyman-a fluorescence with a channeltron detector. If the laser is tuned on 
resonance some of the atoms are excited into the 2S-4S from where they decay 
rapidly into the ground state via the 2P or 3P level and a drop of the metastable 
flux is observed. With an additional fluorescence detector we also record the 
emitted Balmer-� photons during the decay into the 2P state. The excitation light is 
provided by a single mode titanium sapphire laser which is electronically stabilized 
to an ultrastable reference resonator. Part of the laser output is frequency doubled 
in a potassium niobate crystal and superimposed with light from the dye laser. The 
resulting beat signal is recorded with fast photodiode and an electronic counter. 

972 nm 

Ti:sapphire 1--��---1 
laser 

486 nm 

dye laser 1--�...._-1 
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1illi1� 1liii1111ii 
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i111111 H 
'II� :s!l11 

2S-4S 

972 nm 

Lyman-a 
detector 

1 S-2S 

243 nm 

y 
Lyman-a 
detector 

Fig. 4 Experimental apparatus for comparison of the 1S-2S two photon transition 
frequency with the 2S-4S transition frequency. 
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From the measured beat note of 4797.340(I I) GHz we find a IS Lamb shift 
of 8 I  72.86(5) GHz with an accuracy, which for the first time exceeds the best 
measurements of the "classical" 2S Lamb shift.(3) Good agreement with theory is 
obtained if the Mainz value(8) for the proton charge radius is assumed to be correct 
and very recent new calculations of quantum electrodynamic two loop corrections 
(4) are taken into account. The result of these calculations have been somewhat 
surprising since they reveal an unexpected large QED contribution which in the 
past has been underestimated by about an order of magnitude. 

Transition Frequency of the 1S-2S Transition and a New Rydberg 

Constant 

For an absolute measurement of the IS-2S frequency interval the dye laser is 
electronically locked to the IS-2S resonance and its frequency is compared to the 
cesium clock by means of an intermediate frequency standard near 3.39 µm. This 
standard was built in the laboratory of V. Chebotaev in Novosibirsk and is based on 
a helium neon laser which is locked to the Lamb dip of a methane resonance 
observed in an intracavity gas cell. The standard was calibrated with a 
reproducibility of better than 10- 12  at the Physikalisch Technische Bundesanstalt 
(Braunschweig, Germany) in direct comparison with a cesium frequency standard. 
We synthesize a violet reference frequency near 424 nm by generating the 8th 
harmonic in three steps of second harmonic generation. Because of the poor 
conversion efficiency after each step a phase locked laser transfer oscillator boosts 
the power before the light is send into next doubling stage. In this way the full 
accuracy of the helium neon standard is transferred to the violet frequency at 
707 THz which by now represents the highest optical frequency that has been 
sysnthesized with an accuracy of better then 10-12. Simultaneously, we generate the 
sum frequency between the dye laser and the helium neon standard in an additional 
nonlinear crystal resulting in a frequency which by coincidence is close to the 8th 
harmonic of the helium neon standard. A remaining frequency mismatch of about 
2 THz is bridged by 6372 longitudinal modes of the dye laser reference resonator 
which mode spacing has been calibrated with an accuracy of better than I Hz. As 
result we find a 1 S-2S frequency interval of 2466 06I 413 . I82(45) Hz with an I8 
fold improved accuracy compared to the best previous measurement. (9) From 
comparison with theory together with the measured IS-Lamb shift a new value for 
the Rydberg constant of 109 737.3I5 684 I(3I)  cm-1 has been derived with a 
relative uncertainty of 2.8· 1 0-1 1 . In the meantime our measurement has been fully 
confirmed by a recent measurement carried out at the Ecole Normale Superieure 
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in Paris.(9) As the best known fundamental constant the Rydberg constant not only 
serves as an important comer stone for the adjustment of fundamental constants 
but also establishes an entire system of accurately known reference frequencies 
from the vacuum ultraviolet to the visible, infrared and microwave region, because 
the frequencies of all other hydrogen transitions can now be predicted with 
improved precision, provided that QED is correct. 

The hydrogen deuterium isotope shift 

The 1 S-2S energy interval of deuterium is shifted relative to hydrogen by 
672 nm due to its heavier nucleus and its different nuclear charge radius. Since the 
proton/deuteron mass ratio is known very accurately a precise measurement of the 
isotope shift may yield to an improved value of the electron/proton mass ratio 
provided that the nuclear size corrections are known e. g. from measurements of 
the I S  Lamb-shift. To measure the isotope shift we tune the dye laser half way 
between the hydrogen and the deuterium 1 S-2S resonance. A novel fast 
electrooptic modulator (10) generates optical sidebands at ± 84 GHz which serve as 
frequency markers close to both atomic resonances. A second identical stabilized 
dye laser system is altematingly locked to the maximum of the hydrogen and the 
deuterium resonance and its frequency is compared to the sideband marker 
frequencies by recording the beat signal on a fast photodiode. The measured 
isotope shift of 670 994 337 (22) kHz is almost 25 times more accurate than the best 
previous measurement and so far limited by slow frequency drifts of the reference 
laser.(6) Comparison with the theoretical value of 670 994 4 14 (22) kHz reveals a 
discrepancy of 3.5 standard deviations which is yet to be explained. A recent 
analysis of K. Pachucki et al.0 1) which includes contributions due to the deuteron 
polarizability reduces the 1 S-2S interval by about 20 kHz. 

Tabletop spectroscopic experiments are thus beginning to reach to effects of 
nuclear structure and dynamics in a regime of low energy and momentum transfer 
which is inaccessible to experiments with large colliders. High resolution 
spectroscopic experiments of hydrogen and hydrogen like atoms most notably 
antihydrogen(12) continue to hold fascinating challenges. Perhaps the biggest 
surprise in the endeavour would be if we found no surprise. 

This work has been supported in part by the Deutsche Forschungsgemeinschaft. 
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Positrons from a 12 mCi 22Na source are slowed by a W ( 1 10) reflection mod­

erator and then introduced into a Penning trap, where their motion is coupled to 

a damping circuit. Because of the stability of the Penning trap and the cryogenic 

ultra-high vacuum environment, we anticipate that positrons can be accumulated 

and stored indefinitely. The first demonstration has a continuous loading rate of 

0.14 e+ /sec for 32 hours, yielding more than 1 .6 x 104 trapped positrons, with im­

provements expected. The extremely high vacuum is required for compatibility with 

an existing antiproton trap, which has already held more than 105 particles, for pro­

ducing antihydrogen at low temperatures. It may also prove useful for cooling highly 

stripped ions. 
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I. INTRODUCTION 

Cryogenically cooled Penning traps should provide an excellent environment for 

the production and study of antihydrogen. By mixing cold (4 K),  positrons with 

antiprotons, antihydrogen can possibly be formed at a high instantaneous rate [l ] ,  at 

energies suitable for magnetic trapping, in the way already done with hydrogen [2]. 

More than 105 antiprotons have already been trapped under these conditions [3] by 

sending a pulse of 108 antiprotons, delivered from the low energy antiproton ring 

at CERN, through a degrader foil which slows the anti protons collisionally to below 

3 keV. These antiprotons are then further cooled by collisions with cold electrons in 

the trap [4], and by coupling their motion to a damping circuit, to 4 K. Storage times 

of several months have been demonstrated [5]. 

Positrons trapped in a high vacuum are the other ingredient for antihydrogen 

production. Less than 100 positrons were once confined for long periods of time in an 

ultrahigh, cryogenic environment [6, 7], but with much lower numbers and trapping 

rates than are required for antihydrogen production. Large numbers of positrons 

have already been trapped using buffer gasses [8] to slow the positrons. However, 

the background gas atoms in these traps unacceptably limit the antimatter storage 

times. It may eventually be possible to improve a third technique which utilizes pulsed 

electrodes [9], to accumulate small numbers of positrons in relatively high pressure, 

but this seems difficult. 

We report here a different technique [10, 11 ]  which allows positrons to be loaded 

continuously from a radioactive source in the same vacuum as the antiproton trap. 

The use of a moderator [12-14] to slow the positrons is a critical feature. Trapping 

rates exceeding 0.2 e+ /sec, and total numbers of 1 .6 x 104 trapped e+, have already 

been achieved, and there are several significant possibilities for considerably increasing 

this rate. Because of the stability of Penning traps and the ultrahigh vacuum, the 
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number of trapped positrons may be limited only by the patience of the experimenter 

and the trap capacity. 

II. SLOWING THE POSITRONS 

The Penning trap used in this experiment is shown in Fig. 1. Positrons from 

a 12 mCi 22Na source located in the fringing field of a superconducting solenoid 

(B, = 1 .6  Tesla) follow the magnetic field lines to the W (110) moderator through 

loading tubes and small holes in the trap electrodes. Only 90% of the decays gen-

erate positrons, only half of which travel in the forward direction towards the trap, 

and an estimated half of these in turn are absorbed within the source container it-

self, yielding a total source activity A = 1 x 108 e+ /sec, over an active area with 

radius r, = lmm. The trap is located at the center of the solenoid's magnetic field 

(Bt = 5.4 T) . Positrons emitted with a forward angle ()c ?:: arcsin(B,/ B1)112 with 

respect to the field lines magnetically "bounce" back toward the source and never 

reach the moderator. In addition, the active area of the beam shrinks by a factor of 

B,/ B1 before the positrons reach the holes in the trap electrode (rh = 0.5mm) . The 

average cyclotron radius of these energetic positrons reduces the effective aperture to 

r. � 0.25mm. Therefore, the total flux on the moderator is 

r; Bt [ FFJB•)] 6 + F = A2 - 1 - 1 - - � 3 x 10 e  /s. r, B, B1 ( 1 )  

We detect this flux by mechanically chopping the beam at  �1 Hz and measuring the 

current on the moderator with a lock·in amplifier. 

Some positrons are backscattered epithermally from the moderator, but most 

rapidly thermalize within the crystal. A fraction of these will diffuse to the surface, 

where they experience a negative (for positrons) work function ¢+ and are ejected 

nearly monoenergetically, if the crystal surface is clean and well-annealed. (See for 

example reference [14] . )  We chose to use a W (1 10) reflection moderator since these 
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had already been shown to be capable of good efficiencies (17 � 10-3) and energy 

widths of AE � 65 meV at temperatures approaching 4 K [12, 13] . A small energy 

spread in the re-emitted positrons (compared to the several hundred keV energy 

spread from the radio1Lctive source) is critically important, since only those positrons 

in a very narrow energy band will be trapped. The use of a moderator also avoids the 

problem of high-energy positrons being relativistically shifted out of resonance with 

the trap's damping circuit [6, 7]. 

For this experiment, the tungsten crystal was mechanically polished and then 

electrochemically etched to remove the damaged surface layers. It was annealed at 

temperatures exceeding 2000 K for four hours at 10-7 Torr and then heated to � 900 K 

in 10-6 Torr oxygen for two hours in an effort to remove some of the interstitial carbon 

near the surface. The crystal was then transfered into the vacuum enclosure of the 

Penning trap and an electron field emission point array was installed immediately 

below the moderator (see Fig. 1) .  The array produces more than 5 mA of beam 

current, allowing us to heat the moderator (mounted on thin tungsten wires) for 

several minutes in situ by electron bombardment, while keeping the rest of the trap 

and vacuum enclosure, which is heat sunk to a liquid helium reservoir, cold and under 

high vacuum. 

The positron trapping rate as a function of the moderator bias voltage is shown 

in Fig. 2. Before the first heating, the energy spread of positrons emerging from the 

moderator was AE � 3 volts, presumably due to positrons scattering off adsorbed 

surface material. After the first cleaning, the distribution changed dramatically. The 

FWHM of the peak dropped to AE = 700 meV, with a low-energy tail of approxi­

mately twice the area of the peak. We hope that moderator performance will improve 

with further treatment, but these studies are still underway. 
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III. POSITRON TRAPPING AND ACCUMULATION 

The crystal is biased to nearly the work function, with respect to the endcap 

electrodes, so that moderated positrons will re-enter the Penning trap with very little 

kinetic energy. The off axis loading tube (see Fig. 1) is negatively biased to create 

a slight "dip" in the trap's electric potential near the entrance aperture, so that the 

total kinetic plus potential energy of positrons entering the trap is less than the total 

trap depth. The ring and compensation electrodes are biased so that the positron's 

axial motion is coupled to an LRC damping circuit [15], shown in Fig 3. 

During the positron's first axial orbit inside the trap there is insufficient time 

for this damping to be effective. Fortunately, during this first axial orbit, the positron 

with also E x B drift laterally in its magnetron orbit [7, 15] a distance 

(Vmag) 8mag = 27f Pmag ---;;: � 5 µm, (2) 

where Vz = 70 MHz is the axial motion frequency, Vmag = 16 kHz is the magnetron 

frequency, and Pmag = 0.36 cm is the distance between the axis of the loading tube 

and the central symmetry axis of the trap. The "dip" in the trap's electric potential 

near the entrance aperture is strongest along the central axis of the tube [7, ll], so 

those positrons whose magnetron drift carries them away from the central tube axis 

will essentially "climb a potential hill." A very narrow band (typically � 1 meV) will 

have insufficient energy, and therefore remain in the trap for at least one complete 

magnetron orbit before returning to the entrance tube. During this orbit they can 

lose energy to the damping circuit 

8E = /zeVo/vm � 33 meV (3) 

where Vo = 12V is the trap depth and /z/27r � 7 Hz for this trap, given the observed 

quality factor (Q = 1050) of our LRC damping circuit [15, 16]. In order for a positron 
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to remain trapped after its first magnetron orbit, it must enter the trap with no more 

than 8E energy greater than the lowest "dip" potential it experiences for all points 

in its magnetron orbit. The total trapping efficiency is calculated in more detail in 

reference [11 ] , and can be summarized 

_ 28mag 
- Kre 

if 8E < t:i.E, 
(4) 

otherwise. 

In order for the positron's axial motion to damp, the frequency of its oscilla-

tions must be near the resonance frequency of the LRC circuit. This is accomplished 

by adjusting the potentials applied to the ring and the compensation electrodes (see 

Fig. 1 ) . Figure 4 shows the positron loading rate as a function of these voltages. 

The shape of this dependence is expected from the Lorentzian shape of the damp-

ing circuit's frequency response. The potentials measured to bring the axial motion 

into resonance match those calculated by modeling the trap and using relaxation 

techniques to compute the electric potentials along the entrance tube axis [17]. 
Combining equations 1 and 4 yields and overall trapping rate R = F17E of 

R = 17A� [1 - J(1 - t)] (2r;�r·) [fk] if 8E < t:i.E, 

= 11A� [1 - J(1 - t) J (2r;�rg) otherwise. 
(5) 

Solving for our measured trapping rate, source activity, and t:i.E, we calculate that 

our moderator efficiency 17 � 4 x 10-4. 

Once positrons lose energy to the damping circuit and "survive" their first 

magnetron orbit, they can be held indefinitely without loss. After loading for some 

time, the positrons can be moved to the center of the trap [15 , 18] where their number 

can be determined by their interaction with the damping circuit [16, 19], as shown in 

Fig. 5. Figure 6 shows the results of one run in which positrons were accumulated 
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for more than 30 hours. The initial trapping rate is 0.14 e+ /s and no discernable 

interruption or decrease in the loading rate was observed. 

N. IMPROVEMENTS AND USES 

Now that this technique has proved successful, Eq. 5 suggests several ways to 

increase the trapping rate R. One obvious method-provided appropriate precautions 

are taken for the health af the experimenter-is simply to increase the source activity 

A (without increasing r8) , either by using a source with a shorter half-life or by 

placing a more intense source and moderator outside of the strong magnetic field and 

focussing the beam onto a remoderator near the trap [11 ] .  And additionai factor of 

seven could be gained by moving the source closer to the trap and out of the solenoid's 

fringing field, to eliminate magnetic "bouncing," while simultaneously increasing the 

size of the trap's loading apertures. Of critical importance is the moderator efficiency 

'f/ and the energy width 6.E of the moderated positrons. Reducing 6.E to 65 meV, 

presumably through better preparation of the crystal, would increase the trapping 

rate by a factor of 30. In addition, the trapping rate scales linearly with the quality 

factor Q of the damping circuit, so long as 8E <6.E. Quality factors as high as 

Q = 2700 have been achieved on a similar Penning trap used for antiprotons. 

With such a trap installed in the same vacuum enclosure as the antiproton 

trap currently working at LEAR, it would only take a few hours or a few days to 

accumulate sufficient positrons to produce antihydrogen [l]. The two trapped species 

could be made to overlap, either by using a nested pair of Penning traps in which the 

antiprotons oscillate slowly through a central potential well filled with positrons [20], 

or by superimposing a radiofrequency signal on the Penning electrodes, which is 

capable of confining both charged species in the same mechanism as a Paul trap. 

Under these conditions, antihydrogen would be radiately produced at a rate [ 1 ,  21] 
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-11 (4.2) 1/2 RH = 3 X 10 T Np-ne+ -I s . (6) 

For a positron density ne+ = 107 /cm-3 (typical for these traps) and a number of 

trapped antiprotons Np- = 105, at 4.2 K, this yields a production rate RH = 30/s. 

The three-body recombination mechanism p- + e+ + e+ -+ H + e+ may well be 

more efficient for antihydrogen production by many orders of magnitude. Although 

the initial positron capture in this case occurs within a few kT of the ionization limit, 

producing highly-excited Rydberg atoms, the antihydrogen atoms will be moving 

slowly, and could possibly be held by their large magnetic moment long enough for 

collisional de-excitation down to a state where spontaneous emission de-excitation 

would dominate. The rate for the equivalent matter recombination has been cal-

culated in various ways [22], including under conditions of high magnetic field [23] , 
giving 

-] s . (7) 

Note the extremely sensitive dependence upon temperature, and the squared depen-

dence upon positron density. For the identical conditions as previous, this would 

produce antihydrogen at a rate RH � 107 /s (provided the newly formed atoms re-

main in the positron cloud long enough to collisionally de-excite) . Of course, Np-
sets a limit on the total number of antihydrogen atoms produced. 

This technique of trapping positrons could also be useful for trapping and study-

ing highly stripped ions. Ions would cool from keV energies to sub-eV energies in just 

a few seconds [4] via collisions with the trapped positrons. The ultra-high cryogenic 

vacuum would prevent loss of ions due to charge-transfer processes with neutral back-

ground atoms. 

We are grateful to B. Brown for contributions to earlier stages of this work, and 
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FIGURES 

FIG. 1. Cross section of Penning trap and moderator for continuous trapping of 

positrons. 

FIG. 2. Positron trapping rate measured before • and after o the moderator was 

cleaned by heating to � 1600 K in situ for three minutes. 

FIG. 3. Penning trap and idealized picture of damping circuit. The trap electrodes 

themselves form the capacitor of the tuned circuit. 

FIG. 4. Positron trapping rate as a function of ring electrode voltage for compen­

sation voltages (a) Ve "" -36 volts, (b)Ve ,,,_6 volts, and (c) Ve "" +24 volts. Loading rates 

are maximum when the positron axial frequency matches the resonance frequency of the 

damping circuit. 

FIG. 5. Frequency spectrum of thermal noise in LRC circuit (a) with trap empty 

and (b) with � 16200 e+. 

FIG. 6. Positron accumulated as a function of time. 
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The effects of one- and two-photon exchange on the energy levels 
of composite systems have been studied for many years , especially in 
the case of two-body bound states . However , a systematic analysis of 
the extent to which such effects can be described as resulting from 
the action of configuration-space potentials , deter-mined by f ield 
theory but acting directly between the constituents , appears not to 
have been carried out . A method for studying this problem will be 
presented and the results obtained to date will be summarized , with 
emphasis on the long-range character and spin-dependence of such 
potentials , as well as on conceptual aspects ; there are some 
surprises here . Some comments will also be made on the long-range 
forces arising from two-neutrino exchange , which have recently been 
the obj ect of renewed interest ,  and on aspects of the long-range 
force between a hydrogen and hel ium atom, which involves a 
competition between a repulsive two-photon exchange force and the 
attractive force of gravity . 
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I .  Introduction 
The main purpose of this talk is to discuss some aspects of the 

use of effective potentials in few-body problems and to report 
results of a recent paper on this topic,  in the context of the long­
range forces aris ing from photon exchange . 1 > I will also make some 
brief remarks on gravity and (virtua l ! )  neutrinos , maj or themes at 
this meeting . As befits the pre-dinner time slot ,  my sermon will be 
very informal and start with an ever popular type of tale : a referee 
story . The f irst referee on the above-mentioned paper indicated that 
he might be old-fashioned but he thought it should not be published 
because it does not contain a calculation whose results could be 
immediately compared with experiment . This was a criterion I had not 
encountered before ; it would certainly lead to a much thinner 
j ournal !  A second referee was very positive , agreeing that the 
issues raised were important . I conclude that the latter is not only 
modern in outlook but , if male , both a gentleman and a scholar . 

By way of an aperitif , here ' s  a quiz .  Recal l  that the usual 
starting point for a relativistic theory of hydrogen or H-like ions 
is the Dirac equation : 

h ( l ) fl/ ( l ) = ( a1 • p1+P1m+vext ( l ) ] fl/ ( l )  = Efl/ ( l ) ( 1 )  
Now consider the statement : "With Uc = e1 e

2
/ 41fr , a reasonable starting 

point for a relativistic theory of helium or He-like ions is the 
equation : 

h ( l , 2 ) fl/ ( l , 2 ) = [ h ( l ) +h ( 2 ) +Uc J fll ( l , 2 )  = Efl/ ( l , 2 )  . "  ( 2 )  
Question 1 :  The last statement i s  a )  true , b )  false , c )  not wel l  
posed . 

Having given you five seconds to think about it , I will tell you 
that ( c ) , which I would normal ly chose in such a pressure situation 
( one can always argue about what is meant by "reasonable" ) ,  is 
incorrect . By any standard , the answer is (b) , because ( 1 )  has no 
normalizable solutions associated with bound states . 

Another example : In the late 19 2 0 ' s  Breit and Gaunt 
independently considered the question of the leading correction to 
the Coulomb interaction , in the context of a Dirac description of 
electrons , arriving at different results : 

Ue = -Ja (aA · ae+aA • l'ae · l' ) Uc ,  UG = -aA · aeUc . ( 3 ) 
Question 2 :  Which one ,  if any , is right? 

I will return to this later . The point is that in the context 
of relativistic quantum field theory ( RQFT) the concept of an 
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effective two-body interaction operator or potential V is subtle and 
beset with ambiguity . 2> In RQFT the interaction Lagrangian is 
primary; V is secondary and requires sharp definition . Historically, 
effective potentials have often " emerged" in the context of level­
shift calculations for a specific physical system, initially in the 
context of time-independent perturbation theory , exemplified by Tamm­
Dancoff (TD)  type of calculations , and later from four-dimensional 
Bethe-Salpeter (BS)  type of equations , via a relatively messy 
reduction to equal times . 3> However such potentials real ly merit a 
priori definitions and delineation of their use . 

II . A different approach to effective potentials and bound states 
I want to briefly sketch another approach , whose genesis is in 

work done long ago with the late Gary Feinberg on the quantum theory 
of long range forces ( LRF) . Using the techniques of particle theory 
( Lorentz and gauge invariance , analyticity and unitarity) we studied , 
in particular , the LRF arising from photon exchange between two 
composite neutral spinless systems . I review some of the results 
very briefly here,  in order to write down some formulas which are 
needed later . As one would expect , the potential V1r associated with 
one-photon exchange turns out to be short-range . However , the 
potential v2r from two-photon exchange between two such systems , A and 
B ,  is long-range . For large r and low energies one finds that 

v2r :::: -D/r7, D = ( 2 3 / 4ir )  ( rzE
A
rzE

8+rz/rzM
8 ) - ( 7 / 4ir) ( rz/rzM

8+rzM
A
rzE

8 ) ,  ( 4 )  
where the rz ' s  denote electric and magnetic polarizabil ities . The 
purely electric terms were first obtained in the classic work of 
Casimir and Polder . 4> Appl ication of the same techniques to the case 
of a neutral composite A and a charged elementary particle B (V1r is 
then sti l l  short-range) yields 

v2r ( r )  = ( e// 4ir) ( ( - 1 / 2 ) rzEr-4+ ( 11 / 4ir) rzEr-4 (,\8/ r )  
+ ( 5 / 4ir) rzMr-4 (...18/r)  + • . .  ] ( 5 )  

where ...18 = m8- 1 and the dots denote terms which fall off a s  1 /r7 or 
faster ; these terms are however important in appl ications of the 
results to the fine structure of He Rydberg levels . 5> 

Returning to our problem , both for practical reasons and to gain 
insight , it is obviously desirable , on the one hand , to try ( i ) to 
describe the interaction of particles in terms of potentials which 
can be used in 3-dimensional equations and to define such potentials 
directly . On the other hand , we wish ( i i )  to retain the enormous 
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simplification achieved by the use of Feynman graphs and techniques 
in the computation of higher-order effects . Of course we want ( ii i )  
t o  avoid any a priori nonrelativistic approximations and if possible , 
( iv) to avoid any approximations which destroy gauge-invariance (GI) . 
In contrast , the BS equation involves a kernel K which must be 
truncated in practice ; this destroys GI in gauge theories such as 
QED . Further , in bound-state problems the use of Coulomb gauge is a 
practical necessity ,  which destroys manifest Lorentz invariance . 
While these are not fatal flaws , the approach I will sketch has , at 
a minimum , some conceptual advantages ;  unlike TD or BS , it retains 
both Lorentz and gauge invariance at any stage of approximation and 
has some other practical advantages . In any case,  I believe it has 
a higher ISQ ( intellectual satisfaction quotient) than the tradi­
tional approaches ,  which to some extent have the character of a black 
box. 

