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This book is dedicated to the memory of our colleague and friend Beatrice M.
Tinsley, professor of astrophysics at Yale University, who contributed so much to

the progress of most of the topics covered here.

The recollection of her enthusiasm and her exceptional human qualities will

continue to inspire those who had the chance to know and esteem her.

The Editors



L'ensemble de ce livre est dédié 3 la mémoire de notre collégue et amie
Béatrice M. Tinsley, professeur d'astrophysique 3 1'Université de Yale, qui a

contribué 3 l'essor et aux progrés de la plupart des sujets traités ici.

Le souvenir de son enthousiasme et de ses qualités humaines exceptionnelles

continuera & inspirer ceux qul ont eu la chance de la connaitre et de 1l'estimer.

Les Organisateurs



PREFACE

The astrophysicists are first realizing with most interest that elementary
particle physics influence directly the primordial evolution of the Universe. The
Grand Unification theories determine the ways by which the Universe has been born
and also in some sense its remote future by predicting a finite lifetime for the

proton.

In the framework of the Rencontres de Moriond who gather since many years
the elementary particle physicists and the biologists in a ski resort, about two
dozens of astrophysicists have met to discuss very informally but also very dee-
ply these problems which excite both astrophysicists and elementary particle phy-
sisists communities. These two communities had the chance to interact effectively
during these rencontres since a whole day was devoted to joint discussions. There
are obvious proofs of this interaction in these proceedings with the contribu-
tions of R. Cowsik, J. Ellis and D.N. Schramm for instance. The astrophysicists
present at Les Arcs have also considered other aspects of high enrgy astrophysics

then in a very friendly and cheerful atmosphere entertained by the very effec-
tive organization of J. Tran Thanh Van who promoted these rencontres, we have
discussed topics as fundamental and various as the observation and the analysis
of the very high energy cosmic rays (Section 1), the implications of the Grand U-
nification and the phase transition theories on the primordial evolution of the
Universe (Section II), the astrophysical consequences of the finite mass (if any)
of the neutrinos (Section III), the primordial nucleosynthesis (Section IV), the
anisotropies of the 2.7 K blackbody radiation (Section V) and the search of "un-

visible" mass in the Universe (Section VI).

Thanks to the efforts of the authors.of these excellent contributions whom I
thank very cheerfully, we have been able to publish very quickly this book provi-
ding an account of the recent progresses performed in very "burning" topics. I
hope that this book will be useful to the two scientific communities who met at

Les Arcs.

This informal gathering would not have been as fruitful and pleasant without
the organization and the hospitality of J. Tran Thanh Van and his wife, without
the charming collaboration of Nicole Mathieu and the effective and friendly col-
laboration with my three co-organizers Philippe Crane, Tom Geisser and Dennis

Hegyi. I want to emphasize the fundamental role of Dennis in this enterprise.



During the meeting which 1is the first of a series that we wish to be as
fruitful and successful than those of the biologists and the elementary particle
physicists our community underwent the immense loss of Beatrice M. Tinsley who
was one of the most brillant, cheerful and productive members. I had personnaly
the chance to know her very well, to be one of her friends and also to work very
closely with her on different problems related to the evolution of galaxies espe-
cially in the writing of a review paper on this topic. This collaboration was in-
deed for me one of the most pleasant and inspiring among those I undertook. At
the end of this preface I want to say all the good things that we all think about
her not only professionally but also and especially in our friendly relationship.
I feel very sadly the decease of Beatrice who worked so hard in astrophysics and

cosmology and that I consider as one of the most courageous and noble colleague.

By her works and her memory, she will continue to inspire this field who

should allow us to pursue our meetings in the frame of these rencontres.

Jean Audouze



PREFACE

Les astrophysiciens viennent de se rendre compte avec inter@t que la physi-
que des particles élémentaires exerce une influence directe sur 1'évolution de
1'Univers et en particulier sur sa naissance. Les théories tentant d'unifier les
interactions fondamentales (1'interaction forte, l'interaction faible et 1'inter-
action nucléaire) déterminent la fagon dont 1'Univers a pu prendre naissance et
fixent également d'une certaine manidre son lointain futur en prédisant une durée

de vie finie pour le proton.

Dans le cadre des rencontres de Moriond qui rassemblent depuis de nombreuses
années, dans une station de sports d'hiver, les physiciens des particules élémen-
taires et les biologistes, une vingtaine d'astrophysiciens se sont réunis pour
discuter de fagon tr2s approfondie ces probl2mes qui intéressent 2 la fois la
communauté des astrophysiciens et celle des physiciens des particules. Les deux
communautés ont eu la chance d'interagir de fagon effective aux Arcs puisqu'une
journée entidre a été consacrée 2 des discussions communes. On en trouve des
preuves manifestes dans ces comptes-rendus avec les contributions de R. Cowsik,
J. Ellis et D.N. Schramm. Les astrophysiciens rassemblés aux Arcs se sont égale-
ment intéressés 2 d'autres aspects de 1'astrophysique des hautes énergies : c'est
ainsi que dans une atmosphdre extrémement agréable et amicale entretenue par
1l'organisation attentive de J. Tran Thanh Van, fondateur de ces rencontres, nous
avons discuté de sujets aussi fondamentaux et variés que l'observation et 1'ana-
lyse du rayonnement cosmique de tr2s haute energie (Section I), l'implication des
théories d'unification des interactions fondamentales et de celles faisant appel
3 des transitions de phases sur 1'évolution primordiale de 1'Univers (Section
II1), les conséquences astrophysiques de la découverte d'une masse finie pour les
neutrinos (Section III), la nucléosynth2se primordiale (Section IV), 1'anisotro-
pie du rayonnement 2 2.7 K (Section V) et la recherche de la masse "invisible"

dans 1'Univers (Section VI).

Grdce aux efforts des auteurs de ces excellentes contributions, que je tiens 2
remercier, nous sommes en mesure de publier tr2s rapidement ce livre rendant
compte des progr2s effectués dans des sujets trds '"brilants" et qui, je l'espdre,

sera utile aux deux communautés qui se sont rencontrées aux Arcs.

Cette rencontre informelle n'aurait pas été aussi fructueuse et agréable

sans l'organisation et 1l'esprit d'hospitalité de J. Tran Thanh Van et de son
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épouse, sans la souriante collaboration de Nicole Mathieu et sans la collabora
tion efficace et amicale de mes trois co-orgaisateurs, Philippe Crane, Tom

Gaisser et Dennis Hegyi en soulignant le réle fondamental de ce dernier.

Au moment ol s'est tenue cette réunion qui inaugure une série que nous sou-
haitons aussi fructueuse que celles qui concernent les biologistes et les physi-
ciens des particules, notre communauté a subi la perte immense de 1l'un de ses
membres les plus brillants , chaleureux et productifs en la personne de Béatrice
M. Tinsley. J'ai eu personnellement la chance non seulement de la connaitre, mais
surtout de travailler de fagon étroite avec elle sur plusieurs probl2mes d'évolu-
tion des galaxies et de collaborer 2 la rédaction d'un article de revue sur ce
sujet. Cette collaboration a été certainement 1'une des plus agréables et des
plus fécondes (tout au moins pour moi) parmi celles que j'ai entreprises. Qu'il
me soit permis de dire 2 la fin de cette préface tout le bien que nous pensions
d'elle, non seulement sur le plan professionnel, mais aussi et surtout sur le
plan de 1'amitié. Je ressens avec une profonde tristesse le décds de Béatrice qui
a tant travaillé pour 1'astrophysique et la cosmologie et qui restera pour moi

1'undes plus beaux exemples de courage et de noblesse.

Elle continuera donc 2 inspirer par ses travaux et sa mémoire ce domaine qui

devrait nous permettre de nous réunir encore souvent dans ces rencontres.

Jean Audouze
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PROSPECTS FOR COSMIC RAY PHYSICS AROUND 1015 eVt

T. K. Gaisser
Bartol Research Foundation of The Franklin Institute
University of Delaware, Newark, Delaware 19711 U.S.A.

ABSTRACT

Knowledge of the chemical composition of primary cosmic ray nuclei is a
prerequisite to understanding the origin, acceleration and propagation of
the cosmic rays. Details of composition up to 100 GeV/nucleon have been
studied extensively for many years, and the subject is a mature one in this
low energy region. At much higher energies the flux becomes so low that
the primaries cannot be studied directly, but can be observed only through
their secondary cascades in the atmosphere. In the air shower energy region
from 101% to 1020 eV the subject of cosmic ray composition is therefore still
in its infancy. New air shower experiments now operating promise to give
qualitatively new data on longitudinal development of individual, large
showers (1017-1020 eV). New colliding beam experiments will soon give direct
information on hadron-hadron collisions at energies equivalent to 101%4-101%5
eV in the lab, which will enable significant progress in interpreting exist-
ing data on small showers and other atmospheric cascade experiments. We
review the situation, with emphasis on energies around 1015 eV.
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1. Introduction

Because the primary cosmic ray beam extends at least five orders of mag-
nitude beand 10]5 eV, .cosmic ray experiments can in principle provide infor-
mation both about composition of the primary beam and about high energy phy-
sics well beyond accelerator energies. At energies above 1014 eV the primary
flux is, however, so low that only indirect measurements of cascades in the
atmosphere have been possible. Thus in practice ambiguities have so far made
it difficult to draw definitive conclusions from experiment: there are too
many parameters to be determined from data that necessarily has significant
systematic uncertainties (see Table 1).

This situation should change soon. On the one hand, new colliding beam
experiments will provide direct information about hadronic interactions around
10”‘—1015 eV (see Table 2). This should make it possible to determine at
least the general features of primary composition in this energy range. Such
a result will be of considerable interest for astrophysics because it is
already known! that there is structure in the energy spectrum just above
1015 eV and there are hints? of changes in composition also. Table 3 illus-
trates the importance of knowledge of the energy dependence of the primary
composition around 10]5 eV for understanding cosmic ray origin and propaga-
tion. Keeping in mind that the thickness of the galactic disc is about 300
pc and that the scale of large magnetic irregularities is ~ 1 pc, it is clear,
for example, that the interpretation of the change in the energy spectrum
around 10'9 eVl as well as the increasing anisotropy beyond 10'5 ev?
depend crucially on the composition. (Recall that cascade measurements
determine total energy per nucleus rather than rigidity.)

At higher energies, several new cosmic ray air shower experiments now
measure longitudinal development of individual air showers, including early
portions of the shower before maximum. These include the atmospheric Ceren-
kov experiments of the Moscow State Univer‘sity"a and of the University of Dur-
ham 4b groups, which operate around 107 eV (Vs ~ 20 TeV) and the Fly's Eye
experiment at Utah® which now operates in the range 10]8-10]9 eV (Vs ~ 100
TeV). Because these techniques reflect early portions of shower development
they are in a better position than conventional extensive air shower (EAS)
experiments® to determine simultaneously properties of particle interactions
and of the primary beam. In particular it should be possible to measure both
the relative fraction of heavy and light primary nuclei and the nucleon-air
cross section in an energy range that is significantly higher than will be
reached by machines in the foreseeable future. The techniaque for achieving
this has been described by Cassiday et al.5 and is discussed elsewhere by



Table 1. Unknowns for high energy cosmic ray experiments

Interaction properties

[of cross section—how does it
depend on energy?

Primary beam

Chemical composition of
primary nuclei

K inelasticity-—-—what fraction Energy spectra of com-
of energy goes into parti- ponents of primary
cle production? beam.

f(x) inclusive cross sections—how Possibility of new ob-

do shapes change with in
tion energy

<n> multiplicity

correlations

terac-— jects among high energy
primaries.

Pr Transverse momentum—jet struc-
ture?
Table 2. Planned hadron colliding beam machines
Machine Completion Date C of m Energy Equivalent Lab Energy
- 14
CERN pp 1981 540 GeV 1.5 x 10 eV
FNAL pp 1984 2000 Gev 2.1 x 101° ev
Isabelle 1986 800 GeV 3.4 x 1014 eV

Table 3. Larmor radius (pc) in 3uG field.

15 17 19
10 10
Etotal(ev) 10
protons 0.3 30 3000
iron nuclei 0.01 1 100

15
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Gaisser et al.”, taking into account detailed effects of nuclear fragmentation
on shower development. In the remainder of this paper I concentrate on the
situation around 10]5 eV.

II. Present Situation Around 10]5 eV

Information about primary composition and properties of hadronic inter-
actions in this energy range come at present from indirect observations of
hadronic cascades in the atmosphere initiated by primary cosmic rays.® Three
types of experiments can be distinguished: a) energy and depth dependence of
uncorrelated fluxes of hadrons, of muons and of y-rays;°b) fluxes and internal
properties of y-ray families!0*1! (jets of particles associated with a single
primary but involving a cascade of hadronic interactions): and-c) properties
of small EAS.12°13 There are two contrasting points of view about the impli-
cations of this data:

1) That hadronic scaling (Timiting fragmentation in the form of radial
scaling) is valid and that most observations can be understood by
a suitable adjustment of the primary composition. In this case it
is necessary to assume that the cross section rises with energy at
the rate of about 15% per decade for G;T:}r.l“’e

2) That scaling cannot under any circumstances fit all the data, and

that drastic changes in hadronic interactions are required.9s12s13

Such changes should become significant already at beam energies of

100 TeV in the lab and would have the property that produced parti-
cles are relatively softer at high energies than at Tow; i.e. that

interactions become more inelastic.

Hillas!“ has shown that all data on air showers (except the ratio of neu-
tral/charged hadrons, but including Nu/Ne data) can be fit by the picture with
radial scaling and increasing cross section. Data on neutral/charge ratio con-
flict with each other!S and in any case the non-scaling picture will probably
also fail in this respect.® On the other hand, Stamenov concludes that no
combination of scaling, increasing cross section and composition can give
agreement with the Nu/Ne data.

As for data on families, some properties of showers appear in agreement
with scaling, while others, especially the calculated intensities, appear to
be in strong disagreement.0,!1 Sensitivity to composition has not, however,
been completely studied here.

Erlykin and Kuzina® conclude that a scaling model, even with increasing
cross section, cannot simultaneously account for fluxes of hadrons and of the
electromagnetic component at various atmospheric depths. In contrast Astafiev
and Mukchamedshin!7 do find agreement with both. They also, however, find



fluxes of families in agreement with -experiment, unlike the discrepancy
found by others.18,19

In view of these conflicting claims and results, it is clear that further
progress requires removing some of the ambiguity in the first column of Table
1. In the remainder of this paper I will therefore discuss to what extent
proposed experiments at the pp collider2? will be able to determine properties
of hadronic interactions necessary to make definitive conclusions about com-
position around 10'9 ev.21

ITI. Measuring Energetics of Hadronic Interactions with High Energy
Colliding Beams

The diagram in Fig. 1 illustrates the physical basis in the quark picture
for hadronic scaling. An incident hadron (nucleon in this example) considered
as a bag of quarks strikes a target. The way in which the bag fragments into
quarks is independent of the nature of the target and of the incident energy,
but reflects only the momentum distribution of the quarks inside the incident
hadron. (At this level, hadron fragmentation is 1ike nuclear fragmentation,
where fractional momenta of fragments reflect their Fermi momentum inside the
incident nucleus.) Radiation processes during and after the collision, in

which color is adjusted in accordance with confinement, are also assumed to
scale as in the electromagnetic analog, leading to some form of Feynman
scaling22 or limiting fragmentation?3 for the overall process.2* (The sym-
metric fragmentation of the target hadron and radiation in the pionization
region are not shown in Fig. 1.)

o~ FTW 's

Fragmentation ! Radiation

Fig. 1 Fragmentation of an incident nucleon in the quark
picture.

Detailed phenomenology of hadronic processes within this type of picture
has been carried out by various authors.2°,26,27 It is possible to account
in detail for such features as quantum number ratios in various processes in

17
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the fragmentation region. Although such analyses are not of the same theoret-
ical status as those of hard scattering processes, where QCD can be used, the
successful phenomenology gives strong confirmation of the underlying picture.
We cannot, therefore, believe that hadronic scaling will suddenly disappear

at cosmic ray energies. Moreover, if nucleon initiated collisions have a
diffractive or leading component, then meson initiated processes must also.

If hadronic scaling is broken, the cosmic ray data suggest that processes
become more inelastic with increasing energy. One can imagine two ways this
could happen within the quark picture described above: (1) all processes
gradually become more inelastic (steeper Feynman x distributions for inclusive
cross sections), perhaps with a Togarithmic dependence on energy as in breaking
of Bjorken scaling; and/or (2) a new very inelastic component becomes increas-
ingly important at high energies. Such a component could be associated with
the rising cross section!? and could conceivably even be associated with some
completely new process (quark liberation, Centauros!!l, Long-Flying Component?8,
etc.). The main point I wish to make is that if either of these possibilities
is realized presently planned experiments at the CERN pp collider will be
able to measure and distinguish between them even if there are no associated
exotic processes.

Many features of cosmic ray cascades are determined by the overall ener-
getics of hadronic collisions. Fast secondaries and fragments with |x| > 0.1
thus play a very important role. This region of phase. space may not be fully
accessible to the earliest experiments at pp colliders, and this has led to
some reservations about the extent to which these experiments will be able
to remove the ambiguities in present interpretations of cosmic ray data. If,
however, less energy is carried by particles with |x| > 0.1 then necessarily
more must appear in the region |x| < 0.1, and this can be detected.

The detector of Ref. 20 will be able to measure the total hadronic
energy emitted within the angular region 1° < 6 < 179° of the beam axis in
interactions at /s = 540 GeV. This corresponds to x = 0.1 at pr = 500 MeV/c.
The hadronic component and the electromagnetic component (from m° - decay)
will be separately measured. As an example, I have evaluated the quantity
<Fh> = L?'] X g§~ dx in several models now in use for cosmic ray calculations.
Here Fi is approximately the fraction of energy within the visible angular
range carried by hadrons, excluding neutral pions. Table 4 shows <Fh> in
three representative models: scaling, modified scaling!®, and scaling viola-
tion®. Reference 10 is an example of a two component model in which the im-
portance of the non-scaling component increases with energy, whereas Ref. 9
is an example of a model in which scaling is broken in all interactions,
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the degree of breaking increasing rapidly with energy starting at ELab Aol
TeV.
Table 4. Average values of Fh in various models
Interaction Modified
: Scaling
Energy Scaling2" .10 > g
(Lab in TeV) Scaling Violation
0.1 .12 .12 12
100 .12 .24 .23

It will also be possible and instructive to study the distribution of F
for a sample of minimum bias events at the pp collider. Figure 2 shows schem-
atically the results expected in the three models. If there is substantial
violation of scaling between ¥s = 60 and vs = 540 GeV, this distribution
might distinguish between a two component and a single component violation.

100 - -
#*#

50} -

0.5 1.0 0.5 1.0 0.5 1.0

Fig. 2 Schematic illustrations of distribution of Fh in three types
of model.

IV. Conclusion

The essential point that I wish to make is that forthcoming experiments
at pp colliders will be able to distinguish among various models of hadronic
interactions in the energy range /E'{ 500 GeV (corresponding to lab energies
2 10]4 eV). This is true even if the experiments only detect secondaries
with 1° < 8 - < 179°, provided experiments are of calorimetric type as plan-
ned.2%,21 We can therefore expect substantial progress toward determining
composition of primary cosmic rays in the energy range '10]4-]0]6 eV total
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total energy per nucleus. This region is of particular interest for astro-
physics because of the known structure in the spectrum in this region.!
Furthermore, because of the low flux, it is accessible at present only to
indirect experiments which require a knowledge of hadronic interactions in
order to unfold the atmospheric cascading.
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COMPOSITION OF COSMIC RAYS AT HIGH ENERGIES

G. B. Yodh
Department of Physics and Astronomy
University of Maryland
College Park, Maryland, USA 20742

Abstract: A critical analysis of experiments pertaining to the composition of
primary cosmic rays from 102 to 10 GeV is presented. Experimental observations
on time structure of hadrons near air shower cores, on multiple muons with energy
in the several TeV range, on variation of muon number with electron number, on
fluctuation of muon number in showers of fixed size, on energy variation of
longitudinal development of showers and on isotropy of cosmic rays are examined
assuming no drastic change in the nature of high energy interactions. One finds
that the composition of cosmic rays is continually varying from being predomi-
nantly light at 100 GeV to mostly heavy at about 106 GeV and reversing back to
predominantly light above 10° GeV. The 'mested leaky box" model of origin, pro-
pagation and acceleration of cosmic rays, with a galactic cut off at a rigidity
of 10° GV/nucleon and a dominant extra-galactic component above 10° GeV per
nucleus naturally predicts this behavior.
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1. Introduction

The cosmic ray all particle spectrum extends from energies of a few GeV up
to 1011 GeV and spans about nineteen decades in intensity. Apart from a steep-
ening at 107 GeV and a flattening at 109 GeV the spectrum is remarkably smooth
(Sreekantan 1979). As of now, there exists no satisfactory theory of origin,
propagation and acceleration of cosmic rays over the whole energy span in spite
of our thirty years of study. (Lingenfelter 1979).

At energies below a hundred GeV per nucleon, modulation in the heliosphere
and energy variation of path lengths modify the spectra of cosmic rays. It is
generally believed that at still higher energies, where modulation effects be-
come negligible and where the effective path length becomes a constant one may
be able to measure the source spectra. There may exist a regime of energies,
where galactic confinement and scattering allows one to study these source
spectra by measuring high energy cosmic rays and differentiate between various
models of cosmic rays. (Cesarsky 1980).

Current models for the origin, acceleration and propagation of cosmic rays
generally address relatively low energy region; below hundred GeV per nucleon.
Sources of cosmic rays are assumed to be located within galaxies. The low en-
ergy cosmic rays are supposed to arise from sources distributed in the disc of
our own galaxy. Acceleration of cosmic rays to hundreds of GeV per nucleon is
considered to be due to processes such as the Fermi mechanism, betatron acceler-
ation and acceleration in pulsars. Isotropy of cosmic rays is considered to be
a consequence of diffusive scattering by magnetic irregularities in the inter-
stellar medium. Energy variation of ratio of secondary to primary elements in
the cosmic ray beam implies an energy dependent path length for cosmic rays.
There are at least two distinct ways to obtain the required path length varia-
tion. One assumes that all variation takes place outside the sources and is due
to an energy dependent leakage from a galactic leaky box. The other assumes
that path length variation occurs in the sources themselves, the residence time
in the neighborhood of the sources being longer for lower energy cosmic rays
which can be more easily contained in the source region. In the first approach,
augmented leakage from the galaxy must start at a relatively low rigidity
(~ 10 GV/nucleon), while for the second approach (Nested Leaky box) leakage from
the galaxy need not occur till much higher rigidity, of about 105 GV/nucleon
where galactic magnetic fields can no longer contain these energetic cosmic rays
effectively. These models predict energy variation of spectra of cosmic ray
nuclei which are in reasonable agreement with experimental data at low energies.
However, they lead to quite different behaviour at high energies as regards the

spectral composition of cosmic rays and isotropy of cosmic rays (details of these



ideas can be found in the Proceedings of IAU-IUPAP Symposium on '"The Origin of
Cosmic Rays'" held in Bologna, June 1980). The galactic leaky box model predicts
either that all components will exhibit flat source spectra or that all spectra
will become steep depending on whether path lengths become energy independent or
continue their decrease indefinately, respectively. Such a scenario could lead
to large anisotropies above 1000 GV/nucleon. The nested leaky box model, in
contradistinction, would require all spectral indices to exhibit source proper-
ties (an index of about -2.6) above 100 GV/nucleon which will continue up to a
rididity where augmented galactic leakage sets in, all spectra steepening by the
same power. This model predicts isotropy below the rigidity cut off.

Any model nust account for several features of cosmic rays observations at
high energies. They must give (i) high degree of isotropy up to 105 Gev, (ii)
they knee bend at 107 GeV, (iii) the increasing anisotropy with energy and (iv)
the "ankle" bend at 109 GeV.

This paper examines the available data on cosmic rays at high energies and
attempts to narrow down the allowed variation of elemental composition with en-—
ergy. It is shown that there is no '"Normal" composition of cosmic rays. The
composition varies from predominantly light to mainly heavy as one goes from 10
to 106 GeV, after which it appears to again become predominantly light by 108
GeV.

In order to set the stage for extension to higher energies, a short summary
of direct measurements of cosmic rays is given in this introduction.

Direct measurements of cosmic ray particles above the atmosphere have been
done using a variety charged particle telescope carried aloft by balloons and
satellites. Even after several decades of effort, limitations of weight and ex-
posure times has prevented experimenters from obtaining direct information about
elemental composition above energies a few hundred GeV per nucleon.

At energies above 10 GeV/nucleon, particle energies have been measured by
Cherenkov counters (Juliusson 1974; Lezniak and Webber, 1980; Caldwell, 1977;

Balasubrahmanyan et. al. 1980; Arens et. al. 1979), by magnetic spectrometers

(Smith et.al. 1973, Orth et. al., 1978), by ionization calorimeters (Ryan et. al.

1972, Ormes and Balasubrahmanyan 1973, Schmidt et. al. 1976, Grigorov et. al.
1971, Simon et. al. 1980) and in some experiments by suitable combinations of
these elements. Recently, emulsion chambers of large area are being flown
(JACEE collaboration 1979) to extend the knowledge of higher energies.

In a set of pioneering experiments, Grigorov and his colleagues (Grigorov
et. al. 1971) in series of PROTON satellites measured the spectrum of all parti-
cles up to an energy per nucleus of almost 1015 eV or 106 GeV. The most impor-

tant result obtained was that the all particle spectrum has a single effective

spectral index of 1.64 + .01 from 100 to 105 GeV per nucleus, (see figure 1).
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Their measurement of proton spectrum, however, has been shown to be susceptible
to systematic effects of backscatter (Ellsworth et. al. 1977). Their all parti-
cle spectrum is consistent with the sum of individual elemental spectra measured

in other experiments up to about 2000 GeV per nucleus.
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Figure 1: All particle spectrum as measured by the series of "PROTON" Satel-
lites (Grigorov et. al. 1971). Data from different satellites was normalized

to fit world data below 100 GeV. The curve can be fitted at a spectral index of
1.64 + .01 from 100 to 106 GeV per nucleus.

At energies where elemental spectra have been directly measured one salient
feature is that the observed spectral indices of different elements are different.
Between 10 and 200 GeV per nucleon the spectral indices vary from being 2.75 + .02
for protons to 2.20 * 0.2 for the iron component (Julisson 1974, Ryan et. al.
1972, Ormes and Balasubrahmanyan 1973). These variations have been interpreted
as due to variation of effective path lengths. A summary of world data on ele-
mental spectra at high energies are shown in figure 2. (Ormes and Freier, 1978
and Simon et. al. 1980). An examination of these graphs show that better data
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are needed to clarify the situation and to determine whether all spectral indices

become the same at high energies or they

remain different. In particular, if all

indices were to become the same then it is important to determine whether they

become about -2.3 or about -2.7.
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above 10 GeV per nucleon.

have been scaled down by a factor of ten.
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The data show a continuously varying composition between 1 and 200 GeV per
nucleon, however, due to the dominance of light species the change in average
atomic weight, <A>, is rather small. If the flat iron spectrum were to continue
up to 106 GeV per nucleus than it is obvious that at such energies cosmic ray
mix would become predominantly heavy and have a much larger <A> (see figure 15).

Section 2 outlines the essential procedure used in this analysis. Section
3 discusses the experimental observations and draws conclusions from them re-

garding models proposed in Section 2. Conclusions are summarized in Section 4.

2. Outline of the Method

The method of analysis is to relate an assumed set of primary spectra with
experiments listed below (3(a) and 3(e)) using a well defined particle inter-
action model and keeping the number of free parameters of primary spectra to a
minimum. The analysis is based upon the following requirements:

(1) The cosmic ray spectra used in extrapolations to higher energies are anchored
to direct measurements discussed in Section 1 at an energy where the quoted er-
rors in elemental fluxes are less than or equal to twenty-five percent. (The
flex values and energies used for normalization are given in Table I).
(2) The extrapolated spectra must add up to give an all particle spectrum
which agrees with PROTON satellite measurements up to 106 Gev and above that
with the best estimate of the flux from air shower measurements. (Gaisser and
Yodh 1980, Gaisser et. al. 1978, Hillas 1979a,b). The entire composite spectrum
is shown in figure 3.
(3) Compatibility with air shower experiments listed below:
(a) Recent observations on time structure of hadrons near air shower cores
(Goodman et. al. 1979).
(b) Measurements of rates of high energy (>1000 GeV) multiple muons
(Elbert, J. W., 1978).

(c) Variation and fluctuations of total number of muons, N,, with total

ue
number of electrons, Ne’ in a shower (Kalmykov et. al. 1975, and
Elbert et. al. 1976).
(d) Lateral structure of high energy muons in showers (Acharya et. al.
1979).
(e) Variation of shower maximum with energy (Thornton, Clay, 1980, Linsley
1977 a,b, 1980 a,b 1981, Aguirre' et. al. 1973, Gaisser et. al. 1978).
(4) Extrapolation of total interaction cross sections and particle production
distribution functions, according to current ideas of strong interactions

(Ellsworth et. al. 1981 a,b).



TABLE I
Normalization *
Energy €, < A > (dn/de) €
GeV/n GeV/nucleus
2000 2000 1 1.5 x 107°
300 1200 4 8 x 107
250 3750 15 1.2 x 1073
75 1950 26 1.73x1074
63 3528 56 9 x 107

*

(dn/de)eo is given in units of particles per (mz, sr, s, GeV/n). The spectra
are assumed to be of the form (dn/ds)A = KX E—YA and k}Y\ is adjusted for each
value of YA assumed, at energy eo.
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(5) Requirement that the above extrapolations of particle interactions and the
assumed cosmic ray spectra one accounts for:
(a) Uncorrelated hadron and muon fluxes in the atmosphere (Ellsworth et. al.
1981c) and
(b) Detailed features of C-jets and A-jets from Japan-Brazil emulsion cham-
ber experiment at Mt. Chacaltaya (Lattes et. al. 1973, Fujimoto and
Hasegawa 1978, Lattes et al. 1980).

We therefore, use a high energy interaction model satisfying points (4) and
(5) stated above, which incorporates; (a) rising cross sections (Gaisser and
Yodh 1980), (b) an independent particle emission scaling model for particle pro-

duction which uses x-radial as the variable to extrapolate to high energies

(xR = %%i where E* is total energy of paritcle in C. M. and Vs is the available
energy in C. M.) according to work of Ellsworth et. al. (Ellsworth et. al. 198la
and b), (c) a transverse momentum distribution of a two component form (Halzen
and Luthe 1978) for which the non-exponential contribution become about 30 per-
cent at 10° GeV (Ellsworth et. al. 198la), (d) leading particle effects are con-
tained in the model separately for nucleon and pion collisions and (e) which
agrees with highest energy accelerator data.

Hadron-nucleus collisions are treated as hadron-nucleon collisions. This
simplification does not affect the results in any significant way because the
steep cosmic ray spectra emphasize only large x processes for which this ap-
proximation has been shown to be good (Busza et. al. 1975). Collisions of pri-
mary nuclei are treated usually as superposition of A independent cascades of
energy E/A, E being the energy per nucleus. However, where it is important we
have used fragmentation models based upon actual data to break up nuclei in the
atmosphere (Freier and Waddington 1975).

To summarize, we fix the interaction model, then simulate (either by a full
Monte-Carlo or by analytical calculations) the experimental observations, varying
two to three parameters which quantify primary cosmic ray spectra until an ade-
quate representation of the data is obtained. This restriction to a minimum set
of parameters is imposed by the fact that experiments generally determine, inde-
pendently, only two or three parameters of air showers (such as, Nu and Ne or
Ne and shower maximum (Xm) or trigger rate and rate of delayed hadrons or number
of events with 1, 2 and 3 energetic parallel muons), and because the resolution
of the techniques is not sufficient to separate events from individual elements
on an event by event basis. We also utilize the general belief that primary
spectral indices should vary relatively slowly with A at least up to 107 Gev
where the famous bend in all particle spectral index by 0.5 takes place. (See

figure 3).
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In the simulations to be discussed in the next section, three different mo-
dels for primary cosmic ray spectra are considered below 107 Gev.

Model I: A two component model wherein it is assumed that P,a, CNO, and MH nu-
clei have the same spectral index y; and H component has a different spectral
index Yo For this model one must find mechanisms for origin, acceleration and
propagation which preferentially treat iron (see for example the model for a
"pulsar" bump by Wdowczyk and Wolfendale 1973, see also, Elbert et. al. 1975).
Model II: Energy spectra determined by an acceleration mechanism which depends
on Z, A or 22/A. For such a model the parameters are Yo and a where the spectral
index for the species A is given by Yy = YD -a (A-1).

Model ITT: All spectra above 2000 GeV become flatter with a slope of Yo ~n 2.6
and have a cut-off at a rigidity R, volts/nucleon, after which the slope in-
creases by 0.5. The two parameters are v, and R (Cowsik 1968).

We again emphasize here that all particle spectrum has a slope of 2.64 * .01
below 106 Gev. However, slopes of the predominant components, P and a, at low
energies, between 10 and 2000 GeV, are about 2.75, hence to obtain the flatter
all particle spectral index one should have some components with indices smaller
than those for P and o or P and a index must decrease at high energies. The mo-
dels considered have this flexibility and furthermore can represent most current

theoretical ideas outlined in the introduction in a phenomenological way.

3. Experimental Observations:

Before giving the results of the analysis on composition of cosmic rays,
the experimental data to be explained are presented and their sensitivity to
various components of the analysis discussed. Five different experiments are
considered:

a) Time structure of hadrons near air shower cores:

The recent experiment of the University of Maryland group (Goodman et. al.
1979 (a) (b)) measured the arrival time distribution of energetic hadrons (E > 3
GeV) with respect to the shower front. The trigger required was three fold:

(i) a minimum shower particle density near the detector (> 18 p/mz), (ii) a min-
imum hadronic energy over an area of 4m2 (> 35 GeV in a calorimeter) and (iii)

a minimum pulse height in the 0.5 m2 counter which measured the arrival time of
hadrons (pions, nucleons or kaons) with respect to the shower counters (> 3 par-
ticles). The basic data is shown in figure 4, which shows a scatter plot of
pulse height of T3 (which is a measure of hadron energy) and its time structure.
A total of 21,700 triggers were obtained and the fraction of hadrons with delay
> 15 ns was = 120 + 10/21,700  0.55 * 0.05%. The philosophy of the analysis is

to reproduce these two basic measurements; the trigger rate and the fraction de-
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Figure 4: A scatter plot of time delay versus pulse height of hadrons in the
University of Maryland delayed hadron experiment (Goodman et. al. 1979). Energy
of the hadron in GeV is approximately equal to the numerical value of pulse height.
The plot contains a total of 21,700 events.

layed. One can also try and reproduce the actual density distribution of points
in the scatter plot.

The experiment detects the debris of an air shower, started by a cosmic ray
particle of high energy, after about 8 interaction lengths. Trigger rates and
shower Monte-Carlo calculations indicate that the events are being generated by
primaries with energies above 104 Gev. Why should the experiment have any
sensitivity to the nature of the primary? The qualitative explanation is that a
particle density of 18 p/m2 and energy of 35 GeV in the calorimeter places the
detector within few meters of the core. To acquire a significant delay the
hadron must be a low energy nucleon. Low energy nucleons tend to be distributed
at a sizable distance from the core. The lateral distribution of shower parti-
cles initiated by an iron primary of the same total energy per nucleus as a pro-
ton initiated event will be older and also flatter and hence trigger conditions
can be satisfied further from the core for Fe events than for proton events.

Therefore the delayed fraction is an A dependent quantity. Thus for a given

trigger rate iron induced events have a much greater efficiency for producing

a delayed event than protons; Monte Carlo calculations give a ratio for effi-
ciencies greater than 50! Simultaneously fitting trigger rate and delayed
fraction allows one to determine two parameters. The results require substantial

increase of the heavy component by 106 GeV for all three models.
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The actual procedure is to use a four dimensional Monte-Carlo for the cas-
cade to calculate the trigger effectiveness as a function of energy for each
species, NA(E), where € = Energy per nucleon. As most of the low energy nucleons
come not from the highest energy collisions but lower energy ones, the sensitivi-
ty to details of very high energy collisions is not large. Physics of lower
energy is fairly well known hence the calculation of NA(E) is not very sensi-
tive to extrapolations of the interaction model. The delayed particles contain
leading nucleons, recoil nucleons and produced nucleons. In figure 5 are shown
calculated curves for NA (e) for protons and iron primaries. The steep rise is
due to meeting the shower density criterion and the bend occurs when shower re-
quirement is met every time. The function continues to increase slowly because
multiplicity increases only slowly with energy. Trigger rate RA for each
species is found by convoluting NA(s) with (dn/ds)A and is a function of Yps the
spectral index. The total trigger rate is then found by summing over A;

R=1I RA(YA). The same Monte-Carlo is used to find the delayed fraction for
each species, fA. This quantity is a slowly increasing function of energy and
relatively independent of Ypr but rapidly varying with A. Thus we simulate the
two experimental numbers: the trigger rate, R, and number delayed, D = EfARA.

For each model, contours for fixed values of input parameters are drawn in R,
D plane and compared with data points. The results are displayed in figures
6 (a), (b) and (c) for the three models respectively. In generating these fig-
ures, values of NA(e) and fA have been fixed at the best values given by the
Monte~-Carlo calculations.

It is reasonable to ask how much can these values be changed by changing
the model of high energy interactions within the constraints discussed in the
previous section. We have found that it difficult to change NA(e) by more than
~30% at a given energy. The delayed fraction is even less sensitive to change
in the model. Propagating these systematics into the final determination of
spectral parameters the results given in Table IT are obtained for the three
models. In order to indicate how good these fits are the predictions of these
models at low energies, they are compared to data shown in figure 2. Alterna-
tively, the predictions of the ratio H/CNO are compared with data in figure 7.

Below 100 GeV/nucleon, all three model predictions are changed by the varia-—
tion of effective path lengths. All of them can be made to agree with the ob-
served decrease in iron to CNO ratio with decreasing energy.

To better illustrate the significance of this analysis, the variation of
percentage of iron in cosmic ray flux as a function of energy is shown in figure
8. Most striking result is that these data on delayed particles demand a domin-

ance of H component at 106 Gev.
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Figure 6: Fixed parameter contours for trigger rate versus fraction delayed for
the three models: (a) Model I - shows that Ypg ~ 2.4 while Yp n 2.7 is required;
(b) Model II - the best fit is Y = 2.67 - .0045(A-1) and (c) Model III - vy = 2.6
and €, 105 GeV/nucleon gives reasonable agreement. These curves show that de-
layed fraction is affected much less than trigger rate when spectral indices are
varied. Curves should be considered an illustration of what the procedure is,
the fits used are given in Table II.

TABLE II

Model Parameters

Model I: Bimodal, dn/de = Ka e_YA P(mz, sr, s, GeV/n), and € in GeV/n.

Model II: YA = Yo - a(A-1)

Model IIT: COMMON SPECTRAL INDEX AND RIGIDITY CUT OFF

Model Parameters Elemental Group
o a CNO (10 < z < 16{26 < z < 30
1 Y 2.71 2.71 2.71 2.71 2.36
K 12,271 390 36 14 1.3
Y 2.67 2.65 2.61 2.57 2.45
1 10,135 305 22 8 1.89

III |Rigidity CUT

OFF at 105 GV
for P

Y 2.5 2.6 2.6 2.6 2.6
5,738 221 21 13 A
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Figure 7: Energy variation of ratio of rion group to the CNO group fluxes.
The normalization of the models used with data at about 100 GeV/n is indicated.

Figure 8: Variation with energy of percentage of 'iron' in the cosmic ray mix
for the three models - below 106 GeV per nucleus.

We note further that the trigger rate would be greatly exceeded if the pro-
ton spectrum were to become flatter beyond 2,000 GeV with a spectral index of
2.3 (source spectrum?). It will also be difficult to account for the slope and
flux of Grigorov's all particle spectrum.

If all spectra were to acquire the same slope of 2.7 or greater beyond 500
GeV/nucleon then again one obtains inconsistency with these data. The delayed
fraction would be too small, the total trigger rate too low and all particle

spectral index in disagreement with Grigorov.

b) High Energy Multiple Muons

Muon and neutrino detectors placed deep underground can study the frequency
distribution of arrival of multiple muons with energy above a threshold set by
the overburden of rock. This threshold is high generally around 103 GeV. The
high energy muons come from decay of energetic pions and kaons high in the atmos-
phere and their flux is sensitive to the nature of the first few interactions of
primary cosmic rays in the atmosphere. In general one is dealing with hadronic
interactions in 10% to 107 Gev range. Fixing the high .erergy physics model, one
can study the sensitivity of multiple muon frequency to the nature of primary
responsible for these events. As the probability for decay of pions and kaons
is greater at higher altitudes, those species which can interact earlier will
give rise to more multiple muons.

The data from experiments by the Utah group (Mason et. al 1975), by the

Homestake Mine experiment (Deakyne et. al. 1978) and by the Baksan experiment in
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caucus mountains (Chudakov et. al. 1979 and Alexlyev, 1979) can be analyzed to
determine the primary composition (Elbert 1978, Mason et. al. 1975, Lowe et. al.
1976, Elbert et. al. 1975 a,b).

Careful analysis by Elbert (Elbert et. al. 1981) using a model similar to
I show that the data require the composition given in Table II below 106 Gev
which implies dominance of heavies at 105 to 106 GeV. The contribution to the
multiple muon flux, with multiplicity n, can be shown to be proportional to about
the second power of atomic weight A (Elbert 1978) and so high multiplicities can
be very sensitive to the fraction of heavies. For n = 10 and Eu > 2,6 TeV the
Homestake group (Deakyne et. al. 1978) obtain a ratio of 50 for the relative
rates due to iron and proton components for Model I. The average primary proton
energy which give rise to doubles of E > 3 TeV is about 200 TeV, while average
energy for tenfolds would be above a 1,000 TeV. In figure 9 the sensitivities to
atomic weight of the primary of the multiple muon method and delayed hadron
methods are compared. The curve for muons is for the case of obtaining ten muons
through detector. It is clear that with a large enough detector placed deep

underground one obtains high sensitivity to A.

Multiple
muons -~
n210 103
a272
G2 110?
delayed
fraction
fa 1534 {10
6% - . !
| 10 100

Figure 9: Sensitivity to atomic weight of the primary initiating (i) a tenfold
or greater than tenfold multiple muon events with E, > 3 TeV and (2) a delayed
hadron near air shower core. The primary energies involved are greater than 104
GeV per nucleus.
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Mason et. al. have shown that using an approach quite similar to the one
used here the muon-pair rate can only be accqunted for if the heavy component
has a flatter slope up to the break in the primary spectrum, which they take to
be about 3 x 106 Gev total energy. At 3 x 106 Gev they require 807% iron in the
cosmic ray mix.

Recently, data on multiple muons arriving from the vertical with E > 2.6
TeV has been obtained at Homestake. The rates of double and triple muons of
the same energy but from vertical and inclined directions can be compared with
Monte-Carlo simulations. Again, the comparison shows the need of increasing

fraction of heavies consistent with models of this paper (Elbert, et. al. 1981).

c) Relations between total number of muons, N, and total number of electronms,

No, in showers:
The experimental data on average value of NU as a fucntion of average value

Ne is shown in figure 10. A(Kalmykov et., al. 1975, Olejniczak et. al. 1977).
Muons arise primarily from charged pion decay. This decay probability de-
pends on pion energy. Number of electrons, on the other hand, are related to the
energy going into the electromagnetic component via 7°s. It is reasonable to
expect that the relation of N, to Ng should depend on energy per nucleon of the
cosmic ray primary for any high energy model. It is found from Monte-Carlo simu-
lations (see for instance a review paper by Gaisser, Protheroe and Turver 1978)
that A nuclei give more muons for a given electron size than protons. If scaling
is assumed to be valid, the calculation requires a preponderance of A=56 nuclei
to account for N;;, vs. N, data in the energy range 105 to 107 Gev. (Shower sizes
of 104 to 107 particles). If primary cosmic rays were mainly protons, then one
would require gross violation of scaling and very high multiplicities. The

energy range covered by these experiments corresponds to 105 to 107 Gev.
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Figure 10: The variation of number of muons of energy > 10 GeV as a function of
average electron shower size
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Through a study of lateral distribution of muon above some minimum energy
(say 2 GeV) one can determine Nu for each shower of size Ng. If 9 is the vari-
ance in N for fixed Ne then one studies variation cu/Nu as a function of Ne. A

summary of each measurements is shown in figure 11.

_____ Standard Composition
osl ————— Pure Proton Primaries _|
Sl N + 90% V.H. Primaries

After Ebert otal (1976)
!

o 1o
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Figure 11: Relative dispersion of muon number in showers if fixed sea level

electron size. Note that standard composition corresponds to mainly proton

initiated events. A mix containing 20 or 307% protons and 70 or 80% heavies

and medium heavies would give agreement with data.

Shower size varies from 105 to 107 (corresponding to an E, range: 2 x 105
GeV to 2 x 107 Gev approximately) UU/N is seen to lie between 0.4 and 0.6.
Monte-Carlo simulations by the Utah group (Elbert et. al. 1975) point out that
it is not possible to account for these observations kthey assume a scaling model)
with either pure protons or pure iron. They conclude, however, that it is
possible to explain the data with a preponderance of iron with a small but non-
negligible fraction of protons.

Both of these results are consistent with a changing composition which be-

comes iron rich by 106 Gev.

d) Lateral structure of high energy muons in showers generated by primaries of
10% to 10° Gev.

Using underground muon detectors in correlation with air shower array, the
Tata Institute group has studied showers initiated by primaries of energy around
103 GeV. (Acharya et. al. 1979). The lateral distributions of muons with energy
greater than 220 GeV are compared with that for muons with energy greater than
1 GeV.

Detailed Monte Carlo simulations using models similar to the one considered
here show that the data require the primary composition to be a mixed one. A
composition like the one outlined here is needed, some 307% of the showers must

be due to heavy component at 10% Gev.

e) Study of energy dependence of shower maximum and shape of shower development:

(1) Rapid longitudinal development of showers:

From observations of zenith angle variation of shower size for fixed
intensity of showers, it is possible to study the longitudinal development of



40

the nuclear-electromagnetic cascade in the atmosphere above 1014 ev. Constant
intensity restriction fixes the primary energy of cosmic rays initiating the
shower, and chamging the zenith angle varies the depth at which air shower is
sampled. To illustrate the method we show, in figure 12, observations by the
BASJE experiment done at Mt. Chacaltaya, Bolivia, 5200 meters above sea level
(Aguirre et. al., 1973). The position of the shower maximum Ymax can be easily

shown to be related to the energy per nucleon by the relation

Ypag = © + Bln(ED /A

One solves this equation to calculate the effective A of the primaries of energy

Eo giving

Aggr = B exp [(C - y (obs))/B]
with B being the cascade length in air, 37 g/cmz. Two sets of curves are shown,
one for A=1 and the other for A=56, based upon detailed calculations based upon
scaling models. The rapid rise in the cascade curves is again indicative of

preponderance of iron nuclei., (Gaisser, Protheroe and Turver 1978),

ELECTRON NUMBER

1 1 1 1 1 1 1 1
200 400 600 80O 1000
ATMOSPHERIC DEPTH (g. cm?)

/ --—-Az]
A

Figure 12: Longitudinal development of electron cascades initiated by primaries
of the same energy (seven different groups of equal intensity curves are shown)
compared with computations by Gaisser et, al, (1978). The slanted line shows es-
timated position of shower maximum for the different energy bins.

(2) Variation of depth of shower maximum with energy:

The depth of shower maximum for a pure EM cascade, initiated by a pri-
mary of energy Ej is given by X&M = (tg/tn 2)2n(E,/c) where radiation length, tg,
is 37 g/cm? and the critical emergy, ¢, is 80 MeV in air. For a nuclear-electro-
magnetic cascade, initiated by a primary of mass A one finds that dependence of

XH on EO,A and interaction lengths can be described by XM = Xl + tR(l—a)Rn(q]/A)
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+ B\ + AN) (Linsley 1977, Hillas 1979, also see Gaisser et. al. 1978) where o
is a parameter that reflects the energy dependence of multiplicity and B is re-
lated to inelasticity in meson and nucleon interactions. If scaling holds in the

fragmentation region then a = 0.

T T T T T T T T T

Xm
gm/em2 |

500 -

A . . : . . . A L
10 02 103 104 105 o€ 107 108 109 100
GeV/NUCLEUS

Figure 13: Variation of Xm with energy compared with calculations based upon
different assumptions discussed in the text.

Several points are to be noted about this relation:

(a) If the primary composition is changing with energy, the rate of change of
Xm with E0 will be affected. An increase in H component would slow down the
growth of Xm and vice versa.

(b) If scaling is violated in the fragmentation region, o # 0, and as & is a
positive number less than one, rate of growth of Xm is again reduced

(c) It is known that inelastic cross sections increase with energy. This im-
plies that A, and AN decrease with energy. This again slows down the rate of
growth of Xm with Eo'

(d) 1If scaling is valid, composition is constant and interaction lengths are
energy independent one obtains the largest rate of growth of Xm with energy.

Measurements of time structure of Cherenkov light from air showers have
been used to find Xm as a function of energy (shown size) (Orfond and Turver
1976, Hammond et. al. 1978, Protheroe and Turver 1979, Thornton and Clay 1980,
Efimov et. al. 1973 and Kalymkov et. al. 1979). Shower maxima can also be de-
duced from equal intensity curves (Aguirre et. al. 1973) and by making shower
studies as a function of altitude (Antonov et. al. 1979). The variation of Xm
with energy is shown in figure 13 in which recent corrected data of Thornton and
Clay have been shown along with other data. (Linsley and Watson 1981).

Let us examine these data according to the method used by Linsley and Watson
to derive information about primary composition at still higher energies, ener-
gies above 10% Gev. First we "nail" down X by Monte-Carlo calculation at 10°
GeV where particle physics is experimentally known. A value of 285 * 15 g/cm2
down from the top of the atmosphere is obtained (W. V. Jones 1978). One notices

that no single straight line on this semi-logarithmic plot fits the data. Such a
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straight line would arise if a is a constant, As' are energy independent and ef-
fective A of primary beam is constant.

We have pointed out in section 2 that up to 10° GeV, scaling holds in the
fragmentation region and that cross sections are increasing. We calculate an
energy variation of Xm by (i) requiring the curve to pass through 285 g/cm2 at
100 GeV and (ii) incrementing Xm by energy variation of X\, and AN’ using B = 1.5,
while keeping the primary composition above 10 GeV, the same as that at low
energies (dashed line) and for a composition changing according to Model III
(solid line up to 106 GeV and its dotted continuation) and examine the resulting
curve in figure 13 up to 1010 Gev.

It is immediately clear that a constant composition won't work! Model III
fits the data up to 107 GeV quite well.

Now between 5 x 106 and 5 x 108 Gev X, is increasing from about 450 g/cm2
to 700 g/cm2 an increase of 250 g/cm2 in two decades of energy. Clearly some-
thing is changing rapidly.

One plausible explanation for this change is that in two decades the compo-
sition changes back to predominantly light by 5 x 108 Gev,

Violations of scaling in the fragmentation region would make a# O and cause
a reduction in the rate of rise of Xm. Cross sections would have to start de-

creasing rapidly to mimic the increase of Xm, in fact, Aq + A, must change by

N
one hundred percent in two decades! Both of these methods to explain the change

seem implausible.

Figure 14: (a) Predic-

T T T T [ v [ 7y tions of Model III com-
02k | pared with all particle
3 { composite spectrum of fig-
2 10' * - ure 3. The integral in-
o ‘+ tensity has been multiplied
< 0°F 4 7 by EL-b where E is energy
*® o'l ) ] | per nucleus. Above 107
te . ' GeV Model III falls below
bid —t + o+ } p——t + +| the data indicating the
E o need for a new component.
5 0 F—s o 7| An estimated extragalactic
] Jme component is added to ac-
Nh 031 © Al Particle Spectrum count for the highest ener-
£ Extra Galoctic — —— — — — — gy cosmic rays. (b) Energy
& variation of anisotropy
5 10%F °* Model I measurements., The increase
A * Sum Model I and Extra Galactic in anisotropy from less
& than 0.1 percent below
o 1 L L 4 4 ) L i I 5
[ f 2 3 4 5 6 .7 8 9 10 102 GeV to several tens of
10 10 10 10 10 10 10 10 10 10 10 N
percent by 10 GeV is to
GeV/ Nucleus

be noted. The corrélation
is suggestive of the ex-
istence of an extra galac-
tic component.