I will focus on the two-body problem . The basic idea is quite 
simple , 6> a sort of a geometric mean between TD and BS . Somewhat 
paradoxically , we first consider the scattering problem and the 
associated two-body transition amplitude T .  W e  then ask t o  what 
extent T can be regarded as arising from an effective two-body 
potentia l ,  to be used in a Schroedinger type of equation . To be more 
explicit , we define an interaction operator V, acting directly in 
configuration space , as a Fourier transform of an on-shell ampl itude, 
obtained from gauge-invariant subsets of Feynman diagrams , modified 
by appropriate subtractions to avoid double counting ; v is con­
strained by the requirement that when used in a specified type of 
center-or momentum system ( c .  m. s .  ) re la ti vistic Schroedinger equation 
it reproduce Tc.m. ' the value of T in the c . m . s .  The equation has the 
natural form 

h0p </) = WI/) , h0p = h0p(O) + V 
with h0P

<OJ defined by 
( Ga )  

h0P
<Ol = EA

0P + E8°P 1 [ E;0P = (m/+p0/ ) 112 1 Pop = -iil/ilr ) . ( 6b) 
given by 

( 7 )  
The associated potential theory transition amplitude T�t is 

T�t = <p ' I V + V (W-h0°P-V+if: ) . 1V l p> .  
The field-theory transition amplitude T is given , 

Tc.m. = M ( s , t ) / 4 EAE8 
in the c . m . s .  by 

( 8 )  

where M ( s , t) denotes the invariant Feynman amplitude and s= (pA+p8) 2 ,  
t= (pA-pA ' ) 2 • The constraint on V, which in general will depend 
parametrical ly on s ,  is then simply that T�t = Tc.m. , a condition which 
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is to be satisf ied order-by-order in perturbation theory . To apply 
this to bound states , we look for normalizable solutions of ( 6 ) ; 
these correspond to poles of M at values of s below s0 = (mA+m8 ) 2 • 

III . LRF between charged particles : Beyond the Coulomb potential 
For concreteness , consider two point-l ike spin-0 particles , with 

charges eA and e8 , and confine attention to the so-cal led general ized 
ladder approximation to M ( s , t) , i . e .  to graphs which involve photon 
exchange only between the particles . Consider f irst the one-photon 
exchange potential V1r. If one uses Feynman gauge in writing down the 
(gauge invariant) one-photon exchange amplitude M1r, one is led6> to 
a Feynman-gauge inspired ( FGI ) potential v1/61 ,  

where 
V FGI 1y ( 9 a )  

z '  op "" ( l+pop2/ 2 EAopEBop) 
1/2 ' Yop = (mAma/ EAopEBop) 112 . ( 9b)  

The corresponding Coulomb-gauge inspired ( CGI ) one-photon exchange 
potential V1YCGI is given by 1 > 

v1yCGl "" Yop
[ { EA0P ,  { EB0P ,  Uc} } + ( 1 / 2 )  {P;0P ,  {pj0P ,  ( S ; j +:t;t) Uc} }  ] Yo/ 4mAmB ( 10 )  

I n  the n . r .  l imit ( 9 )  yields a s  the leading correction t o  U c  a n  orbit­
orbit interaction U0_0 of the form 

Uo_/GI = {P;oP , {p/P , & i jUC } } / 4mAmB . 
whereas ( 10 )  yields 

( 1 1 )  

Uo-oCGI = ( 1 / 2 )  {P;op , {p/P,  ( 8 ; j+:ti:tj ) Uc } } / 4mAmB . ( 12 )  
This i s  a manifestly hermitian form o f  the orbit-orbit interaction 
u0_0 familiar from atomic physics , usually described as arising from 
reduction of the Breit operator ( 3 )  to n . r .  form. But , of course , 
spin has nothing to do with it ! 

Some ins ight into the difference between the two choices comes 
from examining the potential V2r from 2V exchange . Surprisingly, the 
computation of this is more diff icult than in the case where at least 
one of A or B is neutra l ,  because of the presence of infrared 
divergences ( IR) ; the cure for these turns out to be precisely the 
subtractions necessary anyhow to avoid double counting . 6> These 

subtractions depend on the choice of V1r and turn out to affect even 

the asymptotic form of v2r. At low energies and large r one f inds , 
with k ""  eAe8/ 4 rr ,  that 1 > 

v2r = c2r-2 + c3r-3 + ( 1 3 )  
where c3 = - 7k2 / 6rrmAm8 i n  both cases , but 

c/GI = k2/ 2  (mA+mal ,  c2cG1 o .  ( 1 4 )  
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This observation resolves a long-standing puz z le in the l iterature 
and shows that in the case of two charged particles the concept of 
the asymptotic form of the effective potential has an unexpected 
ambiguity . Further , as was noted some time ago by L .  Spruch , c/GI is 
classical in character . It turns out that this can also be under­
stood , by an extension of the classic work of Darwin . 7' 

IV . Inclusion of spin 
Similar results hold when A and B are point particles but B ,  

say , has spin-1 / 2 .  The FGI v1r i s  then given by 8' 
v,/GI = ( y/P/\OP) uC2l (yAop/\+op) ,  u<2> :: { EAOP-a · pop' UC} / 2mA , ( 15 )  

where /\/P = ( E8°P+h8°P) / 2 E8°P i s  a Casimir positive-energy projection 
operator and yA0P = (mA/ E8°P) 112 . The corresponding CGI V1r is 

where 
v,ycGI = (YA OP/\+ op) ( Uc ' + Ur ' ) (yAOP/\+op) ( 16a)  

Uc ' = { EA0P , uc} / 2mA , Ur ' = - ( 1 / 2 )  {P;0Paj , ( o i j+!';!'j ) Uc} / 2mA . ( 16b) 
Reduction of ( 1 5 )  and ( 1 6 )  to the n . r .  limit yields the same spin­
dependent ( s . d) interaction operator - [ 1+2m8/mA J Uca · t / 4m/r2 , while the 
s .  i .  potent ials differ in the same way as when B has spin-0 . If v1/GI 
is used , the two-photon exchange yields a s . i .  term with c2 as in ( 1 4 )  
and a s . d .  correction given at large r by 8> 

Vzy;pts.o. Z -k
2

( ( 3mA+5m8) /mA (mA+m8 ) ) (CJ • t / 4m/r4 ) , ( 1 7 )  
I f  A has structure , v2r also contains a spin-orbit polarizability 
potential 

v2r;pol s.o. 
= ( e// 4rr) [ ( aE 

Am6 +aM
A (mA +m8 ) ) / 2mAm/ ] ( a · t / r6 )  +o ( r-7) • ( 18 ) 

There are a number of physical situations in which it may be 
possible to detect the effects of V2y' · 0 •  Typically these involve 
measurements of bound state energies in exotic atoms , where one 
particle has spin 1 / 2  and another has spin 0 .  Examples include anti­
protonic atoms with a spin-0 nucleus , such as p-He4 , picnic atoms with 
a spin- 1 / 2  nucleus , such as picnic hydrogen , and the pi-muon bound 
state known as pi-muonium . Certain aspects of V2y"0• may be observable 
in Rydberg states of helium-like ions whose nuclei have spin 1 / 2 .  
For detai l s  see Ref . 8 .  

For two-spin 1 / 2  particles one finds,  with /\++ a projection 
operator product , 

v,/GI = "·· ( Uc + UG ) "·· · v,/GI= 
Thus the answer to the question 
computation of V2r for this case 

( 1 9 )  
posed earlier i s  "neither" . The 
is a maj or undertaking , which is 
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currently in progress . 9  When this is completed one will be able to 
reanalyze the spin-dependent level structure of a number of physical 
systems and gain new insight into some aspects of QED . 

IV. Some exotic long-range forces 
s ince both gravity and neutrinos are topics of this meeting I 

thought it would be of interest to discuss briefly some unusual 
aspects of long-range forces , which touch on these areas . 

A .  The long-range H-He force and gravi ty . From ( 4 )  we can see 
that , contrary to folklore , there are cases in which V2r is repulsive 
at large d istances . Indeed , a lthough the coefficient D in ( 4 )  is 
necessarily positive if A = B ,  already the very simplest departure 
from this , vi z .  A =  H and B = He4 gives a negative D .  This is because 
aM « aE for He while for H ,  aM "' 129a3 , which is about 3 0  t imes larger 
than aE "' 9 a3 / 2  (a = Bohr radius) and more than compensates for the 
ratio 2 3 / 7  "' 3 .  Thus D "' - ( 7 / 4 rr ) aM"aEHe < 0 and V2/• = -D/ r7 is 
repuls ive . Since V2r is attractive at distances of a few Bohr radii , 
when graphed as a function of r it must cross the V = O axis for 
large enough r and then approach this axis from above . If we now add 
the one-graviton exchange potential V19 = -GmHmH0/r to V2r the total 
potential Vtot = v2r + V19 must eventually approach the axis from below. 
It is possible that there is a l ittle potential wel l  at some 
sufficiently large r ? If so,  perhaps something could be made of it . 
Indeed the sum Vtotas - V2/•+v19 vanishes at r0 "' 
[ ( 7 / 4rr ) licaM"aE"•/GmHmH0 ] 116 and its derivative vanishes at r1 = 7 116r0 "' 
1 . 4r0 • With aE"• "' 1 . 4 a3 one gets r0 "' 4xl06a "' 2x10-2  cm . However , one 
must now a sk whether V2r is well approximated by V2/• for such values 
of r. This requires a detailed knowledge of V2r for the case at hand . 
Recently Chi Kwan Au and I decided to have a closer look at thi s . 10> 

We may write , in an obvious notation , V2r = VEE + VME + VEM + VHH " 
Although VEH and VMH can be neglected , ana lysis shows that the actual 
VHE is canceled by V19 at a much smaller value of r .  T o  be 
quantitative , for values of r such that 2wHr/c « 1 ,  where liwH is the 
hyperf ine splitting of the hydrogen ground state , one finds that 

VME "' ( 5 / 8rrr5 ) a3a
2aE"° C lill{,l . ( 2 0 )  

Then VHE + V19 = o for r0' = [ ( 5 / 8rr ) a3a2aE"° (liwH ) / GmHmHe J 114 "' 2x10-3 cm and 
the derivative vanishes for r, ' = 5114r0 ' = 1 . 5r0 ' . Since VEE is wel l  
approximated by its asymptotic form for r » a - 1 a "' 1 0-6cm, w e  have 

- VHE/VEE "' ( 5 / 4 6 ) a3 ( 2rra
2

/AHaE" ) r
2

"' . 0 15a3 ( r
2

/AHa ) ( 2 2 )  
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in the region of interest , with AH = 2 1  cm . For r = r0 1 the ratio 
( 2 2 )  if of order 10-6 and so is much less than unity . The VEE 
potential therefore dominates in this region and there is no minimum . 
Thus , this intriguing possibility for detecting an interplay between 
electromagnetism and gravity in an atomic system appears to be out of 
reach for the foreseeable future . 
B .  The two-neutrino exchange force . The exchange of neutrino-
antineutrino pair between two spin-1/2 particles also gives rise to 
a long-range potentia l ,  v2

v,  which falls of as r-5 , as shown long­
ago . 1 1 > My interest in this subject was reawakened by a preprint in 
of Hsu and Sikivie . 12> These authors had come across some lectures of 
Feynman in which he studied the question of whether neutrino-pair 
exchange forces might be responsible for gravity . 13l In this 
connection Feynman considered the possibility that the two-neutrino 
exchange potential might fall off as r-3 • On dimensional grounds the 
simplest form of V

2
v compatible with this is V2v a G/mAm8/r3 , in which 

case some experimental tests might be feasible . Because the results 
of Ref . 12 disagreed with those found in Ref . 11 ( in the 
coefficients of both the s . i .  and s . d .  parts of Vw) , I was led to 
check the old work in a more general way , without making any n . r .  
approximations . The result turns out to be of some interest , 
especially in view of Feynman ' s  considerations . 

Consider a current-current interaction of Dirac fields �A and �8 
with a massless neutrino field �v of the form 

Leff = - GA ( qiAr/�A) CiP.,r,,�vl - (A-+B)  
where the r ' s  have the generic form 

r/ = v" C l+fAV5 ) ,  re" = v" C l+feV5 ) ,  r" = v" ( l+cV5 ) 

( 2 2 )  

( 2 3 )  
and G ' s  denote effective Fermi coupling constants . One then finds , 
on use of the methods of Ref .  1 1 ,  that the long-range part of Vw is 
given by V1 + V2 , where , with G2 = ( l+c2) GAG8 , 
V1 "' (G2/ 41T3) ( VAOV8° )  ( rA • r8r-5 ) ,  V2 = ( 3 / 2 )  ( G2/ 41T3 ) ( VAOV80) (mAm8v/v85/r3) .  ( 2 4 )  
Thus , within a Dirac description of spin-1 / 2  particles , there is 
indeed a term proportional to mAm8r-3 , but it comes accompanied with 
a v5 factor for each particle . Reduction to Schroedinger-Pauli form 
of V2 then yields,  in the low-energy limit,  only spin-dependent terms 
of order r-5 • To be precise , 
(V1 ) red = (G2/ 4TT3r5 ) (1-fAfeaA • a8) ,  (V2) red = (G2/ 4TT3r5 ) (fAf8/ 2 )  ( 5aA • t"a8 • 1"-aA • a8) 
so that 

(Vwl red = ( G2/ 4TT3r5 ) [ l+ (fAf8/ 2 )  ( 5aA • t"a8 • t"-3aA • a8, J . ( 2 5 )  
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For G; = GF/ 2 112 and c = - 1 ,  f; = - 1 ,  as in the old four-fermion 
interaction for charged leptons , this reduces to the results of Ref . 
1 1 .  I n  the standard mode l ,  we have G ;  = cvGF/ 2 112 , f; = -cA/ cv ,  with Cv 
- 1 = 2 s in28w-l / 2 , CA - 1 = -1/ 2 ,  so that the s . i .  part of (Vw) red 
becomes ( 2 s in28w+ l/ 2 ) 2G// 4rr3r5 , in agreement with Ref . 2 .  

It is amusing to note that if one had two macroscopic bodies 
which contained an appreciable fraction of relativistic polarized 
electrons , so that <y5> � 1 ,  one could indeed generate an interaction 
of the Feynman type ! Unfortunately such systems are hard to come by . 
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ABSTRACT 

A review is given of recent progress made in studying the interaction of atomic systems with 

intense laser fields. Following a survey of multi photon ionization, harmonic generation and laser­

assisted electron-atom collisions, several non-perturbative theories of laser-atom interactions 

are discussed. Future developments of this rapidly expanding area of atomic physics are also 

considered. 



404 

1 .  INTRODUCTION 

The study of atoms interacting with intense laser fields is one of the most rapidly growing 

areas of atomic physics. Advances in laser technology have led to the discovery of new pheno­

mena in laser-atom interactions, mainly via the investigation of multiphoton processes. Lasers 
are now available, which are capable of producing oscillating electric fields of strength £0 larger 

than the atomic unit of electric field e/a5 c:= 5.1 x 109 Vcm-1 , the corresponding intensity being 
I c:= 3.5 x 1016 Wcm-2. 

In this article we shall review some recent progress made in studying the interaction 

of atoms and ions with intense laser fields. We begin in Section 2 by giving a survey of 

several important multiphoton processes: multiphoton ionization, harmonic generation and 

laser-assisted electron-atom collisions. In Section 3, we discuss non-perturbative theories which 

have been developed to analyze these phenomena. Finally, in Section 4, we examine some 
possible future developments . Comprehensive reviews of the physics of atoms in intense laser 

fields have been written recently by Burnett et al l) and Joachain 2l .  Detailed articles covering 
various aspects of the subject may also be found in a volume edited by Gavrila 3) . 

2. MULTIPHOTON PROCESSES 

The multiphoton phenomena occuring in laser-atom interactions are conveniently divided 

in two classes: laser-induced and laser-assisted processes. Laser-induced processes can only 
occur significantly in the presence of the laser field, while laser-assisted processes can take 

place in the absence of the laser field, but are modified in its presence. In what follows we 
shall consider two types of laser-induced processes: multiphoton ionization of atoms and ions 
and harmonic generation. Laser-assisted processes, on the other hand, will be illustrated by 
examining electron-atom collisions in the presence of a laser field. 

2 .1  Multiphoton ionization of atoms and ions 

We begin by considering the multiphoton (single) ionization (MPI) reaction 

(1 )  

where A(i) i s  a n  atom (ion) i n  state i and A+(J) the corresponding ionized system i n  state f. 

This process was first observed in 1965 by Voronov and Delone 4) ,  who used a ruby laser to 

induce seven photon ionization from the ground state of xenon, and by Hall et al. 5) ,  who 
recorded two-photon ionization from the negative ion 1-. Important results were then obtained 
by several groups concerning the dependence of the ionization yields on the laser intensity, the 
resonant enhancement of MPI and multiphoton multi-ionization . 

A crucial step forward in the understanding of MPI was made when expriments detecting 
the ionized electrons were performed. Thus Agostini et al 6) , who measured the energy of the 

photoelectrons produced by the MPI reaction, discovered that the ejected electron could absorb 
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photons in excess of the minimum required for MPI. The study of this excess-photon ionization, 

currently known as " above threshold ionization" (ATI) has been one of the central themes of 
multiphoton physics in recent years. The ATI photoelectron energy spectra consist of several 

peaks, separated by the photon energy nw. As the laser intensity increases, the number of these 

peaks becomes larger, the ratios of their intensities do not follow the predictions of perturbation 

theory , and the lowest order peaks are reduced and eventually suppressed. The reason for this 

peak suppression is that the energies of the atomic states are shifted in the presence of a laser 

field. For low frequencies (e.g. the Nd-YAG laser, for which nw = 1 .165 eV) the dynamic Stark 

shifts for the lowest bound states (in particular the ground state) are small in magnitude. On 

the other hand, the shifts of the Rydberg and continuum states are essentially given by the 
electron ponderomotive energy Up, which is the kinetic energy due to the quiver motion of the 

electron in the laser field, averaged over a laser cycle. This ponderomotive energy is given by 

U - 27l'e2J 
P - mcw2 

(2) 

where m is the electron mass, I is the laser intensity and w its angular frequency. For example, 

in the case of the Nd-YAG laser, UP = nw = 1 .165 eV when I �  1013 Wcm-2. Since the energies 

of the Rydberg and continuum states are shifted upwards relative to the lower bound states 

by about Up, there is a corresponding increase in the ionization threshold. If this threshold 

increase is such that E; + nnw - Up < 0, where E; is the unperturbed (field free) energy of the 

initial state, then the peak in the ATI spectrum corresponding to ionization by n photons will 

be suppressed. Interesting effects in ATI spectra due to the influence of the laser pulse duration 
have also been reported 7,s) . 

When the ponderomotive energy UP is much larger than the ionization potential, ionization 

occurs by the tunneling mechanism, i.e. the electron tunnels through the barrier formed by 

the atomic potential and the laser electric field 9), provided that the field is of low frequency 
and not so strong that field ionization occurs. In this case the regular structure of ATI peaks 

disappears. Field ionization IO) takes place when the laser intensity reaches a critical value le 
(which is about 1 .4 x 1014 Wcm-2 for the ground state of atomic hydrogen) such that the saddle 

point of the barrier is so lowered that the electron can " flow over the top" ; in this regime the 

atom ionizes in about one orbital period. 
If both the intensity and the frequency of the laser field are large, it is predicted that the 

atom should become stable against ionization, and that the ionization rate should decrease as a 

function of the intensity in the high frequency, high intensity regime 11•12l .  This " stabilization" 

of atoms at super-intensities is currently attracting considerable attention. 

2.2 Harmonic generation 

Atoms irradiated by laser light can emit radiation, whose frequency is an odd multiple 

Nw of the laser frequency w because of parity conservation . This harmonic generation process 
has been the subject of active investigations for many years. Third harmonic generation in a 

rare gas medium was observed for the first time in 1967 by New and Ward 13) while fifth - and 
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higher - order harmonics were seen a few years later. Recently, it has been shown 14-16) that 
very high (odd) harmonics could be generated when atoms interact with intense laser pulses. 
For example, in the experiments of L'Huillier and Balcou 16) ,  performed with a Nd-YAG laser of 
photon energy nw = 1 . 165 eV, the harmonic order N = 133 was observed in the case of neon. 
High order harmonic generation has attracted considerable interest as a potential source of 
short pulse, high frequency coherent radiation. The harmonic intensity distribution consists of 
a rapid decrease over the first few harmonics, followed by a plateau of approximately constant 
intensities and a cut-off. This general structure is in good qualitative agreement with calculated 
single-atom spectra, indicating that propagation effects in the medium play a minor role, or 
affect all the harmonics in the same way. The existence of a plateau in the harmonic intensity 
distribution is a non-perturbative effect which appears to be a very general characteristic of 
strongly driven non-linear systems. 

2.3 Laser-assisted electron-atom collisions 

Electron-atom collisions in the presence of laser field ( also called free-free transitions ) 

have attracted a great deal of attention not only because of the importance of these processes 
in applied areas ( such as plasma heating ) , but also in view of their interest in fundamental 
atomic collision theory. In the first experiments performed by Andrick and Langhans 17l with 
low-intensity lasers, the transfer of only one photon between the electron-atom system and the 
laser field was observed. Subsequently, however, several experiments 18-20l have been carried 
out in wich the transfer of several photons has been observed in laser-assisted collisions of the 
type 

e- + A(i) + lhw -> e - + A(!) , (3) 

where positive integer values of l correspond to photon absorption (inverse bremsstrahlung) , 
negative integer ones to photon emission ( stimulated bremsstrahlung ) and l = 0 to a collision 
process without net absorption or emission of photons but in the presence of the laser field. 

It is interesting to note that the observation of multiphoton phenomena in free-free transi­
tions requires much lower intensities than for laser-induced processes. For example, significant 
rates for the emission or absorption of 10 laser quanta have been observed 19) in laser-assisted 
"elastic" electron-argon collisions at a laser intensity of a.bout 108 W cm-2. 

3. NON-PERTURBATIVE THEORIES 

Most of the early theoretical treatments of multiphoton processes relied on the use of 
perturbation theory. However, in the case of strong laser fields, non-perturbative methods are 
required. We shall discuss below two of these methods: the Floquet theory and the direct 
numerical integration of the time-dependent Schriidinger equation. 
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3.1  Floquet theory 

Although more general laser fields can be considered ( for example "two-color " fields ) 
we shall assume that we are dealing with a laser field wich is treated classically as a spatially 
homogeneous, monochromatic electric field of angular frequency w . Then, in both the length 
or the velocity gauge, the Schrodinger equation describing the atomic system in the presence 

of the laser field is 
(4) 

where Hat is the field free atomic Hamiltonian and the laser-atom interaction term H
int(t) can 

be written in the form 
(5) 

where H+ and H_ are time-independent operators. The Hamiltonian of the system, H(t) = 
Hat + H;nt (t) , is periodic , i.e. H(t + T) = H(t) , where T = 27r /w . The Floquet method can 
then be used to write the state vector \1}J(t) > in the form 

\1}J(t) >= e-iEt/n \F(t) > (6) 

where the "quasi-energy" E does not depend on time and \F(t) > is periodic in time, with 
period T, so that it can be expressed as the Fourier series 

+oo 
\F(t) >= L e-inwt \Fn > (7) 

n=-oo 

The \ Fn > are called the harmonic components of \F(t) > .  Using equations (4)-(7) one obtains 
for the harmonic components \Fn > the time-independent infinite system of coupled equations 

(E + nnw - Hat) \Fn >= H+ \Fn-1 > +H_ \Fn+i > (8) 

These equations, together with appropriate boundary conditions, form a problem which in 
general must be solved by keeping only a finite number of harmonic components, i.e. by 
truncating the sum on n in eq. (7) . 

Two non-perturbative methods have been used successfully to solve the coupled equations 
(8) . The first one, wich in practice is limited to one-electron systems, is the Sturmian-Floquet 
method21l . In this approach, each harmonic component in position space Fn(r) =< r \Fn > 

is expanded on a discrete basis set consisting of spherical harmonics and complex Sturmian 
radial functions. This method has been applied extensively to study multiphoton ionization 
and harmonic generation in atomic hydrogen. A review of this work has been given by Potvliege 
and Shakeshaft22l. We note in particular the good agreement between the Sturmian-Floquet 
calculations of Dorr et al.23) and the experimental data of Rottke et al.24l for multiphoton 
ionization of H(ls) .  

The second non-perturbative method is a new approach - the R-matrix-Floquet theory -
which has been proposed recently 24l to analyze multiphoton processes. It combines the powerful 
R-matrix theory with the Floquet method to treat multiphoton ionization, harmonic generation 
and laser-assisted electron-atom collisions in an unified way. It is completely ab initio and is 
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I nt e r n a l  
reg i o n  

Length gauge 

a 

External regio n  

Velocity gauge Acceleration f rame 

a' 

Electron - target atom coordinate 

Figure 1: Partitioning of configuration space in the R-matrix-Floquet theory. 

applicable to an arbitrary atom or ion. According to the R-matrix method, configuration space 
is subdivided into two regions (see Fig. 1 ) .  The internal region is defined by the condition 

that the coordinates r; of all N electrons of the atomic system are such that r; :S a, where the 
sphere of radius a envelops the charge distribution of the target atom(ion) states retained in the 

calculation. Hence in this region exchange effects involving all N electrons are important. The 
external region is defined so that one of the N electrons lies on or outside the sphere of radius 

a ,while the remaining (N - 1 )  " target" electrons are confined within this sphere. Thus in this 

region exchange effects between this one electron and the remaining (N - 1) " target" electrons 

are negligible. The Schriidinger equation (4) is solved in these two regions separately by using 
the Floquet method, and the solutions are then connected on the boundary at r = a. In the 

internal region it is convenient to use the length gauge since in this gauge the laser-atom coupling 

tends to zero at the origin. In the external region it is advantageous to use the velocity gauge 
out to a radius a' which may extend to infinity. In certain cases it is useful to transform at r = a' 

to the Kramers acceleration frame which enables simple asymptotic boundary conditions to be 

defined. The R-matrix-Floquet theory has already been applied with great success to analyze 

multi photon processes in atomic hydrogen25•26l ,in the two-electron systems H- and He27l and 
in more complex atoms such as neon and argon28l . Branching ratios into the ATI channels have 

been obtained, as well as angular distributions for the photoelectrons. Atomic stabilization at 
high frequencies and high intensities has been studied, and novel non-perturbative correlation 
effects27l and laser-induced degeneracies28l have been found. 