It is therefore reasonable to conclude, in a manner similar to that of Lins-
ley and Watson, that chemical composition of cosmic rays changes from iron dom-
inant at 106 GeV to proton dominant at 109 GeV. It is harder to infer particle
interaction features because a combination of decreasing cross sections and
scale violations in fragmentation region could occur simultaneously to mimic
the rate of increase of Xm with energy above 5 x 108 GeV.

How does one combine a new component, mostly protons with Model III. The
procedure used is shown in figure 14, Above energies where cutoff -allows parti-
cles to leak out of the confinement region, the extragalactic component will
become progressively more abundant with energy. Two decades above 103 GV this
component must become comparable to the remaining galactic flux. This component
1s required to have a slope of 2.6, like all other components, and is able to
account for the flux of air showers above 1010 GeV. The resultant spectrum is
seen to agree with cosmic ray spectrum from 100 to 10lO GeV,

With this addition, energy variation of Xm is accurately reproduced as

shown in figure 13 by the solid curve.

4, Discussion and Conclusions:

Detailed analysis of available data from air shower studies above 104 GeV
strongly suggests that the elemental composition of cosmic rays is continu-
ously changing from 10 GeV to 1010 Gev. The analysis relies on anchoring
extrapolations of spectra at about 100 GeV/nucleon, requires consistency with
all particle spectra, uses particle physics model which is a reasonable conser-
vative extrapolation of accelerator data according to direct observations of
interactions of cosmic ray hadrons around 104 GeV and with incorrelated hadron
and muon fluxes at high energies. The analysis examines data on time structure
of hadrons, multiple muons at high energies, comparisons of total muon and elec-
tron components in showers and variation of depth of shower maximum with shower
size or energy, in terms of several models of primary cosmic ray spectra.

The following conclusions are obtained:

A predominantly light composition, similar to that at lower energies can-
not account for the data. It is necessary to have at least 407 H component at
106 GeV. This can be achieved by several models, we consider three. (I) A bi-
modal model, wherein the 'light' and heavy components have two different spec-
tral indices; (II) a continuously changing spectral index model with H having
the flattest spectra; and (III) a model with constant spectral indices but with
a rigidity dependent cut off,

The first two models must be modified above 106 GeV to describe the bend in
all particle spectrum. The third model has the change in slope built in at the

outset. In this model, however, the composition must remain predominantly
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heavy above the bend. In Models I and II one could preferentially cut off the
heavies with a mechanism that could leave protons and helium nuclei undisturbed.
The variation of’Xm with energy below 106 GeV is consistent with all of the

models. The striking increase in Xm between 107 and lO9

GeV could be accommo-
dated in models I and II by choosing the cut off mechanism to eliminate Hs'
rapidly in two decades and recover proton dominance. If this is done for model
I, where one must eliminate iron by changing its spectral index by one unit, the

resulting composition at 1010

GeV is proton dominant and the flux is in reason-
able agreement with air shower data.

If in model II we cut off the spectra in an A dependent way, such that the
change in spectral index is greatest for iron and least for protons it could be
possible to fit the flux and Xm curves above 108 GeV. Such a complex pattern

of variation would require a rather specific astrophysical model which may be

difficult to construct.
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Figure 15: Energy variation effective atomic weight and percentage of iron
component for primary cosmic rays.

In Model III, however, there is a natural mechanism to derive the required
variation by assuming the existence of an extra-galactic (or an extra-confine-
ment region) component of very high energy cosmic rays. (Ginzburg and Syrovatsky
1964, Peters 1960). This new component will become fully important at lO7 GeV,
about two decades above the cut off of low energy galactic component. The
variation of effective atomic weight, A, with energy in this model is shown in
figure 15. The agreement with energy spectra is shown in figure 14 and varia-
tion with Xm in figure 13. Model III, in fact is the "nested leaky box" model
(Cowsik and Wilson 1973, 1975) in which cosmic ray sources are distributed within
galaxies. The low energy variations are explained by energy dependent residence

time within the sources. The cut off at 105

GV/nucleon rigidity is due to leak-
age out of our galaxy. The extra-galactic component is always present but be-
comes dominant at high energy only. Only one average source composition is

needed to cover the full energy range.



We conclude, therefore, that composition of cosmic rays at high energies
is varying with energy; from being light dominated below 104 GeV, to becoming
heavy between 10° to 107 GeV and then again becoming light dominated at ex-
tremely high energies.

I want to thank Jordan Goodman, R. W. Ellsworth, J. Ormes, V. K. Balasub-
rahmanyan, R. Protheroe, T. K. Gaisser, R. Cowsik and John Linsley for many
discussions and suggestions. This research was supported in part by the

National Science Foundation.
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COSMIC RAY ANISOTROPY : 1012 - 1020ey

A.A. Watson
Department of Physics, University of Leeds,
Leeds LS2 9JT, England.

The results of experiments designed to study the arrival direction
distribution of cosmic rays of energy 1012 - 1020eV are reviewed. It is shown
that at all energies there is evidence for anisotropy, the amplitude of which
ranges from 0.075% at the lowest energies to 90 * 20% above 4.101%V. The
increase of anisotropy with energy is not smooth, showing features which occur
at energies similar to those at which features are observed in the cosmic ray
energy spectrum. At least up to 2.1017eV it seems probable that the
acceleration sites |ie within our Galaxy, and it is hard to escape the
conclusion that particles of energy >10!%yV are extragalactic. Sources of the
highest energy particles (v102%V) must lie within 200Mpc, and considerably
closer if, as seems likely, the intergalactic medium is such as to prevent
rectilinear propagation. Between 2.1017 and 10!%vV the location of the sources
is less certain. The aim of future arrival direction experiments should be to
study anisotropy as a function of primary mass composition.
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1. Introduction

Seventy years after the discovery of cosmic rays, the question of their
origin remains unsolved. In the early days of investigation of the properties
of the radiation, experimenters hoped to find that some regions of the sky
were brighter than others when viewed in cosmic ray light. It is now known
that below about 10!1eV cosmic ray intensities are strongly influenced by the
spatial and temporal changes in the magnetic fields of interplanetary space
so that the Galactic anisotropy cannot be determined from the earth. At higher
energies, where solar effects can be accounted for or neglected, the
amplitude of anisotropy is found to be small, being less than 0.1% up to 101%ev.
The high degree of isotropy of low energy cosmic rays was recognized early on,
and this fact, coupled with the large density of cosmic rays (0.5eVem™3 at 10%vV
and 0.1evem™3 at 10!lev), was a significant clue in early thinking about the
possibility that our Galaxy might contain a weak but extensive magnetic field.
It is of course the Galactic magnetic field, at least at the lowest energies,
that thwarts attempts to locate cosmic ray sources in a manner analgous to
that used to find optical or X-ray sources: the'seeing' is spoiled for cosmic
ray telescopes because the Larmor radius of charged particles is very small by
comparison with Galactic dimensions except at the highest energies. At 101%ey
a proton has a radius of gyration of only 0.04pc in a 3uG field; at 1018ev the
corresponding radius is 370pc, rather larger than the thickness of the Galactic

disc.

In this paper | will outline the detection techniques used to measure
cosmic ray anisotropies, describe the results available and discuss some
tentative interpretations. | will show that features in the variation of the
character of the anisotropy with energy are linked to features in the primary
energy spectrum. A full understanding of the meaning of these linkages is not
yet clear because information about cosmic ray mass composition, particularly

above n10l%eV, is still rudimentary.

2. Primary Energy Spectrum and Mass Composition

As a background to our discussion of cosmic ray anisotropy it will be
helpful to keep in mind our present knowledge of the cosmic ray energy
spectrum and mass composition. Figure 1 shows a schematic version of the
energy spectrum. The integral intensity has been multiplied by E!*5 (E is the
primary energy in eV) and is plotted on the y-axis. This procedure serves
to show clearly the two prominent features in the spectrum, namely the 'knee',
near 1015ev, and the 'ankle'above 101%eV. Both these features are well
established although the flattening observed above 1019V has been observed

only from the Northern Hemisphere.l) Integral spectrum slopes are -1.65,
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between 101! and 10!%ev, -2.1 between 1017 and 101%V and -1.4% 0.1 above
101%V. Between 10!5 and 10!7eV there is evidencez) that the spectral slope

is steeper than at higher energies but the experimental situation is not yet
clear. |t should be borne in mind that, because the observed particle
densities are greater and because the shower maximum is relatively lower in the
atmosphere, the properties of primaries above 1017ev (and at least up to 101%v)
are somewhat better established than the properties of lower energy primaries

which produce smaller showers.
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Figure 1 The cosmic ray energy spectrum above 101%eV. The detection
techniques used in various energy regions are indicated. The dashed curve
near 1016eV marks an energy range in which the spectral shag§ is uncertain.
The curve above 1019%V marked'predicted' is the calculation®) of the Greisen-
Zatsepin effect'*

Explanations for the two major features are not yet agreed. About 20
years ago Peters proposed that the 'knee' at 10l15eV might reflect the inability
of our Galaxy to retain cosmic rays protons of this energy (Larmor radius
n0.k4pc). A prediction of this hypothesis was that heavy nuclei would begin to
dominate the primary beam above 1015eV. No convincing evidence has been
obtained to support this prediction and counter evidence has been offered that

. . . . 3 .
Fe-nuclei are becoming dominant at energies less than 101%eV. ) Hillas 2) has
reviewed the situation and concluded that composition and spectrum data cannot
be reconciled with the Galactic leakage model. He proposes that the change is

induced in the spectrum by photonuclear or pair production reactions occuring



52

near to the source. The spectral feature at 1015eV would thus reflect the
radiation field in the acceleration region.

The 'ankle' feature above 10!%V is even more puzzling. Following the
discovery of the 2.7K black body radiation in 1965 it was predicted by Greisenu)
and by Zatsepin and Kuzmins) that if ultra high energy cosmic rays were
produced only in sources which were at cosmological distances (e.g. quasars)
then the intensity of cosmic rays above 5 x 10!%V would fall so dramatically
that no events of 1020eV would be observed with the giant air shower arrays
then being brought into operation. Reality is different. The three Northern
Hemisphere installations (Volcano Ranch (U.S.A.), Haverah Park (U.K.) and
Yakutsk (U.S.S.R.)) all find that the spectrum is flatter above 101%yV than at
lower energies. The total exposure achieved at the highest energies in these
experiments is ~300km2 yr sr and at least 7 events with energies above 1020ev
have been observed. Using the theoretical predictions of Strong et ale) about
0.2 events would have been expected. There is a consensus that this result
implies that the age of the cosmic rays above about 3 x 1019%yV is less than
108 yr (e.g. Puget et al7)). The arrival direction distribution of these
particles, which will be discussed in detail below, is not that expected if the

most energetic particles were produced within our Galaxy.

For the purposes of interpreting arrival direction information details
about the mass composition of the primary cosmic rays are crucial. At energies
less than 1013eV the arrival direction distributions observed refer mainly to
protons as the experiments which have been possible are selective in their
triggering and respond dominantly to muons produced by proton primaries. At
higher energies the only method of getting information about primary cosmic
rays is by studying features of the extensive air showers which they produce
(electrons, muons, air-%erenkov light, air-scintillation light etc). The
problem of extracting the mass composition is particularly difficult because
the particles cannot be observed directly and because the necessary nuclear
physics must be extrapolated from lower energies. Recently progress has been
made by studying the change of the depth in the atmosphere at which the number
of electrons in the shower reaches its maximum. The variation of this depth
with energy (the elongation rate) for a fixed primary composition depends
principally upon the multiplicity of the pions produced in hadronic
interactions.8 If it is assumed that p-p cross-sections continue to rise at
the rate observed at accelerator energies then it appears that the primary
particles are very light (TnA = 0+0'6) above 3 x 101€eV and rather heavy
(TnA = 4+2) near 1015ev.9) The-Eapid change of the depth of maximum with

energy between 1015V and 3.1016ev expected on such a picture is indeed
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elsewhere in these Proceedings by Yodh. A review of properties of the highest

10 . P . . . .
observed. A detailed summary of mass composition determinations is given

11
energy cosmic rays has been given by Linsley. )

3. Arrival Direction Data

Kirally et al 12) have reviewed arrival direction data at all energies

13) has discussed the measurements available at

while more recently Elliot
energies below 101%V. The present experimental situation is summarized in
figure 2. What is plotted (figure 2(a)) is the amplitude of the 15t harmonic of
the cosmic ray anisotropy as a function of energy. At energies less than
6.1016ev the first harmonic is computed in sidereal time and is an average over
the range of declinations (typically £300) which lie within the reception cone
of the detector system. At the higher energies, where information on the energy
and direction of individual events is available, the first harmonic is measured
in right ascension. The data shown refer to all declinations above -60;
analyses in declination are discussed briefly below. The directions of maximum

amplitude (the phase) are shown in figure 2(b).

Figure 2 Summary of cosmic

The top half of the diagram
(figure 2a) shows the
amplitudes measured in various
experiments. The filled
ot ’ circles are from references
(14-18) as reviewed in (13).
| The open circles are from the
w? o " 0% w® . 0¥ compilat{on of Linsley and
ENERGY eV Watson while the crosses
9 6h are from the Haverah Park
. h + + experiment29:2Y.  The lower
¢ | half of the diagram (figure
+ 2b) shows the time of maximum
amplitude (the phase). The
error bars correspond to *1
standard deviations; the upper
1 4 +'ﬂ limits are shown at the 95%
confidence level.
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ray anisotropy data, after(11).
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The three points below 1013eV are from measurements made in underground

laboratorieslq,lS,lG)

at depths between 40 and 507 m.w.e. where muons from the
decay of pions produced high in the atmosphere by the incoming primaries are
detected. The energy refers to the energy/nucleon of the primaries which are
dominantly protons. The next two points (between 1013 and 10l%eV) are from the

work of the Japanese17) and Hungarianla)

groups who have measured the time
variation of the rates of small air showers produced at mountain altitudes.
Above 5.10!lev the trajectories of the primaries are relatively little
influenced by the interplanetary magnetic field (or the effect has been
accurately allowed for). The constancy of the amplitudes and directions between

5.1011 and 101%eV is striking, and must be considered as well established.

Kirally et a1'2) in a clear discussion of these data, have linked the
invariance of phase and amplitude to the persistence of the direction of the
local interstellar magnetic field. out to distances of a few parsecs, the field
direction being inferred from the steady flow of interstellar gas in the region
just outside the solar cavity. Kirally et al also deduce that under these
circumstances features of cosmic ray propagation do not change very much between
1011 and 10l%ev.

Above 10%%eV all measurements are derived from studies of air showers.
Between 101% - 1017ev (open circles) the data have been taken from a

9) of all available evidence recorded between 1951 and 1965. The

compilation1
results are based on 23 experiments in which the counting rate of small air
showers was recorded as a function of time. The directional accuracy possible
in these early experiments was rather poor as it relied upon atmospheric
collimation. Likewise the energy resolution was limited as analysis of
individual events was not possible. Nonetheless there is evidence for an
anisotropy which changes both in amplitude and phase as the energy increases
The validity of this claim is strengthened by the fact that the amplitude of
the first of the older air shower points, at 3.10%%eV, is 0.075+0.020%, in
excellent agreement with the mean amplitude of the 5 independent measurements
made with EAS and muon techniques in more recent experiments at lower energies.
The difference between the phase of the first of the older points and that of
the lower energy data is not particularly disturbing as the Larmor radius of

a proton of this energy is “0.1pc in the canonical field, and variations in
magnetic field and/or cosmic ray gradient on this scale may well occur in
directions away from the Galactic plane. As the energy increases the

amp litude of anisotropy starts to rise and there is a steady change in the

phase of maximum.



Above about 6.1016ev the data shown in figure 2 derive from the Haverah

. 2
Park experiment 0’2{

At the present time these data are the most numerous
available; between 1017 and 10!18eV the number of showers recorded exceeds

those from other experiments by roughly an order of magnitude; between 1018 and
101%vV the Haverah Park data set exceeds that of Volcano Ranchzz) by more than
a factor of 5 while above 1019%V the events available from Northern Hemisphere
experiments are Yakutsk?2?) (34), Volcano Ranch2%) (44), Haverah Park2*) (144).
The discussion of data above 6 x 1016eV which follows concentrates mainly on the
Haverah Park results but where comparison has been possible the agreement of
these results with the broad features of other experiments is found to be good
(see reference (20) for more details). In the Haverah Park experiment the
direction of each event is known to within 1072 sr and the energy resolution is
better than 40%. Partition of the events into energy bins a factor of 2 wide

has been adopted.

The data from the Yakutsk, Volcano Ranch and Haverah Park cover mainly
the sky region above §=00. There are limited statistics from Haverah Park
down 6 =-60 and from Volcano Ranch down to 6§ =-300. A major experiment has been
operated in the Southern Hemisphere by the University of Sydneyzs). Analysis
is still in progress and the final results are keenly awaited as the exposure
achieved in this single experiment was comparable to that from the three
Northern Hemisphere arrays combined. Particularly at the highest energies the
absence of data from the Southern Hemisphere severely hampers interpretation

of the measurements which are available.

The variation of anisotropy with energy above 1016eV which is summarised
in figure 2 is extremely complex. Near 1017eV there appear to be two
significant amplitudes, in adjacent energy bins separated by a mean energy
of a factor 2. The direction of maximum is similar in both bins when the data
are examined over all declinations, but differences in detail are revealed when
individual declination strips are examined. In the lower energy bin (E1
6x 1016 - 1.25x 1017eV) there is a slight excess near 2400RA in each bin,
whereas bin E2 (1.25 - 2.5x 1017eV) shows an excess dominantly in the strip
with 209< §< 300 (figure 3). In the search for anisotropyzo) 100 such
declination strips were examined; the chance of finding one such remarkably
anisotropic strip is computed, taking into account the number of strips, as
8x 1073. No data from other experiments are available to check the reality
of this result but figure 4 shows the phases and amplitudes from all other
experiments in which measurements were made near 1017eV. The agreement with

the Haverah Park results, averaged over all declinations, is impressive.
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Figure 3 Right ascension
distributions in 5
declination strips for energy
bins El(6x1016 - 1.25x 1017
eV) and E2(1.25 - 2. 551017ev
of Haverah Park data’ The
dashed horizontal line in
each histogram is the mean
number for that interval; the
vertical dashed line shows
the phase of the first
harmonic in right ascension.

Figure 4 Comparison of data
from a number of experiments
near 1017eV. The circles
indicate rms,amplitudes.

A (Cornell 26) ) 19000 events,
7.5x10Q16ev); B (Haverah
Park 29/ (1, 13825 events

6x 1016 - 1.25x 1017ev;

2, 31266 events, 1.25 -
2.5x1017ev)); C (other
experiments, 11059 events,
see 20) for details, 6x 10%6-
5x1017ev), R is the
resultant vector.



In the two energy bins immediately above those just discussed only
upper limits can be set to an anisotropy. The limits shown (figure 2) are
95% confidence limits and it therefore appears that the amplitude of
anisotropy may not increase as rapidly with energy beyond 2.10l7eV as it
appears to do between 1015 and 10!7eV. Note that the phase of bin E3
(2.5 = 5x101%V) is unknown. By contrast bin Ek4, again showing only an upper
limit, has a phase which can be estimated and is similar to that in the
2 x 1018eV region (bins E5 and E6) where there is limited evidence for an
anisotropy in right ascension. This result is supported (see figure 5) by
experimental evidence which is available from other workzz'ze'zg) carried out
near 1018ev.

v/RA

Figure 5 Comparison of data

. from a number of experlme9
B--——-——-- - - ——-0 near 1018ev. Cornell

MIT(MIT group? 7y, HP(Havera?
Parkze)), VR (Volcano Ranch22/),
Y(Yakutsk2%)). The variation

in amplitude between experiments
is large but the agreement in
phase is striking.

At the very highest energies (>4.101%V) there is accumulating evidence
for an excess of events from high Galactic latitudes. Such a possibility was
first noted in 197330) and as further events have been recorded the tendency
for energetic events to arrive preferentially at large angles to the Galactic
plane has persisted. The current situation (for 8>00 and E>4.101%V) is
summarised in figure 6; the Volcano Ranch and Haverah Park events are those
listed in the World Data Centre Cataloguezu) while the Yakutsk points were
reported by Krasilnikovza). The cut in energy has been taken at 4.101%V so

as to correspond with the highest energy band discussed by Krasilnikov.
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Figure 6 The arrival directions of the 45 most energetic events

(>kx 101%yV) observed at 6>00. The projection used is an equal area
projection; 6=900 1ies at the centre of the circle which has circumference,
6=00. The open circles in the left hand diagram are identifiable in the

right hand diagram (13 filled circles, Yakutskza); 7 crosses, Volcano Ranchz“)
and 25 open circles, Haverah Park2“§). In the right hand diagram lines of
Galactic latitude, b"'=600, 300, 00, -300, are marked as are the directions of
spiral-in, the Galactic anti-centre, the north Galactic pole and the centre
of the Virgo cluster.

Individual energies have yet to be published for the Russian data. The first
harmonic in right ascension of these 45 events has an amplitude of 90 +20%
(probability of arising by chance from an isotropic distribution = 1.k4x 107%)
and a phase of 180« 140RA. It is also clear that there is no enhancement
towards the Galactic plane as predicted by Syrovatskyal). The probability of
a 2:1 enhancement in the region of the plane with respect to the Pole

(|b"]<30° compare with |b'"|>300) can be strongly rejected, (p<<1073).

An alternative way of presenting this result is to determine the
deviation from expectation of the mean Galactic latitude of these data. It
has been pointed out beforel) that the Haverah Park data set reveal an increase
of <sinb'>, over the value expected for isotropy, above the energy at which
the energy spectrum flattens. A similar analysis has been made with the
available showers from Volcano Ranch and Yakutsk and is shown alongside the
Haverah Park result in figure 7. There is some support from these
experiments for a change in the Galactic latitude distribution at the
energy in question. Above 4.101%vV, <sinb'> for 48 events is 0.50+0.07
compared with the isotropic expectation of 0.30. For 1-2 x 101%V (the other
energy band for which Yakutsk directions are available) <sinb''>=0.210 % 0.045

(isotropic expectation = 0.22) for the showers recorded in the three
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experiments.
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Figure 7 Variation of <sinb''> with energy. The left hand diagram shows the
Haverah Park resultsl/ for <sinb''> and the energy spectrum. The right hand
diagram shows, the results derived for <sinb'> for the Volcano Ranch?“/ and
the Yakutsk?3) data sets.

The reason, 'a priori', for investigating the anisotropy above and
below 4 x 101%V is that above this energy the spectrum is flatter than at
lower energies whereas if the sources of these multi-Joule particles
are at cosmological distances (quasars for example), the spectrum is
predicted to steepen rapidly. | have been unable to think of any
systematic error which, if it were present, would simultaneously
flatten the spectrum and cause the showers to arrive with an anomalous
intensity at high Galactic latitudes. The two effects combine to provide

an important clue as to the origin of the most energetic particles.
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A more detailed analysis in Galactic latitude has recently been made by
the Haverah Park groupaz) for showers with energies below 4.101%V. The 9 x 104
events with energies above 6 x 1016eV have been grouped into factor of 2 bins in
energy. For each energy bin the ratios of the observed to the expected number
of events have been calculated as a function of Galactic latitude and are shown

The statistics allow only a description of the systematic
The gradient of a linear least

in figure 8.
deviations from uniformity in Galactic latitude.



squares fit to the data of each energy bin is shown in the figure. The result
for bin E10 is a restatement of the result just discussed, that showers above
4 x 101%V arrive preferentially from high Galactic latitudes. The remaining
energy bins show a systematic enhancement at low Galactic latitudes. Although
no energy bin shows a very significant enhancement on its own, a trend of
steeper gradients at higher energies is apparent when the fitted gradients are
plotted as a function of energy. Direct comparison is possible only with data
from the Cornell groupaa) who have reported the co-ordinates of 166 events
having E>1018eV. The gradient is comparable in magnitude and of the same sign
as those obtained with Haverah Park data. For the Haverah Park events alone
the mean gradient at energies less than 3.2x 101%V is (-3.1%1.4) x1073,

significantly different from zero.

4. Discussion and interpretation

{ have attempted to summarise the present state of knowledge about cosmic
rays in figure 9 where the energy dependence of the mean mass, the integral
slope of the energy spectrum and parameters associated with the anisotropy, are
displayed. The breaks in the various parameters are not, of course, as sharp
as indicated but are shown as discontinuities to highlight the possibility that

changes in spectral features appear to coincide with changes in features of the
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anisotropy. The two most clearly established changes in the slope of the

energy spectrum occur near 1015V and 3x 101%eV. Near the lower energy the
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amplitude of the first harmonic in right ascension is observed to start to
increase with energy; at the higher energy a tendency for particles to arrive
preferentially from high Galactic latitudes is observed. There may be a less
pronounced spectral feature near 1017eV where the anisotropy amplitude changes
and where the phase and declination distribution behaves in a complicated

manner; more measurements of the spectrum are required in this region.

It is evident from figure 9 (and figures 2 and 8) that cosmic rays are
anisotropic at all energies between 5. 101! and 1020ev. There is suggestive
evidence, derived from analysis of the distribution of 100MeV y-rays, that
cosmic rays of 10%- 1010ev have their origin in our Galaxy3“). It is
conservative and unexceptionable to suppose that cosmic rays up to at least
2.1017eV are also of Galactic origin. The relatively large amplitudes, several
percent, observed near 1017eV and the complex distribution in declination (see
figure 3) could hardly arise as a result of some anisotropic, extragalactic,
distribution of sources because diffusion of the particles in intergalactic
space is expected to render their distribution highly isotropic. Rather one
might seek to interpret the observed patterns as arising from the convolution
of the magnetic field structure within a few Larmor radii of the earth with an
anisotropic distribution of Galactic objects which would accelerate such
particles. In this context it is noted that the currently attractive shock
acceleration model might operate up to energies of 10183V35). Suitable shocks
might be, or might have been, associated with features such as the Heiles
supershe]lsze). Theoretical studies of methods of acceleration of light

nuclei in such systems would be of enormous help in interpreting the data

Extensive efforts have been made in the last 10 years to understand the
fact that cosmic rays of 1020eV are observed at a rate (5(fﬁ:g)x]0'16m~25'15r'1)
significantly greater than expected if the sources of such particles lie only
at cosmological distance. The point is that protons of this energy interact
very strongly with the 3K radiation (producing pions) and have an attenuation
length of about 200Mpc at 1020%eV. Thus 1020V protons from the Coma cluster
would be reduced in intensity by 2.7 even if diffusion in intergalactic space
was negligible. If all of the primaries were iron nuclei (in contradiction to
the limited experimental evidence) photodisintegration by the 3K photons would
be effective in depleting the intensity by a similar amount7). The sources

must thus be relatively local, certainly lying within 200Mpc.

Evidence for anisotropy in the arrival directions of the highest energy

events (figure 7) appears at variance with any reasonable model of Galactic

origin, and it has become popular6’7r37'39) to consider the possibility that

highest energy particles are produced by sources within the Virgo cluster. A



major drawback of this hypothesis is that the energy requirements for such
sources are very large. To maintain the observed local energy density of
210"8eV cm™ 3 throughout the Local Supercluster when the 3K-limited lifetime is
~108y requires an energy input, into 1020eV particles and above, of

"5 x 104lerg s~ 1, Additionally the sources would have to pump vast quantities
-1

of energy into lower energy cosmic rays, as much as 104fergs into cosmic rays

>1GeV if the high energy spectral shape (y=1.3%0.1) persists to lower energies.

Such an energy output is about 106 times that of our own Galaxy in cosmic rays

whereas the number of similar galaxies in the Virgo cluster may only be 103,

A particularly interesting and detailed discussion of this problem has
been given by Giler et al“o) in a development of some earlier ideas of Wdowczyk
and wolfendale“l). They have made a detailed study of a model in which the
sources of the particles lie in the Virgo cluster and in neighbouring clusters.
Two diagrams from their paper are shown in figure 10. The spectral shape at the
highest energies can be reproduced by the multi-cluster model with a large
diffusion coefficient (3 x 1035 Eiés cm? s71) though a better description of the
anisotropy data is provided by the model in which the Virgo cluster contains the

most significant sources. A test between the two models may be possible when
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Figure 10 Results of calculations of the Virgo cluster and multi-cluster
models of Giler et al“?). The left hand diagram shows the fit to the spectral
shape achieved with the multi-cluster model (clusters W|th|n 100Mpc) in which
the diffusion coefficient is energy dependent, D=3x103 E191 Sem?2 57! (E in
units of 101%V). The right hand diagram shows the variation of <sinb'>
predicted by models: A, Virgo cluster only, D=5x 1033 E192 cm? s71;

B, Virgo cluster alone, D=1.58x 1034 Eig cm?s71;

C, Virgo plus other clusters, D=3x103%E,q1-5cm2s™1.  The open cn‘cl?s are
from1 , the triangle is a smaller sample of Yakutsk data than that of?

which is shown in figure 7. The diagrams are figures 7 and 9 of

reference (40).
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data on the spectra and anisotropy in the Southern Hemisphere (6§<0°) become
available. On the Virgo hypothesis it seems clear that a smaller anisotropy
than seen in the Northern Hemisphere would be expected together with a less
pronounced flattening of the spectrum. This arises because of the well-known

“2). Predictions

concentration of galaxies in the northern Galactic hemisphere
based on the multi-cluster model require more detailed knowledge of the
positions, sizes and distances of Galactic clusters than are presently

available.

Although the model just described successfully explains features
associated with the highest energy cosmic rays it predicts that the direction
of anisotropy of 1018-1019%yV particles should lie above the Galactic plane
(figure 10) rather than below it as is found experimentally (figure 8). The
origin model can be reconciled with observations if the primaries which reach
us from southern Galactic latitudes have undergone some preferential
acceleration, perhaps as a result of having spent a substantial part of their
lives within the Local Group of galaxies, the centre of which lies in a
direction 220 below the Galactic plane. The possibility of intergalactic
acceleration, suggested originally by Cocconi“a), has been revived more
recently in the context of shock acceleration by Blandford and Ostriker3sx
It is not being suggested here that particles receive all of their energy
in intergalactic space. Rather it is being proposed that the anisotropy arises
because particles receive a boost of energy, AE, leading to an anisotropy of
(y+1) AE, where y is the slope of the integral energy spectrum. Galactic
winds a:% the motion of massive gas clouds, such as those of the Magellanic

L)

stream' '/, may generate the necessary shocks in the medium of the Local Group.

If a heavy mass composition is eventually established as being more
probable than the proton dominated composition supposed in the above discussion
then the observations between 1018 and 101%V could be reconciled with a
Galactic origin. A cosmic ray gradient caused by inefficient trapping within
the Galactic magnetic field would result in an anisotropy in a direction
orthogonal to the local magnetic field and the gradient. The direction of the
observed excess is consistent with a field direction of 2900, b''n.00 provided
the sun lies in the direction towards the inner boundary of the local spiral

arm as it may do“sx

5. Summary and Future Experiments

The conclusions which have been reached above as to the origin of cosmic
rays are:-

1. 1012-2.1017ev : It is likely that the majority of these particles are
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accelerated in sources which lie within our own Galaxy. The levels of
anisotropy observed from 101° to 2.1017eV are much larger than expected
on any extragalactic theory of origin and since there is evidence from
studies of y-ray data that 109 - 101%eV cosmic rays are Galactic it would
be surprising if particles of intermediate energy had a different origin.
Furthermore a number of plausible Galactic models have been devised“e'qg)
which, though differing in their assumptions, lead to predictions for the

amplitude of anisotropy in rough agreement with experiment.

It should be borne in mind, however, that a mixture of an isotropic
extragalactic component and an anisotropic Galactic component could be
present at any energy. For example the observed anisotropy near 1017ev
might arise from a Galactic component which had a 100% 1st harmonic
amplitude (a point source produces a 200% amplitude) and an isotropic
extragalactic component which comprised v98% of the total intensity.

2. 2.10121§9 eV : It is not clear at the present time whether cosmic rays
in this energy band originate dominantly from within our Galaxy or out-
side of it. |If the major mass component is established to be hydrogen
then it will be hard to sustain the view that the majority of the
particles originate within our Galaxy.

3. >1019%yV : The evidence for anisotropy in a direction nearly normal to the
Galactic plane, coupled with the difficulty of accelerating particles to
these energies in any known structure within our Galaxy, makes it probable
that the particles observed are of Galactic origin. The continuation of
the spectrum to just beyond 1020eV, however, requires that the sources
lie within 200Mpc and probably closer

What experiments need to be undertaken to test these conclusions? At the

highest energies the major needs are for data from the Southern Hemisphere,

which should come shortly from the Sydney experimentas) and for a three-to-
tenfold increase in statistics which may be achieved by the University of

Utah's Fly's Eye experimentso) in the near future. If 103km? of collecting

area could be monitored for 10 years only about 5 events with E>102lev would

be expected from an extrapolation of the known rate at 102%eV. Between 1017

and 101%V high statistics experiments in which it is possible to measure the

arrival direction pattern of individual mass components are being discussed

and preliminary data of this type may come from the recently commissioned

large array in Japansl). At lower energies the Nagoya group has plans to

extend their high counting rate, small air shower experiments to energies

above 101%eV52) while between 1015 and 1017ev experiments currently running

at Haverah Park enable an interesting region to be surveyed with current
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technology. Below 10!7eV however, the smallness of the showers makes it
hard to see how mass assignments can be made efficiently for individual

events.

0f immense benefit to the interpretation of existing data would be
theoretical effort aimed at pinning down likely acceleration regions. In
particular the enormous power required to be input to high energy cosmic rays
and the acceleration of particles to 1020eV pose challenging problems for

astrophysicists.
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THE STUDY OF AIR SHOWERS BY THE FLY's-EYE

Jerome W. Elbert
Physics Department, University of Utah

ABSTRACT

The Fly's-Eye is an optical-electronic system designed to detect scintil-
lation and Cherenkov 1ight from ultra-high-energy cosmic ray air showers. For
about 9 months, 48 out of the total 67 mirrors of the system have been operated.
Air showers with greater than 10!7 eV are being detected and reconstructed by the
University of Utah Cosmic Ray Group. The Fly's-Eye will allow the development of
individual showers in the atmosphere to be studied and will be able to observe
showers many kilometers away. Besides observing the spectrum and anisotropy of
air showers from 1017 to 1020 eV cosmic ray nuclei, the system may also detect
point sources of 10!* to 1016 eV y-rays. Preliminary data from a search for Y-
rays from the vicinity of the Crab Pulsar are presented.
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I. INTRODUCTION

The Fly's-Eye is the first apparatus designed to provide truly remote de-
tection of cosmic ray air showers. In this paper I would 1ike to describe the
Fly's-Eye to astrophysicists and physicists who are not cosmic ray specialists
and to point out the goals of the air shower work to be done by the Fly's-Eye.
Since it is 1ikely, or at least possible, that cosmic rays are produced in
supernova remnants, active galactic nuclei, and quasars,1'3] some cosmic ray
studies can have implications outside the field of cosmic ray phenomena. For
example, models of cosmic ray production have been proposed 3,41 in which a major
part of the emitted energy of astronomical objects consists of cosmic rays or
very high energy Y-rays which are observable by cosmic ray detectors. For the
Fly's-Eye there are two general kinds of observations which are of special astro-
physical interest.

One kind of observation is the study of cosmic rays within the energy range
1017 to 102! eV. Some astrophysical implications of these studies will be des-
cribed in Section V of this paper. Somewhere above 1020 eV, cosmic rays travel
relatively direct paths to the earth, and large anisotropies are expected in
their arrival directions. In this extreme high energy 1imit, cosmic ray studies
resemble other forms of astronomy, with nearly undeflected charged particles
arriving at the earth and giving information about their sources. The study of
the chemical composition of the ultra-high-energy cosmic ray nuclei also has
astrophysical significance.

A second kind of observation of astrophysical interest is the detection of
primary Y-rays at higher energies than have been studied so far. In this case
the relevant energy range is from about 101* eV to 1016 eV. Preliminary results
of Y-ray observations from the vicinity of the Crab Nebula are presented in
Section VI.

In Section II, the production of 1ight by air showers and the basic idea
of the Fly's-Eye is described. In Section III, the idea of the Fly's-Eye is
described. Section IV describes the Fly's-Eye itself. The ways in which the
Fly's-Eye may contribute to knowledge of extremely high energy cosmic rays, astro-
physics, and particle physics are described in Section V. Section VI discusses
ultra-high-energy Y-ray detection by the Fly's-Eye.

II1. PRODUCTION OF LIGHT FROM EXTENSIVE AIR SHOWERS

Extremely high energy primary cosmic rays (mostly protons and other nuclei)
enter the earth's atmosphere and collide with the nuclei of air atoms. Mesons
are produced in these interactions. The nucleons and some of the mesons from the
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collisions go on to collide with other air nuclei, producing more mesons. Since
tens of mesons are produced in each such collision and the atmosphere is about
ten interaction lengths thick, the resulting cascades consist of many thousands
of mesons, most of which are = mesons. This is the hadronic part of the "air
shower."

Unlike the charged ™ mesons, which 1ive long enough (if they are very ener-
getic) to collide with nuclei and produce other mesons, about a third of the
mesons are neutral and decay almost immediately into two v-rays. The yv-rays
produce electron-positron pairs in collisions with air nuclei. The electrons and
positrons produce more Y-rays by the bremsstrahlung process. The atmosphere is
very "thick" compared to the typical amount of material needed for these proces-
ses. The v-rays from the decay of a single energetic neutral m meson can result
in an electromagnetic cascade consisting of thousands or even millions of elec-
trons, positrons, and lower energy Y-rays.

Part of the shower energy is transferred to the electromagnetic cascade In
each generation of the hadronic cascade. By the time such a shower has reached
the surface of the earth most of the shower energy has been shifted from the
hadronic to the electromagnetic cascade, and most of the charged particles are
positrons and electrons. At first in the development of such an “extensive air
shower" the numbers of electrons and positrons increase. The electromagnetic
cascade procedes until electron and positron energies decrease to about 50 to 100
MeV. At these energies, the electrons and positrons lose about as much of their
energy by jonization as by bremsstrahlung, and the multiplication process comes
to an end.

Because of the processes described above, the number of charged particles in
an extensive air shower gradually increases to a maximum value and then gradually
decreases. The very highest energy showers, however, have not reached their
maximum number of particles (or maximum "size") before the shower strikes the
ground, if the shower is vertical. The cascade propagates in a straight 1ine at
essentially the speed of light. The width of the cascade, about 100 meters, is
mainly the result of multiple Coulomb scattering of the low energy electrons and
positrons.

The Fly's-Eye detects 1ight produced by energetic air showers. The most
important part of the 1ight detected by the Fly's-Eye is scintillation 1ight.
Ionizing shower particles produce excited nitrogen molecules and ions. Except at
extremely high altitudes, only a small fraction of the excited molecules or ions
emit photons. Most of the excited molecules and jons lose energy in collisions
with other air molecules. The number of excited molecules or jons is propor-
tional to the air pressure, while the probability of emitting a photon before a
de-exciting collision takes place is inversely proportional to the pressure.. As
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a result of this, the number of emitted scintillation photons per particle per
meter is roughly constant, independent of the altitude. The 1ight is emitted
isotropically. At fixed pressure, the 1ight output is proportional to the jon-
ization energy loss of a particle, and amounts to about 4 photons per particle
per meter for minimum-ionizing particles. The scintillation 1ight occurs in
numerous bands in the near ultraviolet and violet end of the spectrum.

Cherenkov 1ight is also produced by air showers. Al1 charged particles
traveling at greater than the speed of 1ight in air produce this light. Near
sea level, a highly relativistic particle produces about 25-30 visible photons
per meter in air. These photons are emitted at an angle of about 1.4° with res-
pect to the particle's direction. However, due to multiple Coulomb scattering
and other effects, shower particles have average angles of about 8° with respect
to the direction of propagation of the shower as a whole. Consequently, this
angle dominates the angular distribution of Cherenkov 1ight. At sea level, only
about half the shower particles have velocities so close to c that they can
produce Cherenkov 1ight. At higher altitudes, a somewhat smaller fraction of
particles can emit Cherenkov 1ight, because the index of refraction of the air
is closer to unity. Although the number of produced Cherenkov photons is greater
than the number of scintillation photons, the extreme difference between the
angular distributions of the two 1ight components results in the dominance of
scintillation 1ight when showers are viewed at large angles from the shower
direction.

111. THE IDEA OF THE FLY'S-EYE

The classical method of detecting air showers is by constructing a grid of
of particle detectors and registering events in which a number of adjacent
detectors count particles simultaneously.
Such grids can cover areas of tens of
square kilometers.5] These grids or
air shower arrays have given us most of
our present knowledge about the highest
energy air showers. Since the highest
energy cosmic rays are extremely rare,
it is desirable to extend the detection
areas for cosmic ray air showers to the
largest feasible values. Optical detec-
tion of remote air showers allows the FLY'S-EYE AIR SHOWER DETECTOR

detection area to be increased to the
range of hundreds or perhaps thousands



of square kilometers. The basic idea of the Fly's-Eye (which we owe to Pro-
fessor K. Greisen),ﬁ] was to develop an optical-electronic system to exploit
this possibility.

There is another major advantage of the use of remote detection of cosmic
ray air showers. Unlike an array of particle detectors, which measures the air
shower "sizes" (numbers of particles) only at the surface of the earth, the
remote detection of air showers allows the longitudinal development of individual
air showers to be studied. That is, the number of shower particles can be ob-
tained at many positions along the air shower track. This information allows
studies to be made of the chemical composition of the primary cosmic rays, the
interaction length of the extremely high energy protons in air, and the "elon-
gation rate" of showers, which is dependent on the number of produced particles
in high energy collisions. These studies will be discussed in Section V.

The origin of the name, "Fly's-Eye," is that the apparatus is somewhat
analogous to the eye of an insect in which a large number of optical elements are
arranged in such a way that each element can detect the intensity of light in a
particular narrow angular range. An air shower, as seen in the figure, produces
a signal in optical elements arranged on a great circle drawn on the imaginary
hemisphere representing the field of view of the Fly's-Eye. In the Fly's-Eye
there are 870 photomultiplier tubes (PMTs) at the focal points of 67 spherical
mirrors. Each of the PMTs views a hexagonal-shaped aperture of about 2.7° half-
angle. The pattern of PMTs which see 1ight from a given shower defines the direc-
tions of a plane (the shower-detector plane) containing the Fly's-Eye and the
linear trajectory of the air shower. The fact that the shower crosses the the sky
at the speed of light is used together with the measured times at which the PMTs
observe the shower to obtain the distance of the shower and the angle between the
shower path and a horizontal 1ine in the shower-detector plane. This completely
determines the position and direction of the shower trajectory. The intensity
oﬁ the 1ight observed by the different PMTs which view the shower gives the number
of particles at numerous positions along the shower trajectory. Thus, the Fly's-
Eye obtains a great deal of information about each shower which it detects.

The particular uses of the Fly's-Eye described above are based on the detec-
tion of scintillation 1ight from air showers at distances of about 1 km or more
from the Fly's-Eye. There are also very many lower energy air showers which fall
within about 200 meters of the Fly's-Eye. For most of these showers the observed
light is predominantly Cherenkov 1ight emitted within a few degrees of the direc-

tion of travel of the shower. The "image" of such a shower in the Fly's-Eye is a .

brief 1ight flash in one or more PMTs. The idealized geometry for such an event,
called a "blast" is an instantaneous flash from a specific direction. In this
case the shower direction is nearly the direction from which the 1ight is ob-
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served, and the time integral of the 1ight pulse gives a lower 1imit to (and an
approximate value of) the shower energy. These "blasts" will be discussed fur-
ther in Section VI, in connection with the search for sources of ultra-high-
energy Y-rays.

IV. THE FLY'S-EYE

The Fly's-Eye is funded by the U.S. National Science Foundation. The prin-
ciple investigator of the project is Professor George Cassiday, of the University
of Utah Physics Department. The location of the Fly's-Eye is on the Dugway Army
Proving Grounds, Utah, U.S.A. This location is about 140 km southwest of Salt
Lake City. The site is on a small mountain which is about 150 m above the
surrounding country. The sparsely inhabited location is away from the 1ights and
air pollution of large cities. The location is also desirable because the sky is
free of clouds a large part of the time.

The figure represents a mirror unit of the
Fly's-Eye. The 1.6 m diameter mirror focuses
1ight (focal length 1.5 m) onto a cluster of 12
or 14 hexagonal-faced 1ight collectors, each of
which reflects the 1ight onto the face of a PMT.
The mirrors are spherical and are made of alu-

LIGHT R4y

minized glass. The mirrors are shaped by the

University of Utah Cosmic Ray Group by gravity-

slumping of a circular piece of ordinary plate

glass onto a graphite mold in an electrically MIRROR
heated oven. Aluminum is evaporated onto the = A\-----"""\7/-----

mirrors in a very large vacuum chamber. The
1ight collectors are plastic funnel-shaped de- -—lEm—————
vices which are aluminized on the inside surface.

Cylindrical steel housings shelter the mirrors. The mirror is located on
the Tower left-hand side of the cylinder shown in the photograph. The housing
is shown in position for viewing the sky. During the day the cylindrical unit is
rotated so that the open end faces the ground. If the fields of view of all the
mirror boundaries are projected onto a hemispherical dome, the resulting mirror
boundaries are shown in the following figure. The mirror units have been aligned
to agree with this pattern with an accuracy of 1/2 degree. The Fly's-Eye is
operated at night when the moon is not up and the sky is cloud-free. Because of
these constraints, the Fly's-Eye operates about 10% of the time. There will be
67 mirrors units in the complete Fly's-Eye. During the last 9 months 48 mirror
units have been in operation. Al11 67 units will be operated later this year.



The sensitivity of the Fly's-Eye is
limited by the noise produced by fluctu-
ations in the background 1ight, produced
by stars and chemical processes in the
upper atmosphere. In order to optimize
the sensitivity of the Fly's-Eye in the
presence of the varying background 1ight
intensities, the triggering rate of PMTs
in each mirror is monitored by our Digital
Equipment Corporation PDP-1134 computer
and the thresholds are automatically ad-

justed to keep the counting rates within
the desired range. A typical sensitivity
is such that the scintillation light from a 10!7 eV air shower is just detectable
if the closest point of the shower trajectory is 1.7 km from the Fly's-Eye.
Showers which are, for example, 1 km from the Fly's-Eye pass through the
field of view of a PMT in a much shorter time (~ 1/3 us) than showers which are
20 km away i~ 7 us). The signal currents are integrated over time periods fixed
by the electronics. It is not optimal to integrate data for 10 us for nearby
showers since background fluctuations would be increased during the more than
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9 us of excess integration time. Thus, some showers need to be integrated for
long periods, while other showers are best integrated for short time periods.
This problem is treated by fanning out each PMT signal into 4 data channels with
integration times spanning the range from 0.8 to 20 us. In each shower, data are
recorded in 4 channels for each tube which triggered. After the distance of a
given shower is determined, the selection of data from the best data channel can
be done for each PMT.

Triggering (deciding that a possible event is present and that data should
be recorded) is accomplished in this system by a two-level hierarchy. First, a
mirror trigger is formed when two PMTs in a given mirror pass over threshold at
nearly the same time. A system trigger occurs when two mirrors trigger at nearly
the same time. By requiring that these "coincidences" be separated by a minimum
interval, the triggering accepts cases in which a shower crosses the field of
view of the Fly's-Eye, but rejects events in which the 1ight arrives nearly
simultaneously in all PMTs. The latter events are the "blasts" mentioned pre-
viously, which are only of interest when looking for y-ray sources.

During normal operation, about 10 track-like events are observed per hour.
There is no difficulty in distinguishing showers from the background noise be-
cause real showers produce a very orderly sequence of pulses in a line across
the sky. Data which are stored for each event are the time at which the event
occurred, the identities of all PMTs which triggered in the event, the values of
thresholds at the time of the event, the relative times at which different PMTs
triggered (accurate to 50 ns), and the pulse integrals from the four data channels
of each PMT which triggered. FILE 4- 72

The reconstruction of the geometry EVENT 84
of the shower is done in two stages. The
first is to fit the shower-detector plane
by analysis of the directions of tubes
in which signals were detected in a given
event. The figure shows the pattern of
tubes which fired in particular event. \
The view is of a dome representing the
sky, with x's representing positions of
tubes which were part of the event.

Circles represent tubes in which triggers
occurred but were identified as noise tubes by the pattern recognition program.

The dashed 1ine represents the horizon. The great circle representing the fit
to the shower-detector plane is drawn by the computer through the representation
of the data. There is 1ittle difficulty in obtaining the orientation of this
plane with very good accuracy.
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The next part of the fit is done to or
the times at which the PMTs triggered.
The following figure shows a fit of the S e e

times, tj, as a function of the angles

87 between the direction of the shower

and the direction the 1ight traveled to
the i-th PMT. The relation between the
variables is given by

TIME  (us)

R
t =t +_P tan(e,/2)
i o ¢ i

Btdegrees)

Rp is the "impact parameter" (measured from the Fly's-Eye to the closest point,
P, on the shower trajectory) and t, is the time at which the shower particles
reach point P. Since the 8; depend on a choice of an angle ¥ between the shower
direction and a horizontal 1ine from the Fly's-Eye to the shower, the fit is to
the 3 parameters tg, Rp, and v.

If a shower is viewed only at small values of 6; then 84/2 =~ tan(8;/2) and
ti = to + Rp/c(64/2). This is an equation for a straight line relating the tj to
the 84, and it does not contain sufficient information to give the values of the
3 unknowns. However, the tangent function is non-linear and this curvature of
the t(65) plot (which is evident in the figure) allows the shower to be recon-
structed. In the shower shown here, the impact parameter Rp = 1.73 + 0.10 km and
the 1ight emission angles 6; range from 12 to 122 degrees, with an uncertainty
of 2 degrees in these angles. The angular uncertainties of showers range from
about 1 degree up to infinity, depending on the angular range in which the
showers are visible.

After the direction and position of a shower are determined, the PMT signals
can be analyzed in order to infer the number of particles present in the differ-
ent regions of the shower. The determination of the number of particles within
the field of view of a given PMT requires the relative amount of 1ight expected
from scintillation and from Cherenkov emission to be estimated. The procedures
for this analysis are being developed and the development of the cascades in the
atmosphere should be known soon.

Artificial 1ight sources have been built into the mirror units which allow
the long term variation of the reflectivity of the mirrors and 1ight collectors
or changes of the PMT gains to be measured. Procedures have been developed to
equalize the sensitivities of all PMTs in the system. An optical flasher has
been developed to produce artificial "showers" to be detected by the Fly's-Eye.
An intense pulse of collimated 1ight was sent over the Fly's-Eye at "impact
parameters" of 1-3 km. The flasher unit was accurately aimed to give a beam of
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known direction. Part of the beam was scattered by the air and was received by
the Fly's-Eye, as in a real shower. The beam direction was calculated from the
Fly's-Eye data to check the reconstruction procedures. The detected 1ight inten-
sities were studied to check the atmospheric scattering model. Both checks have
given us confidence that the real showers can be successfully analyzed using the
Fy's-Eye.

V. THE GOALS OF THE FLY'S-EYE PROJECT

In order to introduce the Fly's-Eye goals, I would like to draw a rough
picture of the current knowledge in this field. The figure illustrates the
information available at various energies. At the top of the figure, the energy
domain is shown in which nuclear emulsion techniques or other direct measurements
are possible. These measurements are done in space or at very high altitudes and
require the cosmic ray to penetrate the apparatus so that direct measurements
can be made of the ionization rate and energy of the nucleus. Somewhere around
3 x 101% to 1015 eV these direct methods
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changes in the 1imit.

Above the energies of the direct measurements of the primary cosmic rays the
ground-level air shower arrays can be used to detect cascades resulting from the
primary cosmic rays. Such techniques are indirect, in that the characteristics
of the primary cosmic rays need to be deduced from the cascades which they pro-
duce. The gain in sensitivity by the air shower technique is enormous, however,
since individual showers spread over areas of about 10%-10° m2, so that particle
detectors can be separated from each other by more than 100 m with a total grid
area covering tens of square kilometers. The air shower arrays can measure total
shower energies as well as the arrival directions of the air showers. The air
shower spectrum and anisotropies of arrival directions have been measured up to
about 1020 ev.5] Indirect methods have been used to obtain some information about
the primary composition in the air shower energy region.7:8] Although these
investigations have given interesting results, it is too early to say that a
consensus of opinion has been reached on the composition problem.
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At energies above 1020 eV, the most promising measurement technique for
studying the air shower spectrum and the cosmic ray chemical composition is
remote optical detection, as developed in the Fly's-Eye. In this case, showers
with E5 > 1020 eV can probably be viewed at distances of 20 km, yielding a de-
tection area of about 1200 km2. Showers in about 3 steradians of solid angle
may be detectable, and the system would run about 10% of the time. Since the
flux of such showers is about 10-® km=2 hr-! steradian-1, about 3 of them could
be detected per calendar year. A few years of operation would greatly improve
the world's statistics on such ultra-high-energy showers.

Above about 3 x 1016 eV, the Fly's-Eye can detect air showers by the scin-
tillation 1ight which they produce. It also has the capability, however, of
detecting lower energy showers by means of the Cherenkov 1ight which they emit.
It was mentioned earlier that the Cherenkov 1ight from showers is very intense
when, and only when, the 1ight has been emitted at small angles with respect to
the direction of propagation of the shower. As a result, lower energy showers
can be detected by Cherenkov 1ight, but only when the shower axes fall within a
few hundred meters of the Fly's-Eye. Although this implies a shower detection
area of only about 105 m2, the rate of such showers is very high, since they can
be observed down to energies of about 3 x 1013 eV for which the flux is about
2 per m2 per hour per steradian.

Historically, one of the important uses of cosmic ray studies has been the
possibility of exploring nuclear interactions at higher energies than accelera-
tors can produce. The figure also illustrates the relationshiip of the Fly's-Eye
to present and future accelerator experiments. Currently, the highest energy
accelerator studies are at the Intersecting Storage Rings (ISR) at the European
Center of Nuclear Research (CERN) in Geneva. The peak ISR energy is equivalent
to 200 GeV protons striking "stationary" targets such as the earth's atmosphere.
This year, CERN may start operating colliding proton-antiproton beams at an
equivalent stationary target energy of 1.5 x 10!* eV. In a few years, colliding
beams of protons and antiprotons at Fermilab in the U.S.A. will reach the equi-
valent of 2 x 1015 eV primary cosmic rays. This is still outside the energy range
for which the Fly's-Eye was designed to study nuclear interaction characteristics.
However, the interaction characteristics observed at Fermilab at 2 x 1015 eV would
allow us to predict the characteristics of 1017 eV (56 x 2 x 105 eV) air showers
produced by iron nuclei quite accurately.

One of the most difficult problems in the interpretation of air shower data
is the uncertainty about whether certain somewhat surprising characteristics of
air showers are due to high energy interaction characteristics unlike those seen
at accelerators or that the characteristics are due to a composition of the
primary cosmic rays which is very different from that which is seen at lower en-
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ergies. The problem is illustrated by the next figure. For some specific model
of the nuclear interaction process one may obtain the longitudinal development
curves chosen in the figure for 1017 eV
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air showers from primary cosmic rays
which are protons and iron nuclei. If
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the experimental curve is like that
labeled Fe, it may mean that the primary
cosmic rays are mostly iron nuclei or

SHOWER SIZE Ng/107
~
T
L

that the correct interaction model gives

development curves from primary protons ) )

which are identical in shape with the 300 500 - 700 900 00
ATMOSPHERIC SLANT DEPTH (¢c.cm 2y
curve labeled Fe.

The solution to this problem may come from accelerator experiments, where
the proton-antiproton collisions may be done at high enough energies so that the
expected shape of the Fe development curve may be given with reasonable certainty
at 10!7 eV, as mentioned earlier.

However, it may be possible to solve this ambiguity of composition vs. inter-
action model using Fly's-Eye data. Suppose we look at the very early part of the
shower development curves, where the shower size is rapidly increasing with depth
and is only 1/4 the size it will be at maximum development. The depth at which
this occurs is less dependent on the in-
teraction model than is the depth of the
shower's maximum size. But this depth, 150
called xj/4, is strongly affected by the
depth at which the primary cosmic ray

3
3

first interacted. For example, Professor
T.K. Gaisser has calculated the distribu-

NO. SHOWERS

tion of xj/4 for monoenergetic air showers
produced by a composition in which protons
and various other nuclei were present. The

g

figure shows the results, with the contribu- o il P .
400 600 700

tion due to protons indicated by shading. sarems

It can be seen that protons are very deminant at the deeper (higher x1/4).
part of the distribution. In fact, when the same data are plotted with a
logarithmic scale, as in the following figure, the distribution gives the

absorption curve for the proton primaries, with a slope equal to that used for

protons in the calculation. If only Fe nuclei were present the distribution
would fall off more rapidly at large depths and the fluctuations in xj,4 would
be much smaller. This kind of observation can give the proton-air inelastic



cross section at very high energies and it can
give an estimate of the fraction of protons
among the primary cosmic rays at high energies. ++
The cross section measurement is of interest
to high energy nuclear physicists and the
fraction of protons in the primary composition

is of astrophysical interest. The ability to

A= 429/cm®

NO. SHOWERS

identify certain showers as proton showers
would make the implications of the depth of the
maximum of the showers less ambiguous. Know-

ledge of the composition would make the nuclear |

physics implications of other cosmic ray experi- 400 500 600 700

X,/4 (g7em?)

ments clearer, as well.

There may be surprising showers waiting to be discovered by the Fly's-Eye.
Since the Fly's-Eye will be the first instrument to obtain reasonably detailed
information about the longitudinal development of large numbers of showers above
1017 eV, certain rare interactions might be observed. For example, if interac-
tions of the "Centauro" type occur in very high energy air showers, some showers
might start very deep in the atmosphere and then develop very quickly.

Another example of a possible exotic event would be air showers produced
by interactions of ultra-high-energy neutrinos. These would be identifiable
because they would interact and produce showers at great depths in nearly hori-
zontal or upward-going trajectories through the atmosphere. Other presently
unknown particles might be produced far away in nearly horizontal showers and
then interact or decay near the Fly's-Eye to produce showers that are clearly at
an abnormally large atmospheric depth.

Two kinds of results which have astrophysical implications are the ultra-
high-energy spectrum and the anisotropy of the arrival directions. There is a
lack of isotropy in the highest energy cosmic rays which are observed.5]1 The
excess showers are not observed in the galactic plane, so they do not appear to
be of galactic origin. Their interaction with the universal black-body radia-
tion puts an upper 1imit on the distances which they are 1ikely to have traveled.
This interaction would produce a large attenuation of showers with E5 > 1020 ev
traveling distances much more than 50 Mpc, with much less attenuation at signifi-
cantly lower energies. The observed spectrum shows some flattening in this
energy range which is the opposite of the effect expected from the attenuation.
This implies that the 1ikely origin of these particles is in relatively local
clusters of galaxies. Since the degree of anisotropy appears to increase with
energy, the observation of showers in the 1020 eV region is of great interest.
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One of the goals of the Fly's-Eye work is to add to the world supply of air
showers in this energy range.

An activity which has recently been started with the Fly's-Eye is the search
for 10!* to 1016 eV y-ray sources using the Fly's-Eye. Our interest in this
search has been stimulated by the observations of Dzikowski et a1.91 and by our
results which are described in the next section.

VI. POSSIBLE GAMMA-RAY DETECTION BY THE FLY'S-EYE

There are a number of reasons why the search for 10!“ to 1016 eV y-ray
sources is appealing to our research group. The possibility of such searches
represents a capability of the Fly's-Eye that has emerged without being specifi-
cally "designed into" the system. The production of such gamma rays is by very
high energy particles. This implies that sources of energetic y-rays are likely
to be cosmic ray sources as well. However, the search for the y-ray sources is
more direct than attempts to determine the sources of the cosmic rays because
the y-rays point directly to the sources rather than being deflected by magnetic
fields. The y-rays from pulsars are especially interesting because the direc-
tions of likely sources are known and the radiation may be pulsed with the
previously measured period of the pulsar. The search for sources with these
particular characteristics can be quite sensitive.

Our interest was also stimulated by the work of a cosmic ray group at the
University of Lodz. Using an air shower array with a muon detector, Ozikowski
et a1.9] saw a 3.60 excess of showers from the direction of the Crab Pulsar com-
pared to directions differing by 90, 180 and 270 degrees of right ascension from
the Crab direction. For these showers, the numbers of muons was smaller by a
factor of 0.60 + 0.12 than in the comparison directions. This is consistent with
a fraction of the showers being produced by primary y-rays, since the number of
muons expected in showers from y-rays is much lower than in ordinary showers.
The angular resolution of the array was poor, and data were taken for showers
within 15° of the direction of the Crab Pulsar. The data were taken between 1975
and 1979. The estimated y-ray flux was 3 + 2 x 10713 cm™2 s™! for E; > 1016 eV,

The Fly's-Eye has a number of advantages for searching for y-rays compared
to the array described above. The collection area is roughly 105 m2 rather than
103 m2. The angular resolution is about 3° or 4°. Also, the Fly's-Eye is at
least as sensitive to y-rays as to cosmic rays of a given energy, while an air
shower array taking data in this energy range at sea level and at zenith angles
greater than about 30° would tend to discriminate against y-rays. These circum-
stances allowed a preliminary comparison to be made to the Polish group's results
in a few night's running time of the Fly's-Eye.



Special triggering conditions were set up for the Fly's-Eye to search for y-
rays. Events were accepted in which only one mirror detected 1ight. For showers
in the energy range 10!5 to 1016 eV, the sensitivity of the system needs to be
reduced to keep the large signals from Cherenkov 1ight from saturating the elec-
tronics.

The dashed 1ine in the second figure ot seon Toun R 8. 1980 s
in Section IV represents the trajectory 7
which the Crab Pulsar followed through the

field-of-view of the Fly's-Eye. Data were so -

60

collected from the different mirrors which |
viewed the entire region of right ascension “
between 4.5 and 6.5 hours. The distribution o
of showers from the first night of y-ray '

search data is shown in the next figure.

NO. SHOWERS

During this run very few showers above of
1016 eV were observed, but the 1015 eV data
ol v 0
coas - =
show an excess of weak statistical signi- o ascevons o ? %2

ficance near the right ascension of the Crab
Pulsar.

During five of the eight nights from February 1-7, data were taken again.
With this Tonger running time a significant number of showers were obtained at
Eo > 1016 eV. In this case, no excess was observed near the Crab Pulsar direc-
tion (see the figure). During this period the data at 10!5 eV were mostly below
threshold because the running conditions were set up differently than during the
December run.

At present the Fly's-Eye clock is S P /R X -
only accurate to about 1 second during a
night's data run. There is a pulsar near 2o
the Crab Pulsar with a period of 3.7454
seconds. The December 9, 1980 data were

checked to see if there was an indica-

NO SHOWERS

tion of this period being associated with
the excess of events seen on that night sk
from near the Crab Pulsar. The data were

analyzed at this period and the results o T vy =

RIGHT ASCENSION (hours)

are shown in the next figure. There is

an excess of events occurring during about
1 second out of each period. The probability of this excess occurring by chance
is ~ 3%. The data shown are for an energy of about 10!5 eV. The excess of
events is about 15, similar to the excess of events near the direction of the
Crab Pulsar in the same data.
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The statistical significance of the
positive effects shown here is not over-
whelming. However, more observations
ought to be made in this energy region.
The last figure compares results for y- 25 |- ‘

7 237454 Seconds

- Doto Neor Crob Pulsar
‘ (DECEMBER 9, 1980 doto)

rays from the Crab Pulsar (or its vicin-
ity in the case of the 3 highest energy
observations). The dashed 1ine is an
extrapolation from measurements in the

GeV region. The upper limits and obser- 10 %
vations represented by the parallelogram,10]
were made by detecting atmospheric Cherenkov
1ight, as with the points D and F from the ) ) )

Fly's-Eye December and February data. The e

Polish group's data are identified by Dz.

The dotted line is a possible trend of the high energy positive observations.
Our February data disagree with the Dzikowski et al. observation by a large
factor. However, the production of high energy y-rays from these pulsars is
thought to be variable, so there is not a contradiction between the two results.

COUNTS

Our weak, preliminary results do 10°® £ 108
not prove that measurable fluxes of y- Fiiﬁigf/ 0 7 QURDECISEO DaTa
* OUR FEB 198/ DATA
8 0z = DZIKOWSK! et al.

rays are present in this energy range, 5 0% - N
but they suggest that more observations
should be made. A clock that is accur-
ate to about 1 ms over a 2 week monthly

N
N
N

running time would be a worthwhile
improvement to the Fly's-Eye because it
would allow a more sensitive search to
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’
7
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be made for showers occurring with the LAJ o
periodicity of various pulsars. 0% 1017 0" 10?10 1d 10" 10

Ey (eV)
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THE PROCESSING OF NUCLEI BY ELECTRONS IN ACTIVE GALAXIES

R. SCHAEFFER
Service de Physique Théorique
CEN Saclay
91191 Gif-sur-Yvette Cedex, France

The cross—section for spallation of nuclei by electrons and Yy rays are calculated
and some astrophysical consequences are presented.
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Many active galaxies contain large fluxes of relativistic electrons and a rather

accurate estimate of the energy they contain can be obtained from the observation
of the radio emissionl). These electrons process the galactic matter they encoun-
ter and may lead to abnormal abundances. In particular the more abundant elements
such as Carbon may be transformed into Li, Be, B by a spallation process quite

2)

similar to the one that builds up”’ the latter elements in the galaxy, except

that now the active agents are electrons, and not protons. The relevant cross-
sections have been estimated recently and are large enough so as to lead to non-
negligible astrophysical consequencesB). The spallation of a nucleus by electrons,
such as e+ C+e+p+B, is at first guess due to the knock-out of a proton by an
electron. It is then quite similar to the proton spallation process p+C—>p+p+B,

but due to the Coulomb force rather than to the nuclear force. The corresponding

4, o being the fine

3)

cross—section is thus reduced by roughly a factor a2-10_

structure constant. The accurate calculation made in ref. 4

for the I2C he llB reaction, with a threshold for the electron energy near Een'ZO

4)

leads to g /0 ~3.3 10
MeV. This is the process currently measured ° in electron scattering experiments,
and the Ue/op ratio calculated3) is consistent with these experiments. There are,
however, besides the Coulomb interaction also the so-called "transverse" excita-
tions that are negligible at the scattering angles where the measurements are
currently made, but that become extremely large at small electron deflection an-
gles. This process excites almost only the giant dipole resonance that in turn
decays by particle emission. Its magnitude can be obtained by well-known sum rules.
For the C+B reaction one gets Ge~0.2 mb, that is Oelop~4 10-3, which is quite
larger than the Coulomb process. There is however an important difference : pro-
ton spallation, as well as electron spallation by the Coulomb interaction produce
B, Be and Li with nearly equal abundances. The giant dipole resonance, on the
other hand, decays to the B ground state only, so little Be and Li is produced
Since this process dominates the spallation by electrons, we should retain that

the spallation of C by electrons produces B, but no Be nor Li, in contrast to
spallation by protons. The B production cross-section is about 200 times smaller
for electrons than for protons. There is however still another factor of enhence-
ment in dense media, due to the high energy y rays produced from the electrons

by Bremstrahlung. These Y rays also excite the giant dipole resonance, so one can
simply add the two processes so as to obtain an effective spallation cross-section

for B production

g

ig " (0.2 + 8.6 @) b A(HR < A

Ougf = 8.8 mb n(H)R > X

where n(H) is the hydrogen density, R the thickness of the gas and A~3 ]O25

2 P . .
part/cm” the radiation length. Note the important increase of ceff as soon as



n(H)R is non negligible as compared to A..In this case, too, there is no Be or

Li production.

Formulas that can be used with a minimal knowledge of nuclear physics, and that

3)

are valid for any nucleus, are given ref. for the electro and photo-spallation
cross—sections as well as for the excitation of other nuclear states besides the

giant dipole resonance.

Let us now consider the radio-sources where an upper limit of the ratio

n(B)/n(C) < 1/20 for the relative Boron to Carbon abundance has been determineds)
from the search for some of the B atomic y-ray lines. From this upper limit, the-
se authors conclude that the observed gas cannot be emitted by the very central
region since there would be too much B present. Also, assuming the observed gas
is within a radius of 30 pc of the active center, they get a limit on the proton
flux present there (ep <4 1053 erg). Using the same model, but considering now
the spallation by electrons, we get a limit on the electron flux present

€a < ]056 erg. Such a value can be directly compared to the value of Ee deduced

from the radio-data.

The observations of Baldwin et al were made in a medium where little y's are pro-
duced (n(H)R << }), but in more dense media where the 20 MeV photons induce the
spallation an interesting comparison can also be made between the observed high
energy Yy emission and the Boron abundances. As well as the radio emission, the
observation of the y flux gives the instantaneous electron flux, whereas the B
abundance would lead to the time-integrated flux. The Y emission, however, depends
on the density of the galactic medium, whereas the radio emission does not. A
detailed study of these emissions will thus provide an useful information on the
density of the emitting matter as well as the time of irradiation of this matter

by the electrons.

1) G.R. BURBRIDGE et al., Astrophys. J., 193, p.43 (1974).
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A GUT-ED TOUR THROUGH THE EARLY UNIVERSE

D.V. Nanopoulos
CERN, Geneva

ABSTRACT :

A simplified view of the evolution of the Universe is presented. The
implications of Grand Unified Theories at each characteristic period in the His-
tory of the Universe are pointed out. A new mechanism for Cosmological baryon
production, through the decays of Superheavy fermions, is discussed in some
detail.
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Prologue

My talk is naturally divided in two parts. Part I contains a general survey of

the evolution of the Universe, from t = t 10743 sec up to t = £ 1010

years, as most of us imagine that it happziZE?kPart II contains a new mechanism
of Baryon creation, through the use of superheavy fermions, and some discussion
of other competing mechanisms of Baryon production. I am going to assume, that
the reader is familiar with the standard Big-Bang model and the basics of Grand

(1)

Unified theories at least at the level, discussed by John Ellis at the

parallel meeting on Particle Physics.

I.EVOLUTION OF THE UNIVERSE : A PICTURE.SQUE APPROACH.

Picture 1 : THE BIG-BANG, (T > M, . .~ 1019 Gew)

It seems that it all started at least ten to twenty billion years ago with a big
explosion, very appropriately called the Big-Bang, under conditions which are
beyond our current understanding but perhaps not hopelessly away from our grasp.
Extrapolating back in time, our 'classical' laws of physics, entail, that it is
difficult, if not impossible, to avoid an initial singularity. Some of us feel
unhappy with such a situation and hope that Quantum Gravity or some other yet
unthinkable way will prevent such a disaster. Another "Collapse disaster' springs
to mind, the Rutherford atom. It remains to beseen , if, Quantum Theory is going
to save us again.

Anyway, we plead full ignorence at least for now, and start our scientific discussion
from temperatures below the Planck temperature (v 1019 GeV), where it is not

inappropriate to ignore quantum gravitational effects.

Picture 2 : THE SMOOTHING ERA (10!° Gev < T < 10!% gev)

We assume now, that we are given an expanding baby-Universe with matter and
radiation in equilibrium, and where the laws of Physics are known to us, are
applicable. In the era under discussion, Grand Unified Interactions play an
important role : they smooth things out(z)

At some stage during this era, Grand Unified Interactions come to equilibrium,
and so through their Baryon number violating component wipe out any huge (local
or global) excess of baryons or vice-versa.

That is very helpful because it makes subsequent creation of any Baryon asyme-

try free from initial conditions. At the same time, Grand Unified interactioms,
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(2)

through the so called Grand Unified viscosity, provide some help in homogeni-
zing and isotropizing a possibly initial inhomogeneous and anisotropic universe.
It seems, that after a violent explosion and a few subsequent drastic strong
gravitational effects, the Universe needs some time to relax and smooth things
out. Grand Unified interactions seem to play an important role in this smoothing

era.

Picture 3 : BARYOSYNTHESIS (T ~ 101% Gev (?))

Let's take for granted, that the Universe has been brought in a state, where it

is almost homogeneous and isotropic and that any baryon asymmetry has been

erased.

Around T v 1013 Gev ~ MX‘ i.e the mass of superheavy gauge bosons that mediate
Grand Unified Interactions, according to the usual lore of thinking in gauge
theories a kind of phase transition occurs. We pass, from a phase where the

group G that unifies all interactions is unbroken to a phase where G is broken
down to SU(3) x SU(2) x U(l), the "observable" well-known group(s), that des-—
cribe the usual strong and electro-weak interactions.

The question, that naturally emerges is, what kind of phase transition takes place,
namely of the first or of second order ? This is still, an unanswered question,

and at the same time a very fundamental one, There are some interesting features
related to a first order phase transition. Since, the Universe is going to stay for
some time in the false vacuum, the standard phenomenon of supercooling occurs,
(3 simul-

which, if it is of the right size (T ~ 10728 y) may solve

supercool/Tfinal
taneously, the horizon, asymptotic flatness and abundance of monopoles, problems

(3) . Some people think though, that the price to pay may be too high, because once
trapped in the false vacuum, a graceful exit may be impossible. Anyway, let's
assume that the phase transition, of whatever order ended successfully.

Next thing in the row, is the creation of the baryon asymmetry. Grand unified

()

theories contain all the necessary ingredients (B, C, CP violation), and

the existence of an expanding Universe helps in getting things out of equili-
brium, so that a net baryon creation is possible(s) . We should not be suprised
with the smallness of the effect, because remember that it has to involve higher
orders so that CP-violation be active.

A super-naive estimate indeed gives

Lo = 1078
5 = e = 10 (1)
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where o is a typical "fine GUT structure constant" (v 1/50), and e some CP-

violation parameter (may be € 10 3 (?)). The experimental fact that
-9t
ngh, v 10797 (2)

indicates that (1) is a rather succesfull prediction of GUTS. (For a more
detailed discussion see part II).

It should not escape our notice the fact that, GUTS, in strictly Robertson-
Walker-Friedman (R-W-F) Universe, predict only adiabatic (or iso entropic)
fluctuations. This is readily seen from eq (1), where the specific entropy per
baryon (SB) is expressed in terms of microscopic physics parameters, i.e SB

is a space-time independent constant.

As is well-know, the type of fluctuations adiabatic or isothermal, is very crucial
in the theory of galaxy formation. If recent observation(6) on cosmic background
radiation and their theoretical interpretation are correct, then it seems that

we Need also isothermal fluctuation(?). The easiest way to marry the GUT program
with isothermal fluctuations is to allow the very early Universe to deviate from

®

a strictly R-W-F form by adding say inhomogeneous shear Then things work out
0.K. Let me not go further on this very important subject since other participants
in this meeting will discuss it in great detail.

Finally, it should be mentioned the severe constraints, that one puts on the form
and properties of interactions and particles that "wake up'" after the baryosynthesis
has occured. They better not wipe-out any baryon asymmetry, if at the same time
are important in creating any new baryon asymmetry. Such situation, oecur some
times in theories where new interactions are introduced at intermediate scaleg
between 100 GeV and 10!5 Gev. These kinds of interactions usually violate baryon
numbers, but while they manage to keep the proton stable enough, they come to
equilibrium at some scale much lower than say 1015 Gev, so that they wipe out
everything without being able to build in a new asymmetry.

Moral : watch out "funny intermediate scale" interactions, that intend to bloom
the desert or to create oases, they may as well be mirages !

Ways out from this problem will be discussed is part II.

Picture 4 : THE DULL PERIOD (?) (103 Gev < T < 10!* Gev)

In the most conventional picture, during this long-long period NOTHING HAPPENS

(the desert hypothesis). The Universe just expands easy and tranquile. In part II

of this talk, we will try to provide some possible excitement occuring in this
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era in an effort to make it less dull.

Picture 5 : THE ELECTRO-WEAK ERA (1 Gev <T < 103 GeV)

The most dramatic effect in this era is the phase transition, that occurs bet-
ween the phase where, the electro-weak group SU(2) x U(l) is unbroken to the
phase where, SU(2) x U(l) is broken down to U(l) electromagnetic. Here, we better
watch out the kind of the phase transition. If it turns out to be of the first
order, we should make it sure that not too much entropy is created, otherwise

our painstaking created baryon asymmetry will be unacceptably diluted. Even
worse, at these "low energies" there is no potential agent to employ for the
creation of the baryon asymmetry. Things are not arbitrary as they look at first
sight. For example, the aesthetically appealing and maybe technically necessary,
for solving the gauge hierarchy problem, Coleman-E.Weinberg mechanism(g) , i.e
a radiatively triggered spontaneous breakdown of the electroweak group

SU(2) x U(1), may be in grave trouble. John Ellis in his talk(10) at this
meeting, discussed the limits on the dilution factor, that a GUT-created nB/nY

may suffer, by using a recently discovered(ll)

amusing connection, between the
electric dipole of the neutron and nB/nY the dilution factor should be at least

less than say 0(1000).

Picture 6 : THE STRONG INTERACTIONS ERA (T ~ 1 GeV)

Around T v 1 GeV the strong interactions are really '"strong'", such that quarks
glue together and create the so highly desired baryons. Three quarks for Muster

Mark.

Picture 7 : NUCLEOSYNTHESIS (T ~ 1 MeV)

One of the most startling successes of the standard Big-Bang cosmology, is
indeed the prediction of the n~ 25 7 (by mass} He abundance. There are three

basic tacit assumptions involved in these calculations :

i) There are no more that 3 or 4 species of neutrinos,GUTS constrain the number
of species of neutrinos, through the succesful prediction (19) of the b quark

mass in terms of the t-lepton mass (or vis-versa !)

= 2.5-3 (3)
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More than 3-4 species of neutrinos, or zquivallently more than 6-8 quark flavours

will undo the succesful eq (3).

ii) The neutrinos are almost massless (mv <<1MeV) . Grand Unified theories predict

that(l) |, if neutrinos have some mass, then it is of the order of
m = m2/M~ (105 eV + few eV) (4)

where m and M are scales related to "low energy" and "super-high energy' physics

respectively.

iii) There is no neutrino degeneracy [{nv— ng )/nY LY l]
But, one of the main characteristics of GUY¥s is the democratic handling of quarks

and leptons, which in this case imply(la) (modulo bizarre occassious)

(5)

GUTs indeed help indirectly nucleosynthesis.

Picture 8 : THE MATTER-RADIATION SPLIT (T v leV)

There are two main characteristics of this epoch. First, there is a transition
from a Radiation dominated era to a Matter dominated era ( ¢ radiation becomes
smaller than p matter). Second, recombination occurs. The photons have no

more enough energy to ionize the continously forming atoms out of protons,
neutrons and electrons. Matter and radiation cannot be anymore in equilibrium,
they decouple.

Needless to stress the importance of this splitting. From now on, radiation
cannot smooth out any preexisted density fluctuation, which may now GROW, C(learly
enough, the presently observed homogeneous and isotropic cosmic background
radiation, red-shifted from the decaupling time, provides very useful infor-

mation on the history of the Universe at the decoupling time.

Picture 9 : GALAXY FORMATION (10 2 eV < T < 1 eV)

dere, the situation is obviously more complicated. Still, GUTS may help in

providing the form of perturbation adiabatic and/or isothermal), plus some

possible ways to create such perturbations during phase transitions and even calculate



their strength. Another important GUT ingredient that may help here, is the fact
that, neutrinos may have masses (see eq. 4) of the right order of magnitude
(v few eV), so that, they may play a fundamental role in this epoch. Other

talks in this meeting cover fully this topic.

Picture 10 : HEAVY ELEMENTS,... , DNA-RNA/PROTEINS, ... HOMO SAPIENS

(10 %ev & T < 10 2eV)

The story from now on is rather well-known. Heavy elements are created in the
cores of the stars and diffused around by supernovae explosions. Later on, the
first molecules are formed, eventually macromolecules are created and after that

we are left in the capable hands of Watson and Crick. AND HERE WE ARE !

If GUTS are right, and protons do indeed decays, then even Woody Allen figured
out in his "Stardust Memories", that our future is rather dark, because we will

dissolve to the primer parts, that we all have been constructed off.

II.A NEW MECHANISM FOR BARYON PRODUCTION : THE CASE FOR SUPERHEAVY FERMIONS

95

One of the biggest successes of Grand Unified theories, is the quantitative under-

standing of the observed paryon asymmetry in the Universe. Since by now, this is
a rather well-known subject(5) , I will just review quikly here the basic
ingredients, in order to make easier the connection with the new proposed mecha-
nism. Grand Unified interactioms contain normally and naturally baryon number,

CP and C violating components. Also, the expansion of the Universe make it easy

for the abovementioned interactions, to go out from equilibrium. But then, we

have all the necessary and sufficient conditions(g) to create a net baryon num-
ber.
What we believe that happened is someting like the following(s) . some super-

heavy particles (the Myrtons (A) of ref. 5) have been kept in a large number

(proportional to nY) at temperatures below their masses

A~ "R
< ®)
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Clearly, at some temperature TA their decay rate will become equal or bigger

than the expansion rate of the Universe. At that moment, they will decay like
mad, but, the decay products because of the Boltzmann supression factor

exp (—MA/TA)<<1, (remenber T, << MA), will be unable to form back their parents.

A
So, we almost have free decay of equal number of myrtons (A) and anti-myrtons
(d). (and actually ~ nY) which as we all know from our basic particle physics
course,may create a baryon asymmetry given all the needed 'violating" interactions.

(5)

Numerous calculations have shown, that the most likely candidate to be iden-
tified with the myrtons (A-particles) are the superheavy Higgs bosons (H). In

this case, it is easy to see that eq.(6) is satisfied, if

MH go(az MPlanck)

)
TAz_o(w“* GeV)
and in the "standard" 2 5 of Higgs SU(5) model on gets (14)
-2 -~ 10”2 2
nB/nY v 10 .(AB)H = 10 .(GF.m ) € (8)

b

where (AB)H is the CP-violating asymmetry in the decays of H and H, m_ = 2 GeV
b
(the mass of the b quark at 1015 GeV), GF.m; = 16" 5 the usual Fermi constant

and ¢ is a CP-violation parameter. We immediately see that eq.(8) is compatible
and pretty close to the observed experimental number, as given by eq(2).

All these are fine. Though, some people maY have hard time to swallow the fact
that, all our existence depends on (superheavy) Higgs bosons, while even the

low energy Higgsons seem to be trouble-makers (gauge hierarchy problem), and
they have indeed very elusive properties. Some other people, may have difficul-
ties to believe, that such an extremely early created baryon asymmetry, has

not been eraged by one way or the other, before coming down say to 1 GeV. For
example, as discussed in Part I, the existence of intermediate interactions which
violate Baryon number (and any global symmetry involving baryon number), make
difficult the conservation of the already created baryon asymmetry.

May be, all such thoughts are too pessimistic,and everything at the end will
turn out to be 0.K, i.e there are no problems to have Higgsons around, and simply
there are no intermediate scale, B-violating interactions around, but, let's

keep an open mind and look for alternatives.

The most obvious candidate is of course the superheavy gauge bosons. Though,



there are rather severe problems related to the creation of baryon asymmetry,

through superheavy gauge boson decays to nB/nY is

ng/n (1.5.1071) . (aB) . [160 (1015Gev/MG)] 43 "
The factor in square parentheses in eq(8') represents the suppression effects

of 2«2 interactions which tend to dilute the asymmetry generated by gauge boson
decays and inverse decays. The factor (AB)G is the CP-violating asymmetry in the
decays of gauge particles and antiparticles. The parenthesized suppression fac-
tor in eq(8') is quite fierce if MGﬁG.lolu GeV as expected in minimal SU(5).
Also in simple models, (AB)G of eq(8') turns out to be one order higher in %
than (AB)H of eq(8). Moreover eq(8) does not involve any suppression factor, at
least for a physically interesting range of mass and coupling parameters. Simply,
superheavy gauge bosons seem to be a disfavorite candidate for the creation of
baryons.

What's left ? A very natural candidate : superheavy fermions. I will like now

to discuss some work (15) that R. Barbieri, A. Masiero and myself have being
doing at CERN, concerning a possible mechanism to create baryons through super-
heavy fermion decays. Grand Unified theories, except the minimal SU(5) model,
contain naturally superheavy fermions. Even the minimal su(5) model, may be
trivially extended to include superheavy fermions. After all, if there are low
and superheavy mass gauge bosons, low and superheavy mass Higgs bosons, why not
low and superheavy mass fermions ?

Let us concentrate on a special category of superheavy fermions, that they

decay mainly to three light fermions, through the exghange of a superheavy Higgs
boson. The reader may envisage it, as a kind of u e\_)évu decay with the only
difference that the W-boson is replaced by a Higgs boson. In this case the width
is given by.

2 5
2 m,
) e o
L%t 12w

in gpobvious notation, where A indicates an average universal Higgs coupling,
m, is the mass of the superheavy fermion and MH = 1015 GeV is the mass of the
exchanged superheavy Higgs boson.

Then we distinguish the following stages in the history of the superheavy fer-

mions, during the cooling of the early Universe :

97
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i) Superheavy fermions in equilibrium.

In general, the two body interactions mediated by superheavy bosons with rates

= aé T5/M*, will remain in equilibrium up to a temperature

172 173
IR L.6.N 11——) = 1015 Gev (10)

Y

where the expansion rate of the Universe

(1.6) T2 N1/2

"y

becomes dominant. Here, N = 10-100 is the suitably weighted number of all par-

H = (11)

ticles with masses <Té, and M = 1015 GeV is a typical Grand Unified mass scale.
Since some of these interactions will in general be B-violating, one expects

no net baryon (or antibaryon) survival below Tg * . If the superheavy fermions
F are not SU(3) x SU(2) x U(1l) singlets, will still be kept in equilibrium
below Té,or even, below their mass mes by annihilation and compton scattering
with "light" gauge bosons. In this case eq.(10) should be replaced by (assuming
m < 101% Gev)

T = .[gnq +12f 4 Q]’l

(12)
Q = a? _}i_) L2 1 ..ME
G 8N M2 mp
while the relative number density is given by
n
¥ = Q7! 1
= QL Q (13)

<

T°

*Footmote : It is a remarkable property of superbeavy fermion interactions to
violate, in general, any global symmetry involving the B-number. With superhea-
vy fermions around, it is difficult to keep alive any primordial baryon asym-

metry.



In the following we will use eqs(12) and (13), as being more realistic and gene-

ral.

ii) Superheavy fermions out of equilibrium.

At later times (T < To), until they decay, the relative number density of the
superheavy fermions (F) (eq. 13) remains constant, with their energy density
being dominated by their rest mass, 9F = nF'mF'

Actually, at T = mF/JN, this same energy density (QF) will start dominating the
full energy density of the Universe, up to the temperature TF of their decays.
So, if this scenario has something to do with reality, it introduces a new epoch

in the early Universe for T, < T < mF/BN, where basically the Universe is

F
Matter dominated !
This new era may have some consequences on the subsequent evolution of the

Universe.

i1ii) Superheavy fermions decay

When the time comes, i.e when

n (14)

falls below the decay rate given by eq.(9), superheavy fermions will decay. This
happens at a temperature
avt3 /pn 3 1/3 ~1/3
=110 (X)) (F) ) (15)
F 4 M MPl

<=}ﬁ=

In these decays a generation of baryon asymmetry is expected. In fact, the gene-
ral scenario analyzed in the beginning is applicable. F's can be identified as

myrtons and indeed one finds

NG
n, n
B (1073 - 1079, E
- = (10 1079, - (16)
Y Y
T
o

depending on the parameters of the particular model. Though, one should keep in

mind, that, since Q(TF) is dominated by the rest mass of the F's, their decay



will also reheat the Universe up to a temperature TF', so that.

mo13  n 3N T
Q(TF) = EF n_F = S Qa7
Y M2
T
o
and in turn dilute the baryon asymmetry by a factor
T 3N T\ 374 /n 3.0
I e R £ (18)
TF" F %
T
(o)

The final observed asymmetry will then be given by

Y 3N TF 3/u g /4
B _TB 4= (107%-1079%) — -

n n F Y

Y

" = (1073-1079) &'

=<

T, (19)

Demanding that, the factor d' should not be less then 10 °, and using eqs.(13),

(15) and (19), we put a lower limit on m_, as well as, on T

3 P
m, » 10111012 gev

(20)
T, 2 103-10% Gev

where a typical value A2/ bm WAIO_”—IO_S has been taken. We feel that our ex-
pectations have been fulfilled.
We notice that, we may create a baryon asymmetry through F's at temperatures as

low as TF = 1TeV

Even if Higgsons do not exist, or even if there are dangerous "wiping out" inter-
mediate scale interactions, still there is hope inside GUTS, to create a res-
pectable baryon asymmetry at a very low energy scale (v 1 TeV), through

superheavy fermions.

I believe, we don't have to take the extremes. The following scenario looks to

me highly probable. As the Universe cools down, F's and H's eventually get

out from equilibrium (in the case of F's at least their B-violating interact-

tions get out of equilibrium). Then, the H's decay and may (if we have a complicated

enough Higgs structure) create a substantial baryon asymmetry. As the Universe



cools further down, intermediate scale B-violating interactions (if they exist),

may partially or completely erase any preexisted baryon asymmetry. Eventually the
Universe cools down to a temperature that the relevant F's decay and provide through
their decays some baryon asymmetry. This baryon asymmetry should be added up
(hopefully constructively) to any preexisted baryon asymmetry, to make up what we
observe today. GUTs have enough complexity to cover any out-of hand case, and provide
enough baryons to build up our Universe.

Finally, I would like to close my talk with a few comments on the specific new

mechanism proposed here.

1) The key point is that we should have around very-long lived superheavy par-
ticles, which make the important condition imposed by eq.(6), trivial to satisfy,
and at the same time creating baryons at somehow 'low temperatures' (v 1 TeV),

so that, subsequent "accidents' are easier to avoid.

2) Very long-lived particles are not strangers. Remember the protons ! Actually,
one may push the analogy further. May be, at some point there was a microscopic
copy of our Universe. Galaxies and even "people" made up from '"Superheavy protons"
were around, etc, etc...

The very existence of a "Superheavy Matter" dominated era, as an intermentzo in

a radiation dominated Universe, may have some important consequences on the

subsequent evolution of the Universe.

3) T would also like to stress the fact that the occurence of the scale of 1TeV,
not for above the electo-weak phase transition, may not be accidental. Since,
our estimates are rather naive, one may think what will happen, if, superheavy
fermions may live up to the moment, where the electroweak phase transition takes
place. F's, may even help a first order phase transition to occur faster...

There are some amusing consequences, that they deserve some futher thinking.

4) If indeed, superheavy fermions are the main source of baryon production, then,
the recent connection(ll) between the electric dipole of the neutron and the
observed baryon asymmetry, does not hold at least in its present form.

On the other hand, if this connection will be found to be experimentally unac-
ceptable, and the other tacit assumptions in its derivation hold, then we

will have A CASE FOR THE SUPERHEAVY FERMIONS.
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COSMOLOGY AND THE NEUTRON ELECTRIC DIPOLE MOMENT

John Ellis
CERN - Geneva

ABSTRACT

There is a contribution to the neutron electric dipole moment d from the
CP violating 6 vacuum parameter of QCD. Diagrams analogous to those responsible
for the baryon number of the universe also contribute to 6, providing an order
of magnitude lower bound on d, in terms of the baryon-to-photon ratio nB/“y'
GUTs sufficiently complicated to explain the observed nB/nY predict that dp
should be close to the present experimental upper limit., The comparison between
dn, and np/n gives us information about entropy generation after the epoch of
baryon generazion in the very early Universe.
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1. - INTRODUCTION

1),2)

Much experimental effort has been devoted to the search for an

electric dipole moment of the neutron, dn, which violates CP. Detection of a
non-zero dn would add much to our knowledge of CP violation, confined hitherto

to the K°-R° system 3), and the present experimental limit 2]

d, < 6x 10725 e-cm (1)

is already a strong constraint on different models of this phenomenon l). Theo-

retical analysis of dn has proceeded along two lines, the first being calcula-

tion of perturbation theory diagrams in CP-violating weak interaction models.

4)

More recently it has been realized that non-perturbative effects in QCD will

violate CP if a hitherto unremarked parameter 6 is non-zero. While it is

QCD

not renormalized by the strong interactions alone, 6 is in general renorma-

QCD
lized by the non-strong interactions, even if its bare value is zero.

Mary Gaillard, Demetre Nanopoulos, Serge Rudaz and I have recently em-

5)

phasized that there are contributions to 6 from Higgs exchange diagrams

QCD
in GUTs, which are closely analogous to those responsible for the baryon number

6)

of the Universe produced in the decays of very heavy Higgs particles These

contributions to 6 D give us an order of magnitude lower bound on d of

Qc n

- nB
d > 2.5 x 10 18(=e-cn (2)
n v nY

If we take from astrophysics n a lower bound on nB/nY of 2><lO_lo then we

find that
d > 5 x 10 28 e-cm (3)
n v

to be compared with the upper bound (1).

5),8)

In this talk I will review our work , starting with a reminder of

the meaning of eQCD' its relation to Higgs couplings and its renormalization 9).
Then we will see how nB/nY is believed to be generated in CP-violating decays
6)
acp* In fact,

than the lower bound

via diagrams similar to some contributing to 6
5),8)

of Higgs bosons

in many models 6 and hence dn is mueh larger

QCD
(2) or (3). Finally we will see how the experimental upper limit 2] on dn
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already gives us useful information on the amount of entropy that could have been
generated subsequent to the creation of a baryon-antibaryon asymmetry. The bound
(1) already poses problems 10) for the scenario of symmetry breaking by radiative
corrections in the Weinberg-Salam model, and constrains 8 deviations from the

usual Robertson-Walker-Friedmann (RWF) big bang cosmology with some implications

for models of galaxy formation ll).

2. - THE QCD 6 PARAMETER

12)

In perturbation theory, QCD automatically conserves CP . However,
there is a possible term 4 in the QCD Lagrangian
b gl g jaw )
o @ qcp i

3272

where Giv is the gluon field strength tensor and G®"V is its dual. The eQCD

term (4) is a total derivative and hence does not show up in perturbation theory,
but it is non-zero for non-perturbative field configurations such as instantons 4].
It conserves charge conjugation C because it is the product of two gauge field
strengths, but it violates parity P because the dual tensor gaw contains an
‘symbol. Therefore the 6

antisymmetric term (4) violates CP.

euvoo QCD

However, it is not directly related to the CP violation seen 3) in the
k°-k° system since there it occurs in an effective interaction with |[AS| = 2,
whereas the interaction (4} clearly conserves strangeness. It will, however, con-

tribute to the neutron electric dipole moment dn, in an amount estimated 13) as

~l6 _,
d n4éx10 eQCD e-cm (s)

from both MIT baggery and chiral perturbation theory techniques. Using the most

recent 2) upper limit (1) on dn we infer that

-9
ebCD £ 1.5 x 10 (6)

3) P violation in the K°-R°

system cannot be due to a combination of eQCD and a CP conserving |AS| =2

[This upper bound on eQCD means that the 0(10~

interaction.]
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For comparison, the best upper limit on dn by an American group b is
dn < 3xlO'2a e-cm, and they are now starting an extensive series of experiments
to improve this by as many as three orders of magnitude. A major problem of theo-

retical physics is to determine why eQCD is so small (6).

In pure QCD, 6 is an arbitrary parameter which is not renormalized

QCD
by the strong interactions but has no natural reason to be small or zero. When

one takes into account the non-strong interactions eQCD is in general renorma-
9)

lized . The most obvious contribution to renormalization of 6 which seems

Qcp’
to give the correct order of magnitude in general, arises from the renormalization

of the quark matrix which is necessary at each order of perturbation theory in the
non-strong interactions. If we define an effective quark mass parameter m(q)

from the inverse quark propagator :

$L () = 4 - m(@) ©)

then it gets renormalized in each order of perturbation theory by diagrams shown
generically in Fig. la. The renormalized mass matrix mRen should then be restored
to real and diagonal form at each order in perturbation theory. This entails phase
rotations on the left- and right-handed quark fields which feed through via the

QCD U(l) anomaly into a renormalization of eQCD by an amount
Ren
69QCD = arg det m (8)

The leading contribution to &6 comes from one particle irreducible diagrams

QcD
Fl making a transition between left- and right-handed quarks :

= arg det mRen v Im Tr(m_é F

'59QCD 1) 9)

where m is the zeroth order quark mass matrix. Since the effective mass para-

en

meter m (7) is a function of the momentum scale q, so also will be &6

Qcp’
The observation (or non-observation) of dn constrains the effective value of

®acp

an eventual theory of everything (TOE) which fixes eQCD at some enormous scale

q > 0(1019) GeV. Between this enormous scale and the scale of the neutron 8

renormalized at a momentum scale of order 1 GeV or so. Presumably there is

QCD
is renormalized by all the non-strong interactions, and we can distinguish 5) the

following contributions :



Ocn(l CeV =Opgp +86gyy 80y (10)

15 GeV,

and by 6eKM the renormalization due to conventional six-quark Kobayashi-Maskawa

We denote by 6eGUT the renormalization due to GUTs at energy scales =10

(KM) weak interactions at momentum scales <lO15 GeV. These latter effects have
been estimated 9) as

= ~16
69KM 0(10 ) (11)

resulting in a contribution to dn of order lO-3l to lO-32 e-cm., This contri-

bution to dn is in fact dwarfed by the direct contribution to dn from pertur-

bation theory in the strong and weak interactions which has been estimated 9),14)
as
Ots 2% 2 mg 2
adn = mu.d (_TT) (;) —L: S1 82 Sasin § (12)
ny

—apt
N 10730%1 e-cm

in the standard KM model. We see that the standard KM weak interaction contribu-
tions to dn are very small.

As yet we do not know how to estimate 6 but we can calculate

’
6eGUT' This is derived from the quark mass matrixfoghich is in turn given by a
Higgs vacuum expectation value multiplied by a Higgs coupling matrix Hl as il-
lustrated in Fig. 1 :Fl B Hl' For convenience we will work directly with the
coupling matrix of this so-called m-Higgs. We will see that in general a GUT

sufficiently complicated to explain the observed nB/n will yield a GeGUT >>
>> 66KM' In the absence of a TOE we will assume that there is no conspiratorial

cancellation between eTOE and aeGUT so that in order of magnitude

Bqcp (1 6V 2 804, (13)

and we will now go on to consider the relation of SeGUT to nB/nY in some
detail.
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3. - THE COSMIC CONNECTION

In his talk at this meeting, Demetre Nanopoulos 6) has already described
to you the mechanisms offered by GUTs for generating a baryon-antibaryon asymmetry
in the very early Universe. It seems most likely that the net baryon number ori-
ginates from the C-and CP- violating decays of some very heavy particles, typically

gauge bosons, Higgs bosons or fermions with masses O(IOlA to 1015) GeV. Figure 2

shows how 15) a net baryon asymmetry of order lO_9 can be built up at high tempe-
ratures if one postulates heavy particles X with a suitable B-, C- and CP-viola-
ting asymmetry in their decays. Superheavy fermions are not present in the simplest
GUTs, though they are commonplace in larger ones 6). Most quantitative analyses of
baryon number generation have focused on the decays of gauge and/or Higgs bosons,
and we shall concentrate on them here. Their contributions to nB/nY in simple

16)

models have been calculated numerically to be

i5 —
1.5 % 10" 1<l ¢ [160 <£_G_e_v_>:’ 1+3 for gauge bosons
G o,

“s/"yy ¥
0.5 x 10" 1°1 ey for Higgs bosons (14)

The factor in square parentheses for gauge bosons in (14) represents the suppres-
sion effects of 2-2 interactions which tend to dilute the asymmetry generated
by gauge boson decays and inverse decays. There are no such factors for Higgs
> 2xlOlh GeV and the gi/hw oy 7 6 107" as seems plau-

sible. The factors €, and ¢, in (14) are the CP-violating asymmetries in

bosons in (14) if m

G H
decays of gauge and Higgs particles and antiparticles. In simple models 6) €
is one order higher in %yt than is ¢H. Furthermore, the parenthesized sup-
pression factor in (14) is quite fierce if mg = 6x1014 GeV as expected 17 in
6)

minimal SU(5). We are therefore inclined to expect that Higgs boson decays

would dominate the production of a net baryon asymmetry, and estimate
& (1071 -2
(nB/ny) » (10 % to 10 %) o (15)

Let us call the Higgs boson with the CP-violating decay asymmetry &y
the d Higgs. The lowest order in which ey can become non-zero is fourth-
order, via diagrams like those in Fig. 3a, which appear in models with >2 Higgs
multiplets coupling to fermions. An individual contribution to the decay asymmetry
gy can be written as the product of a Higgs emission vertex ad and an absorption
vertex b;, at least one of which contains a final state interaction. These are

represented in Fig. 3b alongside the typical lowest order example of Fig. 3a. The
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fermion lines in Fig. 3 must be summed over all fermion generation indices yielding
us the trace of the product I, of coupling matrices indicated in Fig. 4a. This

gives us a decay asymmetry

+
Im Tr(Il) =Im Tr(%ibd)

(16)
+ +
Tr(hdhd) Tr(hdhd)

where hd is the lowest order coupling matrix of the d Higgs. In general the

d Higgs is a subset of a GUT multiplet ¢d of Higgs fields, e.g., a colour tri-
plet 3 in a five-dimensional representation of SU(5) Higgses. The m Higgs
is also in general a subset of a GUT multiplet ¢m, e.g., an SU(2) doublet 2
ina 5 of 8U(5). In the simplest minimal SU(5) with just one 5 of Higgs
fields ¢, the m and d Higgses must be partners in the same GUT multiplet ¢.
However, this is not in general true but there will usually be a non-trivial over-
lap between the SU(5) multiplet b containing the m Higgs and that (@d)

containing the d Higgs. In a basis where the d Higgs is pure :

¢m = ? ¢j Ujm an
il
where we will suppose that Udm is non-zero and of order one. We recall from
Eq. (9) that SeGUT ~ Im Tr(m;lFl), which we can rewrite in terms of the Higgs ]
coupling matrix Hl as
1 -1
80gyr AT Tr (" H) (18)

where hm is the lowest order coupling matrix of the m Higgs. Figure 4b

demonstrates that there is a contribution to Hl of the form

(b a, b;) x lu, |2 (19)

which we can insert into Eq. (18) finding that

bh) (20)

2 -1
|Udml Im Tr (hm hmad d

ov

80gyp

2

~ Inm Tr(adb;)
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A specific exapple of this lower bound to the renormalization of eQCD by GUTs is
shown in Fig. 5 : part (a) shows the fourth order contribution to (nB/ny) while
part (b) shows a corresponding contribution to the renormalization of QQCD'

Combining the expectations (13) and (20) we have

Bqcp(1CeW) 2 In Tr(adb;) (21)

and the expression (16) for & therefore means that

+
Tr (22)
eQCD(IGeV) ey ¥ (hdhd)
It seems reasonable to suppose that an order of magnitude estimate of Tr(hdhg)
is given by the corresponding quantity Tr(hmh;)
oL + 2 = (23)
Tr(hghy) = Tr(h ho) 2 v2 G mf 2 6 x 10

Using the results (15) of numerical calculations we therefore deduce from (22)
and (23) that

n

B + (24)

‘ > 102 Tr (hzhy)

eQCD(IGev) 2 (nY aa

~3

2 6x10 (“B/“y)

Putting in the connection (5) between eQCD and dn we finally reach 5) the
promised bound (2) on dn’ which leads in turn to the cosmological lower bound

(3) of

28
dn 25 x 10 e-cm

T) 10

if we accept the astrophysical estimate that (nB/ny) > 2x107,

5),8)

It is worth mentioning that this bound is not saturated in many of

the models we have investigated. For example, in minimal SU(5) with a single 5
of Higgs the renormalization of eQCD takes place in order (a/n)z, whereas
Im Tr Il # 0 only in eighth order. As for SU(5) with two or more 5 of Higgs,

2
] is of order (aH/n) while Im Tr Il is of order (aH/n) . In 8U(5)

GUT



with a 5 and a 45 of Higgs, the lowest order contribution to 6eGUT is

O((a/n)_l) larger than our bound. It may well be, therefore, that dn is
o(larm™t

tude of the present experimental upper limit, in any GUT which is sufficiently

) larger than the lower bound (3), and hence within an order of magni-

complicated to explain the observed baryon-to-photon ratio.

4. - A COSMIC SEISMOMETER

The neutron electric dipole moment is unique among observable low-energy
CP-violating parameters in being sensitive to aspects of physics at short dis-

tance scales and high energy scales up to lO15 G

eV and beyond. From the point

of view of a cosmologist, high energies translate into high temperatures and hence
very early times. The neutron electric dipole moment is therefore unique in its
potential for probing CP-violating processes at these very early times, and what-
ever may have happened subsequently during the expansion of the Universe. In par-

ticular, since the bound on 6 relates it to the primordial generation of

QCD
baryon number, any subsequent generation of an extra factor E of entropy would
dilute the observed nB/nY by 1/E relative to the GUT calculation. The bound

on dn would therefore be a factor E larger :

n
18 g(B
dn 22.5x 10 E(n ) (25)
Y
The experimental upper bound 2) on dn already constrains E rather severely :
l’lB _
d <6x1025e-cm =» (=) <2.4x107/E (26)
n " n v
v
. -10 8)
and if we accept that (nB/nY) > 2x10 we deduce
E < 1.2 x 10° 27

Thus there is not much scope after the creation of the baryon asymmetry for entropy
generation, e.g., during one of the subsequent phase transitions in the Universe.
10) that if the SU(2)xU(1l) Weinberg-Salam

symmetry is spontaneously broken by radiative corrections, then one should expect

For example, it has been pointed out

a strongly first order phase transition with much supercooling. It has been

111



112

estimated 10)

that during the reheating of the Universe subsequent to the phase
transition a factor E 2.104 of entropy would be generated. Our bound (27) may
therefore mean trouble for the scenario of Weinberg-Salam symmetry breaking by
radiative corrections. This problem would be exacerbated if the present experi-
mental upper bound on dn were improved, or if the favoured GUT turns out to be

one in which 6 is renormalized by a graph of lower order than those related

QCDh
to the baryon number in Section 3.