3.2. Numerical integration of the time-dependent Schrodinger equation 

One of the major non-perturbative techniques which has been used in recent years to 
study atoms in strong laser fields is the direct, numerical solution of the corresponding time-
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dependent Schriidinger equation. This approach, which is particularly useful for very short 

laser pulses (where the Floquet method is not applicable) , has been used in two different ways. 

Firstly, " numerical experiments" of multiphoton processes have been conducted in studies using 

one dimensional potentials29) . Secondly, numerical methods have been used to solve the time­
dependent Schriidinger equation in the dipole approximation for " realistic" (three-dimensional) 
atoms in pulsed laser fields30l . Most of these computations have been single electron calculations 
that are " exact" for hydrogenic systems, but only approximate for atoms or ions with more 
than one electron. Very recently, atomic hydrogen in a super-intense, high frequency field has 

been studied beyond the dipole approximation31) by solving numerically the time-dependent 

Schriidinger equation. In addition, the coupling of the magnetic field to the spin of the electron 

has also been included by solving the time-dependent Pauli equation. Adiabatic stabilization 
was obtained at high intensities, and corrections to the dipole approximation were found to 

modify the ionization probability only slightly. 

4. FUTURE DEVELOPMENTS 

Lasers will soon become available, which can deliver ultra-intense (1020 W cm-2) and 

ultra short (femtosecond) pulses. The study of laser-atom interactions under these conditions 

will require the development of non-perturbative theories taking fully into account relativistic 
effects. New phenomena will also become accessible to investigation, such as the excitation and 
ionization of inner shell atomic electrons, electron-positron pair production and multiphoton 
Compton scattering, leading to very high harmonic generation. Clearly, this area of research 

holds great potential for future developments. 
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It is pointed out that string-loop effects may generate matter couplings for the dilaton 
allowing this scalar partner of the tensorial graviton to stay massless while contributing to 
macroscopic gravity in a way naturally compatible with existing experimental data. Under a 
certain assumption of universality of the dilaton coupling functions, the cosmological evolution 
drives the dilaton towards values where it decouples from matter. At the present cosmological 
epoch, the coupling to matter of the dilaton should be very small, but non zero. This provides 
a new motivation for improving the experimental tests of Einstein's Equivalence Principle. 
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String theory is, at present, the only scheme promising to provide a combined quantum 

theory of gravity and of the gauge interactions. It is striking that, within string theory, the 

usual Einsteinian tensor graviton is intimately mixed with a scalar partner: the dilaton. The 

matter couplings of the dilaton a priori generate drastic deviations from general relativity, 

notably violations of Einstein's Equivalence Principle (EP): universality of free fall, constancy 

of the constants ,  . . .  This is why it is generally assumed that the dilaton will acquire a (Planck 

scale) mass due to some yet unknown dynamical mechanism. 

An alternative possibility has been recently suggested [ 1 ] : string-loop effects (associated 

with worldsheets of arbitrary genus in intermediate string states) may naturally reconcile the 

existence of a massless dilaton with existing experimental data if they exhibit the same kind 

of universality as the tree level dilaton couplings. 

More precisely, let us assume that the effective action for the string massless modes 

(considered directly in four dimensions) takes the form 

S = j d4x y'gB(<I>) { �' [R + 4D<I> - 4(V<I> )2 ] - �F2 - �D� + . .  · } , ( 1 )  

where the function of the dilaton <I> appearing as a common factor in  front i s  given by a series 

of the type 

B( <I>) = e-2<1> + co + c1 e2<1> + c2 e4<1> + . . .  (2) 

The first term on the right-hand side of Eq. (2) is the string tree level contribution (spherical 

topology for intermediate worldsheets) which is known to couple in a universal multiplicative 

manner [2] [3] [4]. The further terms represent the string-loop effects: the genus-n string-loop 

contribution containing a factor g;(n-l )  where g, = exp(<I>) is the string coupling constant. 

Apart from the fact that Eq. (2) is a series in powers of g; , little is known about the global 

behaviour of the dilaton coupling function B( <I>). For the cosmological attractor mechanism 

of Ref. [1] to apply, it is sufficient that B( <I>) admit a local maximum. [The universality 

of the factor B( <I>) seems necessary to ensure the observed smallness of possible deviations 

from general relativity. Ref. [1] suggests to use this universality as a criterion for selecting a 

preferred class of string models] . 

It is convenient to transform the action ( 1) by introducing several <I>-dependent rescalings. 

In particular, one replaces the original "string-frame" metric §µv by a conformally related 

"Einstein-frame" metric g1w = C B( <I> )§µv,  and the original dilaton field <I> by a canonical 

scalar field 'P· The transformed action reads 

J 4 
{ 1  1 2 - k 2 } S = d xyg - R - -('V<p) - iJ!DiJ! - -B(<p)F + . . .  , 

4q 2q 4 
(3) 

where q = 47rG = :J-Ca' denotes a bare gravitational coupling constant and B(<p) = B[<I>(<p)] . 
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The basic clue followed in Ref. [1] to relate string models to the observed low-energy world 

is the dilaton dependence of the gauge coupling constants apparent in Eq. (3): g-2 = kB(<p). 
This dependence implies that the QCD mass scale Aqcv is given by 

(4) 

where b3 is a (rational) one-loop coefficient associated with the scale dependence of the SU(3) 

coupling constant, and where A, CO'. 3 x 1017GeV [5] is the (string-frame) string unification 

scale ex i:/-1/2 . The Einstein-frame mass of hadrons is essentially some pure number times 

AQc v( <p ) . More generally, under the assumption of a universal B( <p ), the masses of all the 

particles will depend on <p only through the function B( <p ): 

(5) 

When studying the cosmological evolution of the graviton-dilaton-matter system, one finds 

that the dilaton vacuum expectation value <p is dynamically driven toward the values 'Pm 
corresponding to a local maximum of B( <p ), i.e. a local minimum of all the various mass 

functions mA(<p). [With some important physical differences, this cosmological attractor 

mechanism is similar to the one discussed in Ref. [6] which concerned metrically-coupled 

tensor-scalar theories]. The main parameter determining the efficiency of the cosmological 

relaxation of <p toward 'Pm is the curvature K of the function In B( <p) near the maximum 'Pm: 

(6) 

Because of the steep dependence of mA('P) upon B(<p) [illustrated by Eq. (4)], each 

"mass threshold" during the radiation-dominated era [i.e. each time the cosmic temperature 

T becomes of order of the mass mA of some particle] attracts <p towards 'Pm by a factor � 1/3 

(see Fig. 1 of [ 1] ) .  In the subsequent matter-dominated era, <p is further attracted toward 

'Pm by a factor proportional to z;;-3!4 where Z0 CO'. 1.3 x 104 is the redshift separating us 

from the end of the radiation era. Finally, in the approximation where the phases of the ten 

or so successive relaxation oscillations around 'Pm undergone by <p during the cosmological 

expansion are randomly distributed, one can estimate that the present value <po of the dilaton 

differs, in a rms sense, from 'Pm by 

(7) 

where !175 = p0atter /1 .0568 x 10-29g cm-3 and where b.<p denotes the deviation of <p from 

'Pm at the beginning of the (classical) radiation era. The estimate (7) assumes that K;(;0.5. 

Actually, a numerical calculation of <po - 'Pm (assuming a <p-dependence of the particle masses 
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of the type shown in Eq. (4)) finds that the attraction power of the radiation era may be 

more effective than that assumed in the analytical estimate (7) :  see Fig. 2 of [l]. 

The scenario of Ref. [1] predicts the existence of many small, but non zero, deviations 

from general relativity. Indeed, a cosmologically relaxed dilaton field couples to matter around 

us with a strength (relative to usual gravity) 

(8) 

with f3A � /33 = 40.811: for hadronic matter. Therefore, all deviations from Einstein's theory 

contain a small factor (<po - <pm )2 coming from the exchange of a <p excitation. More precisely, 

the post-Newtonian deviations from general relativity at the present epoch are given by the 

Eddington parameters 

while the residual cosmological variation of the coupling constants is at the level 

a [ 3] 2 ;- � -K w tan flo + 4 (<po - 'Pm ) Ho , 

c 2 [ 3 ] 2 0 � -2(33 w tan flo + 4 (cpo - <pm ) Ho , 

(9) 

(10) 

(11)  

( 12) 

where w = rn( (f3a - �)] 1 12 , and where fio denotes the phase of the matter-era relaxation 

toward 'Pm , while H0 denotes the present value of Hubble's "constant" .  

The most sensitive way to look for the existence of a weakly coupled massless dilaton is 

through tests of the universality of free fall. The interaction potential between particle A and 

particle B is -GABffiAmB/rAB where GAB = G(l + cqaB ) · Therefore two test masses, A 
and B, will fall in the gravitational field generated by an external mass mE with accelerations 

aA and aB differing by (ti.a) aA - aa 
- = 2 --- � (aA - °'B )ctE . 
a AB aA + aB 

(13) 

The difference °'A - °'B introduces a small factor proportional to the ratio mquark/mnucleon or 

to the fine structure constant a. Finally, Ref. [1] predicts an equivalence-principle violation 

of the form (l) 

(l) The consequences of the form (14) for the choice of materials in Equivalence Principle ex­

periments is discussed in the contribution of T. Damour and J .P. Blaser to these proceedings. 
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where B = N + Z is the baryon number, D = N - Z the neutron excess, E = Z(Z - 1 )/(N + 

Z)1 13 a Coulomb energy factor and M the mass of a nucleus. The only coefficient in Eq. (14) 

which can be reliably estimated is the last one: CE -::: 3.14 x 10-2. The largest /:;.a/a will 

arise in comparing Uranium (E/M -::: 5.7) with Hydrogen (or some other light element) .  For 

such a pair Eq. ( 14) yields 

(/:;.a) 2 2 ---;; = 0.18 II: (<po - 'Pm) . max ( 15) 

Inserting the analytical estimate (7) [which is probably optimistic in view of the smaller result 

obtained from numerical calculations] leads to 

(16) 

The results (9)-(12) and ( 14)-(16) provide a new motivation for trying to improve by 

several orders of magnitude the experimental tests of general relativity, notably the tests of 

the equivalence principle (universality of free fall, constancy of the constants, . . .  ) .  Although 

the results of Ref. [1] summarized here do not provide a precise target to shoot for, they 

remove of the a priori objections to spending time and money on improving tests of the 

equivalence principle: the fact that it is already tested at the � 10-12 level [7] [8]. Indeed, 

the scenario of Ref. [1] gives an example of a well-motivated theoretical model containing no 

small parameters and naturally predicting very small deviations from general relativity at the 

present epoch. In this model, high-precision tests of the equivalence principle can be viewed 

as low-energy windows on string-scale physics: not only could they discover the dilaton, but, 

by measuring the ratios CB/CE, Co/CE in Eq. (14) they would probe some of the presently 

most obscure aspects of particle physics: Higgs sector and unification of coupling constants .  
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NEW TESTS OF THE EQUIVALENCE PRINCIPLE 
G.L. Smith 
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The Eot-Wash group at the University of Washington has tested the equivalence principle by 
comparing the accelerations of beryllium, aluminium, and copper in the field of the earth. These 
tests would be sensitive to equivalence principle violating interactions with ranges lm :5 .X :5 oo and 
a broad regime of charges. Our results for the equivalence principle parameter 1/ are: 1/ (Be - Cu) = 
( - 1.9 ± 2.5) x 10-12 and 1/ (Be - Al) = (-0.2 ± 2.8) x 10-12, 

We have also compared the accelerations of our 'ordinary' matter test bodies toward the uniden­
tified, and potentially exotic, 'dark' matter at the center of our galaxy. No violation of the equiva­
lence principle is observed, providing laboratory evidence that acceleration towards dark matter is 
predominately gravitational. 
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1 Introduction 

Genera.I relativity and all metric theories of gravitation include the equiva.lence principle, EP, as 
a. basic postulate. The EP demands that the motion of a. test mass in an accelerating frame, 
which is governed by its inertia.I mass, be indistinguishable from the motion of the test mass in a. 
gra.vita.tiona.l field, which is governed by its gravitational mass. 

An EP viola.ting interaction can be expressed by a. Yuka.wa. potential: 

V = a5 (�) (�) e-r/>. , 
µ 1 µ 2 r 

(1)  

where as = ±gGm1m2/ (411' ) ,  g is the EP-viola.ting coupling constant, G is the Newtonian gra.vita.­
tiona.1 constant, qs is the 'charge' of this unknown interaction, µ is the mass of each object in a.mu, 
and A is the range of the interaction. 

The EP para.meter 1J describes the ratio of inertia.I to gravitational mass, or the size of the EP 
violation, between two materials 

6a 
, 

ag 
(2) 

where 6a is the differential acceleration of the two bodies and a9 is the gra.vita.tiona.l acceleration. 
The classic tests of the EP by the Princeton[l] and Moscow[2] groups constrained 1/ for ranges 
greater than an astronomical unit: 1/ = ( -1 .3 ± 1.5)x 10-11 for Au-Al[l], and 1/ = (3.0 ± 4.5)x 10-13 
for Pt-Al[2] We have developed an apparatus which complements these experiments and tests the 
EP over a. broader regime of ranges, lm ::; A ::; oo, and with sensitivity to a. wider range of possible 
interaction charges. 

2 Experimental details 

A complete description of our apparatus exists in the litera.ture[3]. We compare the horizontal 
accelerations of two materials in the field of the earth, and search for a. difference ascribable to 
their differing compositions. We use the EOt-Wash torsion balance located on the University of 
Washington campus. 

The body of the 4-fold symmetric torsion pendulum, which hangs from an 80 cm long 25 µm 
diameter tungsten wire, contains two pairs of test bodies arranged in a. composition dipole. Any 
differential acceleration between the two materials ca.uses a. torque a.bout the fiber a.xis, which is 
opposed by the restoring torque of the fiber, with torsional spring constant of k � 0.033 erg/rad. 
We modulate the proposed compositional-dependent torque by rota.ting our ha.lance slowly a.bout 
the fiber axis and probe for a. sinusoidal variation in the equilibrium position of the pendulum. 

Of course the trick is isolating effects due to 'normal physics' from that due to an EP viola.ting 
interaction. A complete description of our systematic error suppression and analysis is given in 
ref[3]. In brief, the pendulum is placed inside a. vacuum vessel evacuated to � 1 torr, and is centered 
within a. 3-la.yer magnetic shield, a. set of gravity gradient compensa.tors, and layers of both active 
and passive heat shields. The test bodies have identical outside dimensions, surface coatings (Au), 
masses, and vanishing gravitational quadrupole moments. The vessel and magnetic shielding sit 
upon a. high quality turntable, and a.re rotated at 1/8 the free torsional frequency of the pendulum, 
or a.bout every 1 .5 hours. Approximately every 25 seconds (every 1/32 of a. torsional period) we 
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Figure 1: Effect of the rotation rate feedback system. The system was turned off and then back on; 
its effect can be seen on the measurement of the pendulum's deflection angle. Each high-frequency 
oscillation is due to one rotation of the worm gear in the turntable drive. 

record the angular position of the turntable, the deflection of the pendulum in the rotating frame, 
and 20 other quantities used to monitor systematic effects. 

Improvements implemented since ref[3] are described below. 

2.1 Feedback system in the turntable drive. 

Any short duration (compared to the "' 12 min period of the pendulum) variation in the angular 
velocity of the turntable generates an apparent torque on the pendulum, because the autocollimator 
measuring the deflection of the pendulum is rigidly attached to the turntable,while the pendulum 
is nearly inertial because of the weak torsional spring constant of the fiber. The turntable rotation 
rate feedback system consists of 900,000 pulse/revolution optical shaft encoder, whose output is 
locked to a temperature-controlled crystal oscillator. As shown in Fig.1 turning off the feedback 
system introduces high frequency noise to the deflection signal. 

Fig.2 shows the Fourier transforms of the deflection signal when the turntable is rotating and 
when it is stationary. Note that with the feedback system operating the rotation does not introduce 
any significant additional noise. The solid line in Fig.2 shows the theoretical noise in an oscillator 
with our resonant frequency and Q value in thermal equilibrium at room temperature, indicating 
that we are operating very close to the thermal limit for an ideal oscillator with our Q value. 

2.2 Gravitational gradient compensators 

Fig.3 shows the effect of rainwater soaking into the surrounding hillside after a dry summer. This 
changed the mass distribution of the hillside and thus the size of the gravitational gradients at the 
location of the test bodies. This effect is less than 2% of the hillside's gradient before we flattened 
the field at the location of the balance. As we couldn't control the weather, we made our pendulum 
more perfect by adding two orthogonal pairs of 0.041 g Al screws, on both the top and bottom 
counterweights of the pendulum. These were then adjusted to reduce our sensitivity to the leading 
order gravitational gradient by more than a factor of 7. 
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Figure 2: Spectral power densities of the an- Figure 3: Rainwater saturating the 
gular deflection signal. Top panel: turntable ground as seen by our gradiometer test 
rotating; the arrow shows the frequency of bodies. 
our signal. Center panel: turntable station-
ary. The smooth curves in the upper two plots 
show the predicted thermal noise levels plus 
the noise 'floor' from the electronics 

2.3 Analysis 

J 
j 

Our analysis procedure has been modified since the publication of ref[3] . We start with raw mea­
surements of the deflection of the pendulum as a function of the turntable orientation, with 32 
measurements being taken per free torsional cycle. We first apply a digital notch filter to eliminate 
the free torsional motion of the pendulum by averaging points 1/2 torsional period apart. We next 
apply another digital filter to eliminate the thermally driven linear drift and, as a byproduct, the 
even harmonics of the turntable rotation frequency, by subtracting points that are 1/2 turntable 
period apart. Then, to simplify the subsequent analysis, we average 6 adjacent points. We finally 
divide the data into 'cuts' of exactly 3 turntable rotations, and fit this filtered and averaged data 
to odd harmonics of the rotation frequency - the fundamental being the frequency of interest -
and Legendre polynomials to account for the nonperiodic 'drift' terms. 

After roughly 30 'cuts' we interchange the test bodies on the pendulum and repeat our mea­
surements. The phase of an EP violating interaction must similarly change to follow the direction 
of the dipole on the pendulum, while most systematic effects (those not associated with the test 
bodies themselves) will not. In this way we are able to separate instrumental offsets from any 
composition-dependent torque. 

Evidence that this analysis system works well is seen in our sensitivity test, Fig.4, where we 
have exploited the 4-fold symmetry of the pendulum to put a known gravitational torque on the 
pendulum. This torque was provided by four 32.5 gm masses placed 32.2 cm from the center of the 
balance. Because of the 4-fold symmetry the torque is modulated at 4 times the rotation frequency. 
The observed amplitude of (1 .5 ± 0.3) x 10-9 dyne-cm agrees well with the calculated amplitude of 
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Figure 4: Sensitivity test with a 4-fold sym­
metric gravitational source which generated a 
4w signal of the same amplitude as an EP­
violating interaction with 1)=2.lx l0-11• The 
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Figure 5: Top panel: raw autocollimator 
readings. Upper middle panel: after ap­
plying the filter that suppressed free tor­
sional oscillations. Lower middle panel: 
after applying the filter that supresses 
fiber drift. Bottom panel: expected sig­
nal from an EP-violating interaction with 
!]=2x10-10 

(1.25 ± 0.01) x 10-9 dyne-cm. Note that a torque of this magnitude (if it were at the fundamental 
frequency) would correspond to an EP-violating signal so small that it would be consistent with 
the null result quoted by the Princeton group[l]. 

3 Results for ba towards ordinary matter 

Our lu results are 
I] (Be - Cu) = (-1.9 ± 2.5) x 10-12 
1/ (Be - Al) = (-0.2 ± 2.8) x 10-12, 

indicating no EP violation to this high level of sensitivity. 

(3) 

Fig.6 shows our constraints on a5 as described in Eqn.1, interpreted for q5= baryon number 
and for q5 = (B - L)/,/2. We see that this experiment provides the most stringent constraints 
on new interactions over 9 orders of magnitude. The 'gap' where we do not quote results arises 
because our earth models are inadequate at these ranges. 
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Figure 6: 2u upper limits on the coupling strength of a new Yukawa interaction as a function of 
the interaction range .>.. Results are shown for possible charges of q5 = B(baryon number) and for 
q5 = (B - L)/,/2. Heavy solid lines labeled EW are from this work. Light solid curves are labeled 
by reference numbers in ref [4]. The experimentally allowed region is shaded. 

4 Results for 8a towards dark matter 

Astronomical studies of rotation curves in spiral galaxies, as well as studies of the motions of galactic 
clusters, show luminous objects (stars or galaxies) experience a greater acceleration than can be 
accounted for by the amount or distribution or other luminous matter. This extra acceleration is 
usually attributed to a gravitational field of nonluminous 'dark matter'. This unidentified dark 
matter is thought to make up 90% of the total matter in the universe. It is interesting to see 
what laboratory experiments can say about the nature of the acceleration towards the potentially 
exotic dark matter. Using the analysis described in ref [5] we have performed an EP test for three 
'normal-matter' composition dipoles, Be-Cu, Be-Al and Si/Cu-Al, falling toward the dark matter 
at the center of our galaxy. (::::: 25% of our sun's galacticentric acceleration is thought to be due to 
dark matter[7].) 

As discussed in ref[5], significant vector interactions between dark and ordinary matter are 
ruled out by existing experiments and the requirement that the dark matter halo be stable. Scalar 
interactions, however, are not similarly excluded. Calculation of possible scalar charges are highly 
model dependent, so we have used a tree level approximation 

Z(q, - q.) + (A - Z)q" 
qs = 

A 
(4) 

where q,, q0, and q" are the scalar charges of the free proton, electron and neutron respectively. 
Our limits on the possible non-gravitational (EP violating) acceleration of neutral hydrogen 

falling toward the dark matter, as a function of the possible scalar charge are shown in Fig. 7. 
One can see that even where the scalar charge is proportional to the masses of the free particles, 

where our sensitivity is weakest, the acceleration of neutral hydrogen toward dark matter must 
be predominately gravitational. Nordtvedt[6] has pointed out that the Earth-Moon differential 
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Figure 7: la constraints on the non-gravitational acceleration of neutral hydrogen due to a hypo­
thetical long-range interaction with dark matter. The vertical axis shows the ratio of the anomalous 
non-gravitational acceleration to the total acceleration towards the dark matter. The horizontal 
axis describes the possible scalar charge, paramatrized with t/J= arctan([qg + � - q�]/q�) 

acceleration, measured with very high precision in lunar ranging experiments, provides a stronger 
constraint on the EP violating acceleration of neutral hydrogen for most values of t/J. However, 
because the lunar experiment has no sensitivity at a point near t/J = 0, where the scalar charge 
difference between the earth and moon vanishes, the lunar results do not significantly improve the 
'worst case' scenario shown in Fig.7. 

A more thorough presentation of this experiment will be published shortly[4] 
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In space, for measurements like the test of the equivalence principle, a limiting 

source of error on differential accelerometers is the residual noise of the drag-free 

system. To allow a further increase in sensitivity, it is suggested to make a spin­

stabilised instrument virtually drag-free by placing it free inside an outer spacecraft (s/c) 

which follows it by servoed thrusters. For cryogenic instruments cooling is done by gas 

conduction. The mechanical separation of the instrument from the outer s/c allows the 

use of cryo-coolers instead of liquid Helium. Two temperature levels of the instrument 

allow to dispose of electronics heat dissipation of the order of Watts. For a normal 

temperature instrument radiation cooling could remove tens of Watts. 
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1 .  Introduction 

A number of fundamental measurements like testing the equivalence principle, the 

inverse-square law, a ''fifth force", the gravitomagnetic force, as well as determining the 

gravitational constant G and gradiometry for geodesy, require the measurement of 

extremely small accelerations. Experiments on Earth use torsion balances to 

compensate gravity. One of the limitations is the acceleration noise due to microseism. 

Going to space allows to work in weightless state and to benefit from a quieter 

environment. For high sensitivity, however, even space is not free from disturbing 

accelerations, and these residual forces (air drag, radiation pressure and 

electromagnetic disturbances) must be compensated by a drag-free system. 

Future missions like GP-B and STEP will use proportional Helium thrusters to 

compensate drag accelerations. However, though such servo systems can be made 

extremely sensitive at a given frequency, their residual noise increases away from this 

optimised frequency. As an example, in STEP, compensation is possible down to 

E-1 2 mts2/Sqrt(Hz) at 3E-4 Hz but rises by a factor 1 000 towards the frequency of 

E-2 Hz, required for geodesy signals. Therefore, an ultimate factor limiting the precision 

is the coupling of residual drag noise through the differential accelerometer alignment 

errors. 

2. Concept of EOTVOS 
To overcome the limitations due to the residual drag, the only possibility is to have 

the instrument block (called the "instrument" in what follows) carrying the 

accelerometers freely floating and shielded from all outside disturbances by an outer 

spacecraft. Their relative position is measured optically and a servo system actuates 

thrusters in order to have the outer s/c follow the instrument. The latter acts as the 

reference proof mass and, in principle, follows an orbit determined uniquely by the Earth 

gravitational field. The main advantage of the concept is the possibility of using a 

conventional drag-free system correcting displacement to a few tenths of a millimeter, 

without having to compensate acceleration to a very high level. 