Another example of an irregularity in the early Universe that is probed
by the neutron electric dipole moment is the inhomogeneous shear proposed by some

11)

authors as a way of generating isothermal density fluctuations which could give

rise to galaxies. If the Universe were shear-dominated at the time of baryon gene-

18) would help to damp it down shortly afterwards,

ration, grand unified viscosity
and some entropy would be generated during this dissipation. People have pointed
out previously that the value of (nB/ny) now should enable one to bound the
amount of primordial shear. Our connection with dn enables us to establish a
quantitative bound, stating that the energy density at the epoch of baryon genera-
tion cannot have been shear-dominated by a factor I larger than 0(1018), about
twenty orders of magnitude better than the previous best limit from cosmological

19)

nucleosynthesis This does not, however, rule out the scenario of galaxy

formation from isothermal fluctuations due to shear inhomogeneities, which can

11) 3

work if 8% (and hence I) is as small as 10 ~.

These examples may serve to demonstrate the utility of our cosmic con-

5,8

nection ) between baryon generation and the neutron electric dipole moment.
This low energy observable is unique in being related to physics at ultra-high
energies. As we gradually refine our knowledge of dn' (nB/ny) and narrow down
the field of possible GUTs this connection will become ever more quantitative and

restrictive.
FLOREAT THE INTERPLAY BETWEEN PARTICLE PHYSICS AND ASTROPHYSICS !
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Figure 2

Figure 3

Figure 5

FIGURE CAPTIONS

(a) Diagrams contributing to the renormalization of the gquark mass

matrix and thence to 6 which are related

Qcp’
(b) to the renormalization of the coupling of the m Higgs.

Illustration 15) how the baryon-antibaryon asymmetry can be built up
in the decays of superheavy particles X(Y+ = (nX+n?)/nY),
Yy = (nq-na)/nY, Y = (nX—ny)/nY).

(a) Typical fourth order contributions to ¢ and

(b) the generic vertices ay and bg.

H?

(a) The C- and CP-violating imaginary part of the trace of Il which

gives and

€
HV
(b) an analogous contribution to the m Higgs coupling matrix.

(a) Fourth order contribution to Im Tr(I,) in an SU(5) model

1
with two 5's of Higgs (the solid lines are 10's of fermions,
the zigzags are 5's of fermions, the dashed lines are d
Higgs and the dot-dashed lines are other Higgses), with

(b) an analogous contribution to the m Higgs coupling gtrix.



115

mHiggs
yj
4 - _di. .
R R L
— —
H|
(a) (b)
Fig. 1
Development of number densities
| | [
10° Yo
02—
Tond o
10—
107%
Ioﬂo_
L
0™ |
Ic)~|rl7 IO*S |o+|5 Io~l4 IOOIS

Temperature (GeV)

Fig, 2



116

- ‘
d Higgs

(a) (b)

Fig. 3

7
mHiggs ! N

7 \
I'= d_ z*:{:“ ! //%////ﬁa

Hm a3 Udm b?j-U:m

aq bd
L
(a) (b)
Fig. 4
/'mHiggs
A
mHiggs ~ ’/j-—\ \\
/ / AT
AR
ROH L AMen L I .
84 Ugm bg U:m

(a) (b)



117

ELEMENTARY PARTICLE PHASE TRANSITIQNS
IN THE VERY EARLY UNIVERSE

S. A. BludmanT
Department of Physics, University of Pennsylvania
Philadelphia, Pennsylvania 19104, U.S.A.

ABSTRACT: The restoration of elementary particle symmetry at high
temperatures induces a huge cosmological constant (vacuum energy
density) which exceeds the thermal energy density if the Higgs
meson mass is small enough. If the Universe began at low entropy
(Tepid Universe), this prevents any initial cosmological singulari-
ty and prevents massive monopole production in the initial GUTS
phase transition.

"The tentative conclusion is reached that if
general relativity is to be treated as a self-
contained theory, then the 'cosmical terms' that
contain the cosmical constant should be omitted.
But if general relativity is only part of what is
needed to construct a theoretical model of physi-
cal reality, then the cosmical terms ought to be
retained as affording additional freedom in link-
ing up with other parts of physical theory."

W. H. McCrea, "The Cosmical Constant",
Q. Jour. Royal Astron. Soc. 12 (1971) 140
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I. INTRODUCTION

The spontaneous broken gauge theory (SBGT) of elementary par-
ticles has already unified weak and electramagnetic interactions
and promises to lead to a grand unification of strong and electro-
weak interactions (GUTS). The Higgs mechanism, elementary or dynam-
ical, for each symmetry breaking of the elementary particle vacuum
predicts that above some temperature TC the symmetry will be un-
broken, i.e. that, if the temperature was high enough, the present
cold universe of elementary particles must have been preceded by an
earlier phase in which elementary particle symmetry was restored.
The gap in energy density between the hot (disordered) phase and
the present cold (ordered) phase, goes to materialize meson and fer-
mion masses, and is calculable, positive and huge.l

Gravitational observations show that the vacuum energy den-
sity (cosmological constant) of the present universe is negligible.
Why this is so remains a deep mystery we cannot answer. (Perhaps
€vac = 0 is necessary as a condition of asymptotic flatness in an
expanding universe in order that the total energy be definable.)
Precisely because the vacuum energy density vanishes in the present
universe, SBGT requires that it was huge and positive in the very
early hot universe. 1In fact, if the Higgs meson mass My associated
with the earliest phase transition is close to its minimum allow-

able value M this vacuum energy density daminates the radiation-

’
matter densigg over a temperature range in the early phase universe,
so that the positivity condition € + 3p > 0 was not then satisfied.
In this paper, we show that if the initial entropy is chosen small
enough, this fixes a maximum temperature and a minimum radius for
the early universe. 1In this way, what is now standard particle
physics can avoid any initial singularity which, if it occurred,
would have signalled the breakdown of classical gravitational
theory. After symmetry breaking, the universe is in the Evac =0
phase with which we are familiar, so that the standard scenario for
baryosynthesis, nucleosynthesis, plasma recombination and galaxy
formation holds.

Especially in cosmology, where so few observations are avail-
able, it is desirable to assume a theory with the minimum of free
parameters. For this reason, we choose for cosmology the Robertson-
Walker theory (whose one adjustable parameter is the initial adia-
bat or RT value) and, for GUTS, the minimal SU(5) theory (whose one

adjustable parameter is, as in the Weinberg-Salam theory, the Higgs



mass MH).
II. EFFECTIVE POTENTIAL FOR MINIMAL SU(5) GUTS THEORY

A. Zero Temperature

potential . . L.
The effective/V(¢) of the Higgs field ¢ for the minimal SU(5)
GUTS theory in one-loop approximation is, at zero temperature,z'3
2
Vo) = 5 u%% - (s v g o v et 1me?e? + k(2.1
40 2
where B = (75/8)2(92/41T)2 and K is a constant depending on the ab-

solute zero of energy. We consider the weak Higgs sector in which
the vector mesons are much heavier than the scalar, so that the

B ln(¢2/02)~B 1n (TZ/Mvz) radiative correction receives contribu-
tions from vector meson loops but scalar or fermion loops are neg-
lected. The gauge vector meson coupling is g and V(¢) has been
written in a form making explicit the minimum at ¢=0 and the addi-
tional extremum at ¢ = 0. The values determined for these minimal
GUTS parameters4 are given in Table 1, together with those for the
familiar SU(3)C X SU(2)w x U(l)em theory.

Since
av w2, e =0
o _
- 2
a ¢2 My, b=0 (2.2)
where M 2 = M 2. 2U2 = 2(M 2. u2) the one still undetermined
H CW LW '

parameter Uz fixe$ the Higgs mass and the nature of the Vo extrema.

Here M 8po2 = ZMLWZ is a natural mass unit. The ¢ = 0 extre-

2
Ccw 2
. cos < N . <
mum is a minimum for MH Mcw (M 0) and a maximum for MCW MH
w? < o).

Because the gap in energy density

Loy 2 2, 42

gy ~ My
we consider only M < MH’so that the broken symmetry phase ¢ =0 is
absolutely stable with respect to any local minimum at ¢ = 0. We

Ae 2 v (0) - V_(0) = )o%, (2.3)

will thus have two cases: (i) MLw < MH < Moyr @ false vacuum at
¢ = 0 which is (at all temperatures) metastable with respect to
transitions to the true vacuum at ¢ = 0; (ii) MCW < MH’ instability
at ¢ = 0 (at T = 0 and low enough temperatures).
B. Finite Temperatures

At finite temperature2’3, VO(¢) must be replaced by V(¢ (T),T)
=V (9) + Vi (¢,T) where

Vo (6 (T),T = 2?24 éwln {1-exp [-(x? +

mv2

2

)1} x2 ax (2.4)
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is the free energy density of an ideal Bose gas of N = 12 vector
mesons of temperature-dependent mass,
M, (4(T)) = (25/8)% go(m). (2.5)
Since for MV/T <1, R
,ﬂ2 (MV/T)

_ 4 _ 3,.3
VT(¢,T) = 3NT { —0+—-24—+ (MV /T7) 1}, (2.6)

the coefficient of ¢2 in Vo is replaced at finite temperature by
%(uz + g“2T2), where g"2 = 75 92/8. Finite temperature therefore
tends to stabilize the symmetric state ¢ = 0 and to destabilize the
broken-symmetry state ¢ = o. Indeed, above a temperature T
ed by

2,defin-

@?v/as?) =0 , (2.7)

0(T2)

there is no broken symmetry. As shown in Fig. la), for MLW < MH <

MCW there was already at T = 0 a false vacuum (¢=0) as well as the

true vacuum (¢=0); for O0O<T<T the barrier between these two vacua

2I
is reduced. As shown in Fig. 1b), for My < My,é = 0 was an unstahle
equilibrium at T = 0, this remains so for O<T<'I‘l where Tl is defin-
ed by (d2v/d¢2)¢=0 = 0 so that

2 2, u2

- (- - 2, 2 2
T2 = (uhend = a0t Mot /759%.

For T1<T, however, ¢ = 0 becomes a minimum.

At T = 0, the broken symmetry phase lay lower than the symme-
tric phase by (2.3). We define the symmetry temperature Tc at
which the two phases have equal minima, V(O,Tc) = V(U(TC),TC).

Thus

o 4

T
N 75 T ® €gac,

(2.8)

where AN=12 igygumber of originally massless vector mesons which
become massive on symmetry breaking.
C. First Order Phase Transitions

In Fig. 2) the heavy lines plot the location of the minima of
V(¢(T) ,T). Above T, only the symmetric phase ¢ = 0 is stable. Be-
low Tl’ only the broken symmetry phase ¢ = o(T) is stable. But, at
intermediate temperatures, there are two locally stable minima
separated by a potential barrier. At T = Tc’ these two vacua are
degenerate in energy: this would be the transition temperature in
a quasi-static expansion or contraction. For T < Tc’ the broken-
symmetry vacuum is the true vacuum and the symmetric vacuum is a
metastable "false vacuum". For T > TC the reverse is the case.

In fact, because tunneling through a barrier is exponentially



slow, a contracting universe superheats up to T ~ T, > Tc' and a

sh 2
i i < <
expanding universe supercools down to Tsc Tc' In case MCw %V
TSc ® Tl' the temperature at which the barrier disappears. In case

Miw < Mg < Moy Toe

During this drawn-out first-order transition, the universe is

~ 0 unless another phase transition intervenes.

far from thermal equilibrium. When the transition to the broken-

symmetry phase finally takes place, the temperature rebounds almost
)3 As shown in
2)%
Y CW
and the rebound temperature =T ~(M Wz) While E shown by the
. . < < .
dashed curve in Fig. 3,6 becames very large for MLW MH < MCW+' it

approaches unity quite rapidly for M, 2 M,. Because Mcw::/ﬁgg

is the measure of radiative corrections that make the transition

up to T , with entropy multiplication E * (T /T

cr

Fig. 3) for M MH the supercoollng temperature T ~(M

first-order, the strength of the first-order transition (measured
- in-
creases from its minimum value Mrw- Defining g2 = (MH/MLW)Z-l, the

say by the latent heat released) decreases continuously as M

transition becomes practically second order far My/Mcw =

[31(1+[32)];i >1. While the radiative corrections always make the
phase transition technically first-order, we will see in Sec. IIIB
that empirical limits on entropy multiplication show that the tran-
sition can only be moderately first-order, i.e., we must consider
only M, > Mcy or B > 1.

D. Definition of Vacuum Energy
Evaluated at its minima ¢ = 0, o(T), the Higgs potential de-

fines the free energy density of the vacuum sector

= E-TS _ - _
f m—S—T s pP. (2.9)

The last equality follows from the fundamental thermodynamic rela-
tion E + pV = TS + ZNiui, since in the charge-symmetric vacuum all
net conserved charges are zero. f, € and s = -df/dT are functions

of T only. Thus the energy density divides naturally into a con-

stant zero~-temperature part eo = fo = VO (¢(0),0) and a thermal
part ET(T) = E(T)—EO. The zero temperature part obeys the equation
of state P, = - Eo' while in the radiation-dominated universe we
; 4 - -1
consider, fT T and pT = ET + T s 3 ET' v
The stress-—-energy tensor for an ideal fluid T =

€ + p)uuuv + pugv is independent of four-velocity uu, if and only

if, it obeys the equation of state € + p = 0. Such a Lorentz-in-
variant vacuum, endowed with dynamical degrees of freedom demanded

by quantum field theory, deserves to be called the Lorentz-
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invariant ether. While the vacuum €vac = €o is Lorentz-invariant,
like the temperature itself the thermal energy is not. In a non-
empty universe, the matter-radiation flow defines a preferred co-
moving frame.

The gravitational properties of the vacuum are just those of
a dynamically induced cosmological constant, since Einstein's equa-
tion GHV + AgWY = —¢ THY, where k = 871G = aw(hc/Mg) and THV is the
radiation-material stress energy tensor, can be rewritten

GHY = —¢ (THV+ ngc),;Kevac = A (2.10)

Empirically, the vacuum energy vanishes in the present cold

universe. Therefore choosing in Eq. (2.1)

¢ = (4802 - xu2)e2 = %(MHZ _ Msz)cz, (2.11)
we finally have
2
122 1.,.2 4 2,2
e = 5u%9° = (5 + 3B)e° + Be" In(e /0% + e,
40
7.4 1 2,2
+3N T —i-g"zT 0+ ... . (2.12)

which is sketched in Fig. 4a). Defining Tx so

that ET(TX) = €yac’ We see that there is a temperature interval

Tx > T > Tl,in the supercooled symmetric phase in which the vacuum
energy density dominates the radiation-material density. Fig. 4b)

shows € + 3p = Z(ET - € ), which is negative in the vacuum-

vac
dominated plane.

III. THE EXPANDING UNIVERSE
The success of the standard cosmological model for nucleosyn-

thesis shows that when the universe had cooled down to ~1 Mev, it
was already quite isotropic and homogeneous. We assume that this
was already the case at the much earlier GUTS epoch (although
allowing appreciable anisotropy at baryosynthesis would permit
initial isothermal density perturbations, from which it is easier

to later evolve galaxies than would be the case with the initial
adiabatic baryon density perturbations permitted in an isotropic

universe), The expansion is then governed by

2 - é 2 81Ge k
H™(t) = (5 = — - ,k=0,+1, 3.1
(t) = (p) = hy s (3.1

which together with the First Law of Thermodynamics d(eV) + pdV = 0



or

de = - (e + p)%¥ (3.2)
implies

R= - ﬂ%g (e + 3p)R .

Where the positivity condition € + 3p > 0 is obeyed, R < 0, so that
a plot of R(t) vs. t is concave downwards; if this were the case,
there would be a physical singularity T, €e+» as R » 0. For the
vacuum~-dominated radiation universe, however,

e + 3p = 2 €p = 2 €vac < 0 (3.3)
so that R(t) is convex upwards. Particularly as the universe super-
cools towards T, so that €,, << € , the scale grows exponentially

1 T vac
R(t) ~ exp(ct/v2 RE)rwhere

_ T
Ry = Mp (3/16nevac) . (3.4)

A. Advantages of Exponential Growth

Guth5 has pointed out three advantages to exponential growth
and supercooling in the very early universe:

1. The particle horizon

- t cat!'
a4 (t) = R(®) [7 Rrems (3.5)

grows rapidly, as Rg exp(ct/v/Z Rg) in the vacuum-dominated phase,
instead of as 2ct in a radiation-dominated universe. This allows

early chaos to homogenize through causal processes.

2. Flatness problem: The spatial curvature term in Eq.(31),

|k/R2|<<HZ2 . 87mG {/3)in the present universe. Why is our present
universe as large (R > 1028 cm) as it is? Since,at present,
T = 2.7 K, why is RT > 1028 ~ €64 or the dimensionless entropy

presently in photons and neutrinos

3 53

2
_4 7 86
S/kyg =3 15 [1+3 (53] T° R” > 10

? (3.6)
3. Exponential growth and extreme supercooling would also

suppressﬁthe cosmological production of magnetic monopoles whose
16

mass Mm ~ 10 Gev would otherwise dominate the present expansion.

Since Pm < PcR and g~ .01 PCR’ the present numbers of monopoles
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must be in the ratio

-14

nm/nB < 100 (MB/Mm) =10 (3.7)

At present, the observed baryon-photon ratio and specific entropy

are
- = oo -10
n = nB/nY = (2-8) x 10
_ 11.4 + 0.3
s/anB =10 - . (3.8)
The limits for monopoles are therefore’
nm/nY < 10—23
25
s/anm > 10 . (3.9)
GUTS predicts n. = ny or
- 10 -9 (3.10)
s/anm 10, nm/nY ~ 10 . .

in strong disagreement with (3.9).

B. Inescapable Problems with Extended Exponential Growth
Guth preferred to attribute the hugh size or entropy needed
to solve the horizon and flatneg§92%egg least 64 e-folds of exponen-
tial growth in a drawn-out first-order phase transition. He himself
realized>, however, that such extensive exponential growth would

have fatal consequences.
1. Limits on Entropy Multiplication after Baryosynthesis.

GUTS can in the first place generate only a baryon/photon
ratio o 5,10‘5 or specific entropy (s/anB)o > 106. The presently
observed value (3.8) therefore permits only entropy multiplication
E < 106 through dissipative processes of all kinds since baryosyn-
thesis. 1In particular, the electroweak phase transition at Tc ~
23 Gev can allow moderate supercooling down to only Tsc > 0.01 TC =
230 Mev. (If the recent theoretical bound on the neutron's elec-

tric dipole moment, dN > 2.5 x 10-8 n, e-cm is combined with the

present experimental upper bound 6 x 10-25

e-cm > dN' then stronger
limits n < 2 x 10-7, E < 6000, T, > 06 T, = 1 Gev are obtained.
Witten's idea9 of arresting electroweak supercooling by a chiral-
symmetry breaking transition at 100-300 Mev is thus incompatible
with the theoretical bound on dy and just compatible with the

original baryosynthesis bound.)



Two conclusions emerge concerning the entropy multiplication
or baryon dilution admissable after baryosynthesis: (1) Supercool-
ing from the electroweak phase transition must stop at Tsc>230 Mev,
because of the intervening chiral-symmetry phase transition? or
because the Weinberg-Salam Higgs meson has mass MH > 1.002 MCW =
9.2 Gevi0 L2) Any entropy multiplication E > 1014 which would re-
concile the monopole ratios (3.9) and (3.10) would be incompatible
with the baryon dilution E < 106 permitted.

2. Inescapable Exponential Growth?

There are no such limits on entropy generation before baryo-
synthesis fixes the baryon-photon ratio s and magnetic monopoles
are synthesized. To explain the present uniformity, flatness, and
absence of monopoles by an extremely drawn-out first-order phase
transition, Guth had wanted exponential growth and supercooling by

a factor 1028 = e64. Nevertheless, Guth himself realized5

that out
of such exponentially rapid expansion, the universe as a whole would
never undergo the transition into the broken-symmetry phase we now
inhabit.

Extreme supercooling takes place when MH = MCW' In this
Coleman-Weinberg approximation,u2 = 0 and scale invariance is bro-
ken only by the logarithmic radiative corrections B 1ln (¢2/02) ~
B 1n(T2/MV2): the growth rate of bubbles of the broken-symmetry
phase proceeds at a rate per unit volume per unit time
~ pé exp [-A(T)], where A(T) is the minimum 0(3)-symmetric Euclid-
ean action. Meanwhile, the universe expands at a rate per unit
volume per unit time x4 = (871G svac/3)2. The nucleation ratg never
catches up with the expansion rate because A(T) ~ (g3 1n ﬁ?’ de-
4 exp [-A(T)]< x* for all T > o.
Consequently, although individual bubbles expand almost at the

creases so slowly with T that T

speed of light, they never coalesce (percolate) to include an ap-
preciable fraction of the universe. This catastrophic conclusion
is not quite right, even for the Coleman-Weinberg theoryl% but does
show that for MH % MCW’ Tsc is extremely small. Indeed, in the
electroweak phase transition, in order to have Tge > 230 Mev so
that entropy multiplication E < lO6

My > 1.002 Moy = 9.2 Gev.lo'll When MH > Moy we saw that the meta-

stable false vacuum becomes unstable for T < Tl'

, the Weinberg-Salam Higgs mass
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C. Extended Supercooling Is Not Needed
Excessive entropy multiplication after baryosynthesis is
ruled out by the specific entropy presently observed. Before
baryosynthesis, we cannot endure supercooling extensive enough to
make the present RT > 1028. These conclusions rule out any drawn-
out first-order phase transition as the source of the present en-
tropy S/kB > 1086

To solve the horizon and flatness problems, however, requires

and of the reduced monopole production.

only some huge entropy before baryosynthesis. This huge entropy
could be an initial condition, a consequence of an anthoropic prin-
ciple, or a consequence of any very strong dissipation. What
strongly dissipative processes are there before GUTS? The finger
points at gravitational processes which are known to be strongly
dissipative near the Planck temperature and density. Processes
coming immediately to mind are the isotropization of initial chaos,
repeated bounces of a closed universe, particle production and
Hawking radiation from black holes (event horizons) or horizon ra-
diation from deSitter space (particle horizons).12

The magnetic monopole problem will be solved if the universe
was never hotter than 1016 Gev or if the breaking of the originally
compact symmetry down to a U(l) subgroup is delayed to a low tem~

perature.

IV. A TEPID UNIVERSE

After seeing why first-order transitions cannot be excessive-
ly drawn-out, we now turn our attention to gravidynamic processes
in the very early symmetric universe. We will see how the cosmo-
logical constant induced at symmetry restoration avoids the initial
cosmological singularity and leads to an initial temperature
Tx ~ 9 x 1013 Gev, low enough that magnetic monopoles will not be
initially produced.

A. Unstable Static Einstein Universe:

Non-Singular Initial Conditions

We assume the universe began at t = -« in a minimal SU(5)
symmetric false vacuum defined by some Higgs mass MH > MCW' (Since
we will allow only a mildly first-order phase transition
BZ = 2(MH/MCW)2-1 cannot be too close to unity.) We assume an

Einstein universe, closed (k = +1) and static with scale factor
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= 5 _ -13 ,-1 -1
RE = MP(3/16ﬂevac) = 8.9 x 10 B Gev
= 1.8 x 10726 g1 cn (4.1)
and temperature
9
T, & (30 avaC/an)‘ =0.92 x 101 p¥ Gev, (4.2)
chosen so that
3 14 % 4
—— =€ {T,) = ¢ = (1.7 x 10 B? Gev) (4.3)
167GR 2 T'"X vac
E
will make ﬁ =0 = ﬁ‘initially. Since RETX = 82 B_%, the initial
entropy
= 2 3 _ 6 -3/2
S/kgy =(2Nn"/15) (RpTy)~ = 8 x 107 8

is relatively small. We call this non-singular alternative to the
Hot Big Bang, the Tepid Universe. It should not be confused with
Linde's Cold Universe13 in which 8§ = 0 = €p initially, and almost
all of the radiation-matter is supposed to be created out of the
initial vacuum instability.

As is well known, Einstein's static universe is very unstable
gravitationally. If allowed to expand slowly from rest at t = -o,
it expands and supercools until at

4

T o= MCW(BZ—I)%/Zg" = 0.83 x 1074 (82-1)% gev,  (4.4)

1

the false vacuum becomes an unstable phase, permitting the delayed
transition into the broken-symmetry phase. During the supercooling,
initially mild exponentially accelerated expansion takes place from
rest as € + 3p = 2(eT - Evac) decreases from zero. Guth' exponential
growth, on the contrary, begins from a universe that is already ex-
ploding out of the Big Bang.

Because in the initial symnmetric phase the temperature never
exceeded T,, = 9 x 1013

X
v 1016 GeV) were never made in the original tepid beginning. If

Bl1/2 Gev, magnetic monopoles (whose mass

we are in the first expansion, this explains the absence of magne-

tic monopoles in the present universe.



128

B. The Initial Expansion:
Suppression of Monopole Production

During the elementary particle phase transition, the tempera-
ture rebounds to almost

" 2% _ 14 %
T, ® (90 e, ./0NT")" = 1.2 x 1077 B* Gev

with entropy multiplication

3/2

. 3 _ 2 ..
E = (Tc/Tl) = 3[p/A8“-1)1 (4.5)

3/2 7 -3/2

from S/ky = 8 x 10° 87°/% Gev to 2 x 10 (82-1) Gev. This
entropy could be made much larger, by finely tuning B to be very,
very close to one. Besides being unnatural, however, this would
lead to extreme supercooling to very low Tl’

If our model is correct, we therefore expect the SU(5) Higgs

14 Gev, and the universe to be closed.

mass My > Mo = 2.7 x 10
Since the hugh present entropy cannot be generated in a long,
drawn-out first-order transition, we require other strongly dissi-
pative processes to explain the present entropy or size of the uni-
verse. These other strongly dissipative processes in the very
early universe must almost certainly be gravitational, such as dis-
sipation of initial anisotropy, repeated bounces of the closed

universe, or radiation from event or particle horizons.

C. Conventional Evolution of a Closed Universe
14 Gev, the

universe continues with the conventional evolution through baryo-

Once in the broken-symmetry phase at about 10

synthesis, further symmetry-breaking transitions, nucleosynthesis,
recombination and galaxy formation. Being closed, the universe

expands to a maximum size and minimum temperature determined by

2 _ 871G . B2
¢t = == e(Tmin) Rpax . (4.6)
. 2 _ . 2 8TG . .
We, with H® = (R/R)“ ~ —5— € are nowhere near maximum size now.

In the subsequent recontraction and reheating, the universe will
become radiation-dominated, but because R remains negative, it
will never again become vacuum-dominated.14
Although its origin was non-singular in the tepid symmetric
phase, the universe must subsequently go through repeated non-
exponential crunches. In those subsequent infinite contractions

and reheatings, entropy and magnetic monopoles will be created.



V. CONCLUSIONS
Without appealing to quantum gravity or supergravity, by us-
ing only classical general relativity and by-now conventional par-
ticle physics, we have avoided an initial singularity with a choice

-1

of original scale size at t = -, h/MPc << R, << Ho . Because

before symmetry-breaking the temperature nevir exceeded
TX ~ 1014 Gev, magnetic monopoles are not made in the first
symmetry-breaking, but will be made in later crunches.

This scenario requires that the universe be closed and that
the Higgs mass exceed MCW = 2.7 x 1014 Gev. Because, just like
Guth, we cannot derive the present entropy from extended exponen-
tial supercooling, we require other, probably gravitational, pro-

cesses to explain the present entropy or size of the universe.

"I would as soon think of reverting to Newtonian
theory as of dropping the cosmical constant."
A. S. Eddington, The Expanding Universe

(Cambridge University Press, Cambridge, 1933)
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SU(3)c X SU(2)WXU(1)em

Minimal SU(5)

Statistical weight 106.75
a(Gev) 246
2 1,2, 42,_
= + =1/24.3
g°/am=1/31.5, (g7+g'T)=1/
2, .2
g"2 929 - (0.287) 2

Massive Vector °
Mesons woo(2) , Z- (1)

M, (Gev) 2 =77.7 ‘h2+g'2 0=88.5
N

160.75
4.5 x 10
1/45

14

2 g = (1.6)?

X (12)

£ g6 =4.2 x 10

One-loop Gauge Meson Radiative Correction

2
2
3 g g' - -5
B 5—2-[:2<H)Z +<HZ)] 1.74x 10

2 22
s (é_) =4.3x1072
4

Higgs Meson Mass Scale

Mow (Gev) 9.2

MLW (Gev) 6.5

2.7 x 10t4

1.9 x 104

Phase Transition

€yac (Gev) 4 (24 B!S)4
Tc (Gev) 24 8;5
TX (Gev) 9.7 S%
T, (Gev) 16 (82-1)"

(1.7 x 1014p%) 4

1.2 x 10l4g®
0.92 x 101%p%

0.83 x 1014(g2-1)%

Table 1. Parameters of Minimal SU(5) and of SU(3)xSU(2)xU(Q)Spontan-

eously Broken Gauge Theories. Aside from the order parameter

and coupling constants, the effective Higgs potential in both

cases depends only on the Higgs mass MH2

2 2
Mo® (1 + 8 )/2.

2 2, o
M2 (1489)
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Figure 1.
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The symmetric and asymmetric states are de-
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RADIATIVELY INDUCED FIRST-ORDER
PHASE TRANSITIONS
Mcw << M,, WEAKLY 1°=

<+ STRONGLY 1° M < Mcw

My= 3Mcw
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! I
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y’ | ,'
/:IMH= M cw I’MH-2Mcw,
o
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// |
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s / /
/ / /

T/Mcw

The temperature-dependent order parameter o (T) in units of ¢ as
function of T/Mcw for various values of MH/MCW' For T <T<T2 the
effective potential has two minima (heavy line) and an intervening
maximum (dashed line). For My<Mcy the symmetric state is stable
down to T, and metastable down to T=0. On expansion, the symme-
tric state will supercool practically down to Ty or 0.
tion, the broken-symmetry state will superheat up to T,.

On contrac-
(Adapted

from ref. 14.)
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Figure 3. The supercooling temperature T, and the rebound temperature (heavy
curves, left scale) and the en%ropy multiplication (dashed curve,
right scale) as function of Higgs mass. (Modified from ref. 14).
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expands exponentially from Rg with R = 0 = R at t = ~», until it
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an infinite crunch a% R = 0.
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GALAXIES MAY BE SINGLE PARTICLE FLUCTUATIONS
FROM AN EARLY, FALSE-VACUUM ERA

William H. Press
Department of Physics and Center for Astrophysics
Harvard University, Cambridge, MA 02138, U.S.A.

ABSTRACT: Evolving from an early, hot Friedman phase, the
universe may go over to a "Guth era" of exponential expansion.
The horizon size at the end of the Guth era (which can be as large
as today's comoving scale of galaxies or clusters) is shown to
correspond to a scale not much larger than the Compton wavelength
of the matter fields at the beginning of the Guth era. Means of
"freezing in" these initial fluctuations are suggested. Exit from
the Guth era to a reheated Friedman universe might be mediated by
the finite temperature of the cosmological event horizon: effects
of field theory in curved spacetime may make the cosmological
temperature decrease only as a power-law, even as the expansion
proceeds exponentially.
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I. INTRODUCTION

I will assume that the initial state of the universe, at least by
the Planck time tp = (l‘.G/c-r’)]-/2 ~ 10743 s when it first makes sense to
talk about a classical spacetime metric, is smooth, isotropic and
homogeneous, and described by a Robertson-Walker metric. It is a
matter of taste whether to view this assumption as something which
must ultimately be explained, or whether it is just a statement about
what happened to be. Particle theorists tend toward the former
viewpoint, while most cosmologists are not too uncomfortable with the
latter view.

Many cosmologists are uncomfortable, however, with the idea that
the perturbations from smoothness which are necessary to make galaxies
might need to be postulated as initial conditions. To say that the
universe is smooth has a small information content; it takes only a
single sentence to describe the state completely. To say that the
universe has galaxy-forming f{and cluster-forming) perturbations,
however, implies a very large initial information content at t = tp,
whole figurative reams of tabulated material describing the positions
of all the galaxies that are fated to form and, indeed, all details of
the initial hydrodynamic state that will form them. One should not
dismiss this as just "some realization of a random function."” Random
functions have a high information content; when they occur in physics
it is most often by the realization of some underlying complicated
physical process (such as the quantum nature of matter, or stochastic
mixing of deterministic equations in an appropriately large phase
space). The central cosmological issue, it seems to me, is not where
come from.

From the Robertson-Walker metric and the Einstein equations for
gravitation, one gets the well-known first integral of the expansion

equation,

By° _ 81Gp _ k
R 3 R

(1)

Here R(t) is the expansion factor in the metric, scaled to make k take
on the value +1, O or -1, corresponding to a spatially closed,

marginally open, or open universe. The density p comprises all the



gravitating matter content of the universe, including any
Lorentz-invariant vacuum energy density ("cosmological constant"
term). The evolution of p satisfies

dp _ _ 3(p+e) 2)

drR R
where P is the total pressure.
It is worth emphasizing that p and P are derived quantities from
some Lagrangian that describes the underlying quantum theory of
matter. From a lagrangian L, a functional of the matter fields, one

obtains the stress-energy tensor by varying with respect to the metric
gu\’
'

SL
T =1g -2
iy nv Gguv (3)

(see, e.g., Lightman et al. 1975, §§21.5-21.6). The homogeneity of the
metric implies a preferred Killing vector time direction Ea, in terms of
which

hel
i

= <Tu\)gugv> (4a)
_ 1 [¢3 U,V
P = <g(r,” - T EYEN)> (4p)

The angle brackets denote (or, for our purposes, at least connote) the
quantum expectation values of the underlying fields in a curved
spacetime metric.

In grand unified gauge theories (GUTS) the universal matter
Lagrangian often contains a polynomial potential term in some scalar
combination of fields ¢,

L= ...+ ... =V(¢,t) (5)
which implies a contribution to Tuv of the form

P
TUV V(q)'t)gu\) [ (6)
in other words a cosmological constant term. The potential is a
function of temperature, so it depends on time, not explicitly, but

through the temperature's time variation.
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Guth (1981) brought together a number of threads from GUTs and
cosmology to ’show that the nature of matter at >10l5 Gev (where the
GUTs 1live) could have major cosmological implications. Let me here
describe not exactly Guth's picture, but a close variant:

Schematically, but without reference to any particular GUT model,
let us suppose that V(¢ ,t) has the qualitative behavior shown in Figure
1. In rough terms, the matter content of the universe at every local
point has two kinds of contributions: first, thermal excitations
above the minimum of the potential well in V, which represent
particles of finite mass and positive pressure and density
contribution; second, the height V; of the minimum of V above zero,
which contributes an (as drawn) positive density but equally negative

pressure (from eq.6).

Vi)
Vi
“intermediate T
small T
0

¢

Figure 1. Assumed vacuum potential.

As the universe cools from some initially hot state, particle
excitations redshift away, and the vacuum at every point in space
tends to the potential minimum labeled "1" in the figure. Assume for
the moment that there is an era during which the height of this
minimum is relatively unchanging. Then the solution of (1) is

asymptotically an exponential

TGV, 1/2
R n exp(Ht), H =~( 3 ) (7)




We suppose that this exponential (de-Sitter) expansion proceeds
through some number of e-folds before the potential passes through the
intermediate temperature form in figure 1. (How many e-folds this
might be is the important question that we must presently consider.)
Eventually, if the potential evolves as shown, there is a loss of
metastability of minimum "1". At every point in space, the vacuum
comes crashing down, via a first order phase transition, into highly
excited state of minimum "2", representing a now-reheated Friedman
epoch which is then presumed to evolve to our present universe.

If the stage of exponential expansion (we will call it the "Guth

era"

of the evolution) lasts more than a few e-folds, so that the
total expansion is exponentially large, then two interesting
consequences follow: (1) The cosmological horizon, or domain of
communication of some cosmological observer, becomes exponentially
large measured in terms of today's scales. We will discuss this effect
in the next section. (2) The universe becomes effectively k=0,
whatever its initial value of k. To see how this happens, we need
only look at how the two terms on the right hand side of eq. (1) scale
with time during the Guth era. The first, varying as P, is constant,
since P is dominated by the constant vacuum density Vj;. The second
term, varying as R™2, decreases at twice the exponential rate of the
expansion. It does not take many e-folds before the term is so small
in magnitude that no amount of power-law recovery during the
subsequent reheated phase (when p « T4 « R™%4) can resurrect it in
importance.

Observationally, we know that the term in k is at least not
strongly dominant today (since p~porijts at least in order of magnitude,
cf. Gott et al. 1974). Without a Guth era, this fact can be viewed as
something of a puzzle, since the first (p) term in eg. (1) should have
always varied as R-4 (radiation dominated) or R™2 (matter dominated)
hence the ratio of the terms would have to have been immensely large
at the Planck time. Particle theorists, who do not like very large
unexplained numbers in their theories, thus find Guth's suggestion
comforting. To my own taste, the possibility of using the Guth era's
large horizon size to obtain results relating to the perturbation
problem is a vastly more interesting aspect of the exponential

expansion picture.
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II. CAUSAL STRUCTURE OF GUTH'S COSMOLOGY

Suppose we “label the time coordinate so as to make the
singularity occur at some small negative value of t, the transition
into the Guth era at t=0, the transition out of the Guth era at t=ta,
and the present epoch at t=tg. Then the metric is obtained by
requiring that R(t) and }'I/R be both continuous:

as? = - at? + rR%(t)[ar? + r’(sinZeas? + a8®)]  (8)
with
éxp[H(t—t*)](l/znto)l/z, 0 <t <t,
Rte) = t—t,+1/20\1/2 ®
<___EE—___) ;ote St <t

The value of H, the expansion rate in the deSitter phase, is given by
the GUT theory through eq. (7).

One easily integrates dr = dt/R(t) to find Ar, the comoving
coordinate distance traversed by a signal propagating at speed c(=1).
During the Guth era O<t<tx one gets

1

br, = Fome) /2 M 1 o o7HEy (10)

while subsequently, for tx<t<ty, one has (using to>>t*)

"
brg v 2%, (11)

The ratio of these two distances, when Htx>>1, is

Ar, th*

—_— = (12)
Ary (:tho)l;2

Since H is the expansion rate of the Guth era (>1024 s~1, say) Htx
parameterizes the dimensionless duration of that era, while Hty is the
present age of the universe in the same dimensionless units. The
denominator in (12) is therefore a very large number: however, the
numerator, being exponential, can be even larger for Htx only

moderately big. Therefore, the domain of communication during the



Guth epoch can be very much larger than that inferred from the
subsequent Friedman phase.

The nature of this causal structure is clarified by examining a
conformal space-time diagram (Figure 2). Here a conformal coordinate
transformation preserves light cones as 45° lines, but compactifies
the future infinities of the spacetime. The top diagram shows the
full evolution of a radiation- or matter-dominated Friedman cosmology,
with t varying from zero (singularity) at the base of the triangle to
infinity at the apex (cf. Hawking and Ellis 1973, §5.3). All matter
world lines end up at this apex. The sides of the triangle are made
up of points at null infinity, where all light rays go. One sees that
the cosmology has no event horizons: the light cone of any worldline
comes asymptotically to include the entire spacetime. On the other
hand, the cosmology has particle horizons: at t=0, the light cone of
one worldline includes no other worldline:; only as t increases to some
finite value does the past light cone of one observer first come to
include any of a second observer's worldline (one "comes into the
particle horizon" of the other). A few past light cones are drawn to
illustrate the point. In particular, the two worldlines shown as
dotted curves are supposed to be separated by the diameter of a galaxy
today; they first come into each other's horizon at t ~ 1 year.

The middle diagram in Figure 2 shows a full deSitter space
represented conformally. (The representation chosen is actually a
semi-infinite half-plane, of which only a portion near the boundary is
shown.) The key point is that timelike infinity is not a point, but
rather a whole hyperplane. DeSitter space has no particle horizons,
since past light cones can be extended "down" arbitrarily far to
include a part of any other worldline. But deSitter space does have
event horizons: asymptotically at future infinity, an observer's past
light cone never comes to include another observer's worldline beyond
a certain point on it. That other observer has "crossed an event
horizon" as surely as if by falling into a black hole.

The lower diagram in Figure 2 is a copy of the beginning stages
of a radiation dominated Friedman universe.

We are now ready to "stitch together" a Guth universe: It begins
at the bottom of Figure 2c and evolves upward to the surface marked
t=tg. At this point it is matched smoothly to the surface labeled
t=tg in Figure 2b and undergoes exponential expansion until time t=ta,

shown in the figure. That surface matches to the surface labelled
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N\ i

Figure 2. Conformal diagrams showing causal structure (a) of a Friedman
cosmology, (b) of exponentially-expanding deSitter spacetime, (c) of an
early Friedman epoch. Guth's cosmology is obtained by "sewing together"

parts of the three spacetimes, as indicated.

See text for details.



t=tx in Figure 2a (where we exit from the Guth era), and the evolution
continues to the present.

The dotted "galaxy" worldlines are mutually incommunicado in the
pre-Guth era. They come across each other's particle horizons in
about the middle of Figure 2b. They exchange information.(or particle
interactions) at a relative redshift that first decreases from
infinity to some finite value, then increases again almost to infinity
(as they go out of each other's deSitter event horizon), then, in
Figure Qa, finally decreases towards zero after about t = 1 yr. The
crux of the matter is that when the galaxy comes within its Friedman
horizon at t = 1 yr, its proper self-greeting is not "hello," but
"hello again!"

III. ARE GALAXIBE THE FOSSILS OF SINGLE PARTICLES?

It is interesting to convert the dimensionless nunber Htx, which
parameterizes the duration of the Guth era, to a number whose
interpretation is more direct today: the number of baryons (or their
mass in solar masses) in a region that was able to communicate across
itself during the Guth era. To use the formulae already given most
conveniently, let us redefine tg to be that time at which "hello again"
occurred for the Guth horizon mass (cf. remark at end of 8§ II above).
This is the time, therefore, which satisfies

Ar, = Aro (13)
for egs. (10) and(11), which yields (for Ht,>>1)

S oue )1/2 _ R(t)) _ T(t,)

0 R(t,) ~ T(E,)Y (14)
(where eq. 9 and the inverse relation between R and T have been
used) . The temperature T(tx) = Tx is the reheating temperature
immediately after the transition back to the true vacuum. The
temperature T(tp) can be related to the baryon mass within the

horizon, My, by

T 3
_ ,5.,172 M planck
" " 2n3) sn1/2 [ T(ty) ] (19)

where S is the entropy per baryon (~109), my is the proton mass, N is

the effective number of species contributing to the thermal density,
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and Tplanck is the Planck temperature (=1.2x1019 Gev). Equations
(14) and (15) then give
1/2 1/3
3.52 M SN o,
He, = in m 7 (16)
H planck

For Mg = 1015 , T* = 1015Gev, one has Htsx ~ 53, while for My=1021 M
(the present horizon), Tx = 1017GeV, one has Htx = 66. So, Guth eras
which last this long (say, 60:t6) have horizon sizes that are of
interesting cosmological sizes today.

Let us now ask, what is the physical proper size of the comoving
length Arx (or Org) at the start of the Guth era. Evidently the answer
is, from egs. (9) and (10)

1

Ar,R(0) = & (1-e7HE%) 3

> % (17)

It may seem surprising that this answer is largely independent of
Htx(>>1), but Figure 2b shows why: even if Htx > «, the event horizon
comes to include only a finite part of the surface t=tg.

Another length to estimate is the Compton wavelength A, associated
with the temperature at the start of the Guth era. This temperature
is approximately the same as Tx, the reheating temperature after the
Guth era, since the energy density is constant during the exponential

expansion. Therefore,

A=
c R/T, (18)
and using
1/2
871G a 'I‘,,4
HA | ———— (19)
3
a short calculation gives the result
A 15(—2*_\a (0)
v TR (20)
¢ Tplanck *

Equation (20) says that, for Tx not too much less than Tplanck-
there are only a few Compton wavelengths within the region that will
subsequently inflate exponentially to become the Guth horizon mass,
corresponding to a very large mass today. This is true independent of

the value of that mass (which is determined by Htx through eq. 16).



We are led to speculate that single particle fluctuations on

scale Ao might be the primeval fluctuations that make galaxies or

clusters of galaxies. For this picture, one imagines that quantum

state of the matter fields at tetp is in some sense chaotic, with all
the internal variables of the matter Lagrangian uncorrelated from
point to point. The first thing that happens, at t~tp, is that the
horizon size expands to exceed the Compton wavelength associated with
the (then) temperature, so that it makes sense to talk about particle
state and dynamical interactions between states. These dynamical
interactions can be imagined to smooth out the chaotic matter field
variables on scales smaller than the current horizon. Different,
non-communicating, horizon-sized regions ought to be brought to
statistically the same matter state; however there will be fluctuations
due to the fact that, as we have seen, the Guth era horizon comes at
most to include a region whose initial region contained only a few
Compton wavelengths.

One has, then, a natural way of producing a preferred scale of
interesting size today, with some natural amplitude of perturbation,
less than unity but not much less than unity. lLarger scales than the
Guth horizon size have increasingly smaller perturbations, because
they contain more Compton wavelengths, hence are statistically more
homogeneous. Smaller scales have smaller perturbations,
because--being smaller than the horizon size--they have been
homegenized by physical interactions.

I am being intentionally vague about the precise internal nature
of these quantum perturbations. They cannot be just adiabatic
perturbations in the total matter density. Such perturbations can be
shown to have only decaying modes during the exponential expansion of
the Guth era (Kahn 1981). The perturbations that we need must be
essentially '"kinematic" in character, painting, as it were, the
universe with random regions of red and green paint which (after they
go out of their deSitter event horizon) expand passively through the
many required e-folds. During this expansion, the regions should
maintain their "redness" or '"greenness." Then, Jjust before or anytime
after the reheating transition back to the true vacuum, the difference
between red and green must have some way of taking on dynamical
significance, e.g. by contributing differently to the equation of
state. The important point is that this dynamical significance need

not involve communication across the size of the regions (which are
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now far outside their apparent Friedman horizons). It need only be a
local property of redness or greenness.

Let me give an example, only incompletely developed from
suggestions of H. Georgi and S. Coleman, of how the "red and green
paint" might be included into a GUT theory. To anyone's favorite GUT
theory, add two new gauge fields <I>1°L and q>2a- The ¢ index is that of the
internal group, e.g. ®;* and d>2a might be 5's of SU(5); the extra fields
need not have any interaction at all with anything else in the theory,
so no violence is done to the physics at low energies. Suppose that
the ¢'s contribute a term to the Lagrangian of the form

2 2,2 2 2 2 2
L(e,,0,) = (\@1[ + |<1>2| )+ |q>l[ +m, |<1>2| + ooov (21)

where m) and my are small compared with the unification energy, and
mp>my.

At high temperatures the mass terms (in m; and my) are invisible,
since they scale only quadratically in the ®'s. There is therefore an

apparent larger symmetry

<I>l >0 cosf + °, sind (22)
and every point is characterized by a direction ® in ¢,, ¢, space.
Interaction terms (not written down above) are supposed now to make
coherent horizon-sized regions of approximately constant 8. Those with
8~0 are "red" (¢, dominated), while those with 8~7/2 are "green" (%,
dominated). Once the regions go out of their deSitter horizons, their
character is frozen in.

Much later, at lower temperatures, the mass terms become
important. Since m; is larger, the ¢, field becomes nonrelativistic
first, so its contpibution to the equation of state is different:
there is a pressure perturbation that is spatially congruent with the
(now large) red and green regions. This pressure perturbation lasts
until ¢ also becomes nonrelativistic. At this point we no longer care
about the subsequent fate of the ¢, and q>2 fields; they presumably find
decay channels into lighter particles. Their erstwhile pressure
difference has now left an indelible footprint in the total
stress-energy tensor.

The point is that once a pressure perturbation of fractional size

8 has been maintained for about one expansion timescale, it will give



rise to a growing-mode adiabatic perturbation whose density
perturbation will reach a magnitude about 6§ when it (much later) comes
within its Friedman horizon (Press and Vishniac 1980). That this is
very long after GUT physics has given way to low energy chemistry does
not matter. To summarize, we obtain galaxy- or cluster-forming
perturbations which were passed through six stages: (1) coming within
their Guth particle horizon to get the required spatial coherency; (2)
going out of their apparent deSitter horizon, to freeze in that
coherency; (3) while still outside their horizon, converting internal
field variables into pressure perturbations lasting at least one
expansion scale; (4) undergoing transition to the true vacuum either
after (3) or just before; (5) losing all traces of their internal
field variables as the GUT era cools away; (6) finally coming within
their Friedman horizons in the form of adiabatic density perturbations
of a preferred scale.

The subsequent picture of galaxy formation might well be along
the lines of Zel'dovich and collaborators (see, e.g. Doroshkevich et
al. 1974, 1978, 1980).

IV. THE "GRACEFUL EXIT" PROBLEM

Up to now, we have been assuming that the transition from the
false vacuum of the Guth era (with its large vacuum energy density) to
the true vacuum (with its large entropy content) occurs simultaneously
at all points of the spacelike hypersurface t=tx (Figure 2b). This
assumption is implicit in Figure 1 also, where the transition is drawn
to occur via loss of metastability of the upper state as a function of
temperature T (which is constant on t = constant hypersurfaces). In
fact, however, our assumption is contrary to Guth's original
formulation of the "inflationary universe" and to most work that has
been done on the false vacuum problem (e.g. Coleman 1977, Callan and
Coleman 1977, Coleman and DeLuccia 1980).

The difficulty is that, during the exponential Guth era, the
temperature decreases exponentially. After a few e-folds its value is
effectively zero, so there should be no further evolution in the shape
of the effective potential of Figure 1. In particular, it is not at
all credible that the loss of metastability should occur after the 60*6

e-folds necessary to make the transitions cosmologically interesting.
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Guth's original formulation assumes a potential which maintains a
metastable upper state even at zero temperature. The transition to
the true vacuum then occurs not by loss of metastability, but by
tunneling. The trouble with this is that the tunneling events occur
at different random times at each point in space. Each produces an
expanding "bubble" of true vacuum whose boundary is very nearly the
future light cone of the tunneling event. Moreover, the energy density
of reheated material is not deposited uniformly within the interior of
the bubble, but is concentrated as an expanding null shell. (This is
inevitable if the tunneling is a random event in 4-space: it must
produce a Lorentz-invarient matter distribution; for exegesis on these
points, see Coleman and DeLuccia 1980 and references therein.) The
bubbles, then, are highly inhomogeneous. Guth has shown that there is
no hope of having many overlapping bubbles restore homogeneity
statistically: The statistics of bubble formation are such that the
few earliest tunneling events form very massive bubble walls which are
resistant to subsequent homogenization.

It seems likely to me that simultaneous loss of metastability,
not barrier penetration, is the only way by which the Guth cosmology
can be made to resemble our own, nearly homogeneous, one today. There
must be some "clock" connected to the evolution of the potential
evolution in Figure 1 that does not run down its mainspring until the
requisite 60+6 e-folds of expansion have taken place. In present GUT
theories, the only such clock (on which the potential depends) is the
temperature. One possibility is that particle theorists will have to
learn to build some additional structure into the theory, something
which affects the form of the effective potential, but which changes
less rapidly than an exponential as the universe expands.

Doug Eardley and I have been exploring another possibility which,
though speculative at this stage, might prove able to resolve the
graceful exit problem. The key idea is to note that the event horizon
of deSitter space (Figure 2b) has as associated finite temperature
that does not change with the expansion of the metric. The existence
of this finite temperature, which is a consequence of gravitational
production of quanta in a curved spacetime, was first pointed out by
Gibbons and Hawking (1977) and subsequently investigated also by
Lapedes (1978). The effect is closely analogous to the finite
temperature of the event horizon of a black hole, which produces the

celebrated "Hawking evaporation".



The apparent finite temperature of the deSitter event horizon
arises from the fact that the 0(4) invariant vacuum state (which can
be shown, following Lapedes 1978, to be the vacuum state which is
quickly approached after the transition from the early Friedman to the
Guth epoch) is not the same state as that defined by local
cosmological observers when they require particle (antiparticle)
excitations to have positive (negative) frequencies with respect to
their proper time coordinate. Actually, this latter definition of
vacuum can be shown to correspond not to the 0O(4) global vacuum, but
to a global vacuum defined by minimizing the zero point energy within
the interior of the observer's event horizon only, and with zero field
conditions imposed on the horizon surface. Since this is a more
restrictive boundary condition than 0(4) invariance, the zero point
energy is lower (fewer allowed modes). Therefore, the cosmological
observers locally interpret the 0(4) vacuum as having a positive
energy; in fact, it can be shown that they see an apparent thermal
spectrum of finite temperature.

Although not so familiar in the deSitter case, the effects of
discrepant local and global vacuum definitions have been studied in
some detail by, e.g., DeWitt (1975), Davies and Fulling (1977), and
Candelas (1980). DeWitt, in particular, notes the close analogies
between this effect and the Casimir effect in quantum electrodynamics.
An example even more closely related to the deSitter application is
furnished by "Rindler space", which is Minkowski space populated by a
self-similar congruence of uniformly accelerated observers. These
observers measure the global Minkowski vacuum as having a finite
temperature.

What is the stress tensor of the 0(4) vacuum? Gibbons and
Hawking show that the cosmological observers measure a finite
temperature, so one expects that TUV # 0. However, there also exist
boosted congruences of observers who, by these arguments, would also
measure the same finite temperature. In fact, the relation between
TUV and local measurements of the state is indirect and depends on
precisely what is meant by "measure": If the observers are only a
kinematic congruence of "test" particles, so that their measurements
have no dynamical significance and cause no back-reaction on the
vacuum state, then their existence does not affect the underlying 0(4)
invariance of the problem. In this case, T must maintain its 0(4)

Uy
invariance, and the only possible correction due to the finite
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temperature horizon must be of the form !\guv,- e.g., for a conformally
invariant field it will be a pure trace anomaly or, in other words, a
quantum-gravitational renormalization of the vacuum energy density.
(For related references, see Brown and Cassidy 1977, Dowker and
Critchley 1977, Wald 1978, Davies et al. 1977). From a macroscopic
viewpoint, the finite horizon temperature contributes a pressure
exactly equal to the negative of its density. It can do this because
the wavelength corresponding to the peak of the blackbody spectrum is
on the order of the radius of curvature of the geometry; the
flat-space equation of state P = 1/3 p can thus be strongly affected,
going over to P = -p as the 0(4) symmetry in fact demands.

on the other hand, what if the observers are not test particles,
but actual dynamical systems capable of storing (in internal degrees
of freedom such as particle rest mass) an energy density comparable to
that of the thermal horizon flux? 1In this case, the observers break
the 0O(4) invariance of the problem more than just kinematically. To
the extent that they absorb thermal flux from the horizon, they can
convert that flux from a Lorentz-invariant form into a form with a
preferred rest-frame, their own. In other words, the macroscopic

equation of state will not be P=-p, but rather

P = (I'-1)p , T#0 (23)

where the precise value of T will depend on details of the
interactions.

There seem to be no realistic calculations of T in the
literature, except that of Candelas and Dowker (1979) for a
conformally invariant interaction, which gives I=0 (pure trace
anomaly). One might have expected this result on the grounds that a
conformally invariant interaction has no internal length scales which
can form nondimensional ratios to the wavelength of the blackbody
peak, therefore there is no free parameter to scale the equation of
state away from the 0(4) invariant form. In what follows, we will
assume that a sufficiently complicated set of particle interactions
will ultimately be shown to yield T'#0 (cf. Birrel, Davies, and Ford
1980). From this assumption one gets an intriguing scenario:

It seems possible that there can be a kind of "bootstrapping"
relationship between the thermal horizon flux (produced in a state of
0(4) invariance) and the complicated particle states that it interacts

with: The thermal flux maintains a finite temperature which does not



redshift away exponentially. This, in turn, maintains a finite density
of thermally-produced finite-mass interacting particles, created at
any given time by interactions among existing particles that define a
mean cosmological rest frame (break the 0(4) invariance). Now these
new interacting particles can continue to provide a mean rest frame,
and a value of T different from zero, for the next stage of
interaction with the thermal horizon flux. In other words, there is a
kind of spontaneous breakdown of 0O(4) symmetry, triggered by the
initial existence of finite mass particles which define a mean rest
frame.

We can calculate quantitatively the (semiclassical) evolution of
the cosmology during the Guth era in this scenario. If the expansion
rate H is slowly varying (this can be justified self-consistently),
then the instantaneous horizon temperature should just track the

expansion rate,

(24)

| e

where k is a constant of order unity. The total density is

_ 4
p = Dvac + NaT (25)

where N is the number of species, a (=72/15 in Planck units) is the
radiation constant. The total pressure is

4
= - 6
R Pyac* (I'-1)NaT (26)

Equations (24), (25), (26), (1), and (2) are five equations for
the five unknown functions of time p, P, T, Pyzcr and R. The solution

(for k=0) is easily effected by quadratures, and is

R(t) = exp[—[(1 + 3 caozt.)ya-l]} (27a)
0

T =T (L + 3 CHO3t)_l/3 (27p)

o= gagly + 3 cey /3 (27¢)

N—aﬁqf’ = EE302—(1 + %C“03t)-2/3 (278)
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Here C is a constant of order the Planck time squared,

3
_ 64T 4 2
Cc = 35 K N(T l)tp (28)

and Hy is a constant of integration that specifies the expansion rate
at t=0, the beginning of the Guth era. For a Guth era beginning
fairly soon after the Planck time, we have H02C<l but not <<1.

Equation (27a) has the asymptotic forms
2

R(t) ~ exp(H,t) t < (29a)
07 " T v 3y 3
0
2/3
3,2/3 ¢ 2
v exp [(5) =] t2 ——=
2 o173 ks 3@103 (29b)

One sees that the expansion will proceed for ~(Cl~102)'2 e-folds as
a pure exponential (eq. 29a), and with the temperature and total
density about constant (egs. 27b and 27c¢). The density is dominated
by the vacuum energy density (cosmological constant), while the
temperature is dominated by the horizon temperature. After ~(C:I>102)‘2
e~-folds, the accumulated work of expansion on the thermal energy
content (nonzero PAV work, since TI'#0) starts to make itself felt, and
the expansion slows from a pure exponential to an exponential of a
fractional power (eq. 29b). At the same time, the horizon temperature
starts falling (eq. 27b), but only as a power law in time. One
therefore has some additional finite number of e-folds of expansion
before the temperature has fallen sufficiently so as to cause a
spatially simultaneous loss of metastability of the false vacuum. At
this point, the Guth era "exits gracefully" and we have a smooth,
reheated Friedman cosmology.

It may seem paradoxical that the above set of equations give a
slowly decreasing pysc (as a consequence of egs. 27c and 27d), when
Pyac is supposed to be determined by the microphysics of the effective
potential V. Without a proper quantum gravitational treatment, we
cannot resolve this paradox in detail; however it is easy enough to
see where the resolution must lie: 1In eq. (4a) we already included
angle brackets denoting quantum expectation values in curved space.
Classically, any constant included in the Lagrangian (eq. 5) appears
unmodified in eq. (4a). Quantum gravity, however, can renormalize the

cosmological constant and modify the zero point. Our semiclassical



equations know about this through the requirement that total energy be
conserved semiclassically (eq. 2). Therefore even without the proper
quantum gravitational machinery, it is plausible that we are obtaining
a correct result at semiclassical order.

A tempting conjecture is that in a proper quantum gravitational
treatment the evolution should turn out to be independent of any
constant added to eq. (5), i.e. that any such constant should get
renormalized away in a natural way in the 1limit of low temperature.
This would then explain a central mystery not previously mentioned in
this paper, namely why the potential minimum at low temperature
(Figure 1) should have the value exactly zero, i.e. why the value of
the cosmological constant is observationally very small today.

The total entropy of today's visible universe (total number of
particles present) is a very large number. The standard Guth scenario
explains this number as the result of exponential expansion and
extreme supercooling of a metastable vacuum phase; the entropy is
produced when the false vacuum comes crashing down via a first order
phase transition. However, it has not been clear how to obtain the
benefit of this latent heat without doing violence to spatial
homogeneity. When one considers the finite temperature of the event
horizon, the scenario is slightly different: most of the entropy is
produced during the exponential expansion, not at its termination.
The source of the entropy is, in some sense, gravitational. Just as
in the black-hole case, the deSitter event horizon is an object of
intrinsically very high entropy content, and it shares this entropy
with an exponentially expanding volume. The final phase transition to
the true vacuum, in this picture, is only a nicety, put in so as to
bring the cosmology to today's state of vanishing cosmological
constant.

V. COBCLUOSION

As a sometime pessimist, I do not think we will ever know with
any confidence the detailed nature of particle microphysics at
energies ~1015 Gev, much less at the Planck temperature ~1019 Gev. We
may well come to understand, however, the generic sorts of
microphysics that are allowed at those energies. There seems to be an
unexpected richness in the cosmological implications of some of these

sorts of microphysics, allowing for possible (albeit probably forever
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speculative) explanations of such macroscopic puzzles as the origin of
galaxies in the universe, and the nature of the universe's large-scale
structure generally.

As a sometime optimist, I think that it would be unusual for a
scientific subject to spend long at a stage of development that allows
for semiquantitative speculation, but that does not seem to allow for
a rigorous and decisive treatment. So perhaps the field of

ultra-high-energy cosmology has surprises in store for us.
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NEUTRINGS OF FINITE REST MASS IN ASTROPHYSICS AND COSMOLOGY

Ramanath Cowsik
Tata Institute of Fundamental Research, Bombay - 400005, India

Our early work on the role of neutrinos in astrophysics and cosmology
indicating that 3 eV <m, < 35 eV and that 1,/m_ > 1023 5/eV for radiative
decays is presented and then extended to include the recently discovered

T -neutrino.

Des champions, Lci, Luttent geérocement

pour La maitrise des choses, apportant

& La bataifle Leurs embryons d'atomes... Celul
qui emponte L'adhésion de La plupart, fait La
LoL un moment : Le Chaos est anbitre,

et parn ses décisions augmente encere Le
désendre pan Lequel L nigne : & ses cotis,
La Chance, anbitre supnéme, gouverne Le tout.
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I. INTRODUCTION

Astrophysics is usually the science in which the well -known laws of
physics are assumed to hold good even on the macroscopic scale of astrono-
mical bodies and on this premise we try to understand the nature and properties
of celestial objects. However the inverse situation, where studies outside
man-made laboratories, in nature, yield many insights into basic physics and,
in particular, into the properties of the fundamental particles, is also quite
common. The application of this general concept, especially in the study of
the interplay between big-bang cosmology and the modern theories of particle
physics, has become quite wide-spread and well accepted. Perhaps the very
first result from such a study, which exceeded substantially in quality the
results from laboratory experiments, concerns the masses of the neutrinos1 ).
To-day I will review some of my early work pertaining to neutrinos of finite
rest mass. I will then go on to discuss how one can use the laboratory experi-
ments in conjunction with astrophysical and cosmological considerations to
show that the newly discovered Tt-neutrino is extremely stable and that
m, < 35 eV.

Neutrinos of finite rest mass have fascinated physicists for a long time
and we are probably indebted to Markov (1964), Gerstein and Zeldovich (1967)
and to Bahcall, Cabbibo and Yahil (1971) for some of the very first applications
to astrophysics and cosmology, Markov and also Bludman (1974) reviewed

2,3)

the field until then and suggested the possibility of neutrino stars Gerstein

)

4
and Zeldovich ' presented the first qualitative ideas and showed that the
measured age of the Universe restricts the mass of a neutrino to be less than

v 140 eV, and Bahcall et al. argued that if neutrinos had a finite rest mass,

they could decay into lighter neutrinos and bosons and used this as a possible
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basis for understanding the low counting rate in the 'Solar-Neutrino' experi-

5) 1,6-9)

ment. My own interest in neutrino induced phenomena in nature and
their cosmological effects has been a longstanding one (Cowsik et al. 1963,1964,
1966,1969) and on the particular topic of neutrinos of finite rest mass, I have
considered basically three questions:

i. The effect of massive neutrinos in cosmology, leading to an upper
1imit1) on the sum of their masses (Cowsik and McClelland, 1972).

10)

ii. Clustering of neutrinos and the virial mass discrepancy in the

Coma-cluster of galaxies (Cowsik and McClelland, 1973) which yields a lower

limit on the neutrino mass,
11)
iii, The stability of neutrinos and limits on their decay rate (Cowsik,
1977,1979).

12
Topic i was also considered by Marx and Szalay )

13)

(1972). Topic ii was

studied somewhat later, (Marx and Szalay °, 1976) and supportive arguments

for topic iii was given by Falk and Schramml4) (1978).

After this; many important developments took place concerning the

15
question of massive neutrinos: Lee and Weinberg ) considered the contribution

of very massive neutrinos m, > 1 MeV/c2 to the cosmological energy density

16)

(see also Dicus et al. 1977), Gunn et al. (1978) discussed the astrophysical

17
consequences of the existence of a very heavy neutrino ) with m &2 GeV/cz,
Tremaine and Gunnlg)
a
like/collisionless gas and would therefore evolve without any change in density

(1978) emphasized the fact that neutrinos behave

in phase space. Finally Steigman and Schrammlg) (1980) have reviewed the
most recent astronomical observations which lend support to the idea that neu-
trinos indeed are responsible for binding the large clusters of galaxies.

The theoretical implications of neutrinos of finite rest mass have been

discussed by several authorszo_za,) notably by Gellmann et al. (1975), and
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reviewed with extensive references by Mohapatra and Senjanovich (1980), by
Pakhvasa (1980) and by Witten (1980).
With the news of a possible experimental detection of a finite rest mass

for the neutrino in the range 14 eV/cZ m, < 46 eV/c2 by Lyuibimov et al. 24)

2

(1980) and oscillations of neutrinos with a mass difference Am“ v1-10 eVZ by

)

Reines et al, 25 , there has been a great resurgence of interest. The theoretical
ideas and the astronomical data pertaining to the question of massive neutrinos
are being scrutinized carefully again by de Rejula and Glashow, Stecker,
Kimble et al., Cowsik and Shipman26 -30).

In this talk, I shall mainly review my early work on the role of
massive neutrinos stated in terms of the three basic questions i, ii and iii,

cited above. Near the end of the talk, I shall show how the t-neutrino could

also be included in these discussions.
I, UPPER LIMIT ON THE NEUTRINO REST MASS

The hypothesis that the neutrino mass is zero, though aesthetically
very appealing, has had rather limited validation by experiments performed in
the laboratory. By looking for cut-offs in the spectrum of B8-decay electrons
and muons on a Kurie plot the following limits have been placed on the neutrino

31-33)
masses .

2
oy < 60 eV/cT; m,, <0.5 MeV/c, m,. < 250 Mev/c2 1)

These limits, particularly for v, and v; , certainly need further improvement
to validate the canonical assumption of masslessness. The idea behind the
astrophysical method is that if one has a sufficiently large number of neutrinos,
one can weigh them, as the gravitational force due to a large ensemble of neu-

trinos and anti-neutrinos add up. The plan is therefore to detect the net-
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gravitational interaction of the large number of neutrinos in the Universe using
the galaxies as test particles! In discussing this problem, we take the custo-
mary point of view that the Universe is expanding from an initially hot condensed
state as envisaged inthe big-bang cosmology. 34)
We will now proceed to calculate the number density of neutrinos and
see what effect they have on the motion of the galaxies. In the early phase of
the Universe when the temperature was greater than ~1 MeV, processes of
neutrino production35) which have also been considered in the context of high

temperature stellar cores would lead to a generation of various kinds of neutri-

nos. Some of these reactions are listed below.

e+zre+zZ+V+V (2)

Y + v
plasmon
Since weak interactions can also proceed through neutral currents, one could

have all the kinematically allowed neutrino pairs (v v vu v , etc.) onthe
€ U

e’
r. h. s. of the above reactions. The actual density of neutrinos then is to be
obtained by balancing, in detail, the rates of such processes with the rate of
destruction of neutrinos through mutual annihilation and other such processes.
Fortunately, however, this horrendous task is simplified, at least for the Ve
and vy (with m <1 MeV/cZ), by the consideration that, in the early Universe,
the density of e+ and e  is so high that the reactions rapidly drive the neutrinos
into thermodynamic equilibrium. With this realization, we can immediately

write for the number density of Ve OT vy and, infact, for that of any of the

fermions and bosons to be



162

and

Here npj

nBi

Np, = ==3=3 [  —--—mmmememee—eeo
B &3 o explE/KT(z,)] - 1 ()

number density of fermions of the ith kind
number density of bosons of the ith kind

effective degeneracy of the spin states (" 2)

1/2
c(pZ + mZCZ)

Boltzmann's constant

Trad(zeq) = TF(Zeq) TB(Zeq)

common temperature of all the particles in thermal equilibrium

at the epoch characterized by the red-shift Zeq

Initially, to get the general idea of the method, let us consider only the light

particles like v

and v with

e H

2
kT(zeq) %1 MeV >mc (5)

Then Eqs. 3 and 4 integrate to

and

nFi(zeq)x 0.0913 g, [T(zeq)/‘ﬁc]
(6)

“Bi(zeq) =% 0.122 g, [T(Zeq)/ ficl

As the universe expands and cools down, the neutrinos and other such particles

survive without annihilation because of the extremely small cross -sections for

the annihilation of light neutrinos. Anticipating our discussion in Sec. IV, we

will neglect also the decay of these particles so that their number density

decreases with the Universal expansion simply as
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() 3
eq 1+ z)
n(Z) U(Z ) ----- n(z ) __________ (7)
eq V{z eq 3
(=) 1+ Zeq)
Since (1 + 2z)=T (z)/T (0), the number density at the present epoch is
rad rad Y
given by
T,aq(©)
-3 “rad
n54(0) = nFi(Zeq)(l + Zeq) = 0.0913 g [ e
3
(0)=0.122 Trag®) )
npi0) = 0-1ez gt e | @®

Using Trad(o) =2, 7° K, as the present day radiation temperature of the uni-

verse, we get
- -3
np;(0) % 150 g; em™; ny,(0) %200 g; em ™. 9)

These numbers are huge in comparison with the number density of baryons36)
in the Universe < 4 x 10_6 cm_3. Consequently, even if the neutrinos have a
very small rest mass, they would dominate the dynamics of the universe.

We will now proceed to set an upper limit to the energy density in the
Universe, contained in all forms. The cosmological expansion of the Universe
as traced by the red -shift of the galaxies is described in terms of two para -
meters:

a) The Hubble constant which measures the rate of change of expansion
velocity with distance, designated by Hy % 50 km/sec/Mpc and,

b) The deceleration parameter , the second derivative of the expansion
velocity, designated by q;% 0.94 + 0.4. These quantities are taken from
measurements by Sandage. There is a third quantity which pertains to the
expansion of the Universe, namely,

c) The age of the Universe which is designated by t; and is shown to be
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longer than 8 x 109 yr using observations of old globular clusters. These three
parameters are not independent of each other but are related through the

equation34)

-1 -3/2 a1, ! 1 1/2
to = Hy q,(2q0 - 1) (cos 1(71—0_ SRR CUEEVRS (10)

Equation (1 0 implies q,< 1. 2 quite consistent with Sandage'537) direct deter -
mination using plots of red-shifts of galaxies versus their magnitudes. The
Hubble parameter H0 and the deceleration parameter 9 define clearly the dyna-
mics of an isotropic, homogeneous, expanding Universe with a density, 'Ptot’

given by the expression
2
3 HO qq 2

-29 - 3 _
Ptot = el <1,3x10 g cm 3 <8x10 eV/c2 cm 3, (11)

This 8 keV cm-3 is the total energy density in all forms in the Universe. The

weakly interacting particles alone would contribute a density fweak given by

P weak = % Bpymyt op;my
(12)
=z
200 g mi+ L 150 gj mJ < Pyot
Or, simply
pA g, m; <53 ev/ct (13)

Taking g; = 2 and keeping in mind that particle and antiparticle masses are the
same,

b m, < 13 eV/t:Z (14)

This means that sum of the masses of all the light neutrinos and any hypothe -
tical weakly interacting bosons is less than 13 eV/cz. However, in the calcula-

tions performed so far, we have neglected the fact that the positrons which were
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also created copiously would have annihilated and raised the temperature of the

34) by a factor of v1.4. This means that we should have used

Universe
Traq = (2. 7/1.4)°K in the formula for the densities in Eq. 8. This leads to the

slightly less restrictive limit
3 2 2
£ my<13 x(1.4)" eV/c” <35 eV/ce (15)

If a neutrino of a particular type saturates this limit the other neutrinos should
have zero mass, This limit of 35 eV/cz is a considerable improvement over
the limit of 60 eV/cZ for Ve obtained from the study of tritium-decay and
certainly reduces the 0. 5 MeV/ 2 limit on v, dramatically.

We have derived the above limit assuming that the masses of the neu-
trinos are smaller than ©» MeV and that they were in thermodynamic equilibrium
with the radiation field., If the mass of a neutrino is much larger than ~ 1 MeV
as could very well be true, a priori, for Voo then such neutrinos would move
away from thermodynamic equilibrium and their number densities at present
would become progressively much smaller with increasing mass, than the num-
bers predicted by Eq. 9. The actual numbers are controlled by a detailed
balancing of the reactions that produce them and their annihilation in a rapidly

5) have made these estimates and were

expanding Universe. Lee and Weil:ﬂberg1
the first to show that unless m,, is greater than 2 GeV, their cosmological
number densities will be too large to be consistent with the value of pyq¢
defined in Eq. (11). Similar ca.lculationslé) were also performed by Dicus et al.

1
and their results are well exhibited in the following figure 7 taken from Gunn

et al. Thus, the main results are
3 2 2
m, ;< 35 eV/c®form, <1 MeV/c

(16)
m, ;< 2 GeV/c2
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Fig.1l. The density of the Universe contributed by neutrinos

of various masses.
.38) .

Recently Joshi has shown that a relation between the age and
energy density in the Universe obtains for any globally hyperbolic space-time.
This would then imply that the mass limit expressed in Eq. 16 is valid inde-
pendent of the cannonical assumption of a Robertson-Walker metric to describe

39),

the universal expansion

I, LOWER LIMIT TO m, FROM VIRIAL MASS DISCREPANCY OF RICH

CLUSTERS OF GALAXIES

We have shown in Sec. II that a very large number of neutrinos pro-

duced in the big bang fill the Universe and that even if they should have a rest
mass of only afew eV/cz they would dominate the gravitational dynamics of the
Universe. This is particularly true when we consider the fact that the cosmic
density of all visible matter is only pcrit/IOO. One consequence of this is
that through their mutual gravitation interactions, neutrinos may have triggered
the initial condensations that led tothe formation of clusters of galaxies. X
this is true, then one may expect that in large clusters there might be substan-

tial amounts of unseen mass in the form of neutrinos. This expectation is



indeed borne out by the observations of several clusters of galaxies36). Several
careful analyses of the peculiar motion of individual galaxies in the Coma
cluster indicate that there is a substantial discrepancy between the sum of the

1

48 - -
masses of the individual galaxies (5 x 10 g for Hy% 50 kms = Mpc l) and

the mass required to gravitationally bind the cluster (v 4 x 1049

g). These
analyses also indicate that this discrepant mass is not concentrated in a
massive black hole but has a smooth distribution concentrated near the center,
following the general pattern traced by the galaxies themselves.

To check, qualitatively, the hypothesis that neutrinos of finite rest mass
are responsible for this binding, we construct a simiple model of the Coma
cluster in the form of a gravitational potential well of constant depth extending
over the core region of high galactic density (Rcw, 0.7 Mpc#a2.1 x 1024 cm).
This well is then filled with neutrinos which are treated as a Fermi-Dirac gas
at zero temperature, Notice that the assumption of zero temperature for the
neutrino gas yields the minimum rest mass needed to bind the cluster; with
finite temperatures one would need increasingly larger masses up to the limits
derived in Sec. IL The procedure adopted here is identical to that used in
developing the Thomas -Fermi model for atoms. The total number of neutrinos

that can be accommodated inside the well is given by

2
N, = -5 (--¥-2¢ (29)
3 h?
Here we have assumed two helicity states for each of vy ‘-)u’ v, and ;e' Also,
m, = common rest mass assumed for each of the neutrinos; V = % s Ri =

17
volume of the potential well; U ;= G M.m,, /Rcfb 1.3x10 ' ergg~! = depth of
the potential well = kinetic energy needed for the neutrinos to escape from the
cluster. Notice that for Mc’ we have used the total discrepant mass of the

cluster =4 x 1049 g.

167
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Now, in order that the neutrinos may be responsible for binding the

cluster we set Mc = N\, mv; substituting for Um in Eq, 29, we find

4 246 6
£
m® - --13-1--" ------ % 0.5 3‘“ (30)
2'G3r3Mm G r3M
e C c c

Alternatively following Landau and Lifshitz40), the self -consistent equilibrium

of a gravitating cloud of Fermi gas at zero temperature yields the result

6
8 4
mvx(D TT3I3T (31)
G'R°M
c ¢

Because of the very high power of m, involved in the equations (28) and (29),
they both yield essentially the same results: m> 4 x 10733 gr 3 ev/ct In
Fig, 2, we show the surface density calculated in the self -consistent potential

with the observed distribution of galaxie536'52).
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Fig. 2. The radial distribution of neutrino density compared
with that of the galaxies. One has to include the
effects of finite neutrino temperature to reproduce
the tail in the distribution.

Notice the rather good fit between theory and observation in the central
regions of the cluster. One should include effects of finite temperature of neu-
trinos to reproduce the long tail in the distribution of the galaxies. Tremaine

18,
and Gunn )have pointed out a very interesting fact, that the weakly interacting

neutrinos evolve as a collisionless gas and by Liouville's theorem, the
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thermal neutrinos will preserve phase space densities with occupation number
1/2 instead of 1 as implied in Eq. 29, Two points are worth noting in this
regard: a) If the phase space distribution is lumpy to start with, then these
lumps can be brought together through the dynamical friction with ordinary
matter in the cluster which can radiate away energy and b) models with an occu-
pation number of 1/2 are not very different from the one that we have presented.
Before closing this section, it is interesting to note that the total mass in neu-
trinos contained within the horizon at a red -shift z behaves as

4 x10%3 (m, c?/1 eV)

My = ---momooo-o oo .- g. (32)

Equating My and the visual mass M, of the Coma-cluster, we find z 3 400-1000

for m \:cz ~1-10 eV. The kinetic energy of neutrinos at that time is

- 2
kTv ¥ 2x10 7 1+ 2) /m, cZ/I eV) and the Jeans mass Mj is of the order of
MH'

IV, LIMITS ON RADIATIVE DECAY OF NEUTRINOS

In this section, I discuss the limits that can be placed on the radiative

instability of neutrinos from a variety of observations. In this regard, I am
: 5,41-44) : st
motivated by several papers which have considered the possibility that
neutrinos could have finite rest mass and could, therefore, decay. One parti-
43,44)

cular set of these considers the mixing of v, and v, and predicts obser-
vable widths for the lepton-number -nonconserving decays, suchas y+e + Y
and v, * Vet Y. Independent of such theoretical considerations, it is worth-
while to study the observational limits on such processes.

The astrophysical environment provides excellent possibilities for such

a study of very weak processes: Pathlengths of ~ 1028 cm are available for the

decay process to take place, huge in comparison with the v 102 cm available in



most laboratory studies. Also, there are regions, such as the cores of very
hot stars, where weak processes dominate, as the products of the competing
electromagnetic channels are suppressed completely because of the enormous
time scales needed for the diffusion of photons to the stellar surface. 45)
Recognizing that both neutral and charged currents are of comparable
strength in weak interactions, one finds that there are several locations in

nature where copious generation of Vo and Yy etc. , takes place. Consider, at

first, the possibility that the neutrino decays solely through the channel
v x+Y a7

where x is any particle with a mass smaller than m,. The fraction of the

: . : 2 2 2 . :
neutrino energy carried by the photonis n= (m\J - mx)/Z m- %0.5if m is
small compared with m . We can then make use of the observational limits on
the photon intensities from the sources of neutrinos to place limits on the radia-
tive stability of the neutrino. We shall proceed to derive these limits, consi-
dering sequentially, the cases where progressively longer times are available

for the neutrinos to decay.

IV. 1, Studies at Particle Accelerators

Here the neutrinofluxes are generated by the decay of mesons and
muons produced by a high energy proton beam interacting with a target of
nuclei. The neutrino fluxes at CERN have a mean energy of "“1 GeV and their
decay will yield gamma rays of similar energy. These Y -rays would easily be
detected in the spark chambers used in the 'neutral current' experiment. The
decay length available for the neutrinos is at least several metres ( '\4102 cm).
We can safely assert that the number of gamma rays that would have been

produced,arriving in the direction of the beam,due to the decay of neutrinos is
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less than the total number of neutral current events which have a similar signa-

ture. Equating the expected number of decays of neutrinos in a ~ 102 cm path

-39 2)

with the number of v -induced events (¢ V10 cm”) in a target of thickness

Nt % 1025 nuclei/cmz. we have

Fv 1 2 6
1v=--At>———-orTv>3x10 s . (18)

F NToc

Y

: 2 9
Since T, = ToEv/mvc and E, ¥ 10" eV

10/mvc2>3x10-3 s/eV. (19)

IV. 2. Atmospheric Neutrinos

7,46)

Cosmic rays produce neutrinos inthe earth's atmosphere in a

manner very similar to that described in Sec. IV.1 and the events induced by
47)

13

these are recorded by instruments placed deep underground The mean

-1

energy of the neutrinos is again v 1 GeV and the flux is ~10~ em2 sl arl,

-13 -1
c

The total event rate, R, is 10 m.2 8 -1 sr *. The decay length available

at the apparatus.is several metres. We can therefore write

F 2 T

1, -2 - >10% or 205 1078 s/ev (20)
R ¢ m,c

IV, 3. Solar Neutrinos_

If we make the eminently reasonable assumption that the energy gener -

ation in the sun is due to the synthesis of protons to helium nuclei, then at the

11 - -
earth we expect a neutrino flux of v 10 ~ cm 24 1 irrespective of any specific

45)

solar models or details of nuclear reaction chains /. These neutrinos have a
mean energy of ~ 200 keV and their decay during the ~ 500 s flight from the sun
to the earth would results in an intense X-ray flux. The observations indicate
that the X-ray flux from the quiet sun is below the level of detectability at

-4

v 104 em™2 57! this yields
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0
L =5x10 8 or -----3 >2x10125/eV (21)

IV.4. White Dwarfs and Central Stars of Planetary Nebulae
48,49)

It is well -known that these stars cool rapidly by neutrino emi-
sgion. An order of magnitude estimate of the neutrino fluxes emitted by such
objects can be obtained by equating the gravitational energy released in their
formation NGMZ/R, with the energy carried away by the neutrinos. With the
assumptions M = M = 2 x 10°% g and R = 1055 cm, a total flux of ~10°8
neutrinos at E|) & 100 keV is radiated into the Universe during the formation of
such an object. The rate of formation of white dwarfs is "1 yr-1 in a galaxy.
With Mgal y 1044 g and the mean density of the Universe due to galaxies,

Py 10—31 g cm"3 one will expect an X-ray flux from space of

WUy . (22)
7 44
RE, 3 x 107 x 107" 1,

18 2
HereT, = 10~ s is the 'age' of the Universe and % {10 8 cm is its 'radius’.

50 -
The observations of x-ray astronomers ) yield a flux limit Fx -ray <10 lcm‘Z
¢! sr ! which corresponds to
22 1
1, >10% s or 15/m, c>10 T s/ev (23)

IV.5. Supernovae

These occur in a galaxy once. in a hundred years and radiate energies
about a few hundred times larger than emitted in the formation of a white dwarf.
The mean energy of the radiated neutrinos is ~10 MeV, and with the gamma-

ray flux limits of %1073 em™ s gr 7! one obtains

23 16
T, >3 x1077 s or To/rq, > 3x10 "~ s/eV. (24)
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Falk and SchrammH) have elaborated on this point lending further support to

these results.

IV, 6. Neutrinos in "Big Bang'' Cosmology

Noting that neutrinos of energy %100 keV live longer than 10 2z 8, one
realizes that neutrinos generated during the condensed phase of the Universe
will have survived until the present epoch. Thus, the limits on the neutrino
masses derived in Sec. II using the dynamical effects of the cosmological
neutrinos on the present day expansion of the Universe are valid. If m  is
indeed larger than 'b10_3 eV/cZ, these neutrinos would have behaved as a non-
relativistic gas during the expansion of the Universe at red-shifts z <1 (i. e.,
during the relatively recent past of ~3 x 1010 yr). This expansion would have

slowed the neutrinos down to non-relativistic velocities and any possible

decay would yield photons with energy comparable to their rest mass. The

number density of any one type of neutrinos and antineutrinos is 400 cm_3 and
yields a photon flux of
n R
VU 31
F o= -=-t g 10°/7) (25)
T
18

(assuming TR T, R 10 8). The background photon flux has a maximum at

the peak of the blackbody curve at 2. 7 °K, where the relic microwave is

51)

observed In order that this spectrum is not distorted substantially

T 1087 5 if my w107 ev/ct (26)

On the other hand, if m %1 eV/cZ, their decay would yield a flux of optical
photons. Using the observational limit on the background starlight flux of

v 3x108 em™? 3_1 provides the limit

10>1023s if m, gl ev/cl (27)
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Such considerations  have been elaborated upon recently by De Rujula and

6) 7) 8) and by Shipman and Cows ik30). In

Gl-’:tshow2 ) S!:ecke:r2 , Kimble et al.2
Table I, we summarize the limits derived in sections IIL 1-6, Notice that the
limits based on accelerators and atmospheric cosmic ray neutrinos are nece-
ssary to preclude the possibility that the neutrinos will decay inside the stellar
sources themselves. The limits derived from the stellar sources allow us, in

turn, to consider the neutrinos of cosmological origin and show that these

neutrinos would have survived decay until the present epoch.

1v.7. Effect of Competing Channels of Neutrino Decay

Let us now consider, briefly, the consequences of the existence of
competing processes to the radiative decay of the neutrino. For example, the
very existence of the vertex v + x + ¥ implies a corresponding electromagnetic
interaction of v with the Coulomb fields of nuclei: v + Z : Z + x. This inter -
action can possibly generate a comparatively rapid ''stimulated decay'' chain
V*X*V>x ... during the transit of the neutrino from the stellar interiors to
the surface. Since the stars do evolve by rapid loss of energy in some form,
one can assert that the particles do escape from the star, still retaining a good
fraction of their energy. Under these circumstances, the limits derived above
are not affected substantially.

There is also the possibility, though theoretically unlikely, that other

relatively rapid modes of decay besides v + x + Y exist, such as
v+xtytzt... . (28)

In this hypothetical decay, the sum of the masses of x,y,z,... should be less
than m, and none of the particles can satisfy this condition, other than neutrinos

and photons of course. And yet, if any of x,y,z,... is easily observable, we



may try to estimate the decay rate from the flux of the decay product and dis -
cuss its importance relative to radiative decay. If however the decay products
have weak interactions alone, one may present the following arguments. Using
the studies of v -induced reactions at nuclear reactors and cosmic ray experi-

v
2 -13
ments deep underground one can set Toe/mv c >3x10 s/eV and

v

T0 u/mvcz >3 x 10-11 s/eV, where T0 is the lifetime due to all the decay

modes. These limits are not very restrictive, and if T/m, 2 < 10-5 s/eV the

neutrinos will decay inside the stars and the limits derived earlier will then

apply to the radiative instability of the decay products x,y,z,....
On the other hand, on general considerations, the expected lifetime

for the decay of neutrinos into only weakly interacting particles is rather long.

Here I wish to consider two cases: (a) When the lifetime T for the competing

process is longer than or comparable to the typical times involved in the dis -

cussions in Sec, IIL 3-6 the limits remain essentially unaffected (i. e. , if

T > 500 8 for the solar neutrinos and T > 1018 s for the cases IIL 4-6). (b) If

1018 8 <T <1 8, then the neutrinos will escape the stellar regions

(T /m\)cZ > 10-5 s/ eV) and their radiative decay can become observable depen-

ding on the relative strengths of radiative decay and the other decay modes.

Arguments presented in Sec. IIL 3-5 imply

v T'(v, + x +Y)
Ty Vg/To © > 1015 or ---Seo. <« 107 (a1)
¢ I (total)
T Tw+x+7Y) '
0
o= 5>10% Or —emmemmmmm- < 1074 (all types) (23)
T0 T (total)
(24')
To T +x+7) -6
2> 3x10° OF —oeccccmeoo- <3x10 (all types) (24")

T0 T (total)
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Table I - Limits on Neutrino Lifetimes

sr! at 1073 ev

; Il
s : Neutrino ' ! Observational i Lower Limit
ource ' Density ' 5 H Evidence ‘ To/m,,
............. - P
: 8 : ! n’ 3
Accelerators ! 10 /pulse p GeV.: Total no. of events 1 3x10 “gec/eV
1]
1 1 1l 1
. 1 ' ) '

COBm}C Ray ! 2 1 —l: ! 13 B Ry 5
Neutrinos 10.1 cm “sec "sr | a GeV: FY ~10 ""em “sec 7} 10 sec/eV
1 ' N 1
r b 1 i

' - - ' - 1 12
Sun L 10" emZec™t 1 200 1 F 2107 cmZsec! ! 2 10 “secrev
; PokeVi :
1 1] 1 1
1 1
White Dwarfs,)  10°°/W.D. | 100 i F, 3107 cm2sec™ ! 10!7 sec/ev
etc. ! . kev: sr-l!
1 1 1 '
, 58 , I - - ! 16
Supernovae ! 4,10°° /SN i 10 1 E 2107 cm “sec ' | 3x10 sec/eV
) | VY =11
. \ MeV" sr™*
1 ' i 1
' 1 1!
Cosmos ! 600 cm™3 163107 B % 3x10° em %sec be > 10%sec
i L ev ! srlatl ev!
l ' 1
. ; _ o 1
' ' F, %1013 LT 10> 10 %sec
. vy
1 N '
; .

V. RADIATIVE STABILITY AND MASS OF THE TAU-NE UTRINO

Experiments performed at colliding efe” beams over the last few years

have established the existence of a third sequential 1epton33), T , at a mass of

1,78 GeV/cZ along with an associated neutrino Vo - Though the properties of

33,53,54)

ot are being measured with progressively greater precision the only

55,56) on v, are that m < 250 MeV/c2 and its coupling has the usual

results
strength and the V-A form of weak interactions. Further, there seems to be
little hope of improving the mass limit in the foreseeable future. Inorder to
delineate its properties, we therefore take recourse to the astrophysical methods
the efficacy of which is well demonstrated for the case of the other neutrinos.

But, for the astrophysical arguments to be applicable, we have to first show that

the v, produced in the astrophysical setting live long enough to have observable



effects, To this end we utilize two accelerator experiments to show that

T 0/m‘)Tc2 is longer than ~ 10'6 s/eV. We then start the astrophysical discu-~
ssions with a calculation of the effect of radiative decay on the primordial He
and D abundance. Our discussion here is distinct from earlier work in that we
consider the effect of photodissociation of the nuclei which indeed is the
stronger and more direct effect as compared with the indirect effects of an
increased radiation field discussed earlier, We then consider the emission of
v; from supernovae and show that their radiative lifetimes exceed the age of the
Universe. Thus, the large number density of vi jin the Universe should

also conform to the upper limits on the mass expressed in Eq. 15.

V.1l. Results from Accelerators

The generation and the decay properties of the lepton have been stu-
died in detail by Baccino et al. 57) at SPEAR using the DELCO detector, which
provides nearly a 47 coverage. They have measured the spectrum of electrons
arising from 1t -+ e- Ge Vo and find an excellent fit to the theoretical expecta-
tions with standard V-A coupling for both the 7 - v and e - v, vertices. If the
V. should decay inside their apparatus of dimensions v 20 cm giving rise to
either a gamma ray or an electron, there would be a recognizable signal and it
would contaminate and disturb the fine agreement between experiment and
theory. Absence of any such effects indicate that the lifetime of v is longer

than f\:lO_9 s in the lab-frame; with the mean energy of v, being 500 MeV

this corresponds to

2

T Jmye c? > 21078 g e, (33)

This result is shown in Fig. 3 where cross-hatchings indicate forbidden regions

in the m vT—‘rozmvalane.
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We now turn our attention to the experirment performed by Heisterberg

58)

et al, at Fermi-lab to measure the cross-section for the process

v, t e

" + v, + e . The muon-neutrino beam was produced by allowing an

u
immense fluence of 1019 protons at v 350 GeV to be incident on a target, one
interaction mean free path thick. The pions and kaons which were produced in
the interactions traversed a tunnel ~5, 10* cm long ( #/c 31.7 x 10_6 s) and the
neutrinos generated in the decay of the mesons passed through a detector of
cross -sectional area 104 em? and depth n 1. 5 x 103 em (g/c 5. 1078 s). The
detectors were sensitive to electrons and gamma rays and the cascades produ-
ced by the elastically scattered electrons were detected. In such a neutrino
beam there would be a finite fluence of v, also, generated mainly through the
decay of FF mesons which are produced with roughly the same cross -section as
the DD mesons viz. ¢ Fi: wopp & 100 ub. Following the detailed discussion of
Albright et al. we estimate the differential spectrum of . + GT in the detector
to be given by
F(E)y 3. 10! exp (-E/21. 6 GeV)/GeV for E > 10 GeV
(34)
R0 <10 GeV
Now should v, decay through either of the channels vy +Y + xor v +e+x
i;t would simulate v, e-scattering events and would be recorded. An upper
limit to the number of such events in their apparatus is given by the maximum

number of background events of "10, This leads to the inequality

Enax -1.7 108 my 2 5.1078 m, 2
[ eXP (commmmmmmoiio ) [1 - exp (eo-mmmmmoiee )1 F(E)dE < 10. (35)
10 E

-19
This translates into the result T /m, 2<4.10 s/eV or

olm _c?> 7. 1077 s/eV, again displayed in Fig. 1. But in view of Eq. 1,



To/m\)‘r cZ >7. 10_7 s/eV (36)

V.2, Limits from Cosmological He and D Abundances

Within the framework for the so-called 'standard model' of the expanding

34)

Universe neutrinos of mass in excess of 1 MeV go out of thermodynamic

equilibrium very early and, as shown by Lee, Weinberg and Dicus et al., their

density is controlled by a competition between production through a variety of
is1.s 15,16)

channels and loss through annihilation . Then at a temperature Ty

corresponding to a red-shift Z they decouple with a density ny and their subse-

quent evolution is controlled merely by expansion and possible decay. An empi-

rical fit to the detailed calculations in the mass range 10 MeV < m 2« 1 GeV

yields
1032 ( mc2 )_0'45 -3
n,=10"° (-~----
d 1 MeV em
9 2 0.8
mc
Ty =5.10 ('1-1/"1;\7) °K (37)
2 0.8
9 mc
1+2.)=2510 (--z-=-- .
( d) ( 1 MeV )

The radiative decay of the neutrinos (v + Y + x ) would yield gamma-rays of

2
energy Eg g (m' - mi)/l myym /2 and these gamma rays will suffer reduc-
tion in density due to effects of expansion and absorption mainly through the

creation of e'e” pairs; their density at any time t >>ty is given by

t nc1 1+ Z(t")
n, (E,t) = S == e
thin To 1+ Z(ty)
t 3
exp{-(t' - 1:d)/'ro - oyen S+ zZ@Em]T devy de . (38)

t!
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Here, tj, is defined through the equation E [l + Z(t)] = E [+ Z(t i) 1 -
The total absorption cross-sections of y-rays, G.ﬂ 20 mb and, the present day

mean density of hydrogen in the Universe, n_ <3. 10—6 cm-3. In evaluating

o

Eq. 6, it is convenient to use the empirical fits

[1+2Z(t)]x 5. 10° t'”z (relativistic);

12

[1+2()]y 10 ¢72/3 (non-relativistic) (39)

corresponding to the early radiation dominated era and the later times domina-
ted by non-relativistic matter respectively,

Now %. q' the cross-section for the photodissociation of D and He is
" 2mb above the threshold energy E. of v4 MeV and 20 MeV reapectivelysg).
These cross -sections are sufficiently large to produce substantial changes in
composition before the thermalization of y -rays, The effects of the photo-
dissociation on the D and He abundance are indeed very complicated and have
many interesting ramifications. But for the purposes of limiting the radiative
decay of V twe shall merely demand that the change effected in the abundance
subsequent to the completion of nucleosynthesis at 1:8yn not be substantial. The

logarithmic change in the abundance A of either nucleus is
t
u
nA g - i SRS (>Eg,t) dt (40)

18
where tsyn %300 s and t, %10 s the present age of the Universe. We can
make the value of the integral in Eq, 8 small enough to be acceptable either by

choosing 7, <t or by choosing it very long, 1,>t,. Inthese regions, we

syn

have

-t
8 2,85 syn
- 4nA> 5,10 m e /'ro for T n tsyn
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1. -2

- . 85
2410 M for 1, > ¢, ., (41)

>2,10

Assuming that the reductions in the abundances are not substantial, Eq. 9 yields

the results: for m,, c2 in the range 10 MeV to 250 MeV

15 <508 or 1> 3. 102 m"% 85,

(42)

This region of restriction is again indicated in Fig. 1.

V.3. Limits from Studies of Supernovae

In a stellar collapse leading to a supernova explosion the core reaches

temperatures of the order of 10 -20 MeV and radiates away the gravitational

-6
binding energy of " 1053 ergs in the form of neutrinos60 2).

1) 14)

As previously

discussed by uxsl and later by Falk and Schram the observations of gamma-
ray astronomy and the fact that they ''do evolve by rapid loss of energy in some
form'' allows one to further restrict the radiative decay of the neutrinos. In
estimating the emission of V; we should keep in mind that as with vy, only the
processes involving neutral currents would be operative in the production pro-

cess. These would be further suppressed if my; > 10 MeV by a factor S which

is approximately given by

(43)

] R -
© 2 -1
6 p lexp S, dp
kT
where Sy is a factor which takes into account departures from thermodynamic
equilibrium, Taking Sy 1 we estimate S(mcz <2kT)y 1, S(mc2= 5kT)y 0.125,
S(mec? = 10kT) 2 3,5, 107 and S(mc? = 20KT) % 5. 1077, Now should the v; decay

radiatively with an extremely short lifetime then its energy will be fed back into

the core and would be reradiated as v ¢ and vy But if the lifetime is such that
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the decay takes place in the outer mantle between the radii of ~107 cm and

v 1012 cm the decay energy will heat up the mantle and will appear as kinetic

energy of the drbris. Observationally the debris has kinetic energies in the

4 50 -1
range 10 9. 10 ergs and this precludes To/"\;-r in the range v 10 2 s/eV

to v 3. 1073 s/eV for my1 below ~100 MeV. These regions are shown in Fig. 3.
Further, once 'ro/mw cZ is longer than ~ 10-6 s/eV, the neutrinos

emitted from the supernovae will decay sufficiently far away from the core for

the vy -rays to be observable. These y-rays will have energies —;-mw c2 or

1 9

BY ?kTm 5 MeV, whichever is larger, and our earlier discussions ” yield the

result that

7
'ro/m c? > .101 s/eV for m, < 20 MeV/c2

and 1.2

m
2, (Vi s ot’ V£ 20 MeV/c2
To/m\” c (1 e (my.)1 sec/eV for m. > eV/c (44)

since the flux of background v -rays falls off as E;l' 2 at high energies.

V.4. Limits from Radiation Background Below v~ 20 eV

Now, notice that our arguments so far have precluded all values of

To/m\)T shorter than v 1017 s/eV. This means that if m,;> 10 eV, it will sur-
vive longer than 1018 8, the present age of the Universe. Further, since the
Universe is transparent to photons up to a red-shift of ~ 100 ie. t % 1015 8,
the decay of neutrinos of m > 10_2 eV will generate a background of radiation
in the Universe. By attributing the observed background radiation to the decay
of the cosmological neutrinos, we can set a lower limit to the lifetime of the
neutrinos, Noticing that neutrinos of such masses would have slowed down to
non-relativistic velocities during the expansion of the Universe and following

1) 27) and

26
the analysis of Cowsik1 , DeRnjula and Glashow ), Stecker
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Fig. 3. Forbidden regions in the mass-

lifetime plane of the T-neutrino.

(1) Decay kinematics of T ,

I (2) SPEAR expem)ment57 (3) Fermi-
lab experiment58), (4) Photodissocia-

tion of cosmological D and He,

(5) Supernova dynamics, (6) y-rays

5 from supernovae, (7-8) Effects on Uni-

-6 versal expansionl ,13,15,16 , and

(9) Optical and UV background

radiation.

fog (Tg/my, , s/eV)

—|4‘ \

3 3

2 2 2
(o} 2 4 6 8
log (m,,T ev)

23
Kimble et al. 28), we show in Fig. 1 the conatraint9) that t_/ >10 " s/eV at
g o/ ™yt
1 2 soas
m,. & 1 eV and the limit increases as -r;‘- exp (mc” /4 eV) as the radiation
background decreases exponentially, The limits are shown only up to a mass of

2
v 35 eV/c since larger masses are excluded unconditionally in any case.

V.5. The Limits on the Mass of the Tau Neutrino

The discussions in the previous sections have established that the life-
time of v is so long that the large numbers produced in the big bang survive
until today with their densities merely reduced by expansion of the Universe.

As discussed extensively before, if these neutrinos are massive, they would
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dominate the gravitational interactions in the Universe. Following Lee and

5) 16)

Weirxberg1 and Dicus et al the mass region 1 MeV to 2 GeV is excluded

and the region 35 eV - 1 MeV is excluded by the neutrino density estimates of

12)

1
Cowsik and McClelland ) and Szalay and Marx Thus we conclude

myg c2 < 35 eV (a5)
<
For reasons of comparison, we have drawn a line which passes through the
muon mass and lifetime and scaling as m'6 as expected in most models.
Thus, we have shown that the lifetime of Ve is longer than the age of the
Universe, which enables us to use the dynamical effects of cosmologically

generated neutrinos to show that m < 35 eV/cz.
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CONSTRAINTS ON NEUTRINOS AND AXIONS FROM COSMOLOGY

David N. Schramm
University of Chicago

ABSTRACT

A review is made of the astrophysical arguments with regard to neutrino
properties. It is shown that the best fit to the present baryon density and “He
abundance is obtained with three neutrino species. It is also shown that astro-
physical constraints on neutrino and axion lifetime-mass combinations rule out
weakly interacting particles with 1ifetimes between 107% and 102% sec for
M < 10 MeV. For lifetimes > 10%° sec the sum overall species of neutrino mass
must be below 100 eV or between ~ 10 GeV. There is an allowed astrophysical
window for neutrinos with M > 10 MeV and t < 1000 sec. The possible role of
massive neutrinos in the dark mass of galaxies is discussed. It is shown that
the baryon density in the universe is comparable to the density obtained from
the dynamics of binary galaxies. Therefore, massive neutrinos are only required
if the cosmological mass density is greater than that implied by binaries and
small groups of galaxies. The only objects which might imply such high densities
are large clusters. For neutrinos to cluster with these large clusters requires
m, 2 3 eV.

INTRODUCTION
This lecture reviews various constraints that can be placed on neutral weak-

1y interacting particles from cosmology. Most of these astrophysical constraints
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come from the standard Big Bang model of the universe.

The general acceptance of a hot-dense early universe (the Big Bang) began to
happen with the discovery of the 3 K background radiation by Penzias and Wilson!.
However complete acceptance did not occur until the experiments of Richards and
co-workers? showed that the background radiation had the appropriate thermal
turnover at wavelengths of ~ 1 mm. The existence of this radiation tells us that
the universe was at one time at least > 10* K. At ~ 10* K hydrogen would be
ionized and the free electrons would easily scatter the photons. Thus, the
present observed radiation is merely the last scattered thermal radiation from

~ 10% K.

We actually have confidence that the universe was a good deal hotter than
this. Gamow and his co-workers® predicted that there would be this thermal back-
ground on the basis of assuming that nuclear reactions occurred in the Big Bang.
To have nuclear reactions requires that the temperature had to be greater than
n 10° K. The verification of a temperature at least as hot as 10'° K comes from
the fact that the *He abundance is about 25% by mass. This helium abundance
comes as a natural consequence of the standard Big Bang if the temperature was
greater than 10'° K (see Schramm and Wagoner® and references therein). This
temperature is when neutrinos decouple from matter. The good agreement between
the observed “He abundance and the general Big Bang predictions of 20 to 25% by
mass is direct observational evidence that we have a good understanding of the
universe back to the epoch when the neutrinos decoupled. We will see that our
constraints on neutrino properties are thus coming from the era when the Big
Bang has produced observables and not from the more mysterious early times which

grand unification tests require.