The price to pay for these great advantages is twofold. First, the instrument must 

be supplied with power and signals exchanged without mechanical effects. Secondly, 

the instrument must be thermally controlled, which, in the case of a cryogenic 

instrument, is not trivial. 

In what follows, the case of an experiment complement like that of STEP is 

discussed as an example. The basic detectors for testing the equivalence principle (EP) 

are differential accelerometers composed of two concentric cylinders. The instrument 

makes essential use of superconductivity for levitation, for position measurements by 

SQUIDs, as well as for shielding against magnetic fields. This requires temperatures 

below about SK. 
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3. Mechanical design 

It is suggested to have the instrument slowly rotating, with some 1 000 s period. 

This frequency ro, , added to the orbit frequency ro0 , determines the frequency of a 

possible EP violation signal ( ro, ± ro 0) • It can be chosen arbitrarily and changed to 

eliminate errors correlating with the orbit revolution period or other disturbances. 

The orientation of the accelerometers must be known and adjustable. Coarse 

sensing from the outer sic can be done by star trackers. The three axis geodesy 

gradiometers give very sensitive orientation signals relative to the Earth field. The 

instrument behaving like a gyroscope, its orientation must be changed by applying 

torques, which make it precess. This can be done by the system of electrostatic 

electrodes shown in figure 1 . 

The rotation of the instrument itself could be adjusted by means of induction 

motors. The Helium gas will slow down this rotation in days or weeks if the outer sic is in 

a fixed orientation. If on the other hand it is co-rotating, the rotation period will stay 

constant. This latter scheme is adopted here as it has further advantages as discussed 

below. It requires, however, that the center of mass of the outer sic be adjustable to fall 

exactly on the axis of free rotation of the instrument. 

4. Thermal design 

A cryogenic instrument like STEP could be cooled by thermal conduction in dilute 

Helium gas at a pressure slightly above the molecular regime. It is clear that only an 

instrument having two temperature levels is possible (see figure 1 ). At the 

superconductivity level T 1 only very few milliwatts of dissipation can be tolerated. The 

main dissipation of the electronics which absolutely must be located on the instrument 

has to be removed at a higher temperature level T 2 , where the Carnot efficiency and 

gas conduction are much higher. Temperatures T 2 of 25 to 50 K are suggested, where 

most electronics would work. The critical point is the heat leaks between the two parts at 

T 1 and T 2· There are three: heat conduction through the support axle, heat flow through 

the gas (molecular regime) and the thermal conductivity of the wires connecting the 

electronics (these could possibly be HiTc superconductors). One should be able to keep 

the total leak to a few mW. 

The actual dissipation of the low temperature electronics is therefore the crucial 

element and determines the cooling schemes which could be considered. Three variants 

are: 

- Completely mechanical cooling by Stirling cycle cryo-coolers down to T 2 and by 

combined Stirling/Joule-Thompson units down to T 1 · Typical cooling powers of existing, 

partly already space-qualified units are 2 W and 1 0  mW, respectively. Any Helium tides 

are eliminated. 

- Stirling cryo-cooler down to T 2 and a Helium Dewar for the low temperature part. 

Several schemes involving superfluid as well as supercritical Helium are conceivable. 
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The detailed problems of gravitational disturbances by Helium tides must be taken into 

account, though quite small quantities of Helium should suffice. 

- A fully Helium-based cooling is only pratical for dissipations below the Watt level 

and for short mission duration. It would require rather large Helium quantities and the 

tide problems remain. 

The second scheme seems particularly attractive. 

For non-cryogenic accelerometers (e.g. using electrostatic sensors) the single 

instrument block could be in vacuum and radiation cooled, a few tens of Watts being 

removable at temperatures of 250-300K. 

5. Position measurement, power and signal transmission 

The position of the rotating instrument relative to the outer s/c must be measured 

continuously in all six degrees of freedom. Modern micro-optoelectronic techniques 

should permit measurements to a few microns, this being especially easy in the case of 

co-rotation. 

Power of a few Watts must be supplied to the instrument without any mechanical 

disturbance and with no significant heat input. This could be achieved by a microwave 

link, quite easily in the case of co-rotation. Superconducting devices are, however, very 

sensitive to microwaves so a high shielding factor is necessary. 

Both command and measuring signals must be transmitted wireless between the 

instrument and the outer sic. The low data rates needed should be easy to transmit by 

digital IR links. 

6. Orbit 

The choice depends on the actual goals of a mission. Cryo-coolers need a few 

hundred Watts of power, so sufficiently illuminated solar panels are required. Eclipses 

and unfavourable panel orientation can be critical. In the case of an equivalence 

principle test, a sun-synchronous orbit and a mission of less than six months is suitable. 

The orbit precession would then require periodic or continuous readjustments of the 

rotation axis of the instrument. For a geodetic mission, an exactly polar orbit of longer 

duration would be best, raising the problems of panel i l lumination mentionend above. 

7. Disturbances and error budget 

The instrument rotating rather fast will give rise to inertial forces: centrifugal 

accelerations and the effects of a possible nutation. However, most gravity and 

acceleration errrors are modulated at frequencies other than the EP signal frequency 

(w, ± wJ . In particular, the centre of mass matching requirement, arising from coupling 

to the Earth gravity gradient, is reduced by two orders of magnitude from the non­

spinning case. This in turn relaxes the charge control requirement. 

The instrument being the reference proof mass, its centre of mass will be inertial. 

Therefore, the accelerometers located at a distance from this point will experience tidal 

forces due to the gradients of the Earth gravity field. If these forces have to be rejected 
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to E-1 8 g (g=9.81 mJs2), the sensitve axes of the accelerometers must be aligned to 

SE-6 rad. The uneven mass distribution in the outer sic and its relative movements due 

to the drag-free operation will exert gravitational forces on the instrument. These will, on 

one hand, lead to a self-acceleration of the whole, which cannot be exactly known. On 

the other, it will give rise to time-varying gradients disturbing the geodesy gradiometry. 

These gravitational forces will also exert small torques on the instrument and make it 

precess. This small effect is absent in the case of co-rotation. 

In the case of a three-axis gradiometer, the two axes oriented perpendicular to the 

spin axis will experience a large centrifugal acceleration in addition to a fully modulated 

Earth gradient. The co-rotation will stabilize the spin frequency and keep the centrifugal 

accelaration constant. A time-varying part of this acceleration can be removed to the first 

order by using the gradiometers themselves as attitude sensors and imposing the 

tracelesness condition for the gravity gradient tensor. 

The full modulation of the Earth gravity requires a dynamic range of 2E7 for 

gradient sensitivity of E-4 E (1 Eotvos=E-9 s-2). The SQUID electronics can provide 

such a dynamic range at the low frequencies involved, but it poses a great challenge to 

AID converters and scale factor linearity. These problems can of course be alleviated if 

one sticks to a single axis configuration, as baselined for STEP. 

/_ POSITION SENSOR AND 
SIGNAL TRANSMISSION 

DILUTE 
HELIUM GAS 

L INSTRUMENT BLOCK 
WITH A CCELEROMETERS 

Figure 1 :  Schematic structure of-a cryogenic spacecraft with fully inertial instrument 





OPTIMIZING THE CHOICE OF MATERIALS 

IN EQUIVALENCE PRINCIPLE EXPERIMENTS 

Thibault Damour 

lnstitut des Hautes Etudes Scientifiques 

91440 Bures sur Yvette, France, and 

DARC, CNRS-Observatoire de Paris, 92195 Meudon, France 

Jean-Pierre Blaser 

Paul Scherrer Institute 

CH-5232 Villingen, Switzerland 

433 

A strategy is proposed for choosing the materials tested in equivalence principle experi­
ments. This strategy combines a theory-independent approach with a theory-dependent one. 
The theory-dependent approach is conveniently formulated in geometrical terms: the possible 
materials are represented as a cloud of points in a multi-dimensional space of "elementary 
charges" . The optimum choices of material configurations are those which maximize the 
volume spanned by the "vectors" connecting the elements. 
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1 .  Introduction 

This paper takes the optimistic view that presently planned improved Equivalence 

Principle (EP) tests will give positive, i.e. non null, results. In such a situation, it seems 

important to choose the pairs of materials tested so as to maximize, at once: (i) our confidence 

in the reality of the EP violation signals, (ii) the quantity of information that we can extract, 

independently of any theoretical model, from the EP data, and (iii) the precision with which 

we can measure the coupling parameters appearing in the presently most plausible theoretical 

models of EP violation. The first two aims must be reached within a model-independent 
approach, while the third one will be based on a specific, though rather general, assumption 

about the composition-dependence of the EP violating signals. 

In all cases, we shall assume that we are looking for EP violation signals caused by 

some long-range interaction. In the non-relativistic approximation, the effect of a long­

range interaction is to acid to the usual gravitational interaction potential -GmAmE/rAE 
between body A and the external body E (e.g. the Earth), a supplementary contribution 

-HQAQE/rAE , where H is a new coupling constant (which can be positive or negative) 

and QA the "charge" of body A to which the new interaction is coupled. The effective 

(composition-dependent) gravitational constant for the ( AE) pair is 

where u denotes one atomic mass unit, and µA = mA/u. The fractional difference in free fall 

acceleration of the pair (AB), (6.a/a)AB = 2(aA - as)/(aA + as) is given by 

in which we have defined 

(6.a) GAE - GsE 
--;;- AB '.:::'. G 

H QE QA � � 

qA '= --? - - '= h QEQA , Gw f'E µA 
with h = H/(Gu2)  and QA = QA/!LA · 

(2) 

(3) 
In this work we assume that the external source E is fixed and we focus on the A-

dependence of the "effective charge" q.4 . 

2 .  Model-independent approach 

Let C denote the "configuration" of materials being tested, i.e. the set of all pairs (A.B) 
whose gravitational acceleration is compared. We consider that the Equivalence Principle 

data consist of a set of (noisy) differential acceleration measurements 1nAB indexed by the 

elements of C: 
'De = {mAB (AB) E C} (4) 
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measure the combination (3) modulo an arbitrary additive constant. This is not even enough 

information to determine the sign of H. [Even if one can include the external material E 

among the tested materials, the additive constant in qA prevents one from finding the sign 

of h, let alone its magnitude] . 

3. Model-dependent approach 

Let us now assume some theoretical model predicting a composition dependence of the 

reduced charge QA = QA/flA of the form 

n 

QA = /30 + L /3; �� ' (6) 
i=l 

where (30 , {3; are some unknown coupling parameters, and �� some known (reduced) 

"elementary charges" . For instance, if we assume that the apparent EP violation is due to a 

long-range vector field (an extra U(l) gauge field [ 1 ] )  we expect to have only two independent 

elementary charges [2] , say e = (N + Z)/!l and e = ( N  - Z)/ fl (where N=neutron number, 

Z=proton number=atomic number), and (30 = 0. In the case of the EP violation due to 

the dilaton scalar field of String Theory [3], we expect to have three independrnt elementary 

charges, 

e = (N + Z)/µ , 

e = (N - Z)/fl , 

E3 = E/;l ::: Z(Z - 1 )/( (N + Z)113µ ) , 

(7a) 

(7b) 

(7c) 

with E denoting a contribution proportional to the Coulomb interaction energy of a nucleus. 

Moreover, in that case we expect to have a non zero composition-independent contribution: 

/30 i= 0 in (6). From Eqs. (3) and (6) we conclude that the theoretically expected composition 

dependence of q.4 is of the form 

" 

qA = o:o + L °'i �A (8) 
i=l 

where a:o = h(/30 + Ej/3j��)/3o , a:; = h(f3o + Ej/3j��)f3; . 
The A-independent contribution a:0 in Eq. (8) is not accessible from the measurements 

(5). We are looking for the choice of makria.l configuration C which optimizes the measure­

ment of the n effective coupling parameters a:; .  

Once the a:; are known, i t  will be possible to  determine the original coupling parameters 

h, (30 and /3; (modulo the evident rescaling freedom (30 -> >.(30 , /3; -> >.(3; , h -> >,-2 h) if and 

only if one knows something a.bout the relative value of (30 with respect to the /3; 's. 
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Each measurement in the data set Ve is a sum 

(5) 

where qA is the theoretical quantity (3) and nAB is some noise contribution. 

The noise nAB will contain both statistical and systematic contributions. The first 

include thermal noise, inherent SQUID noise, and mechanical noise due to the drag free 

system. Systematics will come from the structure of the differential accelerometers with 

test masses of widely different densities, mechanical misalignments, electrostatic charging, 

etc . . .  In evaluating the performances of the various checks discussed below (cyclic conditions, 

connectedness of elements)  the constraints coming from noise considerations will have to be 

taken into account. 

The problem we discuss in this section is that of choosing the configuration C so as to 

maximize the quality and quantity of information one can extract from Ve without assuming 
any specific law for the composition-dependence of the EP violation model for the new long­

range interaction, i.e. any particular form for the composition-dependence of the charge QA, 

1 .e. for the A-dependence of the effective charge qA . 

In absence of theoretical assumptions about the A-dependence of qA , the maximum 

information we can hope to extract from Eq. (5) is the value of qA , mod1llo an 1lnknown 

additional constant, for some elements A. This suggests that an optimum strategy will be to 

restrict oneself to connected configurations C, i.e. set of pairs (A; A J) such that any two 

elements A1 , An can be connected by a sequence of pairs belonging to C. Indeed, the 

choice of disconnected configurations (e.g. { (AB), (BC) ,  (DE)} )  will introduce more than 

one unknown additional constant in the determination of the possible values of qA. 

Moreover, as one wishes to establish as firmly as possible the reality of a violation 

of the EP, i .e. the fact that q.4 - IJB is non zero for some pairs, it seems important to 

include topological loops in the configuration C. The simplest way to do it would be to 

include a null pair (AA). However, the corresponding check, namely mAA c:: O, is not 

very convincing as it does not involve any "positive" measurement. The next simplest 

way is to include two similar pairs. { (AB), (BA)} .  The corresponding check being 

mAB + ms.4 c:: 0, and invoking (hopefully) non null results. Higher order loops can be 

triangular {(AB), (BC), (CA)} ,  quadrangular { (AB) ,  (BC), (CD), (DA)} ,  etc . . .  Evidently, 

one will have to weigh the conceptual advantages of long loops against their higher sensitivity 
to partial failures. From this point of view, binary loops { (AB), (BA)} seem very safe ways 

of confirming the reality of an EP violation. 

To end this section, let us note that a model-independent approach cannot give access to 

the basic theoretical quantities H and Q,1 (or better HQ� and QA/QE)· One can, at best, 
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If 17 AB denotes the standard deviation of the measurement mAB, the likelihood function 

of the theory parameters (given some data set De) is 

where we have introduced the short-hand notation 

(10)  

The best-fit values of a; are those that minimize x2(a;) .  Here we are interested in the 

precision with which the a's are determined. If we assume that the measurements errors are 

independent gaussian variables, it is well known that the deviations a; = a fest fit(Vc )  - ajrue 

will be zero-mean gaussian variables with distribution function oc exp[-C:.x2/2] where 

t:.x2 = x2(a) - X�in can be written as 

e:.x2 = "L 17::1.1 
ABEC 

[ ] 2 - i ij - -� a; �AB = 9c a; a1 , ( 1 1 )  

where we  have defined 

g;;3 = L 17A1 ��B ��B . (12) 
ABEC 

The most naturally defined confidence regions for the Cf's are quadrics (generalized ellipsoids) 

g;;3 a; lfj < t:.x2 = const., where the value of t:.x2 depends both on n and on the chosen 

level of confidence (e.g. if n = 2 the ellipsoids .6.x2 = 2.3 and 6x2 = 6.2 correspond to 

68% and 95% confidence regions, respectively). The optimum choice for the configuration of 

materials C i s  that which leads to the smallest possible errors on the theory parameters a;, 

and to the least possible correlations between the measurements of the different a; 's. It is 

useful to formulate this requirement in geometrical terms: 

Let us introduce the n-dimensional �-space of the (reduced) elementary charges: e.g. m 

the dilatonic case the 3-space spanned by the coordinates (7a)-(7c). In this space, the set of 

all possible materials defines a cloud of points. Choosing a configuration C means choosing 

a geometrical figure made of a set of vectors ��B = �� - �B connecting two points in the 

cloud. To any such set of vectors ��B we associate the tensor g;;3 defined by Eq. (12) .  In 

turn this tensor defines an ellipsoid in the a-space (dual of the � = space) by the formula 

gYa;ai = const. We wish to find the configurations C which are associated to the smallest 

and "roundest" ellipsoids in a-space. A general rule is that the more extended in �-space 

i s  the figure made by the connecting vectors ��B ' the smaller is the associated ellipsoid of 

errors in a-space. [For simplicity, we henceforth assume that all the measurement standard 
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deviations a AB are equal. This leads to a purely geometrical criterion for choosing CJ . 

More precisely, if we consider the minimal configurations made of just n vectors (smaller 

configurations leads to degenerate ellipsoids of errors which are infinite in some directions), 

it is easy to prove that the volume of the ellipsoid of errors is inversely proportional to the 

volume defined by the n vectors, i.e. the quantity E,j . . .  I �j �� . . .  �� - [In 3-space this is the 

"mixed" product ( � ,  & , G )  = � .  & X G, which measures - with a sign depending on the 

orientation - the ordinary volume of the parallelogram built on the three vectors � ,  & , G 
parallelly transported so as to have the same origin]. The same inverse proportionality of 

volumes holds in the case where one has n + 1 vectors linked by one loop condition. For 

instance, in the two-dimensional [extra U(l )] case a triangular configuration AB, BC, GA in 

�-space gives one loop check mAB + mBc + mcA c:= 0 and defines (through Eq. ( 12) where 

the sum is taken over all three links in the configuration) an ellipse of errors in a-space 

whose volume is inversely proportional to the volume of the triangle ABC in �-space. [It 

should be noted that the geometry of �-space that we use is purely affine, i .e. it docs not use 

the concepts of (euclidean) length or angle. In other words, om criteria are invariant under 

arbitrary rescalings and linear combinations of the elementary charges.] 

4.  Application 

Table 1 gives the values of the reduced elementary charges (7) for a selection of materials. 

The quantity e was computed by means of the approximate analytical (Bethe-vVeizsacker) 

formula given in Eq. (7c). [vVe have checked that a more accurate estimate of E/ft based on 

the nuclear charge density profiles probed by electron scattering experiments generally agrees 

with the analytical estimate within ;S 20%] . 

Figure 1 represents the cloud of materials of Table 1 in the two-dimensional �-space 

appropriate to the assumption of an extra U( l )  vector field. An eye inspection of Fig. 1 

suggests that the minimal optimum choice would be the two pairs { (LiH,V), (CH2,U) } .  

However, if we consider that i t  may be  unpractical to  admit elements such as  Uranium, 

Lithium Hydride or Polyethylene in a high-precision EP test, and if we bring in the 

requirements of the model-independent approach of Section 2, we might settle for three pairs 
based on the elements Be, Si and Au: e.g. { (Be,Si) ,  ( Si ,Be), (Ile,An)} or { (Ile,Si), (Si,Au), 

(Au,Be)} .  

Figure 2 represents the cloud of materials of Table 1 (minus L i  H and CH2 ) i n  the three­

dimensional �-space appropriate to a dilaton-like theoretical model. If we comply with the 

model-free requirements of Section 2, the minimal choice will include four pairs of materials 

(containing one loop). There are several ways of realizing the loop: repeated segment, 

triangle, quadrangle. Moreover, one may wish to discard the requirement of connectedness 

in favour of an augmentation of the volume spanned by the three independent connecting 
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vectors in �-space. \�'e leave to the reader the responsability of choosing among the many 

possible options, using the cri tcrions given here as guides. \Ve note however in Fig. 2 the 

special position of Beryllium and the fact that most of the other elements are more or less 

lying in a plane.(The latfrr foct gives rise to correlations which strongly increase the errors) .  

It is a plcasnrc to th;rnk Eric Adclbcrger, Ho Jung Paik and Chris Stubbs for useful 

comments. 

4 

3 

2 

1 

0 

- 1  

-2 

Table 1 .  A selection o f  possible proof mass materials and the con-es ponding 

elementary charges. Neutron numbers and masses are averages weighted with natural 

isotope abundances. For the Hydrogen compounds, only the heavy atom is counted for 

the electrostatic energy. 

( N ;z -}o' N - Z  Z(Z - 1) e l em z N (N + z)l;µ µ 
L i 6H 4 .  3 .  - 3 . 2 6 6 4 4  - 0 . 1 4 2 3 9 1  0 . 8 9 3 2 2 9  

Be 4 .  5 .  - 1 . 3 5 1 7 5  0 . 1 1 0 9 6 1  0 . 64 0 1 3 3 

c 6 .  6 .  O l l  - 0 . 0 0 3 0 7 2  0 . 0 0 0 9 1 6  1 . 0 9 0 6 4  

CH2 8 .  6 .  - 1 . 1 2 0 1 7  - 0 . 1 4 2 6 9 7  1 . 6 5 7 7 9  
Mg 1 2 . 1 2 . 3 2 0 2  0 . 6 2 3 2 2  0 . 0 1 3 1 7 4  1 . 8 7 4 5 1  

Al 1 3 .  1 4 . 0 . 6 8 4 2 1 2  0 . 0 3 7 0 6 2  1 . 9 2 7 2 4  

S i  1 4 .  1 4 . 1 0 8 7  0 . 8 2 57 1 9  0 . 0 0 3 8 7 0  2 . 1 3 1 2 9  

T i  2 2 . 2 5 . 9 3 1 .  0 7 7 2  0 . 0 8 2 0 8 3  2 . 6 5 6 4 4  
v 2 3 .  2 7 . 9 9 7 5  1 . 0 9 9 8 7  0 . 0 9 8 1 0 3  2 . 6 7 8 5 3  

Cu 2 9 .  3 4 . 6 1 6 6  1 . 1 1 6 6 3  0 . 0 8 8 3 8 7  3 . 2 0 0 9 6  

G e  32 . 4 0 . 7 1  1 .  0 7 0 4 6  0 . 1 1 9 9 1 9  3 . 2 7 2 2 8  

Z r  4 0 .  5 1 . 3 1 8 4  1 . 0 3 8 7  0 . 1 2 4 0 7 3  3 . 7 9 7 5  

Ag 4 7 . G 0 . 9 6 3 2  0 . 8 8 1 3 52 0 . 1 2 9 4 4 7  4 . 2 0 9 2 4  

S n  50 . 6 8 . 8 0 7 9  0 . 8 2 2 0 7 5  0 . 1 5 8 4 3 5  4 . 1 9 8 1 9  

Ba 5 6 .  8 1 . 4 2 1 6  0 . 6 8 9 8 7 5  0 . 1 8 5 1 1 8  4 .  3 4  62 

Ta 7 3 .  1 0 8 . 0 . 2 8 7 4 1 5  0 . 1 9 3 4 2 5  5 . 1 3 502 
w 7 4 . 1 0 9 . 8 9 8  0 . 2 6 6 0 57 0 . 1 9 5 2 5 7  5 . 1 6 6 9 6  

P t  7 8 . l l 7 . l l 6  0 . 1 8 2 9 5  0 .  2 0 0 5 1 1  5 . 3 0 8 1 3  
Au 7 9 .  l l 8 .  0 . 1 6 9 8 5 6  0 . 1 98 0 0 3  5 . 3 7 6 5 9  
B i  8 3 .  1 2  6 .  0 . 0 9 3 9 1 3  0 . 2 0 5 7 6 1  5 . 4 8 7 8 8  
u 92 . 1 4  6 .  - 0 . 2 1 3 3 1 6  0 . 2 2 6 8 4 2  5 . 6 7 502 
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�- Two-dimensional element distribution. Scale factors have been applied here 
and m fig. 2 to improve the readability. 
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Figure 2. Three­
dimensional element cloud 
(excluding the exotic 
materials Li6H and CH2). 
Table 2 gives some 
examples of the 
sensitivities obtained for 
various accelerometer 
arrangements 

Table 2. Volume of the parallelepiped tangent to the ellipsoid of errors in 

a-space (= error product) for some typical configurations. In many cases correlations 
between the unknowns are present, leading to large error products for the coupling 
parameters. 

number of differential cyclic 
accelerometers ,material pairs conditions 
4 accelerometers : 
Be-Al/Al-Cu/ Cu-Au/Au-Be quadrangle 

Be-U/U-C/C-Be/Be-V triangle 

CH2-Be/Be- S i / S i -CH2 / S i -U triangle 

Be-CH2/CH2-U/U-Be /Li 6H-Cu triangle 

6 accelerometers : 
Be-S i / S i -C/C-Be/ full 
Au-C/Au-Be/Au-Si tet rahedron 

Mg-V/V-Au/Au-Mg/ full 
Mg-Ag/Ag-V/Ag-Au tetrahedron 
Be- Z r / Z r-C/ C-Be/ full 
U-CH2 /U-Be /U-Si tetrahedron 
Be- S i / S i -CH2 /CH2 -Be/ ful l 
U-CH2 /U-Be/ U- S i  tetrahedron 
Be-V/V-CH2 /CH2-Be/ ful l  
U-CH2 /U-Be/U-V tetrahedron 
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ABSTRACT 

Special, intrinsically compensated masses having �1023 polarized electrons, but with 
no externally measurable magnetic moment, have been fabricated to probe anomalous 
spin interactions. Previously, these were used to investigate the existence of weak, 
hypothetical spin-dependent forces. In the present experiment, two such masses are 
located on the horizontal beam of a sensitive torsion pendulum, with the spin axes 
horizontal, perpendicular to the supporting cross-beam, and anti-parallel to each other. 
Ordinary gravitational interactions at a distance will yield no torque on the pendulum 
beyond that due to the unavoidable very small mass difference and/ or location 
imbalance of these two masses. Rotation of the Earth provides a scan of the sky for 
regions of stronger anomalous spin interaction with the masses. An essentially fixed 
interactive source such as a potential dark matter distribution concentric with the 
center of our galaxy would provide a torque on the pendulum with a 12 - sidereal hour 
period. Twenty nine 24-hour runs with the pendulum have been analyzed up to this 
time. Fitting the observed torques to an appropriate sidereal time function sets a limit 
of 3.5 x 10-9 cm-s-2 for the acceleration of one of these masses towards the center of the 
galaxy. 
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1. INTRODUCTION 

Phillipsl and Ni2 have performed torsion pendulum tests for an anisotropy in 

the interaction of a laboratory spin mass and the cosmic background, essentially 

macroscopic versions of the Hughs-Drever anisotropy tests. The present experiment 

provides a more specific search for anisotropy, towards a hypothetical dark matter 

distribution centered at the center of our galaxy. This particular motivation follows 

the suggestion by Stubbs3 and experiments by the University of Washington group4 

seeking a long range, composition-dependent interaction of ordinary matter falling 

toward dark matter. This dark matter distribution is inferred from the visibly missing 

matter needed to account for the observed dynamics of stellar motion about our 

galaxy's centers. Evidence increases for the dark matter to consist of particles outside 

the Standard Model of particle physics6, thus making it a likely source for anomalous 

interactions with local detectors. The experiment presented here combines features of 

the fifth force and spatial anisotropy searches, using a torsion pendulum to test for a 

possible long-range anomalous spin interaction with the nonluminous matter. 

2. THE SPIN - DARK MA TIER EXPERIMENT 

Properties of our torsion pendulum, as used for two previous anomalous spin­

dependent tests at ranges of a few centimeters, have been outlined in earlier 

publications7,8. The primary experimental feature was the use of special Dy6-Fe23 

masses having � 1Q23 electrons aligned in intrinsic spin, while the orbital spin cancels 

their magnetic moment to a high degree at room temperature, thus providing a 

"macroscopic electron" with huge intrinsic spin but little external magnetic moment. 

In the present experiment the spin masses are arranged differently from the previous 

two cases. Now the spin masses are mounted with axes horizontal on the ends of, and 

perpendicular to, the support rod attached at its center to the fiber. With the mass 

spins antiparallel to each other this forms a spin couple. A force of the en form 

between a distant nonpolarized source and this spin couple will create a torque about 

the fiber, the sense of which depends on the sign of the postulated interaction. 

A major difference from the previous two experiments also lies in the fact that 

in those the pendulum was operated in the dynamic mode, in which the change in its 

oscillation period with spin direction was the signal of interest, while we now use it in 

the static mode, seeking patterned angular deflection of the fiber as a signal. The fiber 

has a torsion constant of 0.9 dyne-cm-rad-1, leading to a period with the present mass 
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arrangement of 649 s. 

The pendulum operates at atmospheric pressure, with a natural decay time of 

6503 s, resulting in a Q of 63. A magnetic damper at the top of the fiber7 dissipates the 

simple pendulum modes but has insignificant effect on the torsional mode. 

Although moderately low, the damping time still allows the pendulum to execute 

oscillations driven by noise of several types9. To precondition the digitally-sampled 

signal (at 1000 s intervals), we pass it through a low-pass analog filter with 0.001 Hz 
cutoff frequency and a roll-off of 48 db per octave above cutoff. These conditions make 

it relatively easy to avoid aliasing from higher-frequency noise, while not damping 

any significant components of the postulated dark matter signal. Digital filtering acts 

subsequently, by appropriate, successive smoothing of the signal with a hanning shape. 

Figure 1 exhibits a representative, unfiltered signal, along with the (unnormalized) 

pattern predicted for a en interaction towards the center of our galaxy. 
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Figure 1.  Predicted sidereal pattern for acceleration towards galactic center of 

the interaction form o·r, along with raw torque pattern for one 24-hour run. 

3. EXPERIMENTAL RESULTS 
The experimental runs are fit to the sidereal pattern shown in Figure 1. A 

theoretically predicted axionic o·r interactionlO cannot have a long enough range to act 
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in this situation, in view of astrophysical limits on the axion massll.  A more likely 

candidate would be the arion of Anselm12. (Many other models of the possible 

interaction between dark matter and the observable matter in the universe exist. See 

the preliminary bibliography by Gillies13 for citations of some of them.) Consequently 

we calculate the possible amplitude of the unnormalized pattern in the presence of 

experimental noise, at the 1-cr limit, to constitute the individual result of each run, and 

express it in terms of the acceleration on the spin masses. The present limit for the 

mean pendulum response in the direction of the galactic center at the 1-cr level is 5.3 x 

10-4 degree. Taken with the fiber sensitivity and the spin mass locations 3.4 cm from 

the fiber, this yields an acceleration limit for the masses of 3.5 x 10-9 cm-s-2 towards the 

center of our galaxy. The acceleration of gravity to the galactic center is 1.85 x 10-8 cm­

s-2, so the present cr•r limit is about 0.2 of gravity. 
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Abstract 

We present the results of a gravitational experiment which is based on a 
microwave resonator. The gravitational force of a test mass acting on the 
resonator is measured as a function of distance. No deviation from Newton's 
law has been found and the gravitational constant G has been determined 
with a relative accuracy of 2.2xl0-4 to be G = ( 6.6724 ± 0.00l5 )xl0- 1 1 Nm2kg- 2 
in good agreement with the presently accepted value. 
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Introduction 

Many aspects of Newton's law of gravitation have been investigated 
experimentally during the last three centuries and the precision has been 
improved steadily. Until today the most precise determination of the gravi­
tational constant G is possible by means of a Cavendish torsion balance. 
The gravitational constant G is so far determined with a relative uncertainty 
of l .3xl0-4 only. This uncertainty is much larger than the uncertainty of all 
other fundamental constants [1, 2]. mainly due to systematic errors in the 
measurement of the weak gravitational force. 

It is however remarkable, that almost all of the experiments which have been 
performed to obtain a precision value for G have not tested the inverse-square 
law at the same time [3] in order to detect and exclude systematic effects. 

The fifth-force discussion starting in 1986 [4] has motivated us to develop 
a pendulum gravimeter based on a microwave Fabry-Perot resonator. The 
gravimeter was designed to measure the gravitational force of a laboratory 
test mass as a function of distance in order to determine the gravitational 
constant G with high precision [5,6]. 

The Basic Principle 

The central part of the gravimeter consists of a Fabry-Perot microwave 
resonator ( Fig. l). Both mirrors are suspended as pendula of equal length l 

/, ( l  .. 2.6 m )  separated by a distance b 
( b  .. 0.24m )  from a suspension platform. 

m 
g g 

b r 

Fig. l: The principle of the 
Fabry-Perot gravimeter 

The gravitational force of a laboratory 
test mass M ( M  .. 576kg ) acting on this 
resonator changes the mirror separation 
which is measured by means of a shift 
in the resonator frequency. 

The deflection angles of the pendula 
(typically 10-B rad) are very small, and 
therefore the displacement of each mir­
ror can be approximated as a horizontal 
translation proportional to the gravi­
tational field of the test mass. 

The quasi static change in the mirror 
separation L'.b is therefore directly pro­
portional to the difference L'.a of the 
acceleration of the two pendula (a1 ,a2 ): 

( 1 )  
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with lil0 the eigenfrequency of the pendula. The measured shift l'.f of the 
resonance frequency can be converted into a shift l'.b of the mirror separation 
using the conversion factor df/db based on standard theory of resonator 
performance [7]. 

The horizontal gravitational acceleration of each pendulum is calculated 
by a numerical integration of Newton's inverse square law over the mass 
distributions of the test mass (M) and the resonator (m,  , m2 )  usmg a 
Gaussian integration formula. This leads to our basic relation: 

The terms in parentheses correspond to the difference of the gravitational 
force between the test mass and each pendulum. The function K takes the 
finite dimensions of the masses into account (K = l corresponds to point 
masses) .  l\.f ( r )  is the measured frequency shift of the resonator obtained by 
moving the test mass periodically between a position r and a reference 
position r ref· Different separations r between the test mass and the resonator 
from 0.6 m to 2.1 m have been chosen to measure the gravitational force as 
a function of distance. This measurement is used to test the inverse-square 
law and it is a powerful tool to detect otherwise hidden systematic errors 
in order to increase the precision of G. 

Experimental Set-Up 

A schematic sketch of the experimental set-up is shown in Fig. 2. 
Its main part, the Fabry-Perot resonator. consist of two spherical mirrors. 
They are fabricated from OFHC copper and the roughness of their diamond 
machined surfaces is about 50 nm. The diameter of the circular mirrors is 
192 mm, their radius of curvature is 580 mm and they are separated by a 
distance b of 240 mm. In this case stable electro-magnetic modes exist in the 
Fabry-Perot resonator [9]. 

The resonator is suspended in loops of tungsten wire mounted to a special 
suspension platform. The mirror separation is held constant by means of a 
quarz plate in order to reduce thermal drift of the resonance frequency of 
the Fabry-Perot resonator. 

To damp the pendulum oscillations caused by microseismic noise we use 
eddy-current brakes which consists of iron plates supporting an array of 
permanent magnets with a chess-board pattern. The brakes can be adjusted 
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in situ in order to synchronize the oscillation of the two pendula and there­
fore to minimize the oscillation of their separation. 

The resonator with the eddy-current brakes and the suspension platform 
are placed inside a vacuum tank. To avoid dielectric effects and convection 
in the residual gas which disturb the resonance frequency of the Fabry-Perot 
resonator the vacuum pressure is kept below 10-4 mbar. 

/ 

/ / 
/ 

platform 

quarz plate 
tungsten wire 

vacuum tank 
tower 

resonator ( test 

j 

mass 

Fig. 2: The experimental set-up (schematic) 

SO cm 

stepper motor 

To keep thermal expansion effects small a good insulation of the vacuum 
tank is necessary. In our case we use a vacuum tank with an additional 
vacuum insulation and with additional layers of superinsulation inside. 

The tank is mounted into a supporting steel trestle (called tower) to align 
the resonator on the same height as the test mass. The tower is build from 
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strong steel girders to obtain such a rigidity that the lowest eigenfrequencies 
of the tower are much higher than the eigenfrequencies of the pendula. 

The test mass outside the trestle rests on a special guide rail and glides 
on rollers which are mounted on ball bearings around axels fixed to this rail. 
The test mass is a cylinder with a diameter of 440 mm and a length of 
430mm. Its dimensions are chosen in a way that the gravitational force 
between test mass and resonator nearly behaves like point masses, e.g. the 
correction funktion K(r ) which has been introduced in equation (2) takes 
values between 0.98 and 1.001. In order to avoid magnetic forces between the 
test mass and the resonator a special brass was choosen for the material of 
the test mass. The material is an alloy of 90% copper and 10% zinc with a 
magnetic susceptibility smaller than 10- 5. Thus the magnetic forces between 
the test mass and the resonator are well below the detection level. 

The test mass is positioned precisely ( �l �m) by means of a spindle driven 
by a stepper motor. The stepper motor itself is controlled by a computer and 
allows an exact periodic motion of the test mass. 

Experimental Results 

The gravitational force between the test mass and the resonator is 
measured by moving the test mass periodically between a position r and a 
reference position r ref . 

...--, 15 .---�����....,..-���....,....��..--....... ��..--....... -...��� 
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Fig. 3: The measured shift of mirror separation �b due to the gravitational 

force versus the distance r. 
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This leads to a square wave modulation of the resonator frequency. The 
modulation amplitude t.f is determined from the data by means of a demo­
dulation technique with high precision. Therefore disturbing thermal drift of 
the mirror separation and random noise is strongly suppressed and currently 
leads to a resolution of the change in mirror separation of about lx l0-1 2m. 

This procedure has been repeated for different positions of the test mass 
but always with the same reference position. The number of positions is 
usually chosen to be 9 where the number of cycles per position is about 12. 
In Fig. 3 the shift t.b of the mirror separation is plotted versus the distance r 
between the resonator and the test mass. 

The residuals of t.b are shown in Fig.4 in more detail. The data points 
are normally distributed and no significant deviations from the inverse-square 
law are observed. 
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Fig. 4: The measured deviations from the inverse-square law. 

The full line in Fig. 3 is a least-square fit to the data. From this fit we 
determined the gravitational constant with a relative accuracy of 2.2xl0 -4 
to be: 

The quoted error includes both statistical (lOOppm) and systematical 
(200ppm) errors. The measured value of G is consistent with the COD AT A 
value [2]. 
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The precision achieved is not inherent to the chosen experimental method. 
Limits of the precision by which G can be determined caused by the finite 
Q (�2.4xl05) of our normal conducting Fabry-Perot resonator are on a level 
of 5xio-5. This limit can in principle be overcome by using a superconducting 
resonator instead of a normal conducting one. In an earlier experiment [9] 
it was demonstrated, that at the temperature of liquid helium (4.2K) a Q 
value of l.8xl0 7 can be obtained using niobium mirrors instead of copper 
mirrors. 

The precision achieved so far is limited by systematic uncertainties and 
we try to get further improvements in our future work. 

This work was funded in main part by the Deutsche F orschungsgemeinschaft 
under grant number Pi 118/4-2. 
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Abstract 
The Newtonian gravitational constant has been determined at an effective in­

teraction distance of 112  m. A high-precision balance was used to compare the 
weights of two 1-kg stainless steel masses located above and below the variable 
water level of a pumped-storage lake. Water-level changes up to 43 m produced a 
maximum weight difference of 1290 µg, which could be measured with a resolution of 
< 1 µg. The data yield a value for the gravitational constant G of 6.6700(54) x 10-11 
m3 kg-1 s-2 ( la) in agreement with laboratory determinations. New limits for the 
strength of possible new intermediate-range forces are placed. 



454 

1 .  Introduction 

Though Newton's inverse-square law of gravity is well tested at astronomical distances, 
deviations from Newtonian gravity can not be excluded for distances less than 1000 km. Possible 
deviations may be described with an intermediate-range "fifth force" [1 ] .  

In a lake experiment [2] the gravitational constant G was measured at an effective distance 
of 1 12  m. Together with the laboratory value [3] new limits can be placed on the strength of a 
composition-independent fifth force in the range 5 cm to 1 00 m. 

2 .  The Gigerwald experiment 

The experimental site is at the Gigerwald lake, a pumped-storage reservoir at an altitude of 
13:�5 m above sea level. The lake is confined by a 147-m-high concrete dam of parabolic shape 
allowing maximum water-level changes of 90 m. In the central plumb shaft of the dam a balance 
(a modified Mettler-Toledo mass comparator) measures the weight difference of two test masses 
of stainless steel located above and below the variable water level (see Fig. 1 ) .  The upper mass 
(of l . 1 14 45 kg) is hanging just below the balance, whereas the lower mass (of 1 .099 87 kg) is 
suspended by a 100-µm-diam tungsten wire at the bottom of the shaft. Their center of mass 
separation is determined to be 103.822(2) m. To avoid air convection and variable buoyancy 
the balance and the test masses are held in vacuum (5 x 10-3 mbar). 

The weight difference is determined by alternately weighing each test mass over a time of 3 
min using sophisiticated exchange and suspension devices. After a mass, say the upper mass, 
is weighed, it is detached from the balance by slightly lifting it ("'=' 1 mm), simultaneously the 
other mass is lowered and suspended to the balance. During this exchange the load is held 
constant within 1 g to avoid relaxation effects in the balance. The weight difference is then 
calculated by linear interpolation between two successive measurements of the upper mass at 
the time the lower mass was measured. After 60 mass exchanges a calibration of the scale 
sensitivity is carried out by adding a small mass of 0.999 993 g to the balance. In fact , no 
significant change of scale sensitivity was observed. With a three-stage temperature control 
system the temperature of the balance is held constant within 1 mK over several weeks. 

Since the weight difference is measured in a short time ("'=' 12 min) balance drifts cancel. 
Time-variable gravity effects originating from distances much larger than the separation of test 
masses completely vanish (e.g. tides). By comparing the weight differences at several water 

mass comparator 
Gigerwald dam 

vacuum vessel 

1 324.4 m upper mass 

central plumb I granite plate 

shaft vacuum tube 

tungsten wire. 

1 220.5 m lower mass 

Figure 1. Scheme of the Gigerwald experiment. 
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levels even the static local gravity from the surroundings cancels. Finally, the recorded gravity 
signal is just due to the interaction between the locally moved mass (water and air) and the 
test masses. 

3. Lake survey 

Since the gravity effect of a infinite horizontal sheet of thickness h and density p is pro­
portional to ph and approximately remains true in our case of a finite lake, it is advantageous 
to determine the water level via the water pressure instead via floats or similar methods. We 
used a high-precision pressure transducer (Rittmeyer WlQ) with a resolution of 1 mm and an 
absolute accuracy of 1 cm (see Fig. 2) .  The instrument automatically corrects for the ambient 
air pressure. 

The shore and dam contours were determined by air photogrammetry and conventional 
surveying, respectively. Data processing yielded 2-m-equidistant contour lines. The dam shape 
is known to better than 1 cm. The coordinates of the shoreline have a random uncertainty of 30 
cm. Their systematic uncertainty is much less than 5 cm as a result of a well surveyed control 
network. The coordinates of test masses are uncertain by less than 3 mm. Not the whole shore 
is bounded by rocks, there are also layers of scree, where water is seeping in. From geological 
surveys based on numerous drill holes the solid rock boundary is known. The porosity of the 
scree is estimated by geologists to be 0.30 ± 0.03, what enabled us to calculate the effect of 
water seepage. 

Water density was measured in the laboratory and was found to be slightly denser than 
pure water by 1 .2(2) x 10-4 g cm-3• Temperature profile measurements in the lake revealed 
no significant change of temperature with depth except for a thin boundary layer below the 
surface. During the measuring period water temperature varied from 3°C to 6°C. In this range 
water-density variations are negligible. The density which enters the calculation of the gravity 
effect is the density difference between water and air. The mean density of air is determined to 
be 0.001 08 g cm-3. 

date : 3 pm 6-10-1992 
1328.730 

:g 
;; 
> .!l .. 1328.725 !l 
"' � 

1328.720 
0 10 20 30 

time (min) 
Figure 2. Water level measurements. The observed fundamental oscillations ( "seiches" ) in the 
Gigerwald lake have a period of 4.7 min. The steps are due to the digital resolution of the pressure 
transducer. 
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4. Data analysis and results 

To calculate the Newtonian gravity signal the method of Talwani and Ewing [4] was used. 
They give an exact formula for the vertical gravity of a flat horizontal lamina whose contour is 
represented by an arbitrary n-sided polygon. The effect of Earth curvature is negligible. The 
effective interaction distance reff is: 

reff = (Jr1 dF{ - f r2 dFt) / (JdF{ - JdF{) , 

where the r;'s and the dF;"s  are the distances, respectively the vertical gravitational forces 
between a water element and the two test masses. The integration over the Gigerwald lake 
yielded reff = ( 1 12 ± 2) m depending on the water level. 

Figure 3 shows the digitally recorded raw data of water level and weight difference. In 
J 993 water-level changes up to 43 m produced a maximum weight signal of 1290 µg, which 
could be measured with a short-term resolution of 0.5 µg. As long as water-level changes are 
well between the two test masses, the weight difference varies almost linearly by 33 µg m-1•  
Whenever water level approaches the height of the upper mass at 1 324.359 m, the weight signal 
diminishes and becomes even negative for higher levels. The measured and calculated weight 
difference as a function of water level is shown in Fig. 4. 

The weight differences at same heights must be equal for all times. Any discrepancies are 
interpreted as change of mass distribution in the environment ,  e.g. change of soil moisture. 
Variable atmospheric pressure have an effect of < 0.1 µg on the weight signal. Observed lake 
oscillations ( "seiches" ) with amplitudes of 2 mm also have no effect. Dam movements origi­
nating from temperature and water pressure changes do not produce a significant uncertainty, 
since both lake water and test masses are moved the same way. Effects of balance tilts due to 
dam movements cancel by measuring the weight difference and by repeated scale calibration. 
Ground vibrations were not observed. 

In order to minimize the effect of soil moisture in the weight signal, the following model 
equation for the measured weight difference is taken: 

!::,.F(t) = a/'::,.FNewton(t) + M + Ci 

1325 1330 
! 1320 1320 

] 1315 1310 
. 2 1310 1300 : 
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. 0.0102 g 0.0620 
� 0.0101 
� 0.0100 0.0615 "' 

;: 0.0099 
f 0.009B 0.0610 

130 140 150 1BO 170 IBO BO BO 100 120 140 IBO lime (days) lime {days) 
Figure 3 .  Raw data of water level and weight d ifference of the 1992 ( left) and the 1993 measure­
ment ( right) . The peaks are caused by da ily, weekly and seasonal water-level changes depending on 
power consum ption (the local gravity at the balance is 9.804 208 m s-2) . 
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Figure 4. The solid curve is the calculated weight d ifference of the two test masses as a function 
of the water level following pure Newtonian gravity {the origin is set at 1240 m for an  empty lake). 
The measu red gravity data of 1993 (open circles), corrected only with a l inear drift, fit well the 
predicted gravity effect. Each circle represents the average of 100 measurements. The insert shows 
a typical region where al l  gravity data are presented. 

The parameter a represents the ratio G /G1ab over the whole measuring period, where G1ab 
denotes the currently accepted laboratory value of the gravitational constant [3] . b; and c; are 
the coefficients of linear drifts in time periods of about 5 days. The drifts are < 0.5 µg per day 
and vary in sign. The value for a determined from data is 0.99961 (18), which is the weighted 
mean of the 1992 and 1993 measurement (see Table 1 ) .  For a consistency check the 1993 data 
were subdivided into two data sets of measurements with water level above and below 1305 
m. The results are in reasonable agreement with each other. The final uncertainty in this 
determination of G is obtained by taking the root-mean-square of the uncertainties listed in 
Table 2. 

The largest component of the error budget is the uncertainty of water seepage in the scree. It 
turns out to be the limiting element of this experiment. The resulting value of the gravitational 
constant is 

G = (6.6700 ± 0.0054) x 10-11 m3 kg-1 s-2, 
which is in agreement with laboratory values. 

Table 1. Results. 

Data a = G/G1ab 
1992 overall 1 .00017(76) 
1993 > 1305 m 0.99929(26) 
1993 < 1305 m 0.99981(33) 
1993 overall 0.99958(19) 
1992+1993 0.99961(18) 
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Table 2. Error budget. 

Source 
Dam contour 
Shore contour 
Porosity of scree 
Test mass positions 
Water level 
Water density 
Random experimental error 
Total (lo-) 

Uncert�inty 
(parts per 1000) 

0.30 
0.37 
0.61 
0.04 
0.12 
0.05 
0 .18 
0.81 

Together with the laboratory value Glab the Gigerwald experiment sets useful limits on the 
strength of a fifth force described by the energy potential 

where a is the strength of the new force relative to gra.vity and ,\ the Compton wavelength of 
the exchange particle. Hence it follows a force 

and the gravitational "constant" becomes distance-dependent. 
A measured value of the ratio G(rt ) /G(r2) = (3 at the distances r1 and r2 constrains the 

strength a(,\) by varying (3 within the limits of experimental errors [8]. Fig. 5 illustrates the 

0.0 10  

0.005 
tS 
t:: 0 Gigerwald [/J 0.000 .... 

� 
-0.005 

-0.0 10  10-2 10-1 101  102 103 
range ,\(m) 

Figure 5.  Excl uded strengths a a nd ranges ,\ for a single Yukawa model at the 2o- level arising 
from experiments measuring d i rectly the gravitational constant at geophysical distances (the allowed 
region lies between the curves) . Constraints from other experiments are not show n .  N u mbers in  
brackets refer to the references in the text. 
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constraints placed by G experiments at geophysical distances on such an interaction with 95% 
confidence. 
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We discuss the superconductivity aspects of two space-based experiments - Gravity 
Probe B (GP-B) and the Satellite Test of the Equivalence Principle (STEP). GP-B is an 
experimental test of General Relativity using gyroscopes, while STEP uses differential 
accelerometers to test the Equivalence Principle. The readout of the GP-B gyroscopes is 
based on the London moment effect and uses state-of-the-art de SQUIDs. We present 
experimental proof that the London moment is the quantum mechanical ground state of a 
superconducting system and we analyze the stability of the flux trapped in the gyroscopes 
and the flux flushing techniques being developed. We discuss the use of superconducting 
shielding techniques to achieve de magnetic fields smaller than 10-7 G and an ac magnetic 
shielding factor of 1013. SQUIDs with performance requirements similar to those for GP-B 
are also used for the STEP readout. Shielding for the STEP science instrument is provided 
by superconducting shells, while the STEP test masses are suspended in superconducting 
magnetic bearings. 
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I. INTRODUCTION 

Low temperature techniques have been widely used in high precision experiments due 

to their advantages in reducing thermal and mechanical disturbances, and the 

opportunity to utilize the low temperature phenomena of superconductivity and 

superfluidity. Gravitational experiments have reached the stage at which both low 

temperature technology and ultra low gravity space environments are needed to meet the 

requirements for measurement precision. In this paper we present some of the 

applications of superconductivity to two space based gravitational experiments - Gravity 

Probe Bl) (GP-B) and the Satellite Test of the Equivalence Principle2l (STEP). 

General Relativity predicts the geodetic and frame dragging effects to be 6.6 arcsec/yr 
and 0.042 arcsec/yr in a 650 km polar orbit3l. The GP-B experiment will measure these 

effects with an accuracy of at least 0.3 marcsec/yr, by determining the precession of the 

local frame, given by gyroscopes, with respect to the fixed frame of the stars, given by a 

telescope pointed to HR5110. Figure 1 shows the GP-B experimental concept. 