THE DECOUPLING OF THE WEAK INTERACTION AND RELIC NEUTRINOS
During the early evolution of the universe, all particles, including
neutrinos, were produced copiously. Neutrinos with full strength, neutral

current, weak interactions were produced by reaction of the type,
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et + e vt C}; i=e,u, 1. (1)
2
At high temperatures (kT > m c ), these neutrinos were approximately as abundant
as photons.

nvi/nY = 3/8(gv1) (2)

9, is the number of neutrino helicity states. For massless spin ! particle would
have 2 helicity states thus for v # v, 9, = 4 however because known neutrinos
appear to be only left handed then, if massive, they may be of the Majorana type
(vi ~ C}), in which case 9, is still 2. A numerical factor of 3/4 comes from the
difference between Fermi-Dirac statistics (neutrinos) and Bose-Einstein statis-

tics (photons); the remaining factor of ! is from the number of photon spin

states (gY =2).

For 1ight neutrinos (mv << 1 MeV), equilibrium was maintained until T =1
MeV. (For massive neutrinos with m, 2 1 MeV, they will annihilate for tempera-
tures less than m, but > 1 MeV, thus v's with m, 2 1 MeV will not be as abundant,
see Gunn et al.® and references therein.) At lower temperatures the weak inter-
action rate is too slow to keep pace with the universal expansion rate so that
few new neutrinos are produced and, equally important, few annihilate. Thus, for
T ~ 1 MeV, the neutrinos decouple; at this stage their relative abundance is
given above. When the temperature drops below the electron mass, electron-
positron pairs annihilate heating the photons but not the decoupled neutrinos.
The present ratio of neutrinos to photons must account for the extra photons pro-
duced when the e* pairs disappeared (c.f. Steigman®), because of this, the
present neutrino temperature is ~ 2° K rather than the photon temperature of 3°
K. From the present density of photons and the above, we obtain the present
number density of neutrinos. If the neutrinos have mass we can obtain the mass
density, Pys by

o, = ?(gvimvi/zoo hoz) (T0/2.7)3. (3)

In this equation and subsequently, m, is in eV and the sum is over all neutrino

species with m << 1 MeV, h0 is the Hubble constant in units of 100 km/sec/Mpc.
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It is implicitly assumed in the above that the neutrinos still exist today and
thus have a lifetime greater than the age of the universe for decay into any-

thing other than neutrinos.

It is interesting to compare this density to the critical density of the
universe, e = 3H02/8nG. The ratio Q is defined as @ = p/pc. For T0 < 3K and
h0 < 1 and assuming Majorana mass neutrinos with 9, = 2 we find that

Q, : 0.014 mVi (4)
We will show later that from Big Bang nucleosynthesis, the upper 1imit on baryon

density parameter @ is 0,14. Thus, there is the relationship with 9, = 2
i

Q,/9 2 % mvi/].4 (5)

which is independent of h0 and To. Therefore, if neutrinos have masses of the

order of eV or greater then neutrinos are the dominant mass component of the

universe today.

CONSTRAINTS ON NEUTRINO MASSES AND LIFETIMES

From the above arguments on numbers of neutrinos produced during the Big
Bang one can put constraints on allowed combinations of neutrino mass and life-
time to non-neutrino decay modes due to the limits on intensity of photon back-
grounds in various energy regimes and due to limits on the mass density of the

universe (c.f. Gunn et al.® and references therein),

Figure 1 shows a summary of astrophysical constraints on neutrino lifetimes
and masses. For very long lifetimes and 1imits come from the limits on the cos-
mological mass density (Cowsik and McClelland’ and Szalay and Marx®). We know
the universe is not too closed. In fact, from the nuc‘leochr‘ono‘logicg constraint
that the age of the universe must be > 8.5 x 10° yr we know that Qho2 < 1.

Since
U i Loy (6)
200 (ev) 2.7
we obtain the 1imit that the sum of mvb's must be less than ~ 100 eV for Majorana

i
mass neutrinos. Gunn et al.® showed that since very massive neutrinos must



cluster then the density 1imit to use for them is matter in galaxies from which
they obtain the 1imit that a long lived neutrino with m, 2 10 GeV could again be
allowed. Hut and Olive!° showed that mass density again becomes excessive if

"1epton VN << ny and m, 2 60 GeV.

For v's with finite 1ifetimes greater than the radiation decoupling time
limits can be obtained from photon backgrounds. The most interesting constraints
here come from the uv. Recent discussion of this point comes from DeRujula and
Glashow!® and Stecker!? with the most comprehensive discussion being that of
Kimbal, Bowyer and Jacobson'® where it is shown that low mass neutrinos must have
lifetimes longer than ~ 1023 sec. For lifetimes in the regime between Big Bang
nucleosynthesis (t ~ 10° sec) and decoupling (t ~ 10'? sec) constraints come
from the distortion of the 3° background (Gunn et al. 5) and the constraints from

Deuterium synthesis on ny/n_ (Dicus et al.'*),

For 1ifetimes less than ~ 10° sec and > 1073 sec Falk and Schramm!® have
ruled out all neutrinos or axions with masses less than ~ 10 MeV from supernova
dynamics arguments., This argument also applies to axions and thus would con-
strain the particle Faissner'® reported on at this meeting. The argument goes
as follows: Supernova release from their collapsing cores the ~ 10°® ergs of
neutron star binding energy. This energy escapes via weakly interacting parti-
cles. The total energy observed in supernova outbursts is less than 10°! ergs,
thus all but < 1% of these weakly interacting particles must escape the entire
star. Because neutrinos with energy > 10 MeV are trapped in the core and do not
escape this argument does not apply to masses greater than 10 MeV. Similarly,
because the size of the neutrino emitting core region is < 10~° sec, In order
for the neutrinos to escape the star they would need a lifetime > 10% sec. It is
interesting to note that a weakly interacting particle which decays with ~ 1%
efficiency to photons just at the edge of the core could be the driver of the
supernova explosion itself. Thus, if Faissner's!® axion had a lifetime slightly

less than 10-° 'sec most of them would not escape the core but 1% might and then

193
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decay where they could deposit their rest mass energy.

Lifetimes lesg than this are probably eliminated by reactor and accelerator
data. In summary, it appears that with the experimental limit thatmv < 700 keV
and m, < 50 eV these both must be very long lived (> 10%°® sec) and have the sum

e

of their masses m, +m. < 100 eV. For m, there is also this low mass possi-
e u T

bility, however since the experimental upper 1imit on m, is only ~ 250 MeV, it
T
cannot be ruled out from astrophysics alone that m, is between 10 and 250 MeV

. T
with a lifetime the order of seconds.

In the above arguments, it has been implicitly assumed that the neutrinos
under consideration interact with the strength of the standard Weinberg-Salam
weak interaction mediated by intermediate vector bosons with masses +~ 100 GeV.
The same type of arguments can also be carried out for neutrinos which couple
more weakly through some higher mass gauge boson. The major difference is that
the weaker the interaction, the earlier the decoupling of the neutrino from the

7 and references therein). Earlier decoupling can

matter (e.g., Olive et al.!
lead to a lower present temperature for the neutrinos relative to the 3° photon
background and the 2° Weinberg-Salam neutrino background due to the annihilation
of other particles (u's, m's, etc.) heating up the w's, v's and the y's after the
superweak v's decouple. A lower temperature corresponds to a lower number den-
sity and thus weakens the constraints. Since the first particles above the w's
decoupling of ~ 1 MeV have masses ~ 100 MeV. This means that the 1imits men-
tioned above will not be changed unless the superweak neutrinos decouple earlier
than ~ 10'2° K which would imply gauge boson masses > 1 TeV. Olive and Turner'®

have carried out a detailed description of these effects,

NEUTRINO MASSES

Since it has been shown that finite but small neutrino masses cannot be
ruled out even for vy and v and there may even be some theoretical justification
for such masses from grand unification, let us look at possible cosmological con-

sequences. In fact, as we will see, these cosmological arguments were used by
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Schramm and Steigman to argue in favor of finite mass neutrinos.

A long standing problem in Astronomy has been the so-called "Missing Mass"
problem (or as Schramm and Steigman'®:2° say the "Missing-light" problem). This
is the fact that when one measures the mass of a galaxy size object by looking at
the dynamics of the object, one tends to assign a progressively larger mass to
the galaxy when one looks at the dynamics on a larger scale. However, the amount
of 1ight the galaxy emits stays fixed. Table 1, based on the reviews of Faber
and Gallagher?! and Peebles?®?, shows this trend. Note that whi]e‘the mass asso-
ciated with the actual light emitting objects (stars) is only 1 to 2 solar units,
the mass associated with the central visible regions of galaxies is ~ 10 times
this. When that same galaxy is observed in a binary pair or in a small group and
the total mass of the system is calculated and distributed among the members, it
is found that the mass associated with each galaxy is 4 to 10 times that estima-
ted from the galaxy's own internal motion. Similarly when a galaxy is in a large
cluster and the virial theorem is applied to the cluster to estimate the mass of
the galaxy it is found that the mass-to-light ratio is now about 400 (with a
range from 100 to about 800). Thus there seems to be more and more mass on
larger scales with no more light emission. This additional invisible mass is
what is called the missing mass problem. However, the mass seems to really be
there, so what is missing is really the 1ight from that mass, hence Schramm and

Steigman's!®s2% term "missing 1ight."

Over the years, many things have been proposed for this missing mass (see
Table 2). However as Schramm and Steigman2® showed many of these can be elimina-
ted if the missing mass truly must give an @ > 0.1 as implied if the M/L for
large clusters truly give the best estimate of the mass associated with the cos-

mological luminoisty density.

As pointed out by Gott et al.2®, Schramm and Wagoner* and Yang et al.?* and
references therein, Big Bang nucleosynthesis cannot give consistent abundances

for “He nor D if the density of baryons is greater than about 10% of the critical
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value. Thus if Q for the universe is > 0.1 as implied by large clusters then the

missing mass (1ight) for these clusters must not be in the form of baryons. This

eliminates all of the entries in Table 2, except long 1ived low and high mass
neutral weakly interacting particles (neutrinos, majorons,...), monopoles and
black holes with masses less than ~ 1 Me' (Solar mass and larger black holes
were in the form of baryons at the time of Big Bang nucleosynthesis.) Monopoles
run into a variety of other problems such as their destruction of magnetic fields
eliminating radio galaxies. Small black holes (M < 10'® g) have the problem of
blowing up via the Hawking process and thus producing too many unobserved y-rays.
Thus, all that remains are the weakly interacting neutrals and black holes with
masses between ~ 10'° g and ~ 10%® g. Although some of the latter may be gener-

ated at the quark-hadron phase transition2®

at present we would regard such
objects as very speculative. Thus, we are down to weakly interacting neutrals
with non-zero rest mass. While very massive, as-yet-undiscovered, such particles
may do the trick (GeV mass neutral leptons or Axion-Majorana type particles),
without any experimental verification they appear extremely ad hoc. This, as

pointed out by Schramm and Steigman'®:2°, only leaves the low mass neutrinos

first proposed by Cowsik and McClelland ’ and Marx and Szalay®.

Massive neutrinos gravitate and they will have participated in gravitational
clustering (see Gunn et al.®). However, since neutrinos are non-interacting,
their phase space density is conserved and they will cluster only in the deepest
potential wells; the slowest moving (i.e.: the heaviest) will cluster most

easily (Tremaine and Gunn’®).

Tremaine and Gunn2® point out that neutrinos lighter than ~ 3 eV will not
cluster at all. Whereas neutrinos with m, > 3 will be trapped in large clusters,
those with m, 2 10 eV can be trapped in binaries and small groups and those with
m, 2 20 eV can be trapped with single galaxies. We have already seen that m,
must be less than 100 eV. In fact, if neutrinos cluster efficiently on the

scales of single galaxies then m, must be < 20 eV or neutrinos will contribute
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too much mass on those scales. However, it may be that single galaxies, or even
binaries and small groups are just inefficient at trapping neutrinos. If iso-
thermal perturbations produce neutrino trapping on all scales then 3 eV < m, < 20
eV, but if adiabatic perturbations, as implied by simple GUTs2?7, dominate; then

3 g m, < 100 eV. For discussion of galaxy formation in neutrino dominated situa-

1'28

tions see Bond et a , Szalay?® and Sato®°. The Jeans mass for neutrinos is

28

comparable to the mass of clusters. Therefore even adiabatic perturbations

enable the massive v's to cluster on that scale as long as m, 23 ev,

Since neutrinos would cluster like an isothermal gas they would have a den-
sity distribution that falls off with 1/r?. When compared with the 1ight from
galaxies which falls off approximately like 1/r3® (Kron®!) this yields M/L roughly
proportional to r as implied by Table 1. Thus, neutrinos may be ideal missing
mass candidates. Since they do not radiate they will not settle into the central

disk regions of galaxies or into stars.

A possible way of verifying that the missing mass for galaxies is in
neutrinos is to look at distant quasars through galactic halos and see if there
are any gravitational lens effects due to low mass stars (Gott®2). The possibil-
ity that one might also directly observe vv annihilation into photons or even
“1G€ -+ ijs + v 'in the density enhancements in clusters seems unlikely (Hi1133),

Obviously, if QV were > 1 the Friedman universe would be closed by neutri-

nos. Current estimates put Q@ < 1 and thus Qv would probably also be con-

cluster
strained to be < 1 however the uncertainties are sufficiently large that closure
by neutrinos cannot be completely excluded. Note that with 9, = 2, if

2 3
Emvi > 100 ho (2.7/T0) eV (7)

then the Friedman universe with A = 0 is closed. With h0 > 0.5 and T0 < 3 we see
that for a va as small as 18 eV closure is in principle conceivable. As we
i

showed before, the Timits on Q imply m, < 20 eV if isothermal perturbations

create galaxies. The total number of such species is constrained by arguments of

the types to be discussed in the next section.



198

It will also be shown in the next sections that not only does Big Bang
nucleosynthesis provide an upper 1imit to the density of baryons but it also may
provide a lower 1imit. In fact, the range on allowed baryon density will be very
close to the range implied for the density of matter from the dynamics of
binaries and small groups. Therefore, we do not need massive neutrinos cluster-

ing in a significant way on these scales.

BIG BANG NUCLEOSYNTHESIS

Big Bang nucleosynthesis has been described in detail in many places,
(c.f. Schramm and wagoner“ and references therein). Thus, it will not be review-
ed here other than to show how the possibility of neutrino mass effects the
1imits on the number of neutrino species. The basic argument was described by
Gunn et al.® and the current details can be found in Olive et al.'”’. The point
is that the greater the number of low mass (mv < 1 MeV) neutrinos the more “He

that is produced in the Big Bang.

In order to make use of these results, the mass fraction Y must be known.
This is a bit of a problem since “He is made in stars as well as in the Big Bang.
Stars forming now may be contaminated by as must as AY = 0.06 "new helium." The
best estimates for Y give a value of between 0.20 and 0.25 with 0.25 as an upper
limit (see Yang et al.2“). The “He abundance also has a dependence on the baryon
density of the universe. If binaries and small groups of galaxies are made of
baryons then a lower limit on the present density is about 2 x 1073! g cm=3
(~ 0.04 of closure density for Hy = 50 kms™! Mpc~!). However, as noted in the
previous section, it is conceivable that this mass is not from baryons but from
leptons. For the present let us assume that this lower limit on QB,SG is from
baryons. We will later examine what happens if QB,SG is in the form of leptons.
A lower 1imit on the baryon density of this value and Y < 0.25 constrains the
number of additional neutrino types (beyond Ver V) and vT) to < 1 (see figure 2).
[These “He constraints can also be generalized to massless particles that couple

more weakly than the usual neutrinos (c.f. Olive et al.!”)].



If one is forced to say that the p implied from binaries and small groups is
not in baryons then we must ask what is the lower Timit to Ppe A clear Tower
Timit is from stellar matter but that only gives py 2 107%2 g/em® (2 > 107%),
which gives no limit to the number of neutrinos (see Olive et al.!”). If we note
that the centers of galaxies are probably baryons then we can use internal galac-
tic dynamics to argue that oy 2 5 x 107%2 g/em®. This limit, coupled with
y < 0.25 allows a total of 9 2-component neutrinos (e, 1, T and 6 more). If the
neutrinos have Dirac masses and thus 4 components, the Timits becomes 4 and e, u
and T and one more are again all that are allowed. However, this limit of 5 x
10732 from internal galactic dynamics has some observational uncertainties. If
it goes much lower then no limits are obtainable for y < 0.25. Hot x-ray emit-
ting gas from clusters argues that Qb is probably > 0.02 but there are possible

Toop holes in this.

It is interesting that we can get a Tower Timit on Qb from Big Bang nucleo-
synthesis which is almost identical with that obtainable from binaries and small
groups.?* Although normally one only concentrates on the upper 1limits to baryon
density from big bang nucleosynthesis, there are some lower limits which are of
interest. In particular, 3He and D production increases dramatically with lower
density. Since °He is produced not destroyed in normal stellar populations one
can argue that observations (c.f. Rood et al.®*) on °He place a lower limit to
the baryon density. This argument is substantially strengthened when it is
remembered that the probable way D is reduced from its big bnag calue to its
present observed abundance is via D + p + *He + y. Thus excess D adds to pri-
mordial *He to give the non stellar produced 3He. From present limits this
implies nb/nY >2 x 10" or @, > 0.02 which yields the total number of neutrino
types to be < 5 which is not too different from the 1imit obtained using QB,SG
of < 4. The one Toop hole is the possibility that some pregalactic stellar gen-
eration burns up *He without making other excesses. (These arguments are dis-
cussed in detail by Yang et al.?%). However, it does seem from this *He argument

that binaries and small groups are probably baryon dominated so the best fit to
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the number of neutrino types is probakly 3 with a best fit “He abundance of
~n 0.24. It is interesting that 3 generations is also the number which best

enables E11is®® and Nanopoulos®® to fit the bottom quark mass.

Before leaving the subject, it is important to note that the ideas are test-
able by experiment. In particular, if the width of the neutral intermediate
vector boson, Z°, is measured in colliding beam machines, then it will tell us
the number of neutrino flavors. It is fascinating that one of the most important
tests of our cosmological ideas will come from accelerators rather than tele-

scopes.

CONCLUSION

To date, the interdisciplinary effort involving cosmologists, nuclear physi-
cists and particle physicists has produced some exciting results. The “He
abundance fixes an upper 1imit on neutrino and quark flavors. The grand unifica-
tjon ideas may resolve the puzzle of one baryon for every 10!° photons. If
neutrinos have mass then the bulk of the mass of the universe may be in the form
of leptons. In fact one might say that we have taken the Copernican principle
to the extreme. Copernicus showed that the earth is not the center of the solar
system, Shapley showed that the sun is the center of the galaxy and Hubble showed
that our galaxy is not the center of the universe -- there is no center. Now, if
neutrinos have mass, then our kind of matter may not even be the dominant matter
of the universe. As our knowledge of the fundamental particles and their inter-
actions increases, and as our determination of cosmological observables improves
(or new observables are discovered) the close relationship of these two disci-

plines promises to continue to be an exciting one.
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TABLE 1 TABLE 2
Mass-to-1ight Ratios on Various Scales Possible Missing Mass
and the IMPLIED Density Parameter (Light) Candidates
Scale M/L a* Low Mass Stars
Stars 1-2 ~ 10"/ho Planetary Type Objects
Inner Parts of Rocks, Comets or Other Forms
Spiral Galaxies of Semi-Solid Debris
and Ellipticals 0 hy ~ 1072
Clumps of Gas (Smooth Gas Not
Binaries and Allowed Because of Absorbtion)
Small Groups 40-100 h0 0.04-0.1
Low Mass Neutrinos
Large Clusters
of Galaxies 100-800 ho 0.1 to 0.8 | High Mass Neutral Heavy Leptons or
Other Massive Weakly Interacting
Particles
*based on multiplying M/L times
the Kirshner-Oemler-Schecter? Monopoles
Tuminosity density
Black Holes
AKIRSHNER, R.P., A. OEMLER, JR. &
P.L. SCHECTER. 1979. Ap. J. 84: 951.




WHY AND HOW TO DETECT THE COSMOLOGICAL
NEUTRINO BACKGROUND

J.SCHNEIDER
Observatoire 92190 MEUDON (France)

The Standard Big Bang theory predicts,

parallel to the cosmic
radiation background at 2.7K, a cosmological neutrino background.
We successively discuss the cosmological signification and the

feasibility of the detection of this background.
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I - INTRODUCTION

The standard Big Bang theory, whose qualitative ideas root
back to the fourties had predicted the existence of a cosmic ther-
mal radiation at\a temperature of a few degrees K. This prediction
was successfull since the Cosmic Radiation Background (CRB) was
detected at 2.7 K. Similarly the Big Bang theory predicts a Cosmic
Neutrino Background (CVB), at a temperature of 1.9 K if neutrinos
are massless; if they are massive, the temperature is lower as I
shall recall later. One of the challenges in cosmology today is to

1)

detect this CVB, a goal which, thanks to ideas of Opher and

Lewis2), seems now not unreasonable to reach. Before discussing
the feasibility of such ideas, I will recall what cosmological
information the detection of the CVB could provide.
Ir - Eﬂx

Let us suppose in this chapter that the detection of the CVB
is possible with all desirable precision for its amplitude, angular
structure etc. I will assume the existence of F families of neutri-
nos. Today in 1981 we have F=3 with electronic , muonic and tauic

neutrinos (ve,v VT)' The possible existence of other species is an

u
open theoretical and experimental question. I will also assume that
these neutrinos have infinite lifetimes and will neglect complica-
tions due to possible oscillations between the different types.

The Standard Big Bang theory3)

predicts the existence of a

CVB due to the decoupling of neutrinos at a temperature of about

1 Mev in the Early Universe. Because of the reheating of the CRB

by e+e_ annihilation at a temperature of 0.5 MeV, the CVB temperature
TV is immediatly after this annihilation lower than the CRB

1/3

temperature T_ by a factor of (11/4) =1.4 . The later evolution

R
of the CVB depends on the mass of the neutrinos. If the neutrinos
are massless TV drops like TR' namely as R_l (R is the scale factor
of the Friedmann Universe) and today T\J = 1.9 K. If the neutrinos
have a  mass m, (for convenience supposed to be same for the three
types of neutrinos), when TV has reached m, it drops as R-z.

Today this would give Tv= 51075 K for m,,= 30eV which would correspond
to a mean velocity of neutrinos of 6 kms-l. But it is an observational
fact that there is a mean velocity of matter (Galaxies) in the
Universe of about 200 kms_l. This velocity would be communicated

to neutrinos through the gravitational interaction and finally keep

them at a temperature of a» 10_21(. This evolution of T\) is summarized



in Figure 1.

v =300 kms ™'
v= 6 kms™

R

If there is in the CVB an equal number of neutrinos and antineutrinos

their number density n, is egual to 2'%"%? ngy = llo(TR/2.7)3 for
each type of neutrinos, where n is the photon density in the

CRB. This n, includes neutrinos + antineutrinos. The case of

an unequal number of neutrinos and antineutrinos (leptonic asymetry)
will be discussed in § 3. The detection of the CVB would lead to
many interesting conclusions

1. Existence of CVB

The Standard Big Bang theory is after al! only supported by the
abundance of light elements and the predicted existence of CRB.
These two facts are compatible with other theories, for instance

models of tepid Universes4) in which the baryon/photon ratio is

about 10_4 at the epoch of primordial nucleosynthesis and falls

at 10-8 at 7z =500 due to the formation of population III stars.
In these models the neutrino/photon ratios is not 2.4/11.3/8 as
in the Standard model but ot the order of 10_4.

2. Chemical composition

The Standard theory predicts an egqual number of neutrinos for
each type. If the detector would be sensitive to the neutrinotype,
we could test this second prediction. It could indeed happen that
complications due to oscillations between different types lead to
a desequilibrium among spacies.

3. Neutrino asymetry

The present baryon/photon ratio = 10‘B is usually viewed as a

remnant of the baryon asymetry AB which occurs when TR =1015GauAB

is defined as (nB-ng)/n8 where nBand ng are the baryon and antibaryon



densities. This asymetry is attributed to a combined effect of baryon

non conservatign ( AB#0) and CP violation of Grand Unified inter-

actions together with non equilibriums). In Standard Grand Unified

Theories (GUTs) based on SU(5) or SO(10) AB #0 is componsated by

a lepton number non conservation (AL #0) such that A(B-L) = O.

Consequently the neutrino asymetry Av of the C“B(Av=“\fnﬁ)/"j)is not

8 . . .
greater that 10— in these models. Phenomenological constraints on

Ay based on primordial nucleosynthesisG) or on an assumed neutrino

mass of 30ev7) give only Avéé 1. Alternative GUTs, based for ins-
4 - .
tance on (SU(4)) , allow for AB=2 and AL=2 transitions with

8) 9)

A(B-L) #0 . Their manifestation are searched in nn or Vv

oscillations. They are also likely to lead to a neutrino asymetry

Av of the CvB different than AB' and detectable if Av >>10—8.

4. Primordial inhomogeneities

Let us assume in this section that neutrinos are massless.
Then the CVN neutrinos are still relativistic and since they are
decoupled they back travel on the light cone up to a TR of 1 MevV.
They could consequently give a direct access to the most primordial
inhomogeneities. Figure 2 shows the different ways to test the

homogeneity of the Universe at different epochs.

T = 4200 k

T=01Mev
T=0.5 MevV




The small fluctuations, yet undetected, of the 2.7K CRB gives a
direct measure of the homogeneity of the Universe back at a tempe-
rature of 4200 K. Its large scale homogeneity leads to the well
known horizon problem 3). Further back in time we have the light
elements nucleo-synthesis at a temperature of about 0.1 MeV. Our
knowledge of this epoch comes from the fossil abundances X (He4) and
X(DZ). X(D2) is sensitive to the baryonic density. This far extra-
galactic measurement of X(Dz).(up to redshifts of 2 or 3) would be
a means to reach some baryonic inhomogeneities at TR=O.1 MeV. This
measurement will hopefully be practicable within a near future
through deuterium La absorption of the quasar continuum by inter-
galactic clouds 10). Extragalactic He4 does not help since X(He4)
is insensitive to the matter density. With massless neutrinos we
could look back at a temperature of 0.5-1 MeV (their decoupling
temperature). A directional CVB detector would therefore give a
direct access to small scale inhomogeneities at TR=O.5—1 MeV; large
scale isotropy at the same epoch would reenforce the horizon problem
already raised by the CRB isotropy.

5. Local galactic dynamics

If on the contrary the neutrinos have a mass m, they become
non relativistic when Tv drops below m,, and they leave the light
cone. They begin then to be affected by gravitational clustering.
Consequently primordial geometrical information are lost. But the
gravitational effects due to the present potential well of the
Galaxy and/or local group (depending on the value of mv) can
increase nv by factors of 10 to 104 11). The measure of nv would
therefore be a source of information for this dynamics (discarding
complications due to tepid cosmologies).

6. Finally remember Solar neutrinos

II- HOW

L.Stodolsky proposed in 1975 to detect the Vv-induced spinflip
of electrons or protons 12). I will not discuss this proposal here.
Another promising idea due to Opher 1 and reinvestigated by

2)

Lewis is to use the coherent scattering of low energy neutrinos.

Let me first recall the main points of Opher and Lewis.
The coherent scattering of a quantuum wave incident on a system
with number density N of scatterers leads to a global refraction

index n given by 2
2nh"N £(0)

n = 142n )2 N f(o) = 1+
p2
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where A is the wavelength and f(o) the forward scattering
amplitude. For neutrinos, f(o) is given by the Weinberg-Salam
theory of weak interactions. The atomic scatterers being constituted

by Z electrons and 3A quarks we have

E (32-A
£ (o) - ¢ E Q2R
we
-49 3 . . . :
where G = 10 ergcm”~ is the weak interactions coupling constants
E is the center of mass energy. The + or - sign stands for Vv or V.

Consequently the effect can discriminate V's versus V's and is
likely to make a large AU detectable. This refraction index defines
a critical total reflection angle GC below which the V's are

totally reflected
6 (n-1)172 _ \/EGN(BZ—A)

p2C2
The other neutrinos (vu and VT) interact only with quarks and for
them
f(o) = * Gi(Z_A)
h'c
and o - [ Ecn(z=a) -
c 2 2
pc
Thus we can discriminate Ve versus vuor Vi and partly measure the

chemical composition of the CVB.

This total reflection phenomenon is well known and widely used
for ultracold neutrons 13)and can be used to design neutrinos
mirrors.

Consider then a square "mirror" of side a, thickness b and
mass M. By total reflection each neutrino of momentum Py transfers
to the mirror an impulse Ap = 2vaC . The total impulse transferred

to the mirror after a time T is
2
P = a OCF ApT

where F is the Vv flux of the CVB through the mirror. Suppose a
mechanical detector whose energy sensitivity is ES. The detectivity
condition is that ES is smaller than the kinetic energy P2/2M
acquired py the mirror, or

P = a2 O F ApT > 2 EM
c s

Introducing the density of the mirror this finally gives a

condition on T

vb Es [ud

2Fa pv(n—l)



This was Lewis' idea. Let us now discuss the feasibility of
such an experiment by using as a mechanical detector the gravitational-
wave antennas now designed. Such an antenna is characterized by its
ES and its Q-factor = w T , where is T is the characteristic time
of damping of vibrations of pulsation w. Detectors are now designed
to reach the “quantum limit" Es=h w (= 10_24 erg for w= 103 herzﬂ4)
5)

the possibility to go beyond the guantuum limit 16), although

Q-factors of 1010 are not unrealistic within a few years There is even

no realistic technological device is planned for the moment.
Consider then a stack of one thousend mirrors 1m wide each

and !mm thick (the value of the CVB wavelength) made of a material

with 3Z2-A®™50. Then N=151023. From here on we have to distinguish

. -3

between zero and non zero mass neutrinos, because E=pcﬁ'de¥1O ev
. 2 . .

for massless neutrinos whereas E:Lmvc for neutrinos with masses

larger than kT/c2

A, m_= o
v
Then F=nvc = 1012cm_25ec_1
noy = GN(32-B) o ,-10
E
o = (n-1)'/2% g

T ; 3107 sec

B. m_= 30 ev/c2
v

Then F:iloz ny vy where v,, is the mean neutrino
velocity; we have estimated a 102 amplification factor due to
neutrino gravitational clustering by the Galaxy o¥ the local

group. We have seen than Vy 2 300 kms-1

"~ GN(3%-3) ~ -7
Then n-1 = ) m, = 10
p-c
8 ™ 10’
c
5
T ; 310 sec
Suppose the stack of mirrors is gravitationally coupled to a
1
gravitational antenna with Q = 10 O' Then the vibration mode of

the antenna induced by each elementary impulse communicated by

an incoming neutrino will last, for a typical w of 103, 107sec.
This characteristic damping time is, at least for massive neutrinos,
larger than the time determined above and it is possible to

integrate the elementary impulses during this time. For massless
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neutrinos, the detectivity condition is less favourable. One way
of improvement would be to use the mirrors to focalize the
neutrinos to amplify the flux F.

The detection of CvB is still at the stage of gedanken
experiments, but work is in progress to design more workable
devices.

I thank S. Bonazzola for discussions.
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ULTRAVIOLET BACKGROUND RADIATION
AND THE SEARCH FOR DECAYING NEUTRINOS

Richard C. Henry
Physics Department
The Johns Hopkins University
Baltimore, Maryland 21218

ABSTRACT

The spectrum of the observed far-ultraviolet background at high galactic
latitudes provides superficial evidence of radiation from neutrino decay, but the
spectrum is so uncertain that conclusions are not possible. A limit of V300
photons (cm® sec ster A)”" is set on any non-stellar ultraviolet flux above
latitude 20°. The disagreement between the Berkeley and the Johns Hopkins ultra-
violet background radiation data is analysed.
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I. INTRODUCTION
1)

De Rijula and Glashow point out that slowly moving massive neutrinos,
remnant from the big bang, are expected to decay into lighter neutrinos and
ultraviolet photons, the neutrino lifetimes being long on the Hubble scale.
Stecker,z) and Kimble, Bowyer, and Jakobsen,S) have set limits on T, the life-
time of a neutrino, of T > 1023 sec, from the observational upper limit on the
far-ultraviolet background of 285 * 32 photons (cm2 sec ster K)—l of Anderson,

Henry, Brune, Feldman, and Fastie,A) and various other upper limits.

The calculation of the lifetime limit from the observations is straight-
forward. There are about 500 3° K photons cm_3 relict from the big bang, and

. -3 . . .
150 neutrinos cm ~, throughout the universe. If these neutrinos decay with
. . ‘s . . -3 -1
lifetime T, the volume emission of the universe is 150/T photons cm ~ sec .
. . . . . 2
Consider a shell of thickness dr distant r from us; its volume is 47r dr, and

the emission from this shell is 150-4rr2dr/T photons sec_l. This is spread over
éﬁrzcmz, resulting in an incident intensity of 150 dr/T photons cm_2 sec_l, or

150 dr/4mT photons c:m_2 ster_l sec_l. Hubble's law is v = Hr where H = 3.2 x

lO_18 sec_l (= 100 km sec_l Mpc_l), so dr = dv/H; but dv = ¢ dA\/), so dr = ¢
dA/AH and the incident intensity per &ngstrom is 150 ¢ dA/4nTAH photons cm—'2
sec_l ster-l/dk cm lO8 A cm_l, or

150 c/AW-IOBTAH photons cm-2 sec_l ster_l K-l,

which units we will henceforth refer to as "units."

The only spectra of the high-galactic latitude far-ultraviolet background
that have been obtained are those of Anderson et al.4) and Henry, Feldman, Fastie,

5) ) 4)

and Weinstein. Stecker2 points out that Anderson et al. report a step in
the spectrum of the ultraviolet background at about 1700 A. A step of this kind
(a sharp increase toward longer wavelengths) is exactly what one would expect
from the decay of neutrinos distributed uniformly throughout the universe. The
increase in intensity toward longer wavelengths is confirmed by Maucherat-
Joubert, Cruvellier, and Dehatveng.é) The size of the step (see Figure 12 of
Anderson et al.) is V300 units. Setting this equal to our expression for the
expected intensity gives a lifetime for the putative neutrinos of T = 2 x lO23
sec, the neutrino mass being 14.6 eV (assuming that the neutrino into which it
decays is much lighter). However, Steckerz) does not point out that the only
other observation of the spectrum that exists, that of Henry et al.,s) shows a
step of the opposite kind, namely a sharp decrease toward longer wavelengths,
occurring at slightly shorter wavelengths. Until discords in the observations

are resolved, we cannot conclude that neutrino decay has been observed.
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Schramm, at this rencontre, summarized the constraints that exist on heavy
neutrinos of various masses, m, and ‘lifetimes, T, Figure 1 is adapted from his
paper; the limit from the ultraviolet background is shown as a circled dot. The
far-ultraviolet background limit is of particular interest because it falls in
the range of corresponding neutrino masses that is of the greatest interest for
cosmology, as described in detail by Schramm and Steigman.7) Neutrinos of mass
> 3 eV might be gravitationally bound in clusters of galaxies, while more massive

neutrinos could be bound up in groups of galaxies, or even in single galaxies.

//
| TeV Vg
allowed

my
photon
background

| eV allowed

2
| sec Ty Iozzsec I03 sec

Fig. 1. The regions of the neutrino mass-lifetime domain that have not been
excluded by observation are marked "allowed." The circled dot is the lower limit
on the neutrino lifetime that is obtained from measurement of far-ultraviolet
background radiation, as described in this paper. The ultraviolet observations
are particularily important because they correspond to neutrinos having masses

of appropriate value needed to gravitationally bind clusters of galaxies.

The high-galactic latitude ultraviolet background radiation observations are
summarized in Figure 2. The top scale in the figure gives the corresponding
(heavy) neutrino mass. The area marked with a heavy line is the Anderson et al.A)
spectrometer result, the filled circle being their long-wavelength photometer
result, which agrees with Maucherat-Joubert et 51.6) (inverted triangles, lower

point showing the result of a correction procedure). The open circle is the
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Fig. 2. This is a summary of observations of the high-galactic-latitude ultra-
violet background radiation. Log intensity is plotted against frequency.
Additional abscissa scales are provided giving the wavelength in gstroms; the
energy in eV; and the rest-mass of the heavy neutrino that would decay into
photons of the corresponding wavelength (assuming that the daughter neutrino is
very light). The observations superfically provide evidence for neutrinos of
mass V9 eV, 12 eV, and 14.6 eV, but known large discords among independent
measurements of the background render conclusions impossible.

quoted Berkeley photometer lower limit; it should actually be raised a factor

1.33 (see below). The filled triangle represents the conflicting Apollo 17
5)

result of Henry et al.”’; the rest of their spectrum agrees precisely with

Anderson et al. and is not shown.

8)

The horizontal lines represent upper limits, from Lillie, while the

9)

triangles are from Pitz, Leinert, Schulz, and Link. The latter represents a

sounding rocket flight, and the authors warn that an airglow component may be
present, at least at certain wavelengths. The square represents the observation,

from the ground, of Dube, Wickes, and Wilkinson.lo)
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If one chooses to ignore the Apollo 17 result, a procedure that I do not
recommend, and to take all of the other observations at face value, the data
shown in Figure 2 could suggest the presence of emission lines from three
neutrinos, masses 9 eV, 12 eV, and 14.6 eV, in the halo of our galaxy. Actually
this would violate the supposition that the residual neutrino is much lighter
than its parent, but it is not worth exploring further, because the data quality

is such that no conclusions can be drawn at all, at this stage.

The subject of ultraviolet background radiation has been reviewed by

11) 12) 13)

Davidsen, Bowyer, and Lampton; by Paresce and Jakobsen; and by Henry.
All reviews have emphasized the highly discordant nature of the observations.
In the remaining sections of the present paper, we re—examine one such discord,

and we review the Apollo 17 observations of large regions of the sky.

II. BERKELEY AND JOHNS HOPKINS
14)

Paresce, McKee, and Bowyer have drawn attention to a specific disagree-

ment between their measurement of the brightness of the cosmic background, and
that of Anderson et al.a) The disagreement is displayed in Figure 3, which is
a plot of Anderson et al.'s counting rate (averaged over 1405 - 1605 ﬁ) as a
function of time during the Aries rocket flight (the Aries altitude is given on
the top scale). The Aries spectrometer was pointed at four targets during the
flight, the first three of which are marked with a horizontal line giving the
level of stellar signal that is estimated to be present. The count rate that
should have been observed at targets 1 and 2, if the Berkeley observationslh)
are correct, is shown as horizontal lines marked B. The Berkeley photometer

bandpass was 1380 - 1430 R, with a long tail to longer wavelengths.ls)

The absolute calibration uncertainty claimed by Berkeleyls)

4)

is € + 20%, and
by Hopkins °~ ~ * 10%. The discrepancy is therefore very significant, and war-

rants investigation.

Could Hopkins be missing light that is really there? This hardly seems
possible, because of the in-flight check that was made at the fourth target, the
star 11 CMi. The signal that is expected, on the basis of the TD-1 satellite
16)

observation of this star, is shown in Figure 3. If anything, we detect too
much radiation, not too little. (The extra flux that is observed is undoubtedly
due to other stars at this low (18°) galactic latitude.) Another point that
might occur, is the question of whether the Hopkins spectrometer has the same
efficiency for the detection of diffuse radiation as it has for point sources.

Henryl3) has presented detailed evidence that it does.
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Fig. 3. This is a histogram of the 1405 - 1650 & count rate of the spectrometer
of Anderson et al. as a function of time (bottom scale), and of Aries rocket
altitude (top scale). The estimated stellar contribution to the signal is shown
by a horizontal line for the first three targets, and the contribution of the
calibration star 11 CMi to the fourth target, based on its brightness as
measured with the TD-1 satellite, is also indicated. The signal level that
should have been observed, on the first two targets, if the Berkeley Apollo-
Soyuz observations are correct, is shown by the horizontal lines marked B.

The observation of 11 CMi shows that if anything, Anderson et al. are observing
too much flux, not too little. Independent evidence is given in the text that
the Berkeley data are subject to contamination of unknown origin.

We tentatively conclude, therefore, that Hopkins is not observing too low a

signal, and turn to the opposite possibility, namely that Berkeley is obtaining
too high a signal.

Is there any way to tell, internally, from the Berkeley data, whether con-

taminating signal is present? Fortunately, there is, as we now detail



15)

Paresce, Margon, Bowyer, and Lampton have reported the discovery of many

far-ultraviolet bright patches at moderate and high galactic latitudes. These
are shown in Figures 4 and 5, which are adapted from Figure 3 of Paresce et 51}5)
using the conversion from counts sec-l to units that is reported in their paper.
More than 200 patches brighter than 2000 units are reported, and at least 75
patches are as bright or brighter than 4000 units. These patches, if real, are
of great interest and importance in the study of cosmic far-ultraviolet back-

ground radiation. No coordinates of the patches are given.

o
T
|

@

(2]

»

N

thousands of photons (cmZs ster Ry-!

-90 -80 -70 -60 -50 -40 =30
GALACTIC LATITUDE

Fig. 4. An attempt to detect contamination in the Berkeley data from internal
evidence. The bright patches of diffuse radiation reported in the first Berkeley
paper are shown as filled circles. The second Berkeley paper involves a subset
of the same data; namely, observations made from a geomagnetic latitude tb| < 45°,
and involves more detailed stellar corrections. In the subset, there are no
points above 2000 units (solid line) and the mode is as shown with the dashed
line. If the striking difference between the two sets of data is due to stellar
correction, then most of the solid points above the line (and presumably many of
the points below the line) are not measures of diffuse background at all. Alter-
natively, if the difference is due to geomagnetic latitude of observation, geo-
physical effects are responsible for most of the points above the line (and
presumably many of the points below the line), and again diffuse cosmic ultra-
violet light is not the source of most of the Berkeley data.
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Fig. 5. The same as Figure 4, but for nothern galactic latitudes. If coordinates
were provided for the many extremely bright patches, independent verification of
their reality would be possible.
Paresce, McKee, and Bowyerla) analysed a different subset from the same data
source, with results that are strikingly different. The mode (most frequent
intensity) that they report in the north and the south is shown as the dashed
line in Figures 4 and 5. Also, they now report no patches brighter than 2000

units (solid line in Figures 4 and 5).

Both data samples were drawn from the 3200 data points of Figure 4 of

15) This data set excludes data obtained "at times when the space-

Paresce et al.
craft was in daylight, in the South Atlantic Anomaly, or in the auroral zones, or

when the detector internal background exceeded 3 counts s_l or the zenith angle

115)

of the line of sight exceeded 90°,' and also includes only data obtained when

"the angle between the instrument line-of-sight and the sun was greater than
14)
50°."

The differences between the two subsets are much too large to be the result
of sampling statistics, and thus must be produced by one, or both, of a) the
stellar correction, and b) an exclusion of data to avoid possible geophysical

effects.



a) Stellar Correction

Paresce et al.ls)

exclude "all signals consistent with a point source
transit through the instrument at a 2 0 statistically significant level" (though
later they say that 'variation in [diffuse background] intensity of factors of 2
or 3 over angular distances comparable to the instrument field of view . . . are
common"), and also exclude data obtained when the instrument field of view
contained a known star of m, < 6.5 and spectral type A2 or earlier" (an unred-
dened 675 A2 star would contribute 275 units). Note that an unreddened 676 B3

star would contribute 6600 units.

14 s .
For the other subset, Paresce et al. ) remove stellar contributions by use

of the SAO and TD-1 catalogs.

b) Geophysical Effects
15)

Paresce et al.

14)

exclude data taken in the auroral zones, while Paresce
et al. exclude data when the spacecraft magnetic latitude was > * 45°,

One or both of these differences between the two data sets must produce the
large difference which is apparent in Figures 4 and 5. It would be interesting
to know which is responsible. If it is the stellar correction, then the bright
patches of diffuse emission reported in the first Berkeley paper do not exist.
If it is the restriction to low geomagnetic latitudes, then contamination of
unknown origin, strongly dependent on geomagnetic latitude of observation, is

present in the Berkeley data.

Finally, we note that the upper limit on a cosmological background of 300

units that was reported by the Berkeley group,la’ 15)

is the result of subtracting
113 units from their minimum upward-looking intensity. This 113 units is the
airglow brightness that they observed when looking down at earth. There is no
reason to assume that the same airglow source is present above Apollo-Soyuz
altitude (223 km), and if an upper limit on the cosmic background is to be

obtained from the Berkeley data, that limit is v400 units.

III. APOLLO 17

The possibility exists that the far-ultraviolet signal that is detecteda’s)

at high galactic latitudes originates in the light of galactic plane OB stars
scattering off of high-galactic-latitude interstellar dust. The Berkeley
grouplA’lS) advocate this as the probable origin of some of their reported

moderate-galactic-latitude bright spots, and they present four separate, dif-
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ferent, correlations between ultraviolet brightness and 2l-cm intensity (i.e.,
presumably, dust) in support of this idea. The four correlations involve a total

of 128 of their 3200 reported observations of the diffuse background.

17)

In contrast, Henry, Anderson, Feldman, and Fastie observed low background

intensities at moderate galactic latitudes; intensities that could be accounted

for completely as the radiation of stars in their field of view, with no compo-
nent of dust-scattered light from galactic-plane OB stars. Henry et 51.17)
estimated the direct stellar contribution using an ultraviolet-calibrated

13)

version of the SAO star catalog. This is not ideal, but Henry has shown that

in the case of sufficiently large field of view, the deduced diffuse background

18) has

is very insensitive to the accuracy of the stellar correction. Henry
repeated the analysis, using the TD-1 integrations of Gondhalekar, Phillips,

and Wilsonlg) for the stellar correction, and he finds that at 1565 & the inter-
stellar grains have albedo a V0.5 and scattering parameter g > 0.7. (In contrast,
Wittzo) find g ~ 0.25.) The value g = 0.7 reprgsents very strong forward
scattering, but even if g = 0.7, the residual diffuse ultraviolet background at
the galactic poles could still represent the dust-scattered light of galactic-

plane OB stars. Henry et a1.17)

obtained a value g ~ 0.9. This represents such
strong forward scattering that only a negligible amount of light would be back-

scattered at high galactic latitudes, and the observed residual is probably

extragalactic.
The Henry et a1.17) work has been greatly extended by Anderson, Henry, and
FastieZI) and by Anderson.zZ) The observations were made with the Apollo 17 far-

23)

ultraviolet spectrometer of Fastie. This work is recapitulated in some detail

here, allowing presentation of additional selections from the data.

The spectrometer field of view was 12° x 12°. There was no telescope; the

23) The instrument scanned from 1180 to

field of view was limited by a baffle.
1680 & every 12 seconds. Resolution was 11 K, but for purposes of analysis, the
data were gathered into six wavelength intervals, numbered 1 through 6. These

intervals are detailed by Henry et a1.24)

The observed signal as a function of time, for sky-scan number 6, for wave-
length interval four (A4), is displayed in Figure 6. The spectrometer looked
out of the Apollo 17 service bay, and scanned around the sky as the spacecraft
rotated. The lower panel in the figure gives the observed A4 brightness (solid
line) and the star-catalog prediction (dashed line). The ordinate scale is

linear (left scale) up to the solid line, and logarithmic (right scale) above it.
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Fig. 6. The bottom panel compares the observed Apollo 17 ultraviolet signal
(solid line) with the star-catalog prediction (dashed line). At the highest
latitudes (lowest intensities), the observed signal is less than 1000 units,
without any stellar correction at all. The top panel gives the “vsimultaneously
observed Lo signal (solid line), and also the 2l1-cm hydrogen surface density
(dashed line), which is a fair measure of the amount of dust in the field of
view. The spike in Lo represents passage of the earth through the field of view.
The observations were made on trans-earth coast.

The data have been corrected for a large but very well determined dark current,
and for instrumentally-scattered lo. radiation (which is particularily strong
when the instrument line-of-sight sweeps through earth——see top panel in the

figure). Note that the average high-galactic-latitude intensity is well below

1000 units without any stellar correction at all.

The average stellar correction that is involved can be deduced from the

data in Figure 7 (from Henry et a1.24)) which gives the average total integrated

A4 signal as a function of Gould latitude (Gould latitude differs from galactic

latitude by an amount that varies from 0° to 20°, only). From 30 - 35° latitude,
the average stellar correction is only 2000 units, so even a 30% error in the

stellar correction would produce an error of only 600 units in the deduced
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Fig. 7. The integrated average brightness of the ultraviolet sky observed from
Apollo 17 (solid line), as a function of latitude. The star-catalog prediction
is given by the dashed line. The integrated brightness over large regions in
the Gould (vgalactic) latitude interval 30 - 35° is only V2000 units. The
brightness is higher than this at higher latitudes because of the effects of
small numbers of very bright nearby stars.

average background. The stellar correction is typically even lower at higher
galactic latitudes; the average in Figure 7 is higher because of the effects of

a very few extremely bright stars at mid-latitudes.

The astronauts gathered data during six intervals, making scans over six
small circles on the sky. Detailed maps of the scan path are given by Henry

24)

et al. The largest amount of data was obtained during the three astronaut
sleep periods, sky scans 1 through 3. The reduced data (that is, corrected for
dark-current, grating scattered L&, and direct starlight) for one of the two
galactic plane passages, for each of these three sky-scans, are given in Figures
8, 9, and 10 respectively, for A4, 6, and 4, respectively. In the bottom panel
in each figure, the residual signal for each spectral scan is plotted with a
symbol, the size of which is proportional to the weight that should be given to

.
the point, considering, primarily, the size and uncertainty of the stellar

correction. The symbols are systematically smaller (i.e., lower weight) in
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Fig. 8. The ultraviolet intensity (lower panel) during one of the two galactic-
plane crossings of sky-scan number one, after correction for dark current,
grating-scattered Lo, and direct starlight. The size of the plotting symbol is
proportional to the weight of the observation. The weighted average is given as
a histogram. The stellar correction is very large at low latitudes, so those
observations have very low weight. The top panel indicates the amount of inter-
stellar dust present in the field of view. At latitudes 25° to 35°, no signal is
seen that could be attributed to the light of galactic-plane OB stars scattering
off of the large amount of interstellar dust that is present at those latitudes.
Note particularily that the stellar correction is not significantly larger in
this latitude interval than it is at higher latitudes (otherwise, the points
would be smaller; that is, would have lower weight).
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Figure 9, because the correction for grating-scattered Lo was large for A6. The
top panel in each figure gives the overage color excess, E(B-V), which is a mea-

sure of the amount of interstellar dust, as estimated from the 2l-cm observations
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Fig. 9. The same as Figure 7, except that these are data from the second of the
six sky scans. The points are systematically of lower weight because the
correction for grating-scattered Lo was particularily large for the wavelength
interval involved in this plot. Again, there is no evidence for light scattered
from dust.

of Heiles.25_27) Examining the figures, we see that in the case of all three sky

scans, large amounts of data are obtained in latitudes where a great deal of

dust is present, yet no ultraviolet signal is observed that could be attributed
to the light of galactic-plane OB stars scattering from this dust. The stellar
correction, as indicated by the size of the plotting symbol, is not significantly
larger in these regions than it is at the highest latitudes. The ordinates in
the three figures are in thousands of units. Clearly, fewer than 1000 units are
present, that could be due to light scattered from dust. Complete analysis,Zl’zz)

averaging all of the data, sets a limit of about 300 units on such light.
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Fig. 10. The same as Figures 8 and 9, but for the third sky scan. Again, there is no evidence for light scattered from
dust.
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These data may be presented in another way. Figure 11 gives the residual
A6 intensity (after correction for dark current, grating scattered La, and direct
starlight), for each spectral scan during the six sky scans (some points fall
outside the plotted region), as a function of E(B-V), i.e., as a function of the
amount of dust in the field of view. The weighted mean (marked with its
uncertainty) is indicated by the histogram. An upper limit of 300 units for any
dust-scattered light appears very reasonable, even at this wavelength where the

correction for grating-scattered Lo is large.

A powerful check on the precision of the correction for grating-scattered
Lo is possible. We simply repeat the analysis, correcting each scan for dark

current and for starlight, but making no correction at all for grating-scattered
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Fig. 11. The residual intensity (after correction for dark current, grating-
scattered Lo, and direct starlight), for all of the spectral scans, is plotted
against a parameter that is a measure of the amount of dust that is in the field
of view. The weighted mean (marked with its uncertainty) is shown as a histogram.
An upper limit of 300 units on any light scattered from dust in the field of view
seems very reasonable.