GP-B uses superconductivity for the implementation of the London moment gyroscope 

readout4l. The London moment is aligned with the angular momentum of the 

gyroscopes, and is measured using ultra low noise de SQUIDs. Two techniques of flux 

reduction in superconducting films insure a minimal level of trapped vortexes. 

Superconducting shielding is used to achieve both low static magnetic fields and high 
attenuation of variable magnetic fields. The following sections discuss the London 

moment readout, trapped flux reduction, and superconducting magnetic shielding. 

STEP is designed to improve the measurement of the Equivalence Principle from the 
present accuracy of 10-12 to about 10-17. This cryogenic experiment uses differential 
accelerometers (with test masses of different materials) placed in a drag free satellite. 

Figure 2 shows the STEP experimental concept. The position of the test masses is sensed 
with SQUID magnetometers with 10-2 A precision, while magnetic shielding is provided 

by superconducting enclosures; both adaptations of GP-B developed techniques. Radial 

suspension for the test masses is provided by superconducting magnetic bearings. 

Figure 1. GP-B experimental concept Figure 2. STEP experimental concept 
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II. THE LONDON MOMENT READOUT 

The London moment is the effect by which a rotating superconductor produces 

throughout its volume a magnetic field BL aligned with the instantaneous spin axis w,, 

which for a sphere of radius r results in a magnetic dipole moment ML of magnitude: 

(1) 

where m and c are the mass and the charge of the electron, and c the speed of light. 

The London moment can be understood in terms of a negatively charged frictionless 

fluid of electrons moving inside a lattice of positive ions fixed to the rotating body. The 

magnetic fields associated with the motion of the ion lattice produce electric fields that 

accelerate the electron fluid into moving almost exactly with the body. The London 

moment is due to the difference in the velocity of the surface layer of the electron fluid 
with respect to the ion lattice. This difference, a non-relativistic second order effect of a 

few parts in 107, produces a magnetic moment instantaneously aligned with the spin axis. 

The angular momentum is the conserved quantity which represents the orientation of 

the local frame of reference, while the instantaneous spin axis cones around it. For a force 
free gyroscope with a small fractional difference in the principal moments of inertia Af /I , 

the coning angle and frequency are given by Af/I and the spin speed w, respectivelySl . 

The GP-B gyroscopes have Af/ I 5o 5 x JU--6 , causing the coning angle to be smaller than 

1 arcsec, and to average to the level of 1 marcsec in less than 5 seconds. Thus the London 

magnetic dipole represents the angular momentum direction, independent of polhoding. 

Figure 3. Schematic of the London 
moment readout sensing system. 

Figure 3 is a schematic of the London 

moment readout concept. Experiments 

conducted at GP-B6) have demonstrated 

that the London moment is the ground 

state of a superconducting rotating sphere. 

The same magnetic dipole is achieved 

independently of the thermal history of the 

process, that is cooling through the 

superconducting transition followed by 

spinning, or cooling after spinning. Note 

also that for films of above about 100 A the 

London moment magnitude does not 
depend on the thickness. 
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III. TRAPPED FLUX REDUCTION 

The Meissner effect predicts that a perfect superconductor will expel all magnetic flux 

when placed in a field small compared to the critical field. However, the 2.5 µm niobium 

film covering the 3.8 cm diameter quartz gyroscopes has enough defects to actually trap a 

density of flux lines roughly equivalent to low ambient fields in the range 10-3 G-10-7 G. 

The London moment read-out can be complicated by the polhoding induced motion of 

this trapped flux, therefore making it desirable to minimize the density of fluxons. 

Two methods for trapped flux reduction are used at GP-B. The first approach is based 
on the controlled thermal cycling of the superconductor, thus minimizing the thermally 

induced currents which generate the trapped flux. Using this method we achieve a dipole 

moment trapped in the sphere corresponding to a uniform field of about 0.2 µG, or a total 

of about 50 trapped fluxons6l. The second method makes use of the fact that in a spherical 

shell the number of right-handed and left-handed flux vortices is equal. A normal spot, 

produced by an infrared laser beam, is used to trap and sweep the flux lines until they 

close on themselves7l. The motion of the spot is produced by the slow rotation and 

precession of the gyroscope. Adjustable experimental parameters are the infrared power 
absorbed in the superconducting film 
(-0.3 mW), the pressure of the helium 

8 1000 
3 exchange gas (6xl0-3 Pa), and the spin 
Q ..., "' o;: 
f- 500 
z "' ..., � � O' 0 "' 

0 2 4 
TIME (hours) 

6 

Figure 4. Evolution of trapped 
magnetic dipole moment before (upper 
trace) and after flux flushing (lower 
trace). Dipole magnitude expressed in 
units of equivalent uniform field in the 
sphere. 

IV. MAGNETIC SHIELDING 

speed of the gyroscope (-0.5 Hz), resulting 

in a normal spot of about 50 µm radius. 

Using this technique the dipole moment 

corresponding to a field of 1 mG has been 

reduced to about 6% of its original level. 

Figure 4 shows the dipole moment 
component normal to the pickup loop, as a 

function of time, before and after the laser 

annealing. Further experiments, aimed at 

extending this technique to use in ultra low 

magnetic fields, are currently underway in 

an ambient field of 10-7 G. 

The London moment based readout requires shielding from external ac magnetic 

fields by thirteen orders of magnitude, and a de field of less than 10-7 G needed to insure 

low trapped flux in the gyroscopes. This level of shielding is achieved by using a system 

of superconducting magnetic shields, in conjunction with controlling the magnetic 
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properties of the probe materials. A ferromagnetic shield provides a lOmG magnetic field 

region within which the main field reduction is achieved by the expansions of 

superconducting lead foil cylinders. The foil cylinder, folded to minimize the cross­

sectional area, is cooled through its superconducting transition temperature. Cooling 

rates are controlled in order to minimize thermal gradient induced currents. Once the 

lead cylinder is superconducting, it is mechanically unfolded to its maximum diameter. 

This operation reduces the magnetic flux in the cylinder by roughly the ratio of the folded 

"---/ - ~ J 
4S� .• § & 

Figure 5. Lead cylinder expansion. 

to the expanded cross-sectional areas, a 

factor of about 20 in practice. Figure 5 

represents schematically the expansion 

process. This process is repeated with 

additional lead cylinders being expanded 

one at a time inside the reduced field 

produced by the previous expansions. The 

lowest magnetic field values achieved are 
about 5x10-8 G; with further reduction 

prevented by thermoelectric effects in the 

lead foilBl. 

The ferromagnetic shield and lead foil superconducting cylinder provide an ac 

shielding factor of about 109, while a superconducting cylinder surrounding the 

gyroscope increases the shielding factor to 1012. Finally, the superconducting gyroscope 
shields the readout loop from external fields by an additional factor of 10. The 

performance of the ac shielding scheme has been verified to the 2xl011 level, the 

limitation being the noise performance of the rf SQUID detectors usedBl. Measurements 

with improved resolution are currently being prepared. 
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467 

Gravity Probe B is a space based test of gravitational theory, making use of gyroscopes 
in a 650 km polar orbit to measure the precessions due to the geodetic and frame dragging 
effects. The present requirement for experimental accuracy is 0.3 marcsec/yr. We discuss 
improvements in the areas of gyroscope performance, gyroscope readout, and star 
tracking which will increase the measurement accuracy to about 0.07 marcsec for the 
1.5 years experiment duration. This translates in a measurement of the parametrized 
post-Newtonian (PPN) parameter y (mass produced curvature of three dimensional space) 
to one part in 105, extending the search for a possible scalar in gravity by two orders of 
magnitude, and allowing a test of the critically damped version of the Damour-Nordtvedt 
"attractor mechanism". 
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I. INTRODUCTION 

Gravity Probe B (GP-B)ll, also known as the Relativity Gyroscope experiment, is 

designed to measure very precisely the frame dragging and geodetic effects predicted by 

Einstein's General Relativity theory. Leonard Schiff'!) has calculated the relativistic 

precession Q of a gyroscope in a circular Earth orbit to be: 

- 3GM ( - ) GI [3R ( -) ] 
f.! = -- R x v  + -- - ·  & · R  - &  

2c2R' czR' RZ e e (1)  

where R and v are the location and the orbital velocity of the gyroscope, and I,  M, and &, 

are the moment of inertia, the mass, and the angular velocity of the Earth. 
The first term represents the geodetic effect, which produces a precession with a rate of 

6.6 arcsec/yr for a 650 km polar orbit, and is due to the motion of the gyroscope through 

the curved space-time around the Earth. This effect will be measured to about one part in 

10s, providing the most precise test to date of any of the positive predictions of General 

Relativity. The second term represents the effect is due to the dragging of the inertial 

frame by the rotation of the Earth, and its rate is 0.042 arcsec/yr. GP-B will measure the 

frame dragging effect for the first time and with a precision of about three parts in 103. 

��E���r 
�! 

GUIDE STAR : 
• 

I 
A0 "" .042 S8ci_yr (FRAME DRAGGING) 

Figure 1 .  Geodetic and frame dragging 

precessions predicted by General Relativity 

for a 650 km polar orbit 

The two precessions are measured 

by referring the local frame, 

determined by the gyroscopes, to the 

universal inertial frame, determined by 
a telescope pointed to a remote star, 

namely HRSl 10. Note that the proper 

motion of the star must be determined 
in a separate experiment. The 

experiment will be placed in a drag free 

satellite3l. As shown schematically in 

Figure 1, the polar orbit will result in 

orthogonal geodetic and frame 

dragging precessions, thus significantly 

simplifying the data analysis. 

Recent work by Damour and Nordtvedt4l shows that tensor-scalar theories of gravity 
can result in deviations from zero of the PPN parameter y of up to y - 1  ::; 4 x 10-5 •  These 

theories contain a mechanism which drives the world towards pure General Relativity, 

with the above deviation a result of the finite time elapsed since the end of the 

radiation-dominated era. This provides additional incentive to increase the measurement 
accuracy in order to add the test of this prediction to the GP-B testsSl. Expressed in terms 
of the PPN parameters, the relativistic precessions are: 
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- ( l ) GM ( - - ) ( 0:1 ) GI [3R ( - -) - ]  
Q = y + - -- R x v  + y + l + - -- - · OJ · R - OJ  

2 c2R' 4 2c2R3 R 2  ' ' 
(2) 

The following sections of this paper describe progress recently made at GP-B, in the 

areas of gyroscope performance and readout, and of guide star tracking, which resulted in 

the increase of the measurement accuracy from 0.3 marcsec/yr to about 0.07 marcsec for 
1.5 years, thus offering the means of measuring y to one part in 10s. 

II. GYROSCOPE PERFORMANCE 

Four high precision, cryogenic, electrostatically suspended gyroscopes determine the 

reference frame in the vicinity of Earth. Residual torques are reduced to a minimum by 

using a drag free satellite and by carefully controlling the sphericity of the gyroscope and 

its housing. The ratio of the surface non-uniformity, with respect to the 1.9 cm spherical 

radius, is about 10-6 for the gyroscope and 10-S for its housing. The drag free technique 

uses the thrust of helium, boiloff from the experiment's dewar, to maintain the spacecraft 

centered around a drag free sensor which floats in vacuum near the center of mass of the 

satellite. This assures a residual acceleration level of about 10-9 g (g = 9.81 m/ s2) at the 

drag free sensor, which is averaged by the satellite roll to better than 10-12 g transverse 

acceleration. Due to their location away from this sensor, the individual gyroscopes will 

experience a residual acceleration of about 10-8 g caused by the Earth's gravity gradient. 

The main residual torques on the gyroscopes are caused by the interaction of the 

electrostatic suspension system (needed to compensate for the gravity gradient 

acceleration) with the imperfections of the gyroscope surface. 

Table 1 .  Gyroscope disturbance precessions 

GYROSCOPE SUPPORT 

DISTURBANCE TYPE Supported Unsupported 
(marcsec/vr) (marcsec/vr) 

Mass Unbalance (25nm) < 0.014 < 0.002 
Electrostatic Suspension < 0.140 < 0.010 
Residual He Gas(lQ-11 torr) 

Differential Damping < 0.006 < 0.006 
Brownian Motion < 0.001 < 0.001 

Rotor Charge (lOpC) < 0.010 < 0.010 
Gravity Gradient < 0.001 < 0.001 
Cosmic Radiation < 0.001 < 0.001 
Magnetic < 0.001 < 0.001 
Photon Gas < 0.001 < 0.001 
ROOT SUM SQUARE < 0.140 < 0.016 

One of the fourfold redundant gyroscopes can be used as the drag free sensor, thus 

removing the suspension, and therefore the main contributions to the torques. The drift 
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rate is reduced from 0.14 marcsec/yr, for the supported gyroscopes, to 0.016 marcsec/yr 

for the unsupported gyroscope. Table 1 summarizes the disturbance precessions for 

supported and unsupported gyroscopes, assuming 130 Hz spin speed, 10-12 g average 

transverse acceleration, and 10 arcsec misalignment of the roll and spin axes. The 

disturbance precession increases with time, and is 0.024 marcsec for 1.5 years for the 

unsupported gyroscope, and 0.12 marcsec for the combined three supported gyroscopes. 

III. GYROSCOPE READOUT 

The gyroscope readout is based on the detection of the London dipole moment, 

created by a spinning superconductor. Precession of the angular momentum is mirrored 

by the precession of the magnetic dipole, and induces variations of the flux threading a 

loop concentric to the gyroscope, which are then measured by a SQUID magnetometer. 

Rolling of the satellite around the line of sight to the guide star, (also the gyroscope spin 
axis), allows readout at roll rate, thus avoiding zero frequency measurements. 

The noise in the readout system is dominated by 1/f noise, making it desirable to 
increase the roll rate. This however has a number of drawbacks, the main one being the 

centrifugal force on the gyroscopes caused by misalignment of their centers of mass to the 

roll axis. Improvements in the experimental probe have recently allowed the increase of 
the roll rate from 1.7 mHz to 5.5 mHz thus significantly reducing the expected readout 

noise. Coupled with reductions in the noise level of the de SQUID system, this has 

reduced the expected error in the readout system to the level of about 0.11 marcsec/yr. 

Figure 2 shows the results of a Monte Carlo simulation (0.09 marcsec/yr) and of the 

calculated readout error for a one year experiment. Each gyroscope has a dual readout, 

consisting of two parallel SQUID systems, thus allowing for a reduction of the error to 

0.78 marcsec/yr. Furthermore, the readout error decreases with the square root of time, 

resulting in an error of 0.064 marcsec for 1.5 years, (9.9 arcsec geodetic precession). 
10  

-6 
-8 

\ . . . . . . 
\ : - - - CALCULATION:ERROR = 0.11 marcsec/yr · y >---:- SIMULATION: ERROR = 0.09 marcsec/yr 

/. 
I 

·100 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
TIME (years) 

Figure 2 .  Monte Carlo simulation 

solid line) and theoretical calculation 

(dashed lines) of readout error for 

one year experiment. 
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IV. GUIDE STAR REFERENCE 

The third and last major component of the experiment is the optical telescope which 

gives the reference to the guide star. Originally the guide star was Rigel with a 

declination of DECL = -8°13' and luminosity my = -0.1. This choice was dictated by the 

sensitivity of the optical detection system: photo multipliers, choppers, fiber optics, and 

optical windows. A new detection system using cryogenic photo detectors and JFET 

preamplifiers now allows the telescope readout to utilize stars down to magnitude my - 6. 

Consequently, guide star candidates now include stars with radio emission, making it 

possible to use VLBI to provide accurate measurements of the proper motion of these 

stars. Two promising candidates are the close in binary systems (< 1.6 marcsec) HR1099: 

DECL = 0°36', my = 5.7, and HR5110 DECL = 37°10', my = 5.0, with HR5110 being the 

present choice. The present accuracy of the measurement of the proper motion of HR5110 

is 0.1 marcsec, and is expected to be improved to 0.025 marcsec in the next 3 years. 

V. CONCLUSIONS 

The errors in the three major areas of the GP-B experiment have been reduced to 

0.064 marcsec, 0.025 marcsec, and 0.024 marcsec for the readout, star tracking, and 

gyroscope respectively, resulting in a total expected error of 0.073 marcsec for 1.5 years, 
and a measurement of y to 1.1 parts in ms. Future possible improvements are: 1) lower 

gyroscope charge and position measurement voltages, and higher vacuum resulting in an 

unsupported gyroscope error of 0.012 marcsec, 2) reduction in the SQUID noise, and 

increased roll and spin rates, reducing the readout error to 0.040 marcsec, 
3) determination of the proper motion of the guide star to the 0.01 marcsec level, and 

4) modeling of the disturbance torques of the supported gyroscopes to the 10% level, 

reducing the error of their ensemble to 0.012 marcsec. If realized, the first three 
improvements will reduce the total error of 0.045 marcsec, and allow a measurement of y 
to seven parts in 106, while torque modeling will further reduce the error to 
0.032 marcsec, and result in a measurement of y to five parts in 106. 
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Abstract 

We consider in this article the quantum limits for measurements on macro­

scopic bodies, which are obtained in a novel way, employing the concept of 

decoherence coming from an analysis of the quantum mechanics of dissipative 

systems. Two cases are analys�, the free particle and the harmonic oscillator 

and for both systems, we compare our approach with previous treatments of 

such limits. 
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One of the outstanding problems in contemporary physics is the detection of the gravi-

tational waves predicted by Einstein in his General Relativity Theory [1] . The detection of 

such waves presents a challenge to the experimentalists who have to monitor extremely small 

fluctuations in the position of macroscopic bodies [2]. The sensitivity planned for the future 

generation of detectors, will bring us close to the limits imposed by quantum mechanics [3]. 

It is our purpose in this letter to examine in detail the obtention of quantum limits for 

free masses and for the harmonic oscillator, subjected to thermal fluctuations. We rely on 

the methods developed by several authors to analyse the quantum mechanics of a system 

in interaction with its environment [4] .We differ in this respect from Braginsky [3] who 

uses a two step procedure in order to obtain the quantum limits, firstly considering the 

limits imposed by the uncertainty principle on an isolated system, not subjected to thermal 

fluctuations and then, in the second step, looking at the same system, this time classically 

behaved but interacting with the environment. This procedure is, in our view, unacceptable 

since it ignores that the system is always in contact with the environment. There is no need 

for this asymmetry, treating the system classically when subjected to thermal fluctuations, 

but ignoring the latter when viewing it quantum mechanically. 

Following the approach of references [4], we are led to consider the master equation for 

the evolution of the reduced density matrix p in the coordinate representation, describing 

the state of the system under consideration 

dp i , (Bp Bp ) 2m/kBT , 2 
dt = -h [H, p] - i(:v - :v )  Bx - Bx' - -,.,,-2-(x - :v )  p (1) 

For our purposes the relevant term in Eq.(1) is the last one. We see that this term 

contains the thermal fluctuations in a quantum mechanical context, entailing a characteristic 

scale which gives the decoherence time.The decoherence time characterizes the vanishing of 

the off-diagonal elements of the density matrix, which provide a measure of the quantumness 

of the system [4] . From Eq.(1) the decoherence time scale is given by 

1i 2 
TD = ������ 2m/kBT(�x)2 (2) 
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In (1)  and (2) ,,-1 is the relaxation time of the system, m the mass and T the temper­

ature. A proper interpretation of Eq. 2 indicates that (�:z:)2 is the mean square deviation 

of the position of the system. We will come back to this important point at the end of this 

letter. 

Let us now apply the above concept in order to obtain the quantum limits for two systems, 

the free particle relevant to laser interferometric antennas, and the harmonic oscillator, 

relevant to mechanical bars. Free Particle The quantum limit is obtained when (�:z:)2 in Eq.(2) becomes of the 

same magnitude as the uncertainty arising from Heisenberg's principle, when applied to 

successive measurement of the position of the free particle separated by a time interval T • 

This quantum mechanical uncertainty is given by [3] 

(3) 

Inserting (3) into the expression for TD ( Eq.(2) ), we obtain 

(4) 

If TD is greater than the time interval between two successive measurements, T , the 

system must be treated quantum mechanically. When this happens we obtain the quantum 

limit 

(5) 

Since ,,-1 is the relaxation time of the system (T*), Eq.(5) can be rewritten in the more 

usual form 

(6) 

which is the limit obtained by Braginsky [3], who arrived at this result by a somewhat 

obscure path, as we will make explicit later on. 
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Harmonic Oscillator For a harmonic oscillator of fundamental frequency w, the Heisen-

berg uncertainty principle gives 

h 
(�:z:)2 � 2mw (7) 

for a measurement time of the order of the period of the harmonic oscillator ( T � �) • 

Replacing (7) into (3) leads to 

Imposing rv > T gives the quantum limit for the oscillator 

h > ,._/BTT 
= 

kBT !_ 
w w r* 

(8) 

(9) 

A similar result was obtained by Braginsky [3], only differing from (9) by a numerical 

factor. 

Having shown how to obtain the quantum limits in an internally consistent way, which 

takes into account both quantum and thermal fluctuations, we now raise one further objec-

tion to the derivation by Braginsky of the quantum limit for a free particle. 

The authors of reference [5] use as the starting point, Nyquist's theorem which gives for 

the spectral density of the fluctuating force the result 

(10) 

Then they use this fluctuating force properly integrated over a range of frequencies �w � 
r-1 , to find the displacement of the particle, :z: = :z:0 + �at2 under a constant acceleration 

given by 

a =  m (11) 

which then gives for the displacement 

(12) 
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This result is in disagreement with a standard treatment of the Brownian classical parti­

cle [6] . Of course the latter treatment refers to the mean square deviation of the position of 

the particle, which as a matter of fact is what is monitored in gravitational wave antennas [2] , 

while Braginsky considers a displacement, to be later on compared with a fluctuation (from 

Heisenberg's principle). By sheer coincidence his result is the same as the one obtained by 

us. Finally we remark that when Braginsky considers the harmonic oscillator, the classical 

part is treated in the right way, as a fluctuating Brownian particle in the potential of a 

harmonic oscillator. 

We finish this letter with a comment to the respect of the validity conditions of the 

master equation (1).  It is normally referred in the literature as been derived in the high­

temperature limit. The results of Zurek [7] indicate however its validity outside this domain. 

Next we plan to attack the problem of quantum non-demolition measurements [8] taking 

into account dissipative effects. 
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ABSTRACT 

Solving the cosmological constant problem in the unified theories by means of a scalar field 
results in the gauge coupling constants which are time-dependent beyond the observational 
upper bounds by many orders of magnitude. We propose a remedy by exploiting "hesitation 
behavior" of the scalar field, a highly nontrivial solution of the cosmological equations. In this 
connection we also propose a new type of experiment to probe a/ a, time variability of the 
fine-structure constant, by using a high-finesse Fabry-Perot interferometer. 
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In spite of remarkable achievements for an ultimate theory supposed to unify particle physics 
and gravitation, we find the cosmological constant still remaining to be a major problem; the 
theoretical prediction is larger than the observational upper bound by as much as 120 orders 
or so. So serious that, unfortunately or understandably, only few people have tried to face it. 
But we have to do something. Otherwise the whole program for unification will be seriously 
undermined. Probably the only promising way out is to abandon the very notion that the 
cosmological constant is a true constant. 

More specifically, one would expect that A(t) decays like � r2 as a function of the cosmic 
time t .  This is nice because it gives us a simple and natural way of understanding a small 
number like 10-120 . The point is that the present age of the universe t0 � 1010y is of the 
order of 1060 in units of the Planck time � 10-43sec, which is the fundamental time unit 
in the physics of unification. Its inverse square gives naturally 10-120 . In this scenario of "a 
decaying cosmological constant," today's cosmological constant is unusually small only because 
our universe is old, not due to any unnatural fine-tuning of parameters. 

The simplest way to implement this scenario, as a dynamical effect starting out from a 
truly constant A, is to introduce a scalar field, as in the Jordan-Brans-Dicke theory [1-2] . It is 
amusing to find that in most of the theoretical models of unification we find some candidates 
of the scalar field of this type. The most probable candidate is the "dilaton" field, having some 
relevance to two-dimensional conformal invariance of the theory. 

If we look into some details of this theory, we find that the scalar field must grow with time 
steadily without turning back. This is a condition necessary for the success of the scenario, as 
we can see from Weinberg's argument [3]. We should accept a scalar field which keeps changing 
with t·ime even today. 

Also there is a difference from the original JBD theory. The dilaton field, or almost any other 
candidate scalar field, couples to matter fields, particularly to the gauge fields. Combining this 
with the above result we come to conclude that the observed gauge coupling constants, including 
the usual fine-structure constant, must keep changing with time even today. Most naively, we 
expect a power-law behavior of a(t), then 6:/a � lo-10y-1 at the present time. 

How about the observation? Here is a brief summary of the past results. 

Table I: O bservational upper bounds on &./a and Cr.sf a., for the electromagnetic(E) 
and strong interaction(S), respectively. 

Source Interaction Upper bound (y-1 )  
Very long-lived nuclei [4] E 3 x 10-13 
Primordial nucleosynthesis [5] s 2 x 10-12 
Stellar nucleosynthesis [6] s 10-13 
Distant QSO [7] E 4 x 10-12 
Oklo phenomenon [8] s 5 x 10-19 
Comparison with atomic clocks [9] E 3 x 10-13 

Results for the electromagnetic and strong interactions should be interpreted as essentially 
the same from the point of view of unified theories. As we see, these are all the upper bounds; 
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no evidence for the time-variability has been ever reported at the level of 10-10y-1• The most 
stringent constraint gives a number as small as � 10-19y-1, nearly 9 orders smaller than what we 
expect naively. This seems to be another serious confrontation between theory and observation. 