Lo, and see how well the residual correlates with the celestial La signal,
directly observed just a few seconds earlier. The result, for A6, is shown in
Figure 12, where the weighted mean (marked with its uncertainty) is again
indicated by a histogram. I suggest that the reader lay a transparent ruler on

this histogram, through zero, to verify the linearity of the correlation.

7000;

6000

65000,

4000

3000

2000

1000;

RESIDURL INTENSITY.

., .
RS RS
RO LN Y
Wins e,
At IR
h

7
¢

-1000

.o"
- . % &
2000; 3 20 30 4§ 50 3 60
L

26 36
YMAN ALPHA INTENSITY w10’

Fig. 12. The same as Figure 11; except that here no correction has been made for
grating-scattered Lo radiation, and the residual is plotted against the observed
Lo brightness of the sky at that position. Clearly, the grating is scattering
Lo to longer wavelengths, and clearly we have a good measure of the amount of
grating-scattered La, and can remove it from our data with precision.

A second example of this, one for A4, is given in Figure 13, which is
identical to Figure 18 of Anderson et al.,Zl) except that here we do not delete
the portion of the data that includes observation of the star o And. Comparing
the two versions of the figure, the scans in Figure 13 that contain o And leap to
the eye, at Lo = 19, residual intensity = 3000 - 6000 units. The SAO catalog
stellar correction is clearly in error for this one particular star, which is

21)

why Anderson et al. deleted this portion of the data. The figure therefore

supplies clear evidence for the adequacy of the SAO catalog corrections for

227
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Fig. 13. As in Figure 12 (but for another wavelength), each spectrum has been

corrected for dark current and stellar contribution only, and the residual has
been plotted against the observed intensity of Lo radiation that is present. A
clear correlation of residual intensity with Lo is apparent. Unlike elsewhere

in the present work, the data that include the star a And have not been deleted—
and are very apparent as an isolated group of high-residual points. The star-
catalog correction for this star is clearly incorrect (which is why we delete
these data) —and is equally clearly adequate for other stars.

other stars.

IV. CONCLUSION

Comparison of Johns Hopkins and Berkeley data on the ultraviolet cosmic
background, and internal examination of the Berkeley data, leads to the conclu-
sion that at latitudes above about 20°, the limit on any light scattered from
interstellar dust, or indeed, the limit on light from any source other than
stars, is of order 300 photons (cm2 sec ster 5)_1. Examination of the spectrum
of the observed background at the highest galactic latitudes provides superficial
evidence for radiation from decaying neutrinos, but the spectrum is so uncertain

that conclusions are not possible.
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PRIMORDIAL NUCLEOSYNTHESIS
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A quick summary of the primordial nucleosynthesis occuring during the early
phases of the Universe (very often referred to as the Big Bang) is provided. The
observed abundances of the light elements D, -He, 4He and Li such as the proces -
ses responsible for their formation are recalled. D and 7 Li can be used to probe
the present density of the Universe and its dynamical properties on very large
scales while the “He abundance is related to the lepton density and the rate of
expansion of the Universe. Moreover the influence of the very hypothetical mass
of the neutrinos on the early evolution of the Universe is mentionned.
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I. INTRODUCTION

The purpose of this talk is to review very briefly current thoughts and
works about the nucleosynthetic processes which should have occured during the
early phases of the Universe. For more than ten years now, it is generally assu-
med and accepted that the lightest nuclear species like D, 3He, %He and ’Li are
synthetized at the end of the so called Big Bang : This unique explosive and pri-
mordial eventhas induced the observed expansion of the Universe and originated

the relic blackbody radiation at 2.7 K.

The analysis of the primordial nucleosynthesis processes is indeed intimate-
ly related to general astrophysical effects or consequences such as the evolution
of the dilatation of the Universe (is the Universe "open", i.e. expanding for e-
ver or can it be '"closed", i.e. able to experience successive phases of expansion
and contractions ?) connected itself to the value of its present demsity. This
specific nucleosynthesis can also provide invaluable information on many aspects
of the nature of the elementary particles and some of the physical laws which go-
vern them. This paper and other contributions in these proceedings clearly
establish the close relation between cosmology and elementary particle physics
The recent and important progresses presently achieved in one of these fields

clearly influence and are beneficial to the other.

After a short summary in Section II of the presently observed abundances of
the relevant elements (D, 3He, 44e and 7Li) the main properties of the classical
(or so called canonical) Big Bang models and the characteristics of the nucleo-
synthetic processes which occur during the early phases are recalled in Section
III. Section IV is devoted to the consequences of these nucleosynthetic aspects
on the evolution of the expansion of the Universe, the present density of it and
same properties of the elementary particle physics such as the number of existing
neutrinos, their possible mass, etc... Section V contains our present conclusions
concerning these relations existing between the nucleosynthesis, the cosmology

and the elementary particle physics.

II. THE OBSERVED ABUNDANCES OF THE LIGHTEST ELEMENTS
The relevant elements are Deuterium (D) Helium 3 and 4 (3He and b4e) and Li-
thium 7 (7Li). Among the many recent reviews which provide some informations on

their abundances and more references the reader may consult references 1, 2 and 3.

1) Deuterium : The presently adopted D abundance is D/H = 2 + 1 1075 although

with still very large uncertainties on such values. This abundance range is based



on meteoritical, solar wind, Jupiter and interstellar measurements. The recent
determinations of the interstellar D/H ratio in the solar neighbourhood clearly
show a quite large spread in this abundance according to the different lines of
sight of 0 and B stars used for such searches. The nearby interstellar D
abundance might range from D/H ~ 2 1076 up to D/H ~ 2 10~% . Nevertheless
various physical effects may lead to such a spread (radiation pressure affecting
specifically the D atoms and chemical fractionation induced by the formation and
destruction processes of DH in molecular cloudss)). Reference 5 concludes that a
proper account of these effects should restrict the possible variations of the

nearby interstellar D/H within the range quoted above.

2) Helium 3 : There are still many uncertainties on the 3He abundance. Wood et al.
6) dare only to quote an upper limit 3He/H € 5 1075 from their very careful
search of the interstellar 3He abundance. There are also some uncertainties on
the Solar System 3He abundance due to the transformation of the Solar System D
into it. Keeping in mind these large uncertainties one can consider that the

observed 3l-le/l-l ratio should range from ! to 3 10‘5.

3) Helium 4 : The reader is referred to Kunth (these proceedings) for a detailed
analysis of the 4He abundance deduced from the He observations from galaxies with
low metallicity and high gas content (these galaxies are often referred to as
blue compact galaxies or 'lazy" galaxies 7)). According to this author and contra-
ry to previous works on this subject a significant and clearcut correlation
between the helium and meal abundance does not seem to exist anymore : The
primordial He abundance (by mass) is equal to Y = 0.243 * 0.010 while the Solar
System He abundance is about 0.27 % 0.03.

4) Lithium 7 : The 7Li abundance can be evaluated from carbonaceous chondrites
determinations (7Li = 2.2 * 0.4 1079), chondrites (7Li = 1.9 £ 0.8 1079), the Sun
(Li = 1.0 £ 0.3 10'“)1, different stars (’Li 10-9) and the interstellar me-
dium (7Li ~ 5 10~10. One adopts finally an overall ’Li/H abundance of about 1079,

Finally the relevant light element abundances are :

3 4 7
D H —5( He L -9
~)=(—=£) = —=| = —1 =
(H) ( T ) 2+£110 \H ) 0.08 ¢+ 0.01 and " (1 £ 0.5)10

III. THE "CANONICAL" BIG BANG AND ITS NUCLEOSYNTHESIS

Although it is now fairly well established that the observed Universe is

1 : One should remember that in this case the /Li abundance is especially low be-
cause ‘Li is destroyed by thermonuclear reactions at the bottom of the external
convective zone.
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born from a singular very hot and dense phase, the physical conditions ruling

this phase are still disputable. In cosmology one is used to call '"canonical" or

"standard" Big Bang the model in which the following quite simple and conservati-

ve assumptions are made like any other Big Bang model. The canonical or standard

Big Bang model is constructed by assuming that the equivalence principle -which

indicates that the physical laws are totally invariant, i.e. do not vary with the

location and with the time- holds and that the primordial temperature has been

much higher than 10"K to insure the disruption of all possible nuclei and the e-

quilibrium of weak interactions. Furthermore in the Standard Model one assumes

also that :

1) the early Universe was homogeneous and isotropic. This assumption is often
called the Cosmological Principle ;

2) the gravitational interactions are well described by the Einstein Relativity
theory : the recent discovery of a double pulsar system such as the estimates
of relativistic effects on the propagation of radar signals reflecting on the
Venus or Mars surface, etc... provide very strong support in favour of this
gravitation theory ;

3) the Universe is asymetric, i.e. the baryon nuwber is positive or the amount of
antimatter existing in the Universe is negligible in comparison with the a-—
mount of matter. This point is quite well established now and is a direct
consequence of the Grand Unification Theories mentioned in many other chapters
of the book (see the contributions of J. Ellis and D.N. Schramm) ;

4) the leptonic number -i.e. the number defined as L = n(e”) + n(u~)-n(e*)-n(u*)
+ n(\)u) - n(;u) + n(vg) - n(\_)e), where the former terms represent respectively
the densities of electrons, negative muons, positrons, positive muons, muonic
neutrinos, muonic antineutrinos, electronic neutrinos, electronic antineutri-
nos—- is much smaller than the photon density ;

5) there was no unknown elementary particle during the early phases of the Uni-

verse.

The two first hypothesis are fairly well established at least in first ap-
proximation as well as the predominance of the matter over the antimatter in the
observed Universe. As we will see in the next section the two last hypothesis are
far less settled : There is a growing evidence in favour of very large neutrino
densities which might help in solving some problems generated by the large scale
dynamics of the Universe. Moreover the Grand Unification Theories (GUT) which are
currently built both to unify the electromagnetic, weak and strong interactions
and to offer some description of the very early phases (t<«10~3 sec) of the Uni-
verse invoke some elementary particles which can hardly be considered as known in

the sense of hypothesis (5) : the particle "zoo" of the GUT include for instance



Higgs bosons, gluons and many different quarks which can be unified with the lep-
tons during these very early phases and from which the hadrons(pions,nucleons...)
can be formed 10) . Therefore the Canonical Big Bang can be more and more refined
by taking into account the recent progresses in elementary particle physics (and
also on the observation of the large scale structure of the Universe).

As a consequence of hypothesis (1) -i.e. the cosmological principle- the me-

tric describing the evolution of the Universe is the one of Robertson-Walker :

du2

l—kv2

2

::ls2 = -dt” + Rz(t) + vz(ckaz + sin2 Odpz) (1)

where k is the curvature constant : the Universe is expanding for ever (open) for
k = 0 and +1 and closed for k = -1. R(t) is the scale factor of the Universe. The
radial (dimensionless) coordinate U and the angular coordinate © and P are the
geometrical variables of this metric. This metric takes into account the isotropy

of the Universe.

From the General Relativity the expansion rate is given by

14V _ 3 dR
Yd& “Rdr -y o @
where V represent a volum element. G is the gravitational constant and P the to-

tal density of the Universe. As we will see in the sequel the density concerns not

only the nucleons but also many other particles (especially the neutrinos).

To account for an expansion slower or quicker than the one determined by

this relation one can write the expansion rate as1l)
1 dv
vaE " / 241 Gp

where £ = 1, for the canonical Big Bang, is < 1 for a slow expansion and > 1 for

a rapid one.

The nucleosynthesis proceeds when neutrons and protons can combine to form
deuterium which itself transforms in part into 3He and Aye through the D(p, Y) e
D(D, n)3He , D(D, p)T reactions. This combination between neutrons and protons
occurs when the temperature of the Universe drops below kT = 0.1 MeV. In the ran-
ge 0.1 < kT < 1 MeV, neutrons and protons are in equilibrium thanks to the inter-
actions

n o+ vy V== e_ + p
and n+e+2:fse+p
when the temperature is too low for these interactions to continue to proceed the

n/p ratio freeze out such that
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FIGURE 1 - Abundance resulting from the primordial nucleosynthesis in the frame

of the canonical Big Bangl2?) as a function of the present density of the Univer
se.

Figure 1 shows the classical results of the Big Bang nucleosynthesis obtained in

the frame of this simple model 12) . One notices the strong dependance of the D,

3He and 7Li abundance with the present density of the Universe in contrast with

the “He abundance which is not very sensitive to this parameter. In fact
Xn/Xp

1+(Xn/%p)

For instance it is well known that too high densities for the present Universe

X ~2 (5)

n

lead to too low D abundances.

IV. ASTROPHYSICAL CONSEQUENCES
From these results one realizes that there are two different consequences
one related to the present density of the Universe and the other related to the

conditions ruling the neutron-proton equilibrium.

The first consequence, i.e. the determination of an upper limit for the pre-

1,13)

sent density of the Universe is now very classical From Fig.l, one sees



that X(D) becomes much lower than 1079 if 0o > 10730 g cm™3 which is about six
times lower than the critical value o = 32—‘52«4 5.7 ]0_30 gfsl 2 cm—a , where Ho,
the Hubble constant, is expressed in km s71 Mpc'l which delineates the border be-
tween the open Universe expanding for ever (Dpresent < n) and the closed pulsa-
ting Universe @ > p. ). At this point I would like to stress the interesting pro-
posal made by Austin and Kingla) who pointed out that the ’Li abundance can set
an upper limit to the present density of the Universe as stringent as those set
by the use of the D abundance. According to these authors the present density of

the Universe should be ~9 + 4 10731 g em™3,

In fact, nuclear cosmologists seem to be more interested now by the implica-
tions of the He abundance which is sensitive to two related parameters
1) the speed of the expansion of the Universe ;

2) the presence or the absence of new families of leptons...

HELIUM MASS FRACTION

| 1 | 1 1
1032 163 'viad (v id 1528

3 -
Py (27/T0) (g cms)

FIGURE 2 - The He abundance produced in models where the expansion rate factor
(canonical Big Bang) &= 2, 1 and 1/2. One can notice the large influence of this
parameter on this primordial abundancel?),

237



As it has been seen above this abundance depends on the neutron-proton ratio
freeze-~out temperature. This ratio itself depends on the

When the

reached just after the
actual mass of the neutron M, and on the freeze-out temperature
expansion rate is fast (& > 1) the freeze-out temperature remains high which

leads to a high n/p ratio and therefore a high He abundance (Fig.2).

This effect of changing the expansion rate might be due not only to the pre-
sence of new families of neutrinos and/or leptons as seen below but also to inho-
mogeneities and/or anisotropies which might affect in some directions the gravi-
tational effects on the overall dilatation of the Universe. The choice of another
gravity theory might also influence the expansion of the Universe and therefore
modify the value of the parameter &. The influence of the value of & on the pri-
mordial abundance of He has been expressedls) as

Y = 0.333 + 0.02 log h + 0.380 logé (6)
where h is the so called baryon desity parameter defined as h = T93/D which is a

constant since the expansion is adiabatic.

The expansion time scale which influence directly the primordial value of Y

is very sensitive to the number of existing leptons. Up to very recently the only
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FIGURE 3 - Primordial abundances of “He and D calculated with O to 5 new families
of leptons (to be added to the electrons and to the muonsld),

With the results reported by Kunth in this meeting, there are only two other fa-
milies of leptons which can be added to them (assuming in this case that there
are no invisible metter inside the Universe which becomes less and less likely).



two observed lepton families were those of electrons and muons. A third family is
that of the heavy tau lepton. Each family corresponds to a specific class of
neutrinos. As shown by Yang et al. 15) and by David and Reeves 16 an increase of
the number of existing leptons (therefore on existing neutrinos) increase the
toal nergy density and therefore speeds up the expansion of the Universe and then
leads to higher values of the primordial He abundance.

I

~0.3f=. ~[-007

2

03—

FIGURE 4 - Compatibility regions between the observed abundances and the leptonic
numbers as defined by David and Reevesl6),

This diagram clearly shows that when the number of different families of leptons
is allowed to increase the present density of the Universe (noted on this dia-
gram) by the value of the cosmological parameter Q (equal to two times the dece-
leration parameter q) should also be larger to make the Big Bang nucleosynthesis
compatible with the observations.

In references 15 and 16 (as shown in Fig. 3 and 4), the Chicago and Saclay
groups express similar conclusions according which :

a) The observed primordial He abundance can set significant constraints on
the number of existing types of neutrinos and on the departure from the General
Reltivity. As seen from Fig. 3, the calculations reported by Yang et al. show
that the primordial He abundance determined by Kunth (this conference) seem to
fix a stringent limit (less than four types of neutrinos) on the number of diffe-
rent families of leptons.

b) There exists a correlation between the present density of the Universe
and the number of different neutrinos. From reference 16 if this number is equal
to 3, it corresponds to a very open Universe (Q ~0.05) ; if there are 10 differ-
ent neutrinos Q ~ 0.08. More than 5000 different neutrinos are needed to make the

corresponding Q > 0.8.

V. SUMMARY AND CONCLUSION
This short review has the only ambition to call again the attention of the
astrophysicists and the elementary particle physicists on the strong connection

between the cosmology of the early Universe and some aspects of the physics of
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particles. Many other contributions including those of Cowsik, Kunth, Nanopoulos

and Schramm clearly show this very exciting connection.

I would like to end up this review by reminding the reader that the D and
7Li abundances can be used to probe the present density of the Universe. Schramm
(this conference) offers the exciting suggestion according which the 3He abundan-
ce provides as lower limit ont the baryon/photon ratio %% > 2 10710 | 1 would

like finally to refer those who are interested bu the influence of the primordial
He abundance to the contribution of Kunth and to the work of Olive et al.”) .
According to this last work which provide a clear account on this problem, they
concur with the conclusion reached by many previous authors according whom the
observations of the light element abundances imply that the baryons cannot close
by themselves the Universe. Nevertheless if the neutrinos are found to be massive
they might provide the bulk of the mass of the Universe. We may then live in a

Universe where the matter is dominated by the massive neutrinos and which could

be closed without being in conflict with the observations.

I would like to thank Ms Sylvie Corbin for her patience and her help in the

production of this paper.
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PRIMORDIAL HELIUM AND EMISSION-LINE GALAXIES
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Recent observations of 13 low luminosity emission-line galaxies give no convin-
cing evidence for a AY versus AZ correlation. The observed scatter is likely to
result from uncontrolled parameters in the analysis rather than simple observa-
tional errors.

The results taken with the best available data in the literature suggest that Yp
= 0.240 = 0.015.

If we admit that baryons provide most of the mass which binds binary and small
groups of galaxies, this mass fraction Yp constraints the number of 2 component
neutrino species to Ny& 4 and remove the contradictions raised by previous low Yp

determinations.



I. INTRODUCTION

The necessity to advocate a primordial helium origin has been stressed a

long time ago since stellar nucleosynthesis would only account for a small frac-
tion of the presently observed helium abundance 1,
Indeed, given the luminosity and the age of our Galaxy to be L = 4.1043erg sec™l
and t = 3.1017sec one immediately sees that with an energy production per gram of
6.1018erg g'l in the H —> He conversion one would only obtain 2.1042 grams of he-
lium.This corresponds to about 109Me whereas the mass of our Galaxy is roughly
101lMe so that Y« 0.01.

The observed helium abundance (by mass) is fairly uniform and comes to be
Y ww0.25- 0.30 in strong disagreement with the previous figure. Several explana-
tions have been given to account for the high Y value and spatial variations

- Galaxies may have been more luminous in the past hence a correlation be-
tween Y, Z (metals) and the luminosity would be expected 2),

~ The existence of primordial temperature variations at early epoch in a
Friedman Universe would account for the observed spatial variations 3),

This evocation is by no means exhaustive, and I shall admit the possibility that
most of 4He was produced during the early phase of an hot and dense Universe and
that subsequent evolution is responsible for local variations.

The calculations of such a model were successfully performed and predicted a
primordial %4He abundance of 0.250 which depends little on the baryonic density
but critically on the expansion rate of the Universe 4),

This later fact is becoming crucial since the discovery of the new ¢ lepton im-
plying the existence of a new neutrino flavor. Adding more relativistic neutrinos
to the early Universe increases the energy density hence speeds up the expansion
rate and favors the %He production.

The knowledge of the amount of 4He which follows from primordial nucleosynthesis
can set severe constraints up in the Big Bang model or the number of neutrino

flavors to be discovered.

II. THE IDEAL SITES

The helium abundance can be obtained by direct observation4 or indirectly in
many astrophysical objects -see 5) & 6) for a review-. The problem one faces is
to ascribe which net fraction is due to subsequent evolution of the site or the
object under study. An ideal choice would be one for which the primordial gas has
been almost unaltered.
The possible astrophysical importance of unevolved galaxies with metal-poor in-
terstellar gas such as IZwl8 and IIZw40 has been pointed out by Searle and Sar-
gent7). Ever since, an increasing number of such galaxies have been discovered;

They represent an homogeneous class of objects with the following properties



M~ 109M,
L~-l4 -17

dwarf {
hydrogen to total mass ratio : mg/mpor 2 0.1
metal poor : Z ~ Zg/5 +Z4/30

Moreover their morphology and blue color (B-V~ 0.0, U-B~ -0.6) result from a re-
cent burst of star formation ionizing a large fraction of the interstellar gas
and producing a typical H II region like spectrum out of which a direct abundance
determination of He, O, N, Ne and S can be made.
These objects are ideal for the chemical evolution models because of their high
mH/mTot ratio and the absence of dynamical structure (no spiral arms) and low
mass (no accretion expected). Under such conditions the so called '"instant recy-
cling approximation" applies i.e. one can neglect the lifetime of the stars with
respect to the evolution of the gas density and one expects a relation between Y
and Z of the form : Y =«Z + Yp
where is the proportionality coefficient between the corresponding galactic en-

richments AY andAz.

III. SEARCH FOR DWARF EMISSION-LINE GALAXIES

A search for dwarf emission-line galaxies was undertaken by this author in
collaboration with W.L.W. Sargent. The aim of the search was to establish a list
of objects for further detailed observations and find galaxies with more extreme
properties.
In fact the later requirement was not fullfilled and among more than 50 newly
discovered galaxies, no one did show any dramatic He or Z underabundance (i.e. Y
<0.2 and Z <Z4/30).
Two lists were established : one from a survey among the Zwicky's lists of blue
compact galaxiess) and a recent one from candidates selected from two objective
prism platesg).
These lists were the starting point for the more detailed observations discussed

below.

IV. OBSERVATIONS

1) The sample

We decided to restrict our sample to low luminosity and metal-poor objects
in order to investigate the lower Z part of the (Y, Z) diagram where in principle
the relation Y =®KZ + Yy, still holds.
Moreover, objects with Z < Zo/5 have also an observational advantage, namely the
cooling of the gas by the oxygen species is less effective and results in increa-
sing the gas temperature so that the temperature-indicative [0 III] 4363 line is

easily measured.
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We also chose objects with an high line to continuum ratio to avoid the effect of
a strong stellar contamination in the emission lines.

These requirements led us to select objects discovered from the objective-prism
plates as it appeared that the objective-prism technique is highly selective
towards forbidden lines whereas in the Compact Galaxies sample we found objects
with more stellar background and less recent active star formation. Fig. l shows
the [0 III]/HB ratio in both samples : it can be seen that O.P. objects exhibit
an higher mean {0 III]/HR value.

2) Spectroscopy

The objects were observed at Las Campanas (Chile) with the 2.5 m telescope.
We used a Boller and Chivens Spectrograph coupled with an Intensified Reticon.
The dispersion 120 A/mm resulted in an effective resolution of 3 A after event
centering and a spectral range >\>\3500 A - 6800 A. The exposure time was chosen as
to get more than 5 % accuracy on faint lines such as [0 III] 4363 and He I 4471.
Table 1 shows the useful measured lines from wich one is able to extract relevant

informat ions

TABLE 1 _lime, A derived quantities
[o 11] 3727 n(o%)
[o 111] 4363 Te
[o 111] 233? } (o™
5
o esee ) )
)
)
He II 4686 n(He**)
H 12 3750
H 11 3771
H 10 3798
H9 3835
HY 4101 C(HR)
HY 4340
HB 486l
H o 6563

The reduction procedure is very classical and allows one to analyse a final
sky-subtracted spectrum removed from all kinds of observational and intrumental
effects (atmospheric extinction, instrumental response...).

The relative line strengths result from the observed line ratios by applying a
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correction for effects of interstellar reddening. For this purpose the reddening
constant C(HR) was deduced from the observed decrement of the Balmer lines HI2
HIl : HIO : H 9 : HJ : H%. : HB. Underlying stellar absorption do affect the
Balmer lines of higher serie and was accounted for.

The electronic temperature Te and the gas density ng were obtained from the
0 1111 4363 and the [S II] 6717-6780 lines.

The ionic abundances are derived from :

a0 | es) 100,xY)
n)  e(A,xY)  (HB)

where X1 is the ith jonization for the element X, and the € are the emissivities.
Similar expresssions hold for He* and He**, the best measured Hel lines are Na471
and )5876 and we note the corresponding fractional Het abundances by y*(4471) and
y*(5876).

To obtain the total abundances one must correct for the unseen ionization stages.
A classical ionization correction scheme makes use of the coilncidences in the
ionization potentials of several ionic species. This scheme follows the
ionization distribution of oxygen as a guide to the ionization distribution of
the other elements.

For helium the total abundance is

n(He) _ n(HeO) + n(He+) + n(He++)
n(H) n(H+)

Since He® is not observed a correction factor band on ionization models gives

icg = 1 -0.25 n(0*)/n(0) 1!

and : n(HeO ++He+) _ icf n(Hi+)
n(H") n(H)
This correction is nevertheless uncertain”) and depends critically on the elec-—
tronic densities and the ionizing spectra in the objects under study. Fortunately
in all our objects we have n(0*)/n(0) < 0.3 and the correction factor is small,
i.e. i f €1.09.
Difficulties however are numerous and we checked against the following systematic
effects :
a - Underlying stellar absorption :
We found that stellar absorption could amount 1 A in the Balmer emission
lines. Such a similar effect is expected in the He lines, the contribu-
tion from O stars would at most amount 0.6 A and 1 A in the A5876 and
k4Q7l lines. However we checked that y*(4471) and y*(5876) did not cor-
relate with the corresponding equivalent width W(}4471) and W(}5876).
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b - Any systematic error in the reddening correction would differently af-
fect the quantities y*(4471) and y*(5876). We found that no trend sub-
sisted between the reddening constant C(HB) and the difference y*(4471)
- y*(5876)

¢ - Cox and DaltabuiJZ) pointed out a possible contribution due to collisio-
nal excitation and self-absorption from the metastable level 238.1f such
effects are important the value y*(5876) could exceed that deduced from
the He I 4471 line by 20 % in contradiction with our present study.
Moreover the electronic densities are always smaller than 300 cm~3 and

the opacity in the He I 3888 line is very small in our sample (¥ < 10).

VI. RESULTS
A recent study of 9 irregular and compact galaxies by Lequeux et fl:IO) pro-
duced a positive correlation between Y and Z namely
Y = (0.233 £ 0.005) + (1.73 + 0.90)z
These results exclude the Orion Nebula.
Other authors] ! have quoted from similar type of study,values as low as
Yp = 0.216
We have plotted in Fig.2 our results together with Lequeux et al. data. The error
on Y in our data is estimated between 0.008 and 0.016 and is about 15 % for the
oxygen abundance. A least square fit following the Fletcher and Powell!5) minimi-
zation procedure gives
Y = (0.240 £ 0.007) + (33 % 53) n(0)
n(H)
and the correlation coefficient is only r = 0.164.
Assuming that O constitutes 45 % of Z by mass this corresponds to :
Y = (0.240 £ 0.007) % (1.25 % 2.0)z
The same procedure applied to our data alone gives
Y = (0.243 + 0.010) % (0.7 * 3.5)z
We conclude that :
a) On the basis of our data and Lequeux et al. results, there is no convincing
case for a well definedZXYﬂXZ correlation.
b) The data suggest that the average Y value for low-luminosity galaxies is Y =
0.245 very close to the above Yp = 0.240 deduced from the linear fit. Taken at
face value it implies that only an upper limit for Yp can be given which is
Yp £ 0.245
c) Most of the scatter is rather due to uncontrolled parameters in the analysis
and over simplifications in the models than to observational errors.

The larger uncertainties involve the reddening correction, the helium underlying

absorption and the correction for neutral helium.



An example well illustrates this statement : II Zw40 is a best observed case by
four independant observersloxll'le)l?). From these measurements one gets

Y(II Zw40) = 0.232 £ 0.004
This 2 % internal accuracy is quite illusory. Indeed the ratio 1()\4471)/10 5876)
after reddening correction is found to be 2.0 by all observers whereas the theo-
retical ratio expected from the classical recombination theory is 2.76. Such a

discrepancy has not yet found any satisfactory explanation.

VII. COSMOLOGICAL IMPLICATIONS
We shall admit that Ypé 0.245 = 0.010 is a good upper limit on Big-Bang
nucleosynthesis. If the energy density of the early Universe was dominated by the
contribution of relativistic particles then the dynamical equations simplify and
give : Pﬁt"z
where stands for the energy density and t for the expansion time scale (age).
On the other hand, in a radiation-dominated Universe, for T> 1010°K, the parti-
cles which contribute to the total density (i.e. mc? <& kT) are photons, electron-
positron pairs, electron and muon neutrinos and the Universe is filled with a
black-body spectrum, then :
p o gT4

where g is a number depending on the number and types of relativistic particles
included in the picture.
The radiation field generate electron-positron pairs which promote the following
reactions :

n o+ ete—2p + Ve reaction rate is ~» |

P*te &ZT/—n +V,
and the spontaneous R decay :

n¢<—3p +e” v
at small t (T > 1010k or t < 1 sec) the balance of these reactions is thermodyna-
mic since the reaction rates [* > t~l therefore the neutron to proton-ratio is
maintained at the equilibrium value :

n/p= exp(—AMcz/kT)
As the expansion proceeds, the above reactions are too slow to maintain n and p
to its equilibrium value and the ratio '"freezes out" at :
(n/p)g # exp(—AMcz/ka)

where Tf is attained for Prea
Typically (n/p)g is 1/6 and T¢ ~5 1010k,
Ultimately in the temperature range T~ 1010K to T~ 5 108K an appreciable amount
of deuterium accumulates and helium is produced at the end of the interval. It
follows from the above picture that if one increases the total number of neutrino

18)

species the resulting energy density will increase and the condition r'/trv'l
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occurs at a larger Tf temperature because the expansion rate is faster (since
ee(t_z). As a result (n/p)f is larger and more neutrons end up in more bye.
At present 3 lepton types have been discovered namely the e,r and recently the
leptonlg).
From the results of the 'canonical'' Big Bang models the extra helium formed with
the addition onSNL leptons (a part from the familiar e andf ) is rough1y18)

Y A2 0.011AN,
for a fixed value.f%hz where Sletands for the present mass density .and hy is the
present Hubble parameter (in unit of 100 km/sec/Mpc).
The present galactic dynamics suggests that -QNhoz >/ 0.01. If the mass which binds
binary galaxies is primarily in the form of baryons then our result shows that at
most 3 or 4 lepton types are permitted -see Fig.3- and does not run the "canoni-
cal' models into very severe difficulties. This statement is in contradiction
with previous arguments since from similar studies but on much limited sample and

the overoptimistic faith that AY/AZ = 3 was well established, Yp had been shown

20)

to be less than 22%. A recent study also indicates that as many as 8 neutrino

types are allowed if the binding mass is not baryonic (neutrinos of mass 10 eV).
One open possibility remains however that active nucleosynthesis did occur at an
early stage in the galactic or protogalactic era in the evolution of the Univer-—
se. See, for instance, in this Conference the discussion related to a population
III stars and its connection to the observed deviation from a 2.7 K black-body
spectrum. In this case a lower fraction of the Yp = 0.240 wvalue would be

attributed to the primordial nucleosynthesis.
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ANISOTROPY OF THE COSMIC MICROWAVE BACKGROUND RADIATION

Joseph Silk
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Summary

Theoretical predictions of the angular anisotropy in the cosmic micro-
wave background radiation on both small and large angular scales are des-
cribed. The role of massive neutrinos is reviewed with regard to their ef-
fect both on the background radiation anisotropy and on the galaxy correla-
tion function over very large scales. A brief comparison is made with re-
cent observational data on the background radiation, ranging from angular

scales of a few arc-minutes to the dipole and quadrupole components.
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I. INTRODUCTION

The cosmic microwave background provides direct information on the
structure of the Universe both over very large scales and at a considerable
redshift that exceeds by far that of the most remote quasar. The precision
of the measurements is remarkable, exceeding in accuracy by some three
orders of magnitude the limits on isotropy available only from galaxy counts
prior to the discovery of the background radiation in 1965.

Until very recently, only upper limits were available on possible ani-
sotropy 1n the cosmic background radiation. The first evidence for aniso-
tropy came with confirmation of a dipole moment.1>2 A dipole contribution
due to the motion of the sun and our galaxy is inevitable, and its detection
provides conclusive evidence for the cosmological origin of the background
radiation.

Higher order anisotropy 1s also expected. According to the gravita-
tional instability theory of galaxy formation for the origin of large-scale
structure from small inhomogeneities in the early Universe, angular fluctua-~
tions in the radiation are inevitable over a range of different scales. One
can even hope to establish the presence of fluctuations whose scale exceeds
that of the present particle horizon. The ultimate goal of the observer is
to establish the nature of the initial fluctuation spectrum in the early
Universe, from which the present large-scale structure evolved. By detec~—
tion of fluctuations on the surface of last scattering of the radiation,
when interaction with matter last occurred, one can hope to infer what may
have been present initially, perhaps at the Planck epoch or as part of the
structure of the initial singularity itself.

This review is organized as follows. 1In section II, a qualitative des-—
cription is given of the generation of anisotropy. The results of more de—

tailed computations are described in section III, and a final section com-—
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pares predictions and observations. This review is based on part of a sum-—
mary talk given at the 10th Texas Symposium on Relativistic Astrophysics.3
II. QUALITATIVE DESCRIPTION

The linearized theory of gravitational instability in an expanding uni-
verse® indicates that after decoupling of matter and radiation at a redshift
z ~ 1000, there are two modes for the rate of growth of the density con-
trast, 6p/p = t2/3 and t=!. For simplicity, only the coupling of the domi-
nant, growing mode is considered below. Prior to decoupling, density fluc-
tuations may generally be adiabatic or isothermal. Adiabatic fluctuations
are assoclated with finite curvature (and energy density) fluctuations in
the very early Universe. Isothermal fluctuations imply a smooth radiation
field in the early Universe prior to decoupling, with finite variations in
the specific entropy, the fluctuations in density contrast becoming arbi-
trarily small as t + O.

The coupling between matter and radiation fluctuations occurs in se-
veral ways. First, 1n an adiabatic fluctuation, matter and radiation are
coupled according to the adiabat p « T3, Consequently,

(ST/T)e_ = 1/3 (Sp/e)e s )
where 8p/p 1s the fluctuation in the matter density. This equation assumes
that the decoupling of matter and radiation is instantaneous. In fact, the
residual level of ionization 1s sufficient to appreciably blur the effective
surface of last scattering, which becomes much thicker for smaller-scale
fluctuations. Only fluctuations on a scale containing Z 1018 Mg approach
the limit (1). Smaller scale primary adiabatic fluc tuations are effective-
ly smoothed.

However, an important contribution on smaller scales does come from the
gravitationally induced motions of fluctuations which scatter the radiation,

and generate secondary temperature fluctuations of magnitude
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(GT/T)tS =~ v/c, (2)
where the velocity of the fluctuation relative to the expansion is of order
v o~ (6p/p)ts(1/ts)- (3)
Here £ 1is the scale of the fluctuation and tg is the cosmological epoch at
last scattering. In fact, equation (2) yields the principal source of small
angular scale anisotropy for isothermal fluctuations, and is also important
for adlabatic fluctuations below scales of ~ 10%° Mg.

A third source of fluctuations can be thought of as essentially a
gravitational redshift effect, due to radiation from a given direction being
in effect emitted from a region of perturbed gravitational potential, and
also belng received in a region where large-scale density fluctuations con-
tribute to the local potential. First computed by Sachs and Wolfed for a
flat background, the temperature fluctuations due to this effect amount to

61/~ € 6p22 ~ (8o/0)e (2/ctg)2. (4)
The Sachs-Wolfe fluctuations evidently are important on large scales (& >
ctg). The particle horizon at last scattering (reshift zg) subtends an
angle
~ (2f2g)1/2 raq, (5)
and on larger angular scales (e.g. Z 2° if zg ~ 1000), the Sachs-Wolfe
fluctuations are especlally significant.

In order to estimate the angular dependence of the various contribu-
tions to 8T/T, it 1s necessary to assume some initial spectral form for
8p/p. A particularly simple expression 1s a power-law form for the Fourier
power spectrum:

1812 = k0, 4 >n > -3 (6)
where 8y = f Sp/p e_iklxdax and the limits on n come from requiring conver-

gence of the correlation function for fluctuations at small k ( n > -3) and



from non-linear interactions that fix a minimal fluctuation level (and a
maximum steepness, n < 4). One find that

sp/p « y-1/2-n/6 1)
where M is the mass contained in a sphere of diameter 2m/k. If this sphere
also subtends an angle 6, then the three contributions to 8T/T that we have

noted have an angular dependence (if & = 1) of the form:

(8T/Tadtabatic = 873/270/2, (8)

d (GT/T)Ve].OCity « Q-I/Z—n/z’ (9)
an

(8T/T)Sachs-Wolfe = gl/2-n/2, (10)

A complication that arises is that if the density fluctuation spectrum is of
the power-law form (7) in the very early universe, it will no longer neces-—
sarily be a simple power—-law after decoupling on scales less than or com-—
parable to the horizon. Several scale-dependent effects occur: the damping
of adiabatic fluctuations on scales below a critical mass (~ 1013 g=5/4 Mg
at decoupling), the continuous growth of scales above the Jeans mass im-
mediately prior to decoupling (~ 1017 Mg) relative to the acoustic oscilla-
tion of smaller scales, and amplification due to a velocity overshoot effect
when the sound velocity drops abruptly at decoupling.6

The amplitude of the predicted fluctuations is readily estimated. One
expects that at decoupling (Gp/p)ts~ 103 ﬂ_l, for the largest scale to have
collapsed by the present epoch, about 10!° Mg. The corresponding angular
scale subtended by a sphere containing this mass at decoupling is © =
10(M/1015 Me)l/a arc-min, and the maximum temperature fluctuation expected
on this scale is therefore of order §T/T ~ 3 x 10~% @1, A more precise

method of normalization utilizes the galaxy auto-correlation function and

is described in the following section.
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IIT. RESIDUAL RADIATION FLUCTUATIONS

A more detailed computation of the radiation anisotropy involves solv-
ing the linearized graviational field equations for the evolution of matter
density perturbations, together with an equation for the radiation inten-
sity. In the optically thick or thin limits, appropriate to either well be-
fore or well after decoupling, the linearized energy-momentum conservation
equations suffice to describe the radiation field. The transition through
decoupling, however, requires a more sophisticated approach, in which the
linearized Boltzmann equation is used to describe the radiation field.6,7
Collision terms involving Thomson scattering suffice to describe the physi-
cal interaction of matter and radiation.

Since the description of the evolution of matter density fluctuations
is rather well-knownA, it need not be repeated here. It is useful however
to write down a form of the linearized Boltzmann equation for the evolution
of radiation temperature fluctuations A = 8T/T, namely
- A+ ..l) (§99)

L G A oy Gy

a ox; 2 1] e i
Here hjj 1s the perturbed metric, a Is the cosmological scale factor, vl is
the unit vector describing the radiation direction, ng 1s the electron den-
sity at time t, or is the Thomson scattering cross-section and V; is the
perturbed velocity (relative to the comoving frame). Inspection of (11)
shows that there are three contributions to the source term for A. The
first term on the right hand side involves the gravitational potential via
the hijs and is the formal analogue of (4), whereas the second term is as-
sociated with Thomson scattering induced fluctuations, and is the analogue
of (2). The third term 1s equivalent to (1), modified by a factor e T,
where t 1s the optical depth Iz“e or cdt. The first term yields the large-

s
scale anisotropy A ~ 8(2/ct?) whereas the second group of terms yields the

small-scale angular anisotropy & ~ ft(&/ct) and A ~ Ge~ T,
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For a more quantitative calculation of the anisotropy, we may evaluate
the autocorrelation function for temperature fluctuations. The initial den-
sity contrast is expressed in terms of a Fourier spectrum as defined pre-
viously by

6= [ 6 o X% g3, (12)
where for the growing mode &y « t2/3, The normalization is determined by
requiring the correlation function &(r) for density fluctuations to coincide

with that for the observed galaxy distribution, whence

|8

12 = e ar g sinke (1), a3

T6m

The normalization involves considerable uncertainty. In general, the inte-
gral (13) 1is not well-defined, since possible contributions to &(r) on large
scales are very uncertain. According to some studiess, there are sizable
fluctuations in £(r) at r Z 50 Mpc. More generally, one

has

£(x) = (35““) fo Wax | sx)? E%BEE «r 73 G << 1), (14)
r

and one method of normalization 1s to match &(r) with observations in the
linear regime where £(r) < 1.

The final step is to compute the radiation temperature fluctuations.
After solving (11) for individual Fourier components Ag (&,I), and Fourier
transforming to yield A(E’I)’ one evaluates the radiation correlation func-
tion in terms of the angle 8 between two different directions that an ob-
server 1s comparing (for example, by beam switching). Thus letting IIl-Izl

= 0, one has
(8T/T)2(0) = <Alx,¥1) A(x,792)>, (15)

where the average is taken over all points x. The computed 8T/T is there-—
fore appropriate for an average point in space, and not located in any pre-

ferred position.



IV. COMPARISON WITH OBSERVATIONS

A. Large Scale Anisotropy

Consider first the large-scale angular anisotropy. Only the growing
mode is retained. Then the solution to (11), including only the first term

on the right-hand side, is

=3

b st ) ~ 2%

Z

K {1-3iKu - (1—31111(2;1/2) exp[‘3il(u(l—z;1)]}, (16)

N-11 8]

where K = k cty, w =k * v, zq is the redshift of last scattering, and t,
is the present epoch. The dimensionless wavenumber K expresses the wave-

number of the fluctuation relative to the

present horizon. Limiting cases of (16) are
K<l My = & w2 + 0(Kud) (17

and

R _ 2 - ~1/2y =31Ku 18
K>>1: 8 = 5k{%%+‘9i‘2(1 314Ka Je } (18)

Since 8 = cos™lu represents the angular dependence of the direction of ob-
servation relative to some specified direction, we see that the K << 1

(scales larger than the horizon) terms result in a quadrupole (and higher
order) anisotropy, whereas the K >> 1 limit includes a dipole term that is

dominant. Tn general, with the dipole term subtracted,
Ial ~2 s /&? (19)
URE LV

for K <K zdl/z, with a comparable auplitude for the different multipoles.
The dependence of dipole and quadrupole moments on wave number is such that
the dipole contribution dominates for a wide range of n. Imposing a cut-off
on the fluctuation spectrum, for example by requiring the correlation func-
tion to tend to zero at r > rg, is equivalent to setting n = 0 at r > rq,
since from (13), |6!2 > constant.

For £(r) to be convergent, the definition (14) requires n > -3. Numer-
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ical n-body simulations of clustering have been used to model the non-linear
evolution of E(r). The general consensus seems to be that an effective
post-decoupling value of the spectral index 1n the range -2 S n' f 0 yields
£(r) with the required r~1-8 slope 1n the non-linear range. For isothermal
fluctuations, the simulations directly yield n. For adiabatic fluctuations,
the power spectrum index on scales S ctq prior to decoupling is n = n' + 4,
because of the suppression of growth on scales below the horizon size prior
to decoupling. Other constraints on n are more speculative. For example,
if n < 1, the universe must be closed if the fluctuation spectrum is extend-
ed to sufficiently large scales. The critical value n = 1 corresponds to
curvature fluctuations of the same amplitude on all scales, equivalent to a
fixed amplitude for density fluctuations on the scale of the horizon. In
terms of the mass spectrum, one has again that

so/p = [0 [ls, |* ]2 w2l (20)
and the assoclated metric fluctuations on scale £

(1-n)/e

2
|hij| ~ Gp&” (8p/p) =M (21)

Direct observation of E(r) in the linear regime should in principle be
able to determine n directly according to (14). Evolution of the fluctua-
tion spectrum prior to and during decoupling does leave its imprint in the
form of two characteristic features. One peak 1s assoclated with the maxi-
mum Jeans mass, and can be substantial if 2 ~ 1 due to the substantial
growth of larger-scale fluctuations after first coming within the horizon at
z < 10% Q. Another feature is assoclated with the damping of adiabatic
fluctuations below ~ 1013 @=5/4 Mpg: 1if @ 5 0.1, this occurs on a scale well
within the linear regime where one might expect to detect its presence in
the galaxy correlation function. For small values of n, both of these fea-
tures may be in conflict with observations, although the observational

situation 1s presently not entirely clear because of apparent large-scale
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inhomogeneities that are being found in redshift surveys.

The large-scale anisotropy of the microwave background radiation pro-
vides a unique probe of the spectrum of density fluctuations on large
scales. The detectionlO,11 of 5 quadrupole moment finds a natural explana-
tion in terms of large-scale structure as predicted by (16). The alterna-
tives involve gross deviations from the standard model (such as invoking an
anisotropic cosmological model, or a universe filled with very long wave—
length gravitational waves). With the normalization fixed by comparison
with the galaxy correlation function, the remaining free parameters are n
and @ 1f we adopt a power-law initial fluctuation spectrum. The results are
shown in figure 1 of a computation9 of the dipole, quadrupole, and higher

moments of the radiation anisotropy in a spatially flat universe.

{a) ADIABATIC {b) ISOTHERMAL
T T T T

R

EE1d

Figure 1. Predicted large-scale dipole (P); quadrupole (Q), octopole (R),
and hexadecapole (S) anisotropy (a) for adiabatic and (b) for isothermal
density fluctuations.? Dotted lines are dipole and quadrupole anisotropies
for adiabatic fluctuations in a neutrino-dominated (R = 1) universe.l?



Key points to note are that similar amplitudes are found for both adiabatic
and isothermal modes, because the dominant effect 1s due to the interaction
of radiation with the gravitational potential associated with the fluctua-
tions. The amplitudes are spatial averages, and should be regarded as un-
certain to a factor 3 or 4. The quadrupole and dipole moments are indepen-
dent averages, and have no preferred relative alignment. The large dipole
effect is due to Fourler components on scales from ~ 100 Mpc to the horizon
size. 1In addition, there will be a contribution to the dipole anisotropy
from our peculiar motion induced by the non-linear fluctuation that we are
in, associated with the Virgo supercluster. The quadrupole and higher mo-
ments are due to fluctuations on the horizon scale and of greater wave-
length. Comparison with the measured values of dipoleltzslo and
quadrupoleloall anisotropy indicates that an isothermal fluctuation spectrum
with n = O satisfactorily accounts for both. Adiabatic fluctuations are in
some difficulty. The dipole anisotropy constrains n Z 2; however in this
range, the quadrupole anisotropy is far too small. Thus an alternative ex-
planation for the quadrupole anisotropy must be sought if adiabatic fluctua-
tions are to survive as a viable theory.

Appealing to rescattering df the radiation after the decoupling epoch
does not alleviate the difficulty with adiabatic fluctuations. Reheating
and scattering only erases temperature fluctuations on an angular scale less
than the horizon at the epoch of last scattering, or about S(Slx)ll3 degrees,
where x (assumed >> 103 @71) is the fractional ionization. Variation of Q
complicates matters somewhat, but the results of figure 1 are relatively in-
sensitive to Q.

The most drastic change 1n these results occurs if neutrinos have a
finite mass, in particular of ~ 30eV as suggested by a recent experiment.

In a neutrino—-dominated universe, which this value of the neutrino mass

would imply, the amplitude of adiabatic density fluctuations at decoupling
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is reduced by about an order of magnitude. The neutrino fluctuations ex-—
perience an earlier period of growth once the neutrinos become non-
relativistic, while the matter fluctuations are still undergoing damping by
photon diffusion and acoustic oscillations. It is the neutrino fluctuations
on scales above the neutrino Jeans mass that determine the final amplitude
of the density fluctuations after the decoupling epoch12r13. In this case
the dipole anisotropy is reduced by a factor 2, while the quadrupole aniso-
tropy 1s reduced by a factor of 2-10 for -1 < n < 2. This reduction does
help; it enables 0 < n < 1/2 adiabatic fluct;ati;ns to provide a possible
model that accounts (within a factor ~ 3) for both the dipole and quadrupole
moments.

While constant curvature fluctuations (n = 1) apparently yield too low
a value for the quadrupole moment, however, another difficulty with adia-
batic fluctuations is alleviated in a massive neutrino-dominated

universe. The galaxy

autocorrelation function i1s consistent with n = 1 in this case, because the
baryon mass within the maximum neutrino Jeans mass (~ 101% Mg) produces the
dominant peak in the post-decoupling density fluctuation spectrum, as op-
posed to the much larger mass scale (~ 1017 Mg) associated with the maximum
matter Jeans mass in a standard model with € = 1. Results of computations17
of the galaxy autocorrelation function in the linear regime as given by
equation (14) are shown in Figure 2 for three cases: with neutrinos (Qy =
0.98, Qp = 0,02) and without neutrinos (Qp = 1.0 and 0.1). It should be
noted that a value of n < 1 does lead to a divergence in the metric fluctua-
tions on large scales, and a long wavelength cut-off or increase in n to a

value in excess of 1 must be specified.



2=0.98,0,5=00 |

1.0

0.5

QOL

T

CORRELATION FUNCTION &(r)

2,=0.!

O
o
I

10 10 100
COMOVING SEPARATION(Mpc)

Figure 2. The galaxy autocorrelation function as a function of comoving
separation in the linear regime for a neutrino-dominated universe (Q, =
0.98, with baryon content @, = 0.02), and for two cosmological models with-
out neutrinos (Qp = 1.0 and 0.1). For each cosmological model, the correla-
tion function is plotted for several values of the fluctuation spectral in-

dex n, as indicated.
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B. Small-scale Anisotropy

The small angular scale structure of the background radiation (that is
to say, with the dipole and quadrupole components subtracted off) is best
described in terms of the autocorrelation function of the radiation distri-
bution given by (15). To compare with observations, the antenna response,
modelled by a Gaussian distribution £(©,0) with beam width o mist be folded

in, ylelding a "smeared” correlation function

” <1 (62 4 42 0 22
F(8,0) = L [ow av(sT/mI(M) explZly(6" + 4D} 1(3L,). 22)

For a point beam (o + 0), the correlation function reduces to F(8,0) =
(8T/T)(8). The mean square temperature fluctuation for a beam switched
through an angle 6 is

(86T/T)2 (0,0) = F(0,0) - F(0,0). (23)
The most significant observation to date 1s that reported by Fabbri et al.l4
on an angular scale of 6 degrees. Thelr claimed detection of
8T/T = 3(+0.7) x 107 with a beam ¢ = 3° is compared in figure 3 with theo-

retical predictions for adiabatic and isothermal fluctuations.



(o) ADIABATIC (
- T

b) ISOTHERMAL
v g

Figure 3.

switched through an angle 6.

0 100
8 (arc-minutes)

(C) ADIABATIC, MASSIVE NEUTRINOS

1000 | 10 100 1000

8 { arc-minutes)

y2
10 T —
o=3

03 |- -
- n=-1
0 -
© =

10°|- - -

-
o P <n=t
s 1L [t
0 1 10 100

G (arc-minutes}

1000

Temperature fluctuations for an antenna of beam width 3° and

Observation shown is due to Fabbri et al.lé4,

Predictions!5,17 are (a) for adiabatic fluctuations, (b) for isothermal

fluctuations, and (c) for adiabatic fluctuations in a neutrino-dominated (

= 1) universe.

267



268

The calculationsld are for a spatially flat model and cover a range of
values of n. An adiabatic spectrum with n = 1 or an isothermal spectrum
with n = 0 fits the reported fluctuations. If conservatively taken as an
upper limit on 8T/T, one concludes that n > 1 for adiabatic fluctuations or
n Z 0 for isothermal fluctuations, provided that 2 = 1. It should be noted
that an adiabatic fluctuation spectrum with n > 1 diverges on small-scales,
and a small-scale cut-off or change in n to a value less than unity must be
specified.

The predicted small-scale anisotropy scales as ~ 9’1, and consequently
Q 5 0.1 constrains n > 3 (adiabatic) or n > 1 (isothermal), effectively rul-
ing out the possibility of isothermal fluctuations (since cluster simula-
tions require n S 0). On the other hand, a neutrino—dominated universe
raises 2 to a value near unity, and in addition, reduces the predicted level
of small-scale anisotropy by a factor ~ 10 for a neutrino mass of 30 eV
(Figure 3), thereby allowing either model. The 6° observation 1s especially
significant because reionization will not be able to appreciably attenuate
fluctuations on this scale.