I propose a remedy, taking advantage of what I call a "hesitation" behavior of the scalar 
field [2] . Recently we discovered a highly non-trivial solution of the cosmological equations in 
which the scalar field, which basically grows with time, may stay nearly constant for some 
time. This is due to a subtle competition between the "force" driving the scalar field and 
the cosmological "friction." According to this mechanism, the observed no time-variability of 
the coupling constants would be because we at the present time happen to live during this 
hesitation period. I also emphasize that this behavior is a rather common phenomenon sharing 
essentially the same origin as what is widely known as the "relaxation oscillation" in nonlinear 
systems. Incidentally, the cosmological constant had decayed sufficiently fast before the onset 
of the hesitation. 

The obvious drawback of this approach is that the theory is so flexible that it lacks predictive 
power; we have no unique prediction on how much iY./ a should be. At the same time, however, 
we have no theoretical reason why iY./ a should be far below the upper bounds obtained so far. 
It may be waiting for to be discovered right there. In this sense, searching for iY./ a with a better 
accuracy might be justified. In what follows, we suggest a possible new type of experiment. 

As an example, consider an alkali atom with a fine-structure doublet. For the two transitions 
(i = 1 , 2) ,  the frequencies or the wave-numbers are given by 

(1 )  

where a =  e2 /fie � 1/137. Also k0 = (µcZ2a2 /2n2fi ) and 

(2) 

where Ki = -£ - 1 or C, according to i; = C + 1/2 or C - 1/2, respectively. Notice that the ratio 
of the two wavelengths depends only on a2 and a pure constant. Measure this ratio at different 
occasions separated by a year, for example. We then may be able to probe a possible change 
of a. 

For this purpose we prepare a Fabry-Perot cavity as an ultra sensitive spectrometer, as shown 
in Fig. 1. A Fabry-Perot cavity or resonator consists of a completely reflecting mirror and a 
partially reflecting mirror with the reflection coefficient R, separated by a distance L. Suppose 
a laser beam is injected, taking aside the complication due to two beams for the moment. Major 
part of the beam is reflected back on the surface of the first mirror but the remaining part goes 
into the inside, going back and forth, re-emerging and producing an interference pattern at the 
photo detector. 

The re-emerging beam would be strong enough only at resonances defined by kL = 2ir x 
integer. On the other hand, the resonance width with respect to kL is 1 - VR � H l -R)/VR = 

(ir/2)F-1 ,  where F is called "finesse." The closer R to 1, the larger F, and hence giving the 
better resolving power of the spectrometer. Now suppose the length L is changed continuously. 
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Then at the detector we observe "dark fringes" appearing successively as L passes through the 
resonance positions. 

Laser -1 

Signal of!aser-1 

Vacuum chamber 

Fabry=Perot interferometer 
L 

Signal of laser-2 

Figure 1 :  A schematic illustration of the apparatus. 

In fact we inject two laser beams corresponding to the two transitions simultaneously and 
coaxially. But they are distinguished from each other by applying different modulation fre­
quencies . Make certain adjustment such that we observe dark fringes simultaneously for the 
two beams. Starting from this position of coincident dark fringes, move the mirror. We would 
observe no coincident dark fringes any more because the wavelengths are different. But after 
NI (N2) dark fringes have passed in the beam 1 (2), we may find another coincident or near 
coincident dark fringes again for NI/N2 >::! kI/k2• We may think of a vernier. Of course, the 
coincidence should be approximate in practice. 

Repeat the same experiment a year later (fi.t = ly). Namely first find a position of a 
coincident dark fringes for certain length. Starting from this position change the length L .  
After having passed NI dark fringes in  the beam 1 ,  check if  we find the coincident dark fringes 
again in the beam 2. If we do as before, a must be the same as a year before. If we find instead 
a shift of the positions of the two dark fringes, it would indicate the change of a. 

This shift can be expressed in terms of the phase difference c5.P given by 

(3) 

where fi.L is the change of distance, and fi.(3 is the difference of f3;· The phase difference is 
naturally proportional to ix/ a and the sensitivity, namely the finesse. 

As we learn, finesse as large as 106 is now available [10] . To measure the phase difference, 
we lock one of the wavelengths to a stabilized standard laser with its accuracy � 10-I3 .  This 
implies c5.P � 10-1. Using these values together with fi.(3 � 102 and fi.L � lOcm, we find that 
we can probe ix/a to 10-I7y-I . We may expect to improve the result even further. In spite of 
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many technical difficulties ahead, I believe this is a promising way, because this is a controlled 
laboratory experiment unlike most of the past attempts. 

To conclude, I add two remarks. First, the scalar field may show up as the fifth force 
[1 1 ] .  Although without any experimental evidence so far [12] , the theoretical motivation for this 
phenomenon is still strong. We have some good reasons why the strength would be weaker than 
what had been suspected earlier [2]. We still encourage the experimentalists to continue their 
efforts whenever a new technology becomes available for the better accuracy. I myself propose 
a new experiment by using an ultra-sensitive laser interferometer with high-finesse Fabry-Perot 
cavities, as an improvement of my past suggestion [13]. 

Secondly, and finally I add [14] that the hesitation behavior of the scalar field may allow 
us to understand a possible small but nonzero cosmological constant recently suggested by a 
number of cosmological analyses [15]. 
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ABSTRACT 
The effect of the post-Newtonian corrections on the detectability of the 
gravitational-wave signal from a coalescing binary is investigated. We show 
that the post-Newtonian signal can be identified with a high probability using 
the Newtonian waveform as a filter. 

485 



486 

1 Introduction 
It is currently believed that the gravitational waves that come from the final stages of the 
evolution of compact binaries just before their coalescence will be the most likely waves to 
be detected by long arm laser interferometers l). (The two projects to bulid such detectors -
LIGO and VIRGO - are already approved and they are rapidly progressing.) The reason is 
that in the case of binary systems we can predict the gravitational waveform very well; and 
the amplitudes are reasonably high for sources at distances out to 200 Mpc so that several 
events per year can be expected. The waveform derived using the quadrupole formula 
has been known for quite some time2l . A standard optimal method to detect the signal 
from a coalescing binary in a noisy data set and to estimate its parameters is to correlate 
the data with the filter matched to the signal and vary the parameters of the filter until 
the correlation is maximal. The parameters of the filter that maximise the correlation are 
estimators for the parameters of the signal. The detailed algorithms and the performance 
of the matched-filtering method has been investigated in several referencese.g.3),4),5) . It has 
been recently realized7) that the correlation is very sensitive to even very small variations 
of the phase of the filter. Consequently the addition of small corrections to the phase of the 
signal due to the post-Newtonian effects decreases the correlation considerably. Thus the 
post-Newtonian effects in the coalescing binary waveform can be detected and estimated 
to a much higher accuracy than it was thought before6l . This opens new prospects but 
also considerable data analysis challenges for the LIGO and VIRGO projects. It was 
also found7l that the post-Newtonian series is not converging rapidly for a binary near 
coalescence. Hence higher post-Newtonian corrections will affect the correlation. Only the 
first two post-Newtonian corrections to the quadrupole formula are presently known and 
the calculation of further corrections is a major problem. In this article we analyse the 
detectability of the post-Newtonian signal using the Newtonian waveform as a filter. This 
tool was suggested as a possible search template by Cutler et al. 7) . The units are chosen 
such that G = c = 1 .  

2 Post-Newtonian effects 
Let us first give the formula for the gravitational waveform of a binary with the two currently 
known post-Newtonian corrections. We make two further approximations to the waveform. 
We assume that the orbit of the binary is quasi-circular, which is justified due to the effect 
of rapid circularization of the orbit by radiation reaction, and we only include the post­
Newtonian corrections to the phase of the signal keeping the amplitude in its Newtonian 
form; this is because the effect of the phase on the correlation is dominant. With these 
approximations the waveform, as a function of time, is given by the following expression, 

(1) 8 µm2/3 

i
t 

h(t) = 511"2/3� f(t)213 cos[211" f(t')dt' + ¢], 
tm 

where ¢ is an arbitrary phase, µ and m are the reduced and the total mass of the 
binary, respectively; tm is some time parameter and R is the distance to the source. 
The characteristic time for the evolution of the binary to the currently known 3/2 post­
Newtonian order is given by7) 

(2) ! 5 1 1 TPN3/2 := df/dt = 9fi µm2/3 (11"/)8/3 X [ 743 11 µ ] 1 + ( - + - -)(7rm/)2/3 - (411" - s)(7rmf) 
336 4 m 
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where s is a spin parameter. 
To calculate the expectation value of the correlation of the noisy data with the matched 

filter it is convenient to go to the frequency domain. The expression for the Fourier 
transform of our signal in the stationary phase approximation is given by 

(3) h = A.r716 exp i[211"ftm + <P - 11"/4 + a(f)k + ai(f)k1 + a312U)k312] , for f > 0, 

(and by the complex conjugate of the above expression for f < 0) where 

(4) A 

(5) k 

(6) a(!) 

(7) ai(f) 

(8) a312U) 

1 µt/2ml/3 
(30)1/2 11"2/3 --R-

1 1 7 43 11 µ m113 -- , ki = -(- + --), k3/2 = --(411" - s), µm2/3 µ 336 4 m µ 
1 3 571"f 8 

128 (
(11"!)5/3 + 

(11"fm)8/3 - (11"fm)5/3 ), 

5 1 11"f 2 
96 ( 11"f + (11"fm)2 - 11"f)' 

1 3 271" f 5 
- 32 (

(71"!)2/3 + 
(11"fm)5/3 - (11"fm)2/3 ) 

hold and where fm = f(tm)· Notice a(fm) = ai(fm) = a3J2Um) = 0. 
The stationary phase approximation, eq.  (3), is an excellent approximation for 

frequencies f that are somewhat larger than the initial frequency f; where the signal starts. 
In the following calculation we shall choose f; = lOHz. 

The expression for the expectation value of the correlation is given by 

(9) H(flt, !1¢, flk, flk1 , flk312) = 

-2 f,00 df 4A J; Sh(f)J
7!3 cos[211" f flt +  fl¢ + a(f)flk + ai(f)flk1 + a3/2(f)flk312J , 

where flt means the difference in the time parameters of the signal and the filter and Sh(!) 
is the spectral density of the noise. The performance of the matched filtering technique 
is determined by the following two quantities, signal-to-noise ratio d = J H(O, O, O, 0, 0) 
and the Fisher information matrix r = 82H/80s80F(0s = 0F), where S refers to the 
parameters of the signal and F to the parameters of the filter3l . The inverse of the matrix 
r gives bounds on the covariances of the parameters of the signal. 

In this investigation we shall use a simple approximation for the spectral density Sh(!) 
of the noise in the advanced LIGO detectors, devised by Cutler and Flanagan5l , 

(10) 

where f0 = 70Hz and S0 = 3 X 10-48Hz-1 . Then for a binary at the distance of lOOMpc 
with components of 1 .4 solar mass (M0) each and spin parameter s = 0.024 we get for the 
signal-to-noise ratio and the accuracy of the mass parameters 

(11) 

(12) 

d 
cµ 
µ 

29.6, 

3.39 x 10-2
' 

cm 
= 5.06 x 10-2 • 

m 

We see that the accuracy with which the post-Newtonian effects can be estimated is 
high. 
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3 The Newtonian filter 
The high performance of the filtering will only be possible if the filter can match the 
post-Newtonian effects accurately. We demonstrate that this can be done just with the 
Newtonian filter. Let us consider the correlation of the post-Newtonian signal with the 
Newtonian filter. Then the argument <l1 of the cosine in the integrand of the correlation, 
eq. (9), takes the form, 

(13) 

Let us examine the functional behaviour of <l1, eq. (13), around the frequency fm · We find 

(14) 5 2 /1k ki k3/2 cf1(f) = 2trff1t + f1</> +  96(!/Jm - 1) [ (trfm)5/3 + trfm - (trfm)2/3] 

+ O[(f/fm - 1)3] . 

The amplitude of the integrand Sh(f�J'fa in eq. (9) has a maximum at a frequency f� where 

f� = 46.57Hz for the frequency /0 given above. The expectation value of the correlation 
is maximal when the absolute value of the phase function is as small as possible near the 
frequency f�. From eq. (14) we get the following solution for the parameters of the filter, 

(15) 
(16) 

11tmax = tmFmax - tms '.:e 0, 11</>max = <f>Fmax - </>s '.:e 0, 
l:!..kmax = kFmax - ks '.:e -k1(tr fm)213 + k3/2(tr fm)· 

For the frequency fm = 46.57Hz this gives kFmax - ks = -0.01509M05/3. We have 
also investigated the problem numerically, using expression (13). For convenience we have 
chosen the upper bound of integration to be 200Hz and found the maximum to be located 
at 
(17) 11tmax = -3.727 X 10-3sec, 11</>max = 1.491, 11kmax = -0.01558M0513. 
The signal-to-noise dmax ratio was found to be 26.5, i.e only 10.5% less than the value for 
the post-Newtonian filter. Thus, the detectability with the Newtonian filter is degraded 
very little. Moreover, the estimated value of the Newtonian parameter k will be shifted by 
an amount determined by the post-Newtonian corrections. 
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We have proposed measuring the acceleration of antiprotons in the Earth's  
gravitational field by launching antiprotons from a thennal distribution at 4 K upwards 
against the force of gravity and measuring their time-of-flight (TOF). The TOF 
distribution thus obtained will exhibit a cut-off representing the minimum kinetic energy 
necessary to reach the detector at the top of the experiment. The cut-off time is 
independent of the inertial mass of the particles and is a direct measure of g for the 
particles studied. We propose to compare the cut-off time, and thereby g, of negative 
hydrogen ions and antiprotons. The single most difficult problem to be solved for this 
method consists of shielding all stray-electric fields to a level where the force of gravity is 
the dominating force acting on the particle. Alternative methods for reducing the effect of 
stray-electric fields are discussed and a brief analysis of experimental possibilities using 
neutral antihydrogen atoms is presented. 
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1. THE FREE FALL EXPERIMENT - PS200 

In 1 986 we have proposed I) measuring the acceleration, g, of antiprotons in the 

Earth's gravitational field by launching antiprotons from a thermal distribution at 4 K 

in groups of approximately 1 00 particles upwards against the force of gravity and 

measuring their time-of-flight (TOF) for a 1 m flight path. Due to the distribution of 

initial energies, a time of flight distribution will be observed. This TOF distribution 

will exhibit a cut-off representing the minimum kinetic energy necessary to reach the 

detector at the top of the experiment. This cut-off time is independent of the particle's 

inertial mass and of the detailed shape of the thermal distribution the particles are 

launched from, and is a direct measure of g for the particles under study. We plan to 

compare this cut-off time, and thereby g, of negative hydrogen ions and antiprotons to 

a level of accuracy of better than 0 . 1  %. 

1 . 1  Capture and cooling of antiprotons 

An important part of experiment PS200 is the supply of a large number of ultra­

low energy antiprotons. Numerical models have shown that launching 1 06 to I O  7 

particles from a thermal distribution at 4 K will allow a measurement of g at the 0 . 1  % 

level (on statistical grounds only). Many repetitive shots will be necessary to study 

systematic effects, but a minimum of 1 06 particles is needed in the trap at one time to 

collect a single time-of-flight spectrum with meaningful statistics. 

The lowest energy at which antiprotons are currently available is 5 .9 MeV at the 

Low Energy Antiproton Ring (LEAR) at CERN. This is much too high for this 

experiment and a staged deceleration scheme has been developed and tested over the 

past years to bridge this gap of nine orders of magnitude. High energy antiprotons are 

slowed down by passing them through materials, due to collisions with the nuclei in 

the material antiprotons loose energy and eventually come to rest and annihilate. If the 

material is chosen thin enough, antiprotons can escape before annihilating, and the 

number of antiprotons escaping with kinetic energies below a specific value can be 

optimized. We have found experimentally, that the yield of antiprotons emerging at 

energies below 30 keV (50 keV) is maximized around 2 .5% (5%) by setting the 

thickness of the "degrader" material such that 50 % of the incident antiprotons are 
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transmitted2>. Particles at these energies can be captured in a combination of 

electrostatic and magnetic fields, commonly known as Penning traps3>. Once captured, 

they can be cooled by interaction with a cold gas of electrons stored in the same 

volume4l . 

For ease of injecting external beams, as well as to allow a large ratio between 

axial and radial dimensions of the trap which is necessary to match the trap phase 

space to the accelerator output, we have chosen an open end-cap design consisting of 

a series of cylindrical electrodes with specific length to radius ratios5l . The trap 

consists of two nested system: (a) a long, non-harmonic portion comprised of the 

degrading foil and a cylindrical electrode which are separated by approximately 50 cm 

distance and can support up to 60 kV electrical potential with respect to ground, and 

(b) a central portion consisting of 5 cylinders with lengths carefully adjusted to provide 

a harmonic potential near the center of the trap. The entire system is situated in the 

cryogenic bore of a horizontal, super conductive magnet system which provides an 

axial magnetic field ofup to 6 Tesla. 

The principal design parameter for the trap is the length necessary to capture all 

particles of energies up to 30 keV kinetic energy emerging from the degrading foil 

during a pulse from LEAR of typically 200 ns duration. At a 1 m round trip distance, 

the time remaining after the last particle has entered the trap before the first 30 ke V 

particle is reflected back to the entrance is 220 ns. Our 30 kV pulser has a 1 25 ns rise 

time, allowing 95 ns for jitter and uncertainty in the trigger timing under present 

conditions. A 60 kV pulser, capable of rise times of 90 ns has been constructed and 

tested at Los Alamos, and can be added to the system at a later date to capture a larger 

energy bite from the incident beam. 

In testing the first part of the experiment, the PS200 catching trap, we have 

successfully captured up to approximately 1 ,000,000 antiprotons from a single, fast 

extracted pulse from LEAR. We have stored these particles for several minutes and 

have observed electron cooling to low energy with a time constant of approximately 10 

- 20 seconds6l. 
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1.2 The free fall experiment 

The principle of the proposed method to measure the gravitational acceleration 

of antiprotons has been pioneered by a challenging experiment performed at Stanford 

University in the 60's7l. The authors of this experiment reported a zero net force on 

free electrons traversing a vertical shield tube. This result was explained by the fact, 

that the free electron gas in the metal tube, used to shield external electric fields, 

sagged under the influence of gravity until an electric field was generated by the 

density gradient thus produced, which counteracted the force of gravity. To obtain this 

measurement, stray electric fields due to variations in the work function along the 

inside surface of the shield tube (the "Patch effect") had to be below 1 0-1 1  V/m. 

In the experiment proposed here the requirements on reducing the field inside 

the tube can be relaxed by three orders of magnitude due to the inertial mass of the 

antiproton being 2000 times larger than the electron mass. Nevertheless, due to the 

controversy surrounding the interpretation of the electron experiment, a systematic 

study of the patch fields has been recognized as an important part of our experimental 

program. To minimize the electric fields on the central axis of a cylinder due to 

patches with differing work functions along the surface of the inside wall of the 

cylinder, one needs to minimize the variation in work function from patch to patch as 

well as the size of the individual patches. Patch sizes can either be dominated by the 

intrinsic structure of the material or by adsorbs on the surface. For these reasons it 

becomes apparent that an amorphous, non-reactive, single component (no alloys) 

material is the best choice. We have used a vibrating capacitive probe (Kelvin probe) 

to study small samples of different surfaces and have identified two candidates: 

graphite in form of an aerosol spray (Aerodag™) and ultra-thin layers of gold on a 

germanium sub-layer
8J. Both these surfaces do not exhibit any work function variations 

at the level of the instrument resolution of the Kelvin probe of 1 m V, but the observed 

changes in overall work function when using graphite samples with different degrees 

of orientational disorder may point towards work function variations not too far below 

the resolution lirnit
9l. Such an effect is not expected for the gold/germanium surfaces. 

One obvious solution to increase the sensitivity of these studies is to use the 

time-of-flight method itself as a probe for the surface electric fields present in the 
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system. For this purpose we have constructed a test experiment consisting of an ion 

source, a drift tube, and a particle detector10). Ions are being transferred from the ion 

source to the entrance of the drift tube at I - 2 ke V energy to minimize the error in the 

definition of the start time. Here they are retarded by an electric potential to zero mean 

kinetic energy. Some ions are rejected, others are still traversing the drift tube at high 

energies, but with proper choice of the current density in the pulse from the ion source 

a small portion of ions (preferably less than one per pulse) is entering the drift tube 

near zero kinetic energy. These particles are sensitive to the fluctuations of the electric 

field along the tube axis and there time-of-flight will provide a measure of the rms 

fluctuations down to a level comparable to the force of gravity on the ion species used. 

We will start with relatively heavy ions (i.e. Xe) to probe electric field fluctuations at 

the I 0-5 level and then successively increase the sensitivity of these tests by choosing 

lighter and lighter ions until ultimately arriving at protons. 

Preliminary tests of this system have revealed a high neutral background density 

from the ion source which is saturating the particle detector during and shortly after the 

ion pulse is injected. This prompted us to install a small Penning trap as an 

intermediate storage unit between the ion source and the drift tube. This trap can 

dynamically capture more than 1 06 charged particles from the ion source and release 

them again with a delay sufficiently long to let the neutral background decay away. We 

anticipate first results from this set-up late 1 994. 

1.3. Alternative methods to measure ''g" on charged particles 

Prompted by the difficulties in shielding stray electric-fields to a level of 

10-7 V/m and better, alternative methods to measure the gravitational acceleration of 

antimatter have been discussed. At first sight, an obvious solution would be to use a 

neutral particle. Before discussing this, I would like to briefly present an alternative 

idea to measure the gravitational acceleration of a charged elementary particle. This 

method has been discussed in the literature1 1 ) and recently a detailed technical analysis 

has been completed12). 

Imagine a charged particle movmg horizontally along the field lines of a 

homogeneous magnetic field. This particle will experience a sideward drift due to the 
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crossed magnetic and gravitational field, similar to a particle moving m crossed 

electric and magnetic fields. The displacement by this drift motion is too small to be 

observed in a linear mode in an apparatus of sensible dimensions, but can be 

accumulated to macroscopic size by deflecting the particle back and forth between two 

electrostatic mirrors 
1 1  l. One detailed technical realization of this idea is to confine the 

particles in a horizontally oriented Penning trap. As shown by Lagomarsino et. ai12l, 

the result of gravity is an upward displacement of the ExB drift orbit (magnetron orbit) 

in the trap proportional to g. The detailed analysis given in reference 1 2  makes it clear 

that this is a technically very challenging experiment, but the main differences to the 

TOF method are the following: ( I )  The same statistical accuracy can be achieved with 

a much lower number of particles, and (2) the system is much less sensitive to the 

patch effect. As a matter of fact, reference 1 2  assumes a patch potential of 

10-4 cm· Volts as given as upper limit in reference 8, a value which would completely 

inhibit the TOF method. This means, should the reduction of the patch field by surface 

treatments not reach the level necessary for the TOF method, this alternative method 

would still be able to provide a measurement of g, possibly even in an apparatus of 

smaller scale than assumed in12l, depending on the final out come of the patch effect 

studies. The reason for this is, that in the TOF method the electrical potential on the 

axis of the tube (which falls of like l /R, R being the radius of the tube) dominates the 

measurement, while in the gxB method it is the electric field (proportional to l /R2) 

which enters the problem. 

2. ANTIHYDROGEN 

While one certainly overcomes the problems with stray-electric fields, new 

complications enter the picture. First, the difficult step of producing and subsequently 

controlling, the antihydrogen atom has to be solved, and secondly, a method to 

actually measure g has to be devised and analyzed for its capabilities. 

2.1 Antihydrogen production 

Of the variety of schemes proposed in the literature13l to produce antihydrogen 

only the reactions listed below (with the appropriate references for detailed 

discussions) will yield the ultra-low energy antihydrogen atoms needed. 
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( 1 )  + + e+ + p  H + e
+ + hµ [ 14] e => 

(2) Ps + p  => H + e- + hµ [ 1 5 , 16, 1 7] 

(3) Ps* + p => H + e- + hµ [ 18 , 19] 

In the first case, both constituents forming antihydrogen need to be trapped, while in 

the last two cases only antiprotons need to be confined before the recombination 

process, while the positron is delivered in form of a positronium beam. Both methods 

have distinct advantages and disadvantages and, depending on the final application, 

either one may be the better choice. 

The rate constant for process ( 1 )  is strongly temperature dependent: 

(4) r -1
2 9/2 -1 

6 x l0 ( 4.2/T ) n� s 

and therefore benefits vastly from cooling the particles. Because of the mass difference 

between positrons and antiprotons, with positrons at 4.2 K the antiprotons could have 

energies as high as 1 e V before the recombination rate is significantly effected. This 

could be used to form an e V energy beam of antihydrogen atoms leaving the trap in 

axial direction, even though the beam quality would strongly depend on how well the 

axial energy of the antiprotons could be decoupled from the radial energy. 

While the rate can be extremely high (with a 107/cm3 positron at 4 .2 K one 

obtains r = 6 x 106 s-1), a number of problems for practical applications have been 

identified by the original authors of this proposal: the antihydrogen atoms are being 

formed in highly excited Rydberg states ( n > 100), and need to be quickly deexcited 

before electrostatic field gradients from the Penning trap fields will ionize these states, 

and before spectroscopic studies could be attempted. A mixture of collisional and 

spontaneous de-excitation may be used, provided the antihydrogen does not drift 

outside the positron plasma on the same time scale. Alternatively, laser induced de­

excitation could be attempted. Additionally, magnetic field effects both on the 

recombination process and on the survival of the antihydrogen Rydberg atoms need to 

be studied in detail before a final assessment of advantages and disadvantages of this 

method for a specific application can be made. 
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Alternatively one may enhance the radiative antihydrogen formation rate by 

several orders of magnitude by coupling the recombination process to a third particle 

for energy and momentum conservation via collisions between positronium atoms and 

antiprotons 19l . This process can be interpreted as Auger capture of the positron to the 

antiproton and cross sections have been estimated by Humberston et al.20l, using 

charge conjugation and time reversal to link the cross section for positronium 

formation in collisions between positrons and hydrogen to the antihydrogen formation 

cross sections. Early calculations assumed both antihydrogen and positronium to be in 
-16 2 

the ground state, resulting in a production cross section of 3.2 x 1 0  cm with a 

broad maximum at a p energy of 2.5 keV. Calculations of the total antihydrogen 

formation cross section using classical and semi-classical methods2 1l have obtained 

values which are considerably larger than the ground-state results. Values for the 

formation of antihydrogen in excited states are given by Ermolaev et al.22J and indicate 

that there is a large cross section to low-lying excited states. 

M. Charlton23l has discussed the formation of excited H* atoms via 

collisions between antiprotons and excited positronium. The cross section follows a 

classical np� scaling, where np5 denotes the principal quantum number of the 

positroniwn atom, leading to large enhancements in the reaction rate. This process can 

also be utilized to preferentially populate specific low level excited states for 

spectroscopic purposes. An additional feature of the excited state process is the low 

recoil energy of the resulting antihydrogen atoms. 

A final note on rates: much discussion has been put forward about the 

difference in rate constants for antihydrogen production using either one of the 

processes discussed here. In essence, this discussion may be viewed as non relevant if 

the product is to be trapped. At a limited number of antiprotons being available to 

work with, there is no fundamental difference between a rate of 1 06/sec, converting all 

antiprotons to antihydrogen in a single second, or a rate of 1 000/sec (or even 1 00/sec), 

requiring a production cycle of 1 6  minutes (or 3 hours), which still is much shorter 

than the storage time of antiprotons in traps of several months achieved24l. 
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Even though it is repeatedly being mentioned, purely ballistic methods to 

measure gravitational acceleration on antihydrogen atoms may be ruled out. Even if the 

antihydrogen atoms can be laser cooled (requiring Lyman a light sources) to the 

photon recoil limit of T = t r  li I KB = 2.4 mK, this temperature would still correspond 

to a distribution of height of approximately 1 m in the gravitational field. A precise 

determination of the centroid of a cloud of this dimension is not possible. Similarly, if 

one should be able to generate an atomic fountain with a mean energy of the photon 

recoil and a spread of half that value, the observed time-of-flight over a height of 10  
cm will be 1 4  msec ± 7 msec, again not yielding a precision measurement of g .  The 

only hope in the latter case would be to perform an end point measurement similar to 

the PS200 proposal, but this time with more particles near the end point. 

A potentially much more powerful method could be developped based on the 

work of by S.  Chu and collaborators25l. In there experiment they have used velocity 

sensitive stimulated Raman transitions to measure the gravitational acceleration, g, of 

laser cooled sodium atoms in an atomic fountain geometry. An ultra cold beam from an 

atomic trap is launched upwards and is subjected to three subsequent pulses to drive a 

two-photon Raman transition between the F = 1 and 2 levels in the 3 S112 state. A 

Raman transition is used to provide a large photon recoil velocity while satisfying the 

metastability of the states necessary for long interaction times. A first (n/2) pulse will 

prepare the sample in a superposition of the I l ,p> and the 12,p + lik> states; the second 

(n) pulse will reverse the populations, and the third (n/2) pulse will bring the wave 

packets to interference.  The interference can be detected by probing the number of 

atoms in state 12>. In the absence of any external forces acting on the atoms the final 

state of an atom will depend on the phase of the driving Raman field. This result can 

be extended to an atom falling freely in the gravitational field. In the frame of reference 

falling with the atom the Raman light fields appear Doppler shifted linearly in time, 

which shows up as a phase shift varying as the square of the time: fl� = - ( k1 - k2) gT
2 

. Since the Doppler shifts � 2k1gT are much larger than the Rabi frequency, an active 

frequency shift between the three subsequent pulses was used to compensate for the 

deceleration of the atoms in the fountain.  
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Using a 50 ms delay in-between the pulses distinct interference fringes were 

observed, and a least square fit to the data gave an uncertainty in the phase 

determination of 3 x 1 0-3 cycles. This represented a sensitivity to g of L'lg/g = 3 x l o-8 . 

A higher sensitivity is expected to be obtainable when cesium is used instead of 

sodium because of large reduction of the rms velocity spread. The current work was 

done with 30µK sodium atoms (representing a 30cm/s velocity spread). For the cesium 

sample one may expect an rms spread of 2cm/s only, therefore a much larger portion 

of the sample will be contributing to the fringes. 

Hydrogen (and certainly antihydrogen) is notoriously unsuited for high precision 

measurements, notwithstanding the enormous advances in hydrogen spectroscopy over 

the last years26l, and a translation of this method to the hydrogen/antihydrogen case 

will not be trivial and straight forward. A large problem will be imposed by the much 

higher photon recoil limit for laser cooling hydrogen atoms ( � 3 mK) which gives an 

rms velocity spread of approximately 700 cm/sec. A much faster fountain beam, 

resulting in greatly increased experimental dimensions, will have to be used Therefore 

a much larger fraction of the initial beam pulse will be lost due to ballistic spreading 

during the flight time of the sample and much less than 1 % of the initial population can 

be expected to contribute to the fringes. This will also cause severe problems for the 

antihydrogen/hydrogen comparison, since the supply of antihydrogen atoms will be 

limited to small numbers and a re-trapping scheme needs to be incorporated into the 

experiment. Nevertheless, this method is the only one identifiable in the current 

literature which shows the potential of a high precision measurement of g on 

antihydrogen atoms. 

3. CONCLUSIONS 

A direct measurement of the gravitational acceleration of antimatter in the 

Earth's  gravitational field is an important test of fundamental principles and may lead 

to new insight in the physics at the Planck mass scale. No entirely model independent 

conclusions can be drawn from normal mass experiments, despite the fact that these 

experiments have achieved an extreme high precision, and therefore a direct 

measurement should be performed. Currently a proposal to use low energy, charged, 

antiprotons in a TOF method exists and the experiment is under preparation. An 
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alternative approach using charged particles, exploiting the gxB drift in  a crossed 

magnetic and gravitational field has been discussed, and potential advantages in terms 

of a lower sensitivity to stray electric fields have been found. 

If the methods of atom interferometry, which have been highly developed for 

sodium and cesium atoms, can be adapted to the hydrogen/antihydrogen case and the 

measurement cycle can be made to accommodate the much smaller number of 

antihydrogen atoms available, a potentially very powerful method would become 

available to achieve a much higher precision on g than anticipated in the charged 

particle experiments. But before this could be attempted, the important step of 

producing and controlling the antihydrogen atom needs to be solved first. In the light 

of the difficulty of this endeavor and the limited life time of current low energy 

antiproton sources it may be a wise choice to push ahead with the charged particle 

experiments to obtain at least a preliminary result (at the level of a few tenth of a 

percent) while continuing development of the much more complicated antihydrogen 

system. 
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Expected at the Planck scale, the discreteness of spacetime can hardly be tested at 
such high energies in a foreseable future. However, the Bekenstein relation suggests 
another approach, based on the study of time-asymmetry. After a brief introduction to 
discrete physics, we investigate the relation between gravitation and discreteness on 
the one hand, and between gravitation and time-asymmetry on the other. These 
relations have led to reconsider the possibility that CP violation in the neutral kaon 
system, the only known microscopic "arrow of time", could be attributed to 
gravitation. We summarize the arguments suggesting that "antigravity" could occur 
for antimatter and could even be expected in General Relativity itself. Experimental 
tests are proposed. 



504 

INTRODUCTION 

The idea that Nature might be discrete rather than continuous may appear strange at 

first sight, although this hypothesis has recently received renewed attentionl-3J. What 
are the motivations for this new atomism ? As we show in the following, this idea 

arises primarily, on the one hand, from the link between gravitation and time­
asymmetry and, on the other hand, from the study of discrete logical systems -
computers - and the logical and physical reversibility of calculation. This review 
provides a short introduction to the subject and literature of discrete physics to the 
reader who might be interested to pursue further the study of this fascinating subject, 
and proposes experimental tests, hopefully more realistic than a galactic collider at the 
Planck scale (1019 GeV), that may differentiate a discrete Universe from a continuous 
one. 

DISQ{ETE PHYSICS 

The idea that Nature is fundamentally discrete rather than continuous can be traced 
back to the Greek philosophers and their atoms - CX'toµocr : indivisible - that we 
improperly identify with our atoms which do have a structure. More recently, the idea 
that the Universe could be discrete or even finite has appeared repeatedly : von 
Weizsiicker4>, in his "urs" theory - basically bits of information - conjectured that 
the total number of "urs" in the Universe was of the order of 10120. KantorS> made a 
similar estimate (10122) of the quantity of information that the Universe could 
encompass and found about the same number. Penrose6> also obtained the same 
number when trying to estimate the improbability of the presently observable 
Universe. Basically, it appears that, apart from philosophical prejudices, two main 
approaches towards discreteness have been identified : the first one arises from the 
study of the ultimate limits of dissipation in computers, while the second is based on 
the Bekenstein mass/entropy relation7,8J. 

Similarly to the historical development of the Second Law of Thermodynamics, 
where Sadi Carnot discovered the concept of entropy by considering the ultimate 

limitations on the efficiency of heat engines, Rolf Landauer investigated at IBM, 
starting from the late fifties, the question of dissipation in computation. The most 
coveted patents for high-end computers were related to the cooling of hardware 
processors and the question was whether there existed a fundamental limit to the 

amount of dissipation in a computation. In other words, is the process of computation 
necessarily irreversible or can it be made reversible ? Landauer's principle9J represents 
the fact that irreversibility in computation can be traced back to the erasure of a register 
regardless of its previous state. Building on the work of Landauer, BennettO> showed 
that the process of computation could be made reversible provided that intermediate 
results were not destroyed (keeping the "garbage bits") and that no registers were 
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erased. The increase in the computing power has made possible numerical 
simulations which can adequately approximate the physical world and the study of 
discrete systems like cellular automata11l where some of the properties of Nature 
could be recognized ("speed of light", "particles", . . .  ), the best known example of 

cellular automata being the Game of Life12>, devised by the mathematician John 
Conway. 

Whereas the discretization was mainly used initially as a calculation technique, a 
number of major physicists, notably Feynman13l, Finkelstein14-16l, t'Hooftl7,18l, 
Landauer19l, Lee20>, Penrose21l, Regge22J and Wheeler23l, gradually considered the 
possibility that spacetime could be discrete. Reversing the problem, and following 
Laplace, Descartes and Maxwell who had represented the Universe as a vast 
machinery, the question then became : "Could it be that the Universe is a discrete 
system ?" or even a computer24l. A Turing machine, the generic computer, can 
basically realize any algorithmic calculation and may be programmed to calculate, e.g., 
the evolution of a 3-dimensional system under the Schrodinger equation (in a discrete 

approximation). 
Another question concerns the computation limits of the Universe. The observable 

Universe today contains a number of nucleons of the order of rnso, give or take an 

order of magnitude. Is it then meaningful, asked Landauer, to speak about a real 
number like 7t if there is absolutely no way to calculate and print the first 10100 first 
digits of 7t, or to calculate its 1010ooth digit ? The use of real numbers and of the 
continuum then appears as an approximation if they cannot be given any physical 
implementationl. 

A related question, adressed by Borges in "The Babel library"28l, concerns the storage 
capabilities of the Universe : what is the number of books that we could store in the 
Universe, or more precisely the maximum amount of bits, should we decide to devote 
all the physical resources of the Universe to this task ? Landauer argues that there is 
no limit to the amount of information that can be stored in a given volume with a 
given energy budget. However, there appears to exist some limits, studied by 

Bekenstein29J and by Unruh and Wald30J notably. To provide a more quantitative 
answer to the question of information content in the physical Universe, we now turn 
to the relation between gravitation and the Second Law of thermodynamics. 

DISCRETENESS AND GRAVITATION 

Planck noted that a relativistic quantum theory of gravitation would introduce a 
characteristic length scale 

1Weyl25l has warned us against the danger of considering irrational numbers and the continuum as more 
than a convenient approximation, whereas Giidel26) and Chaitin27l, most notably, have shown that the 
natural numbers themselves contain their own logical doom and even complete randomness. 
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lpi,,nck "' Vh G/c3 "' 10-33 cm 
Wheeler insisted on the fact that the four dimensional character of spacetime will 

probably break down at the Planck scale and that we should only consider the 

continuum as an approximation. Numerically, the Planck scale corresponds to an 
energy of "' 1019 GeV. Even with acceleration performances of 1 GeV /m in a cavity -
which we are far from achieving on macroscopic distances - a collider at the Planck 
scale would require an accelerator "' lQ19 m long, about 1000 light-years, quite unlikely 

to be funded soon, even in Texas. In fact, at the present age of the Universe, collisions 
on the cosmic microwave background radiation at 2.7 K makes it an almost impossible 

feat to accelerate charged particles above "' 1 020 eV or 1011 GeV. Does it mean that the 
Planck scale has no observable consequence in our low-energy world ? 

In the early seventies, Bekenstein7,8l, noting the striking analogy between the laws 

of black hole dynamics and the laws of thermodynamics, conjectured a relation 

between the area of a black hole and its entropy : 
S = M2, 

in natural (Planck scale) units. But the notion of entropy, for a black hole of a given 
mass (energy), implied the existence of a non zero temperature, through the usual 
thermodynamic relation, a possibility which was severely criticized by Carter and 
Hawking, among others. Ironically, two years later, Hawking refined the Bekenstein 
formula and indeed proved the existence of the so-called "Hawking radiation" of black 
holes31>. 

The physical significance of the Bekenstein entropy was further refined by Zurek32l 
and by Zurek and Thorne33J who showed that this entropy was fundamentally the 
physical entropy or, almost equivalently, the number of emitted photons of the 
radiation emitted by the black hole during its evaporation, providing the consistency 

of the Second Law of Thermodynamics. Coupled with the finding that a photon in a 
given energy level cannot encode more than one bit in its polarization state34l, this 

relation effectively provides the information content in bits of the emitted radiation 

during the whole evaporation process (up to factors of order unity neglected here). 
Wheeler3l has stressed the simple geometrical interpretation of the Bekenstein 

formula : a black hole is a "hidden" region of spacetime beyond an horizon ; simply 

measure its boundary in natural units, or units of (Planck length)2 and get its entropy 
(up to a factor 47t). This picture strongly suggests that there is some discreteness of 
spacetime at the Planck scale and that the information content of the underlying 
discrete structure is "revealed" in its evaporation. 

Applying the Bekenstein formula to the observable Universe, we get an entropy 

"' (1080 / 1019)2 "' 10122. 
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This is an upper bound on the amount of information which can be stored in the 

Universe at the present time. If there exists no !lmiting factors, this quantity varies 

with time as t2 and is essentially zero for t = f Planck· 
The lesson from this can then be summarized as follows : gravitation is the 

ultimate machinery to transform matter into photons ; stars begin the job and black 
holes finish it (and thermal photons represent the most extreme form of disorder). 

DISCRETENESS AND CP-VIOLATION 

Before the discovery of CP-violation in 1964, nobody would have bet a dime on a local 

failure of CP-invariance. The geometrical picture of an antiparticle as a particle going 

backward in time was so strong that when CP-violation was discovered35l, Bell and 
Perring36> as well as Bernstein, Cabbibo and Lee37l proposed that CP-invariance could 
be restored by invoking a long-range interaction which would reveal the 

predominance of matter over antimatter in our environment. The vector interaction 

that these authors proposed is now experimentally clearly excluded. 

In every theory where, following the expression of Wheeler, "everything is 
geometry", including the particles which could be pictured as knots in spacetime38>, 

perfect local CP-symmetry is expected. The pregeometric models considered by 
Wheeler38J and others may then be inadequate to represent our Universe where we do 
observe CP-violation in the neutral kaon system. Could it be that "CP" -violation in 

the neutral kaon system is really due to gravitation, the only long-range interaction 

for which there is a notable matter I antimatter asymmetry in the environment ? 
Some authors refer to the "strange idea that antimatter might be gravitationally 

repelled by matter''39>. Bondi40> was the first to show that a solution with repulsive 

gravity - the so-called negative mass solutions - is perfectly compatible, if unstable, 
with General Relativity. But a more complete picture was given by Carter4t> who 

showed that the maximal extension of the Kerr and Schwarzschild geometries both 

incorporate attractive and repulsive gravity in the same solution. A test body initially 
at rest at the distance r of a center of attraction of mass M will "fall down" with an 

acceleration g, using the Newtonian language, or "fall up" with an acceleration -g, 
depending on which part of the solution the test particle is assigned. What is then the 

physical significance of this repulsive gravity that nobody has ever experienced ? 
Again, this repulsive part of the solution is expected to be unstable since it is 

interpreted locally as negative mass, but any undergraduate student, if not taught 

otherwise, would guess that this negative energy solution might bear some relation 

with antimatter and the "non physical" and unstable negative energy solutions of the 

Dirac equation. 
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The next surprise comes from the fact that antigravity would give just the right 
order of anomalous regeneration in the neutral kaon system that we have attributed 
to CP-violation42-44l. It suggests a simple expression for the e parameter 

e = O(l)nmKg / Am2c3 = 0(1) x 0.88 10-3 

predicts that the e' parameter is zero, and that CP-violation in the B system should 
appear unobservably small. 

The repulsive part of the Kerr or Schwarzschild solutions is usually ignored, 
considered as non physical, or attributed to "another universe". But could we find a 
solution to the coexistence of the two attractive and repulsive metrics by paying the 
price of a (hopefully) limited instability of the solution ? A first order estimate of the 
evaporation of the vacuum which would result from this kind of antigravity gives an 
evaporation "temperature" of 

Tig/c 

or "' 10-18 K at the surface of the Earth, inobservably small42.43l. This expression for the 
typical energy of the photons evaporated by a massive structure is the same as the 
Hawking temperature of a black hole. It is therefore far from obvious that this 
(limited) instability is a drawback. Nieto and Goldman45J have reviewed critically the 
arguments against antigravity, although they propose a more conventional solution. 

DISCRETENESS AND THE CARDINAL OF THE UNIVERSE 

Finally, there exists a completely different approach of discreteness in Physics. We 
have seen that the information content of today's Universe is of the order of 10122 bits, 
if we apply to the observable Universe the Bekenstein relation between mass and 
entropy. Although this information content increases classically with time as t2, there 
are some quantum limitations (once all matter has been reprocessed in photons 
through the Hawking process, there is nothing which remains to be dissipated and 
therefore to be seen) which makes it probable that the information content of the 
entire Universe is really finite. It is therefore tempting to look at the possibility to 

build such huge numbers from the fundamental constants - another face of the 
"Eddington-Dirac large numbers" puzzle46>. Another possibility is to look for the 

various mathematical structures which possess such huge cardinal numbers : a few 
possibilities come to the mind, from iterated exponentiation47> to large exceptional 
groups - the "Monster" group has a number of elements of the order of 10so 

elements - and to the calculus of propositions38) where such large numbers can be 
obtained from the theorems which can be built from a (small) set of axioms. Clearly, 
all these ideas are very vague - Wheeler calls the idea of pregeometry from the 
calculus of propositions "an idea for an idea"38) - but it should be kept in mind that if 
it turns out that the very notion of the cardinal number of the Universe makes sense, 
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we will probably gain something from the knowledge of which particular 
mathematical structure may "generate" it. 

H it turned out, for example, that the cardinal number of the Universe was in some 
way related to the number of elements of some exceptional group, then there is clearly 
only a very limited number of alternatives for the total information content of the 
Universe, whereas the "local" properties of the group could tell us something about, 
e.g., the mass hierarchy problem. Obviously, however, we will never be able to 
completely explore the particular mathematical structure which represents the 
Universe, a fundamental physical limitation in our mathematical capabilities. 

CONCLUSIONS 

In this paper, we have tried to provide a short introduction to the fascinating relation 
between discreteness and physics. The main two motivations for this hypothesis 
appear to be both related to time-asymmetry : in gravitation - through the 
Bekenstein relation and its geometric interpretation - and in the reversibility of 
discrete logical systems such as computers. Since the Planck scale of energy, where 
presumably this discreteness would become apparent, appears unreachable in a 
foreseable future, we turned our attention to the dual aspect of time-asymmetry and 
reconsidered the possibility that CP-violation in the neutral kaon system, a feature 
which appears extremely difficult to incorporate in a pregeometric description of 
spacetime, and the only known example of the microscopic "arrow of time", could be 
in fact explained by gravitation. Although we are unable to propose a complete 
solution, the attractive and repulsive gravity both present in even the simplest (e.g. 
Schwarzschild and Kerr) solutions of General Relativity itself suggests a simple 
expression for the £-parameter of CP-violation in the neutral kaon system, allowing 
several predictions, notably on the e'/e parameter and on the CP-violation parameters 
in the B system. Direct measurements on the antiproton, and later on the 
antihydrogen, two experiments in preparation at LEAR (CERN), also appear 
fundamental, despite the present theoretical prejudices. The precision measurements 
of the CP-violating parameters under new experimental conditions using low-energy 
and isotropic kaon beams48> are yet other crucial tests of this idea. 

Acknowledgments : Discussions with G. Chaitin, E. Fredkin, R. Landauer, J-M. Rax 
and J. Rich are gratefully acknowledged. 
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The study of high energy phenomena in the cosmos is based on observations of x 

and y rays in space and cosmic rays, TeV gammas and, hopefully, in the near 

future of neutrinos in experiments on earth. As of this moment the satellites in 

space are the winners of the game with beautiful new results from reports on results for 

Sigma, CGRO with Batse and Egret and also ROSAT although not directly 

present at this meeting. The earth bound experiments, WHIPPLE, THEMISTOCLE, 

HEGRA, DUMAND, AMANDA, NESTOR, and BAIKAL are on their way to catch up 

at higher energies (E. Pare, G. Fontaine, H. Meyer, P. Sokolsky, H. Dai, S. Katsanevas ). 

And now what's the matter? The processes looked at have large amount of 

matter (� 1 solar mass or more) falling very deep releasing high amount of energy that by 

means not too well understood yet is converted into very high energies of 

individual elementary particles. Supernovae are very prominent along this line 

leaving (supposedly) pulsars behind, neutron stars of "' 1 .4 solar mass with 1012 r 
magnetic fields spinning very rapidly > and >> than 1 Hz. And one of them, 

Geminga, was long time observed only as a GeV yray star, and now very recently was 

proven to be a pulsar on the basis of a very feeble x ray flux by ROSAT 

(P. Ramanamurthy). Even weaker is the optical output ("' 25 mag), however, the proper 

motion of it shows that GEMINGA is close and so was the Supernova at birth only "' 

100.000 years ago at N eandertaler times (the N eandertal is only few km from Wuppertal 

university, for those who don't know). Furthermore, Egret 

observations of pulsars reveal on the basis of Crab, Vela, 1706-44, 1055-52 

(and one more) that pulsars get more efficient with age (I wish it would happen for us 
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physicists too) in converting spin down energy intoyradiation at Ge V, truly remarkable 

objects (I. Grenier). Beyond that it is supposed that Supernova remnants (SNR) are the 

source of all cosmic rays up to about 1016 e V in our galaxy and then unavoidably of 

cosmic rays in any galaxy. And indeed for the CRAB photons up to 17 .000.000 Me V 

energy (Themistocle) have been observed to originate from the CRAB SNR. And what 

will be the next great observation surely to be expected in the near future in this 

fascinating field? (P. Duffy, P. Eschtruth, G. Fontaine, H. Meyer) 

More mysterious, however, are the Gamma ray bursts (GBR) shown to be very 

isotropic on the sky. They never repeat (unfortunately) they coincide in position with 

nothing (or everything) and may happen everywhere in the universe, say with small 

probability in any ordinary galaxy. The most likely hypothesis, n-star-n-star mergers 

makes them unique and of course rather violent events. It is clear by now that this picture 

is hard to proof, many think that only a serendipitous observation will unveil the secret 

(M. Baring). 

The deepest gravitational potential seems to be provided by black holes. They may 

exist - although there is no rigorous proof yet, notto forget (and contrary to what layman 

are sure about) - at vastly differing scales from 10 solar mass objects in binaries in our 

galaxy to 109 solar masses in the very center of active galactic nuclei (AGN) and then at 

very large distances from us (z > 1 ). X ray binaries very brilliant at times and then rather 

unspectacular again - they are repeating! - are prime candidates with black hole 

signature, however, the signature is necessary only and not sufficient, and nobody 

coming up with a full proof proposal, a challenge (J. Paul) ! In AGN s the standard picture 

has two opposing jets emerging perpendicular to the rotating accretion disk of the black 

hole (C. Dermer). Shock wave acceleration pushes hadronic matter (protons) up to 1020 

eV energy, but why not even further? It is the ambient photon field to stop them via 

violent energy crushing photoproduction of pions - an amusing picture for someone 

who has spent some years of his scientific live in measuring the rather unspectacular 

photoproduction of pions in the laboratory - and it is even conceivable that this 

"smashing the brickwall" of pion photoproduction with highest energy protons in 

AGN s has left over cosmological ages a very high energy ("' 1017 e V) neutrino gas in the 

universe, a truly cosmological signal, just below present experimental limits waiting to 
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be discovered by the next generation neutrino experiments, say Amanda at Antarctica? 

This same process leaves of course high energy photons (n° does it) that find their 

energy eating medium in the universal 3° K blackbody radiation background (Max 

Planck surely would have been amazed by that) until just below 100 TeV, where 

survivers would assemble and fill the universe. 

In closing I like to remind you of a phrase in Gabriel Chardin's talk, 

"Gravitation is a maschine that converts energy into photons", 

quite fitting for the sessions I tried to summarize. 
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