On smaller angular scales, a representative limit is that of
PartridgelG, who finds

ST/T <2 x 1074, @ =9, ¢ = 1.'8.

Figure 4 presents a comparison of predicted fluctuations for the beam used
in this experiment with this upper limit. Provided that there has been no
appreciable rescattering of the radiation since decoupling, and this is at
least a direct implication of the adiabatic theory in which galaxy formation
occurs at a late epoch, one concludes that adiabatic fluctuations can be re-

conciled with observation only if @ ~ 1. If @ ~ 0.1, the adiabatic
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fluctuatieon theory is unacceptable for any value of n (< 4). However iso-
thermal fluctuations are consistent with the upper limit on &T/T if n S 0
and 2 2 0.1. As before, these conclusions about small-scale anisotropy are
drastically revised in a neutrino—dominated universe, where the predicted
level of anisotropy is reduced by a factor ~ 10(m,/30eV).

In summary, one may conclude that astronomers are on the verge of veri-
fying the gravitational instability theory of galaxy formation, one of the
greatest outstanding challenges posed by a viable cosmology. The seeds of
the observed large-scale structure in the Universe may already have beeun
detected: it seems likely that as the sensitivity of future experiments is
improved, the current indications of angular anisotropy will, at some level,
be confirmed. If the current observations are accepted, it is the quadru-
pole anisotropy that provides the greatest constraint on theory. The fact
that gravitational potential fluctuations are of order G6p.L2 indicates that
small amplitude but sufficiently large-scale density fluctuations, both at
the present epoch and on the surface of last scattering, can produce signi-
ficant large angular scale variations in the radiation temperature.
Accounting for the quadrupole anisotropy requires, in the standard model, an
isothermal fluctuation spectrum resembling white noise. An adiabatic fluc-
tuation theory i1s viable only if the neutrino has a rest-mass in excess of a
few eV, in which case n = 1/2. Perhaps the most important point is simply
that the quadrupole moment is most simply and elegantly interpreted in terms
of the density fluctuations on very large scales whose presence is inferred
from the requirement that an initial fluctuation spectrum is required in
order for structure to develop.

I am indebted to M.L. Wilson for providing indispensible advice on
the anisotropy results. This approach has been supported in part by

NASA under grant NGR 05-003~578.
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THE EVOLUTION OF STRUCTURE IN THE UNIVERSE:
OBSERVATIONAL CONSIDERATIONS

R. B. Partridge
Haverfecrd College, Haverford, Pa., U.S.A.

Large scale structure in the Universe--galaxies and clusters, for
instance-~is believed to arise from small density perturbations
generated at an early epoch in the expanding Universe. This paper
treats the observational evidence which bears on the nature,
spectrum and initial amplitude of such density perturbations.
Special attention is devoted to studies of the microwave background
radiation. The observational results, while not conclusive, favor
isothermal over adiabatic perturbations, and suggest a perturbation
spectrum Ap/p =« M~1/2,
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I. STRUCTURE IN THE UNIVERSE

Except on the largest scales, matter in the Universe is
not uniformly distributed. Luminous matter--consisting of stars
and galaxies--is clumped, as any deep photograph of the night sky
will show. The most prominent features in the present mass distri-
bution of the Universe are galaxies, with a typical mass of 10°%-
102 Mg, and clusters of galaxies, with masses 1013-1015 Mg (1 Mg =
2x1030 Kg). The analysis of galaxy counts by Peebles and his col-
laborators!] and the recent redshift survey by Davisz] (discussed
in this volume by Press) show that inhomogeneity in the distribu-
tion of mass extends over a wide range of mass and length scales.

While the existence of inhomogeneities in the Universe
has been recognized for some time, only recently are explanations
for them being offered. Those of us interested in the large scale
structure in the Universe are faced with a number of difficult
questions:--(1) What mechanism or process causes matter in the
Universe to be clumped? (2) Why do the more obvious structures--
galaxies and clusters--have the mean densities that they do?

(3) Why is structure prominent on certain mass scales and not
others? (4) To what extent is the inhomogeneity we see now due to
"initial" conditions as opposed to subsequent physical processes
which have modified them?

As an observational astronomer, I shall be concerned pri-
marily with the observational results which bear on these questions.
Since the observations are quite diverse, however, some theoretical
framework seems advisable. What follows is a brief supplement to
the paper of Silk in this volume. Both he and I base our remarks
on the hot Big Bang model for the Universe. The crucial feature of
this model is a hot dense phase early in the history of the Uni-
verse, when conditions ensured that thermal equilibrium obtained.
Evidence for such a phase is provided by the (largely) thermal
spectrum of the cosmic microwave background (see Silk and Rowan-
Robinson, this volume, for further discussion).

A second property of this model is expansion. As the
Universe expands, it cools. At an epoch some 10% years after the
Big Bang, the temperature of the matter and radiation drops to
n 103 K, and the primeval plasma recombines. The sudden disappear-
ance of free electrons sharply reduces the (Thomson scattering)
interaction between radiation and matter and these two components

of the Universe decouple. Matter and radiation continue to cool,
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but at different rates. A second consequence of sudden decoupling
at t ~ 10° y is that the Universe becomes transparent, at least in
the absence of any subsequent and universal re-ionization of the
matter content of the Universe. The latter point in particular has
important observational consequences, as we shall see.

The cooling of the Universe, the decrease in its mean den-
sity, and the evolution of other properties of an expanding Uni-
verse are most easily parametrized by the redshift (z + 1). Using
subscript zero to represent the present values of wavelength, tem-

perature, density, random velocities and epoch, we have

Ao = A(z + 1)
T = To(z + 1)
= po(z + 1)3
\_7=\.7-0(z+ 1)
+ 1)~! open (empty) model

¢ = to(z

{to(z + 1)_3/2 flat space model
Redshift is used rather than epoch, since the relation between the
two is model dependent (see, for instance, Weinberg3]). The red-
shift of decoupling is zg ~ 1100. Representative values for pres-
ent cosmological parameters are Tg = 2.8 K, po % 10-30 gm/cm3 and
to = 10-20x10°% y: the last two are model-dependent.

Of particular interest to us is the evolution of density
inhomogeneities in an expanding Universe. Consider a small region
with density p = p + Ap slightly above the average density. The
amplitude of the density perturbation Ap/p will increase, but
slowly, as shown a generation ago by Lifschitz“]; .

bolp = (z + 1)71. (1)
This result applies in the linear regime, or for Ap/p % 1. Because
the power-law growth is slow, the structure we now see cannot
develop from arbitrarily small perturbations.

Nor can the structure we now see develop from purely ran-
dom fluctuations; the masses are too great. We thus must face a
choice:--either some non-random perturbations in the density were
present ab initio or some physical process operating in an initial-
ly homogeneous Universe produced density perturbations. The former
option is unpalatable to many, especially when we consider just how
special the initial conditions must have been to give us the pre-
cise scales and densities we now observe in subunits of the Uni-
verse. The latter option is much more fruitful, and is an area of

cosmology on which the growing collaboration between astrophysi-



cists and elementary particle theorists is beginning to shed some

light.
II. CLASSIFICATION OF PERTURBATIONS

Density perturbations can be characterized by three pa-
rameters. The first, loosely speaking, is their type; the second,
the amplitude, Ap/E; and the third, a scale, generally given as the
mass of the perturbation, M.

Four major categories of perturbations have been dis-
cussed in the literature (for recent reviews, see Silk's article in
this volume, Sunyaevsl, Ozernoisl, and references therein).

In adiabatic perturbations, both radiation and matter is
perturbed, thus keeping the specific entropy n,Y/np+ constant
(Sunyaev and Zel'dovich7], Peebles and Yu8l). 1In isothermal per-
turbations, as the name suggests, the temperature and hence radia-
tion density are constant; only the matter is clumped (SunyaevS];
Gott and Rees®l). Vortex or "whirl" perturbation involve large-
scale motions of the matter and radiation; this form of perturba-
tion has been discussed by Ozernoislrlo], Chibisovll!] and their
collaborators. Finally, there is the possibility of source-free
gravitational waves (see Dautcourtlz]).

The two other important parameters, mass and fractional
amplitude, may be expressed by giving the index and normalizing co-
efficient of a mass spectrum

bl = k(Ml)‘“ (2)
o
The index o can be related to the spectral power index n defined by
(Ap/a)i « 9470 a5 follows:

1 n
o= 3 + 5

If Ap/p is time dependent, the mass spectrum will be also.

A variety of theoretical arguments have been made to as-
sign values to k and a. One suggestion with considerable appeal is
due to Zel'dovichl3l: o = 2/3 ensures that the perturbations are
of constant curvature as they enter the horizon (see Silk, this
volume). As we shall see, this requires k 2 10-% for Mg v 1015 Mg
at zy. Other arguments suggest o = 1/3 (Gott and ReesQ]), a = 1/2
(Hoganlu]) or o = 5/6 (Press, cited by GottlS]) with values of k
several orders of magnitude below or above 10~%, respectively. A
point of special relevance to this conference is the link between

particle physics and the index a. Predictions, rather than assump-



tions, can be made about the index a based on the particle physics
of the early Universe (as discussed here by Silk, Press and
Nanopoulous, and elsewhere by Gottls]). Particle physics arguments
may also bear on the type of perturbations generated early in the
Universe: for instance, explanations of the baryon number of the
Universe based on GUT's require adiabatic fluctuations.

As I shall try to show later, we may be able to determine
the spectrum and even the type of primordial density perturbations
from astronomical observations. The possibility of contributing to
fundamental physics this way is an exciting prospect for an astron-
omer .

Unfortunately, while the initial mass spectrum holds the
most interest for fundamental physics, we will probably not be able
to observe it directly, except possibly at the large mass end. The
reason is that a variety of physical processes affect the perturba-
tions before the earliest epoch at which we can hope to observe
them., Some of these processes are mass dependent, and hence will
alter the mass spectrum. Fortunately, many of them are well under-
stood.

To sketch the effect of these processes, I would like to
focus attention on perturbations of three masses, 10!l Mg, 1015 Mg
and 1019 Mg, which are, respectively, the representative mass of a
galaxy, the largest aggregates of matter with Ap/g 21 now, and a
rough estimate of the mass of the Universe at the important epoch
of decoupling.

101! Mg Perturbations of this mass cross the horizon* or
become causally connected about 1 year after the origin of the
Universe. Prior to that time, the perturbation amplitude can in-
crease. Almost immediately after entering the horizon, a 1011 Mg
perturbation will stop growing and enter a phase of oscillation
(since its mass has fallen below the Jeans mass, which in turn ap-
proximately equals the mass within the horizon——Reesle]). The os-
cillatory phase lasts until the epoch of decoupling when the Jeans
mass suddenly drops to ~ 10° M@17]. During this oscillatory phase,
adiabatic perturbations of mass % 1013 M@ are strongly damped by
photon drag, a process described first by Silkle]. On the other
hand, this process does not affect isothermal perturbations; for
*At any epoch, t, the radius of the Universe is ~ ct. As the

Universe grows older, its radius and mass increase. In this case,

the mass within a radius ct was ~ 10!1 Mg for t ~ 1 yr: larger
masses were not causally connected then or earlier.
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these Ap/E remains constant throughout the oscillatory phase. Note
the sharply divergent predictions about the amplitude of fluctua-

tions on a scale of ~ 1011 Mg depending on the type of perturbation

(figure 1).
3 101l (isothermal)
L
log —/’//’,,/q‘i:\\\
2p/F 1011

/
\\\ - ——
~—""1011 (adiabatic)

1 ~

1
tg log t
Figure 1. Schematic representation of the evolution of density
perturbations of different mass. The (baryonic) mass in the per-
turbation is given in Mgz. Vertical ticks mark the epoch at which
the Jeans mass equals each.

The fate of vortex perturbations of this mass has been
considered by Chibisov!!] and reviewed by Jones!?]., Readers are
referred to these papers for details.

1015 Mg. In many ways, perturbations in this mass range
have the simplest life histories. They enter the horizon well be-
fore the epoch of decoupling, then oscillate without appreciable
damping until the epoch of decoupling. Observations of perturba-
tions on this scale and larger, then, can tell us directly about
the initial mass spectrum.

1019 Mg. This value was chosen to be the mass just cross-
ing the horizon at the decoupling epoch. Slightly less massive
perturbations may or may not oscillate depending on the relation
between the Jeans mass and the horizon mass. This in turn is model
dependent; the Jeans mass will approximately equal the horizon mass
if the Universe is radiation dominated until decoupling. For this,
it is necessary to have the energy density in radiation larger than
pmc? until tqg. Here pp is the density of matter alone. In the
open, low density, cosmological models now favored, this condition

does hold until decoupling.



Physical processes at and after tq. Physical processes

during the epoch of decoupling, when the fractional ionization is
changing rapidly, are complicaéed and still not fully understood.
In general, they work to reduce Ap/a. Detailed discussions and
calculations are given by Peebles and Yu®l and Doroshkevitch et
a120],

After decoupling, any perturbation with a mass greater
than the Jeans mass of & 10° Mg will grow17]. However, as
Lifschitz*] showed many years ago, the rate of growth is slow

aplp = (z + 1)-1
as well as mass-independent. This phase lasts until aplp begins to
exceed unity, and non-linear effects appear, including possibly
dissipation and fragmentation%*,

Note that pure Lifschitz growth would produce a spectrum
of masses in the Universe today having the same mass-dependence as
the perturbations at decoupling. This fact presents a problem for
those favoring adiabatic perturbations, since the Universe today is
clumpier on galactic mass scales than on scales 2 1013 Mg. The
answer, supplied by Zel'dovichzx] among others, is that pure
Lifshitz growth of adiabatic perturbations with masses in excess of
v~ 1013 Mg is followed by collapse and fragmentation. "Pancakes™ of
n 1015 M@ collapse along a single axis and fragment to produce
galaxies. In this scenario, the present mass spectrum reflects the
mass spectrum at decoupling only for masses 2 1015 Mg .

An alternative model is provided by Press and
Schechter?2]: gravitational instability. In this scenario, larger
and larger masses form by gravitational "agglomeration" of smaller
masses. At present this process has produced density perturbations
bp/p ~ 1 on a scale of ~ 10!5 Mg. This scenario requires the pres-
ence of smaller mass "particles" which clump to form larger units,
and thus appears to be consistent only with isothermal perturba-
tions.

Once again, note the clear distinction between the two
scenarios. If the perturbations at ty are primarily adiabatic,
only masses 2 1013 Mg will be represented; the pancake theory or
some variant of it is favored; and galaxy formation is a secondary
process. If the perturbations are primarily isothermal, the pre-

dominant mass scales will be ~ 10° Mg and larger; and galaxies and

*0r, in open models, until the epoch corresponding to z =(pc/oo)- 1
(see III, T4, below).
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clusters will form, in that order, by gravitational instability.

Can observations help distinguish between these two cases?
III. ASTRONOMICAL EVIDENCE BEARING ON DENSITY PERTURBATIONS

The density perturbations we have been discussing are
responsible for the structure we see in the Universe today. It
follows that a careful study of the distribution of matter now may
reveal some of the properties of the spectrum of density perturba-
tions which were present at a much earlier epoch. 1In this section
I will discuss some of the relevant observational evidence, both
direct and indirect, which may help answer the questions raised in

section I.

The epoch of galaxy formation. From direct observa-
tionsza], we know galaxies exist at redshifts of order unity. Thus
they must have formed--that is, contracted and fragmented to form
starszu]:zsl--by an early epoch.

Several attemptsze] have been made to observe primeval
galaxies--galaxies in the act of forming their first generation of
presumably highly luminous stars., None of these searches has been

successful., If the models of galaxy formationzs]

which initially
motivated them are correct, then the epoch of galaxy formation can
be pushed still further into the past. Very roughly, the redshift
of galaxy formation is limited to z¢ Z 7 (see [26]).

Several indirect arguments are in accord with zf ~ 3-10.
First, there are the number counts of QSO and radio sources, which
suggest that some objects of roughly galactic mass were forming at
z v 3, Next, one can argue25] from the presently observed density
of galaxies that they must have formed at redshifts of order 10,
unless very significant dissipation was involved. Finally, in open
cosmological models, growth in density perturbations following the
(z + 1)1 law of Lifschitz%] ceases as the Universe enters its
linear expansion phase27]. Thus galaxy (or cluster) formation must

Pc

be complete by an epoch z o 1 where p, is the so-called criti-
o

cal density 3H02/8ﬂG, and py is the present density. Many cosmol-
ogistsze] now favor p, ~ 0.1p.; hence z¢ 9.

These limits on zf set constraints on the amplitude of
perturbations at the decoupling era. If we assume bp/p > 1 is
required to initiate the process of collapse and fragmentation, we

have from relation (1)



_ Zg + 1
(Ao/o)d = l( Z;_I_I>'

With values for 2zf in the range 3-10, we see that perturbations of
0.3-1% are required.

So far, this argument has assumed that galaxies form di-
rectly from perturbations of characteristic galactic mass, say 101!
Mg. If so, we require Aplp R .003 on a mass scale of 10!l Mg at
tg. Galaxies may, however, form as fragments in the collapse of
larger structures, such as the "pancakes" of Zel'dovich2!]l, 1In
this scenario, pancakes of ~ 1015 M@ have values of Ap/a ~v1oat
z v 10, so we see that perturbations of order 0.3-1% are required,
but on a larger scale than for direct galaxy formation.

More detailed argumentss]’29] suggest somewhat smaller
lower limits on (Ao/E)d. Nevertheless, the crucial conclusion still
holds--substantial density perturbations at ty are required to pro-
duce the structure we now see in the Universe. Equally, the per-
turbation amplitude cannot have been too high; otherwise presently
observed systems would have much higher densities than they do.
These results help pin down the normalizing coefficient k in equa-
tion (2).

Correlations. The important work of Peebles and his
collaboratorsl] has shown that correlations exist between the
positions of galaxies over distances in the range 0.1-10 Mpc at
least. Following Peebles, we define a dimensionless correlation
function £(r) by

E(r) = <Colxdolx, + E)>/oD2 - 1. (3a)
His work on a variety of galaxy samples shows
g(r) = (r/rgy)71-77 (3b)

100

with rg~n 5 T, ) Mpc. This value of ry corresponds approximately to

1015 Mg. Here we have, in principle, a means of determining the
index o of equation (2). This problem has been addressed both by
Peebles39)5 1] and by Gott and Rees?]. Three questions arise in
these papers: what index a is favored by the observed relation
(3); does the relation (3) hold for perturbations on the largest
scales r 2 10 Mpc; and is some cutoff needed at either large scales
or small scales to prevent unacceptable physical consequences? To
this writer, at least, these questions do not seem to have been
finally decided. The redshift survey of Davis?] reveals substan-

. > . . .
tial structure on scales A 10 Mpc; it appears to be consistent with
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an extrapolation of (3) rather than to fall below it (Davis, pri-
vate communication). This may tend to weaken Peebles' argumentao]
that the initial mass spectrum must be steep. In [15] it is sug-
gested that either a low density model with o ~ 1/3 or a critical
density model with a = % provide as good a fit to Peebles' data as
do models for adiabatic perturbations with a R 1 (as favored in
[30]). 1If o o 1, some cutoff at short wavelengths (small masses)
is required to prevent the formation of Black Holes by gravitation-

al collapse of perturbations of small mass--see the following para-

graphs. The situation is less crisply defined than we might like.
Indirect constraints: limits on perturbation amplitudes
at epochs << td. Up to this point in Section III, we have been

considering constraints on perturbations which can be set at tgq or
after., There are, however, several arguments which allow us to
limit Ap/; at much earlier epochs. I have already alluded to the
first: if a > 2/3, perturbations do not eriter the horizon with
constant curvature. Instead, at epochs closer to t = 0, when the
horizon mass was smaller, the curvature perturbations were larger.
In other words, a > 2/3 implies an initially chaotic Universe with
large curvature perturbations; these could easily have collapsed to
form Black Holes for which there is no astrophysical evidence.

Likewise, if a > 2/3, or k is too large, perturbations
present at t v 100 sec would have altered primordial nucleosynthe-
sis (Audouze, this volume; Wagoner31]), particularly He produc-
tion32]. Since the observed He abundance appears to be in accept-
able agreement with that predicted for homogeneous, isotropic
Friedman models (see Kunth, this volume; Greensteinaa]), we must
conclude that a < 2/3 and that k was not too large, or that some
cutoff operated to prevent large amplitude perturbations on small
scales.

While these constraints are interesting, they are by no
means conclusive, Fortunately, there is another approach to the
questions raised in Section I that is now being actively exploited—
careful study of the angular distribution of the cosmic microwave

background.
IV, FLUCTUATIONS IN THE COSMIC MICROWAVE BACKGROUND

For more than a decade, it has been recognized that the
microwave background will be affected by non-uniform velocity

fields or inhomogeneous distribution of matter on the surface of
last scattering7L 341, The effect is to introduce intensity or
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temperature fluctuations AT/T in the microwave background. Thus a
study of the fine scale anisotropies in the microwave background
provides a '"snapshot" of the distribution of matter at a much
earlier epoch, the epoch of last scattering of the microwave pho-
tons. 1In principle, such a "snapshot'" would permit us to determine
both the slope and amplitude of the perturbation spectrum (2).

To proceed further, we need to know what the redshift of
the epoch of last scattering is. Certainly zg : z43; before the
primeval plasma recombined, Thomson scattering kept the mean free
path of photons low. If there was no subsequent re-ionization of
the matter content of the Universe, we may take zg = zq ~ 1100. We
will make this assumption for the remainder of this Section, then
relax it at the end.

Assuming that the surface of last scattering is at a
large redshift, zg Vv 1100 permits us, following Weinberg3], to
write down a relation between the mass of a perturbation, assumed
approximately spherical in shape, and its observed angular diameter

[} =p_°j{_9.(6_M 1 (4)
Zcpc T,
where, as before, pc is the critical density 3H°2/8nG and p, is the
actual mass density of the Universe.

Equation (4) above establishes a straightforward link
between an observational parameter and the mass scale of a density
perturbation. Unfortunately, the link between the amplitude of
density perturbations and the fluctuation level AT/T is much more
complicated., In the first place, fluctuations in the cosmic micro-
wave background are produced by a number of physical processes, the
more important of which will be described briefly below. In addi-
tion, because the recombination of the primeval plasma is not
instantaneous, it follows that in many cases the observable fluctu-
ations in the microwave background are averaged out5ls 71,

The most straightforward connection between Ap/p and AT/T
holds for purely adiabatic fluctuations: here AT/T = 1/3 Ap/p.
Unfortunately, this simple relationship between temperature fluctu-
ations and density perturbations will apply only for adiabatic
perturbations of mass 2 1015 Mg, since smaller mass perturbations
will be optically thin through the epoch of decoupling so that
their temperature fluctuations must be averaged over a line of

sight, and thus the observed level of AT/T will be reducedS] .
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For lower mass perturbations of all types, most of the
observable temperature fluctuations are generated by the Doppler
effect arising either from the motion of matter caused by the grav-
ity of the perturbations at tdSL 29], or directly from vortex per-
turbationslz],asl The latter will be dominant if present.

Calculations of the amplitude of observable fluctuations
as a function of mass (or angular scale) have been made by several
groups both analytica11y5L 7] and numericallyeL 20], 29], for many
values of a, While there is some disagreement on the predicted
amplitudes, especially for isothermal fluctuationszo]’zgl, for all
reasonable values of a, AT/T ~ 1075-10"3. 1In the case of adiabatic
perturbations, larger values of AT/T result for the lower values of
po/p. now favored. As a representative example of calculated val-

ues of AT/T, we reproduce the results of Silk and Wilson29]

as fig-
ures 2 and 3.

Calculations of AT/T for vortex perturbationsgs] give
substantially higher values, because of the large velocity fields
at tgy.

A different and more conservative approach to this ques-
tion is to ask what is the minimum permissible value of AT/T.

Davis and Boyntonae] take this tack., Assuming conservatively that
only isothermal perturbations are present, they show that AT/T must
have a lower bound of a few times 106 in order to be consistent
with the observed distribution of galaxies now.

The possibility that massive neutrinos make up much of
the mass of the Universe (see Cowsik and also Schramm, this volume)
still further complicates and attenuates the connection between
AT/T and Ap/p. This question is being actively investigated by
Silk, among others--see his contribution here. Quantitatively, the
effect of adding massive neutrinos or other non-baryonic matter is
to reduce AT/T for a given Ap/p.

Finally, as we prepare to turn to the observational
results, it is worth noting that predicted values of AT/T result-
ing from perturbations at tg reach a maximum on angular scales
3 10', corresponding approximately to a mass of 10!5 Mg. For
smaller masses and scales, either the perturbations are damped out
before ty, or the observable fluctuation level is reduced by aver-
aging along the line of sight through the decoupling epoch, as

mentioned above,



Observational results. The opportunity provided by the

microwave background to study the distribution of matter at an
early epoch has led many groups to search for temperature fluctua-
tions. Two general remarks may be made about the results to
date:--(1l) No one has reliably reported detection of fluctuations
which are indisputably primordial; only upper limits on AT/T on
various angular scales are available. (2) These upper limits, how-
ever, are tight enough to constrain the spectrum of density pertur-
bations, and even to eliminate certain types of perturbations
entirely.

Observational upper limits available in mid-1979 are
summarized and reviewed critically in [37]. Table 1 is reproduced
from [37]; the corrections referred to in the last column were made
by the author, not by the observers, and include corrections for
telescope efficiency and conversion to the 95% confidence level37],
Table 1. A list of all published upper limits on the small-scale
anisotropy of the cosmic microwave background. The results are

generally expressed as limits at the 95% confidence level. The
corrections are my own estimates, and may be ignored.

Reported or

published Corrected
Wavelength Angular upper limit wupper limit
Observers cm scale AT/T AT/T
Conklin et al. [38] 2.80 10" 1.8x1073 3.5x1073, %
Penzias et al. [39] 0.35 2! 9.0x10"3 2.0x1072
Boynton et al. [40] 0.35 A 15 3.7x1073 1.8x1073
Carpenteret al,[41] 3.60 21-1° 7.0x107%
Parijskij [42] 2.8 3'-1° 3.0x1075 4,0x1074
Parijskij [43] 4.0 N 12'%x40" 5.0x1075 1.6Xx107 4%
Stankevich [44] 11.0 8'-20" 1.5x107*" 4,0x107 4%
Caderni et al. [45] 0.13 30" 1.2x107"%
5° 8.0x1075 4.,0x1074
Parijskij etal. [46] 4.0 ; to {to {to
150" 1.3x1075 7.5%x1075
Partridge [47] 0.9 A 8.0x1075

#Not corrected for possible errors in statistical analysis, but
only for telescope efficiency. Also converted to 20 values.
The results of Parijskij et a1.46] and Partridge“7] set the most
stringent limits near the two ends of the range of angular scale
covered by the measurements. When these results are compared with
figures 2 and 3*, it is clear that they fall well below the predic-
tions of the models for adiabatic perturbations, and effectively
*Note that ex eﬁ%ment [47] employed beam switching; hence, as shown
by Boynt:onl‘e the true angular scale sampled was the beam-

switch angle of 9', not the actual size of either beam. The upper
limit has been plotted at 6 = 9",
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limit the index a to < 1/2 for isothermal perturbations. In addi-
tion, if we put these limits into the context established by
Chibisov and Ozernoilll and Anile et 3135], we see that models

"whirl" perturbations are also ruled out.

based on vortex or

Since 1979, additional upper limits have been published
or reported“9]_52]. While some of these do not appreciably change
the picture summarized in Table 1, the very low upper 1imit52] on
fluctuations on a scale of A 5° is of great importance: at submilli-
meter wavelengths, AT/T Y 2-3x1075., It seems likely that at least
some of the observed fluctuation on this angular scale at this
short wavelength is produced by warm, emitting, dust clouds in our
Galaxy. Thus the true level of primordial fluctuations on this
scale must be lower still, From a theoretical point of view the
importance of this result lies in the fact that the corresponding
mass scale is > 1019 Mg, the horizon mass scale at t(g (see Section
II). Thus this observation samples the mass spectrum at tgq direct-
ly, uninfluenced by any causal physical process such as damping.
From an observer's point of view, the results show the power of
bolometric receivers with their very wide bandwidth33l. a group of
usS*%] is attempting to repeat such measurements on a large angular
scale (in our case ~ 3°), using conventional ground-based superhet-
erodyne receivers at A v 3 cm. At present our results are more
than an order of magnitude less sensitive than the Italian re-
su1t552]. It seems clear to me that the best future observations
on 1/2°-20° scales will be made with bolometers, and generally not
ground-based.

On the other hand, on smaller angular scales, 3'-30',
conventional radio astronomical techniques can be pushed further.
For instance, it appears that a new receiver at the 140-foot tele-
scope operated by the National Radio Astronomy Observatory in the
U.S. should permit observersss] to reduce the upper limits on AT/T
by a factor of 2-3 on a scale of ~ 12',

On still smaller angular scales, filled aperture antennas
cannot be used--their resolution is ~ 1' because of diffraction.
Hence observers56]’57] have turned to radio interferometry or aper-
ture synthesis. In addition to permitting observations on angular
scales as small as 1" or less, aperture synthesis provides in prin-
ciple a two-dimensional map of the temperature fluctuations. Un-
fortunately, aperture synthesis also has a strong disadvantage

built in57]——much lower sensitivity for a given integrating time
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than a filled aperture telescope. For instance, 24 hours of obser-
vation with the Very Large Array has produced a tentative upper
limit AT/T % 1x10-2 on a scale of & 6" (see Table 2 below): this
same integrating time resulted in an upper limit of 8x1075 at ~ 7'
(see [47]). The use of shorter baselines at the VLA will improve
the limits on AT/T, but not by a large factor.

The results of the aperture synthesis observations to
date appear in Table 2. Given both the poor sensitivity and the
fact that predicted values of AT/T discussed above drop rapidly as
6 falls below ~ 10', it is reasonable to ask why people are pursu-
ing these observations. One answer is that the theoretical predic-
tions are model dependent and not always in perfect agreement; it
is prudent to check them. A much more compelling reason is laid
out in the following paragraphs,

The effect of re-ionization at epochs >> tg. Up to this

point, we have been assuming that the epoch of last scattering--the

" "

epoch we "see" when we observe the microwave background--coincided
with the epoch of decoupling at z4 ~ 1100. A number of scenarios
for the formation of galaxies and clusters suggest that this may
not be so (see [58], [59], and Rowan-Robinson and Puget, this vol-
ume)., If the matter in the Universe is re-ionized at an epoch cor-
responding to 1100 > 2z S 10, perhaps by energy released in the pro-
cess of galaxy formation, Thomson scattering from the free electrons
will shift the surface of last scattering to a much lower redshift
zg v 10-20 (depending on the density py). On the other hand, re-
ionization after an epoch of z ~ 10-20 will have no effect; the
Universe will remain transparent so that we may again take zg~ 1100
as the surface of last scattering.

If matter is re-ionized at z > 10-20, three important
observational consequences follow:--(1) Obviously, observations of
temperature fluctuations will no longer tell us anything directly
about the initial mass spectrum. (2) While density perturbations
on the surface of last scattering will still produce temperature
fluctuations by the Doppler mechanism discussed above, the angular
scale at which AT/T rises to its maximum value will be shifted from
v 10" to ~ 3° (see [60]). (3) Perhaps the most intriguing new ele-
ment introduced is the possibility of wavelength-dependent fluctua-
tion amplitudes5%]., Pure Thomson scattering (at these energies) is
entirely independent of wavelength. However, there are other scat-

tering and absorbing processes which may come into play during the



epoch of galaxy formation, and many of these are wavelength-depen-
dent. Extinction by dust, discussed in this volume by Puget and
Rowan-Robinso{, is one example. Hogan59] has looked at these pro-
cesses in some detail, and has predicted values of AT/T for a spe-
cific model. His results appear as figure 4 here. Note, first,
the wavelength dependence of the contours of AT/T, and, second,
the large values of AT/T that these scattering processes produce
on small angular scales. Indeed, comparison of Table 2 with fig-
ure 4 suggests that the available interferometric observations,
insensitive as they are, already put the squeeze on Hogan's models.
It seems likely to me that tighter constraints on the small scale
anisotropy of the cosmic microwave background, combined with more
precise measurements of its spectrum, can provide a critical test
for those theories of galaxy formation which call for large re-

leases of energy at epochs much later than tg.

Table 2. Aperture synthesis (interferometric) searches for fluc-
tuations in the cosmic microwave background. See [56] for refer-
ences to the original papers.
Wavelength Angular scale of

Observers cm synthesized beam AT/T
Goldstein et al. 21 VAL X 3x1072
Martin et al. 11 13" (7£4)x1072%

" I 3.7 4" < 4x10-2
Partridge et al. 6.0 6" S 1x10-2%%

*Detected fluctuations probably due to discrete sources56],
**Preliminary result.

Very large angular scale anisotropy. It is well known

that there is a dipole anisotropy of ~ 10~3 in the microwave back-
groundﬁl]. Only recently have these difficult experiments been
pushed hard enough to measure higher moments of the distributionezl
Although measurements by different groups are not in perfect ac-
cord, there is clear evidence for a quadrupole component. While a
quadrupole component can be introduced by anisotropy in a purely
homogeneous cosmology53], it is also possible to regard the
quadrupole signal as a fluctuation on a particularly large scale.
This approach has been taken by Silk and Wilsone“], and is dis-
cussed in more detail by Silk in this volume. Here I shall mention
only that no adiabatic perturbation model appears consistent with
the observations of both the dipole and the quadrupole moments (un-
less massive neutrinos are added to the picture). In general an
adiabatic model produces too large a dipole component and too small

a quadrupole component. A model based on purely isothermal
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Figure 4. Calculated contours of AT/T, with and without
dust. Adapted from [59]. Parameters of the interfero-
metric [56)] and one filled-aperture [47)] observations are
indicated.



perturbations with index a % does appear to fit the available
dipole and quadrupole observations (and is consistent with the
smaller angular scale upper limits discussed above),

Perhaps we are in fact on the verge of determining the
nature of the primordial perturbations which gave rise, directly

or indirectly, to all the structure we see about us in the Universe.
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POPULATION III OBJECTS AND THE SHAPE OF THE COSMOLOGICAL BACKGROUND RADIATION

J. Heyvaerts
Observatoire de Meudon - 92190 Meudon
J-L. Puget
Institut d'Astrophysique, 98 bis Bd Arago - 75014 Paris

The spectrum of the cosmological radiation may keep track of non thermal
processes having followed the decoupling era, in the form of departures from a
strictly Planckian spectrum. In this paper we examine the consequences of energy
and metals release by a population of pregalactic objects. The latter are assumed
to condense into dust. The formation of the universal spectrum under these
conditions is described in a self-consistent manner. It is shown that a good
enough agreement can be obtained with presently available data. The conditions
necessary for this are discussed and confronted to other observational
evidences. It is concluded that the observed spectrum can be explained if the
star burst occured before the epoch z =~ 30 and after z =~ 300, with a release
varying between 0.3 MeV/nucleon for z = 30 and 2 MeV/nucleon at z = 200, while
the mass fraction in grains vary from 107% to 1076. We reach conclusions partly
similar to those of an independént work by Negroponte et al.l) ; our results
however point to the possibility that the population III even might have occured
recently, at z ~ 30 to 50, this being still consistent with all the considered
constraints.



298

I. INTRODUCTION

Recent measurements of the cosmological radiation by Woody and Richards?2,3)
in the millimeter and submillimeter ranges using He3 cooled polarizing interfero-
meters, have recently added new detailed data to the set of measurements previou-
sly made in the centimeter range. These measurements have been described in great
detail, and are well known. Their quality is limited at the low frequency end by
diffraction phenomena in the entrance aperture of the instrument, roughly below 5
cm~l 3) and at high frequency by the difficulty of substracting a very impor-
tant atmosphere contribution above, say, 12 cm~l, though the model used is im-
pressively accurate to leave an almost exactly vanishing result when substracted
from the data at high frequencies”. On the other hand, the discrepancy at 2.64
mm®) with the CN point clearly shows that more observations are needed below
this frequency. Centimeter wave data, on the other hand, are still not very accu-
rate at present because the error bars are often large and not always overlapping
The Rayleigh Jeans temperature 1is approximately 2,72°K % 0.085). By contrast
the Woody Richards data indicate a significantly higher temperature, near
2.96"K. Though it may be premature to claim that a distortion is definitely
present, it is still timely to examine which processes may leave such a spectral
signature. It is the aim of this paper to examine one of them. A full examination
of the problem would require a compilation of all the sources of opacity and
energy release in various forms which may feature the '"photosphere of the
Universe" which we may tentatively define as the period between decoupling and
now. A recent review of the subject has been given Sunyaev and Zeldovich6). In
this paper we take the view that spectral features are radiation transfer effects
affecting the universal radiation, while according to certain authors, it could
rather be primordial and due to a fundamental deviation from the Planck law?).
Such ideas seem to imply a reduction in the He# production in the Big Bangs).
In this framework the emissive part in the universal radiation transfer is the
almost entirely ununderstood. It 1is believed that it could be due either to
turbulence dissipation, either to the turn on of various emissive objects like
quasars, early generations of stars...Condensation of such objects might and
perhaps should begin just after decouplingg). As far as opacity is concerned,
more possibilities have been considered : hot free electrons produced by ionizing
radiation of any early emitting objects, like quasars, are a source of Compton
opacity and Bremsstrahlung. If heavy elements are present in the universal matter
at an early epochthey may condense into dust or assemble in molecules which may

also be a very effective source of opacityd).

The Compton interaction of cosmic photons with hot electrons is a problem



which has by now be considered at 1ength10:11»12:13:14:15). It has been conclu-
ded from these studiesll) that, if a blackbody at temperature TR interacts
with electrons at a much higher temperature, the brightness temperature decreases
in the Rayleigh Jeans part, and increases in the Wien part. The distorsion grows

in proportion to a parameter y:

J. ———EL——> ne(t) oqe dt )

and the radlatlon temperature turns out to be an ever increasing function of fre-
quency. For this reason, the energy fed by the hot electrons into the distortion
grows fairly rapidly with y, as e*Y.13), Even for y = 0.1, €% = 1.5, which
means that the reservoir of hot electrons should have lost an energy equal to 50
% of the cosmological photon energy in the process. Feedback effects might then
be important, and to our knowledge have not been considered in detail. In a dusty
Universe, radiation may be absorbed by dust as well as by atoms, and can be part-
ly converted into infrared photons. Dust dominates only if a fairly high degree

of ionization is already realized. Actually,

"% | Mmy P wr o ) - Ko.s 10'25) (2)
"5, R M, fio™) ‘n

oy is of the order of the square of a Bohr radius, and then the above ratio is

usually very small unless the ionization is quite complete. a = 10-2 micron,oy

~10-16 cm2, fe ~ 1073, we obtain :

nGcG// no. (nH : HHQ 10—5

It is then to be expected that most ionizing photons would normally be used in an
ionization process, and then converted partly into heat and partly into lower e-~
nergy fluorescence photons. Nevertheless the opacity of the Universe to these
photons is normally higher due to grains than to Thomson scattering. Actually, by

the same sort of argument, we get

s _ (HHO * “H*) (fc ) ] (o.s 10'25)
w0 T+ 107> 9t 3)

which may be of the order of 10%4 if ny <<y e (fg = 1073, a ~ 1072)

II. PLAUSIBILITY OF POPULATION III OBJECTS AND PREGALACTIC DUST
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How likely is it that dust exists in the Universe at early redshifts ? Fol-
lowing Rees9) the arguments in favour of the existence of so called population
III objects (a first generation of stars which might have produced some nucleo-—
synthesis prior to galaxy formation) may be listed as follows

1/ Logical necessity : the isothermal fluctuation spectrum which may have
led to galaxy formation should have had a small mass tail which should have col-
lapsed.

2/ Dead remnants of population III might provide the hidden mass in galaxies
and clusters. The existence of such a hidden mass seems now behind doubt. Recent
observational work indicates that in galaxies this mass is not due to very low
luminosity red halo starsl6). Other explanations might be massive neutrinos or
strictly non luminous bodies, like meteorites (but this may pose a severe heavy
elements problem). Wesson and Lermannl8) give observational arguments against a
significant dielectric dust mass.

3/ Measurements of the X ray spectrum of intergalactic gas in galaxy clus-—
ters have shown a feature at 7 KeV typical of iron, which is then deduced to have
approximately solar abundance. This cluster gas may have originated either in ga-
laxies or be primordial. It is then important to discuss whether the galactic
mass loss may be responsible for the accumulation of this gas in the cluster. The
amount of intergalactic matter in a cluster is quite variable from cluster to
cluster. To within a factor ten, it seems at present that this mass is comparable
to the total mass of galaxies in the cluster. This then raises the question : is
it conceivable that galaxies may have exchanged mass with the intergalactic me-
dium at an average rate of 10 Me/year ? Moreover this amount of matter should ha-
ve been processed by stars. The first question is then to know whether stars ac-
tually return to the interstellar medium a comparable amount of mass. In the pre-
sent state of our Galaxy, such a gas ejection seems to be in the realm of possi-
bilities. Cataclysmic objects, like supernovae (1 every 50 years) as well as the
some 150 planetary nebulae known cannot provide the required rate. Similarly, the
mass loss of a typical star like sun is 10-14 Mg/year, so that gas from normal
stars is not more than 1073 Mgyear~l. However high mass loss stars, like giant
stars, may have higher production (1078 Mg/year) but they are much less numerous.
Estimating that 1 star among 600 is a giant, we may expect a gas yield of 3 Mg/
year. G and K supergiants produce winds which may be 10 to 1000 times stronger,
but they are approximately 1 for 1000 giant stars. Then they would at best double
the previous figure. Of course, this does not tell anything concerning the frac-~
tion of this mass which may eventually be exchanged with intergalactic medium,
but it shows that even in normal galaxies stellar populations can face a high ra-
te of mass exchange. Concerning the galactic mass loss (or mass gain) itself, es—

timations are quite uncertain. According to Oortlg), high velocity hydrogen



clouds observed at high altitudes are accreting on to the Galaxy, but correspond
only to a rate of mass increase of 0.2 Mg/year, while conversely Mathiews and
BregmanZO) insist on the possibility of having galactic winds. In a discussion
of galactic winds Bregman put forward the idea that in elliptical and SO galaxies
the expected mass accumulated from star loss being absent, a galactic wind should
be the main agent removing this gas. Actually intense extraction should make the
Galaxy more bluish than observed except if very low mass stars are formed, abla-
tion is ineffective according to him, and cataclysmic ejections at the galactic
size are not observed. The wind is produced if the interstellar gas, or part of
it, acquires a high enough energy density to escape out of the potential well. If
SN rates were much higher for younger galaxies, the existence of such winds would
be more probable. Then, present knowledge seems to be consistent with the idea
that cluster gas originates in galaxies, but they imply that at the epoch of
their formation galaxies have had a higher rate of mass exchange with the inter-

galactic medium2l),

4/ One may add to this list any evidence for the possible existence of heavy
elements in pregalactic gas. Very important in this respect are the observations
of metal abundance in very old galactic stars. Metal abundances in globular clus-
ters of the outer halo have been studied by Searle and Zinn22), These authors
conclude that metal abundances do not show any gradient with distance in the ou-
ter halo (d > 8 kpc), and in particular do not seem to approach zero. This may be
interpreted in terms of a primordial gas containing already some 1 % at most of
the solar metal abundance. However these observations certainly do not imply ne-
cessarily such an interpretation. They shed however some light on the early pe-
riod of Galaxy formation, and in particular on the possibility that remote globu-
lar clusters could have been formed during a rather extended period of time, of
the order of 109 years and should have exchanged mass with the universal medium
at a high rate. We refer the reader to the original paper for details of the ar-
gumentation. We discuss later the observational and physical limitations on the
existence and amount of "pregalactic" dust, and translate this into restrictions

on the possible values of the parameters of our model.

III. MODELIZATION OF THE INTERACTION OF COSMOLOGICAL RADIATION WITH COSMIC DUST
In this paper, we do not consider the possibility23) that the cosmological
radiation owes its origin entirely to some population III event though this might
have some appealing consequences, like giving a natural explanation of the ratio
of the numbers of photons and baryon523). It is worth mentioning here that this
may lose some of its appeal if the photon/baryon ratio finds some fundamentzl ex-

planation in newly developped thesis of baryogenesis (for example, WeinbergZA))
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. Nevertheless the very idea that early collapsed objects may leave a signature
in the cosmological radiation in an otherwise standard Big Bang Universe is worth
investigating. We then consider the Universe at an epoch when it is still closely
Friedmanian, and consider only the case Q £ 1. This simplifies the time-redshift
relation, which can be written :

(4)

withm=5/2 for 2 =1 andm= 2 for 2 <1 and (1 + z) << Q-l. After the decou-
pling between matter and radiation, the Universe is assumed to be filled with
perfect blackbody radiation at temperature T(l + z), with T = 2,72°K. We assume
the Universe to remain transparent up to some epoch when it becomes filled with
dust created by "population III"., At the same time, or just after, radiation is
released in the Universe. This may be the result of the nuclear reactions which
have necessarily taken place. It may nevertheless be checked2?3) that the nu-
cleosynthetic energy self-consistently associated to the expected amount of dust
is not sufficient to explain the extra energy of the distortion. More material
may have been processed, which has remained locked in dead remnants not visible
by now, or else these remnants may have accreted matter very soon, and have ra-
diated a substantial part of the released gravitational energy. We do not inves-
tigate the exact form in which this energy is produced, but assume that it inter-
acts efficiently with dust. We call it below "star radiation' for the sake of de-
finiteness. We assume that the even is relatively brief so that the details of
the time history of the energy release are not critical. The physical reason for
the formation of a spectral feature under these conditions is the extra heating
of dust, submitted to both cosmological and "optical' radition, which will be
converted into infrared radiation in a wavelength dependent manner, provided the

Universe is neither completely opaque nor transparent at these wavelengthszs).

To sum up, we enumerate and describe below the parameters of our models :
a - Parameters Q, H, (and then m) of the model Universe.
b - A parameter fg characterizes the amount of dust released by population

III.

£ = number of nucleons in grains (5)
¢ =

total number of nucleons

With this definition, if a is the size of grains, f their density, the
number density of baryons no at present epoch, we shall have at epoch z

a number density of grains :



3
n(2) = (1 +2)° ——t—
g %n 33% (6)

c — Parameters describe the amount and time dependence of the population III

energy release. Let the power released at epoch z (or equivalently x =
(1 + z) per unit volume be : q(x)dt. If this radiant energy had propaga-

ted freely up to now, it would contribute a diffuse radiant energy den-—

. = 7 g de =J'm q(x)  dx
© x4 xA b3 (@))]

1

sity

We express €, as a fraction of the present baryon rest mass energy

density
€o = nofmpc2

The parameter f describes the amplitude of the energy release and q(x)

its history. We can write, considering (7) and (4)

qx) = nofmpc2 Hox4*m1(x)

where 1(x) is a function with integral unity, which we took to be a
Gaussian centered on xIII = (1 + zIII) with width Az.

Of course q(x) is an emissivity. To get the actual "starlight" radiant
energy density in the Universe, we have to solve a transfer problem.
Parameters are necessary to describe the properties of dust. We already
mentioned grain size and density. We also need to define optical proper-
ties. Unfortunately the actual shape of the distorsion may depend on the
details of these properties, which are of course unknown because the ve-
ry nature of the hypothetical dust is not. As we could not think of any
reason why they should be of a peculiar composition, we assumed these
properties to be similar to those of interstellar dust as compiled by
Puget and Serra26), Actually the Universe at z =~ 100 ressembles to so-
me extent present interstellar clouds23). The absorption efficiency,
Q(v) scales as A~S between 30, and several mm, with s ~ 2, For "star-
light" we assumed the geometrical cross section i.e. Q(v) = 1. The exact
behaviour of Q(v) in the optical thickness is substancial. The restric-
tion of considering power law absorption efficiencies limits the validi-
ty of our investigation to redshifts such that the peak of cosmological
radiation did not exceed 30 , i.e. to

z111 <70 (10)
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The distortion is energetically less demanding if produced at small red-
shifts, and for this reason favour 'low redshift models'. The case of
high redshift (=~ 150 - 250) necessitates the consideration of detailed
optical properties of dust and the discussion of various grain nature.
These aspects have been considered by Negroponte, Silk and Rowan-Robin
sonl), and we refer the reader to their publication for any apprecia-

tion of the effect of irregular dust optical properties.

IV. CALCULATION OF DUST THERMAL HISTORY AND DISTORTION

The basic physics of the problem is contained in the transfer equations for
cosmological and "starlight" radiation, and the heat balance equation for dust.
Let Vv* be the frequency of some radiation I, * its specific intensity and Tp*

the temperature of dust. The equation of radiative transfer can be written :
» > v x* Tz £2
x 2%V V¥ 2 IV 3k 1yl cTMa hg @) QM.

4
x * X ¥ +, x ¥
dx Y B(VTD*)—I(V)*-Cq(—'—)
* ! 7 (11)
T
where Q(y*) is the grain absorption efficiency and q(x, p*) the volume spectral
power emissivity of population III objects. The heat balance equation can be

written, neglecting dust heat capacity :

/c(v* ATt @) (YTI(V*)— 1@ YSANEY! =0 (2

In these equations I(V*) is meant to represent the intensity at any wavelength,
both infrared or of "starlight". It is nevertheless convenient to separate these
very different wavelength domains both in their contribution to eq. (1l1) and
(12). Concerning the starlight part, we are interested only in the total output,
and may integrate over ) * in this range in both equations. Let Ig be the

integrated specific intensity. We obtain for Ig the equation :

e2Is _pr, T cyatng ()T

a x X At 7( (13)
which integrates to :
 gis) (oc"' m b M)
,.5 (x) = m '3 / %(x')lﬁ/m (14)
o -

whereZ, is the standard of optical thickness
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— CVLgo Ml /Ho (15)
The infrared transfer equation is simplified using "comoving" variables :
IW*) = JW) x3 with Y* = x.V (16)
B(Y*,To*%) = x3 BUW,Ty) with Tp* = x.Tp

With this change, the transfer equation can be formally solved for J(V, x) in
terms of Tp(x). Writing :

JV, » =BV, D a +¥W, x)

where T is the reference temperature defined above (2.7°K), we obtain :

k) =< JOO‘YVS ef{V/kT‘_ 24))/‘\15(%)
} el (=]

ot AV kTR 1
- Na+s- §-m
3es MexP[_r,,?VS(’l)+ "ot ]o/oc‘ (18)
H45-Mm

This expression can be reported in the heat balance equation and leaves only one
integral equation for the dust thermal history, the only one which one needs to

solve numerically, putting :

_41) . -7 . — KT - >
4)'__5../ y= =2 / VU\*"‘/ ‘c:-t’o?l)u‘
o Ft5-M

. e+
g = :/(m-m)n;/- = (m)/Z 5, o =

This equation can be written :

[904] = wco«ww%’?'éw)’”%w,))m

HeS-m
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Aty = L) Wanovi)
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¢has been computed numerically, and eq. (20) discretized and solved as a non li-

near triangular system. Once Tp(x) has been so obtained, (18) gives the relati-
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ve distortion. A useful and stringent check to the numerical precision of the so-
lution is the conservation theorem, an exact consequence of the equations expres—

sing that energy entered as starlight emerges as distortion :

(=]

<t exp(W/RT) L T

This necessary test is satisfied to within some percent, giving an estimation of

/dv Z* Vo) nedmpc?

gy dod 20
L

numerical precision.

V. RESULTS

A set of ("comoving') dust temperature profile, more exactly of ratio Tp/T
versus x = (1 + 2z) is shown in Fig.l for a model Universe withv = 1, and various
values of zIII and optical thickness C1yy, taken at the thermal energy\)th be-
tween the epoch of the population III burst and now. For large optical thickness
temperature profiles look very much like step functions with a slight overshoot
after zIII. This is due to the usually high '"starlight" optical thickness of the
burst. The released energy is then quickly transferred to dust. It takes a cer-
tain time for it to achieve equilibrium with cosmological radiation, whence the
overshoot. Not surprisingly we observe departures of this behaviour for small op-

tical-optical thicknesses.

The resulting spectral distortion is easily calculated and represented in
terms of brightness temperature versus)"1 in Fig.2 for several values of the pa-
rameter © . The general features of these curves, as expected, is to run from T
(2.7°K) at long wavelengths because the opacity there is very small up to a value
which approaches the equilibrium temperature at small wavelengths, because due to
the S dependence of opacity, these are optically thick. The larger, the more ex-—
tended the frequency band which is at high brightness temperature. The production
of a non Planckian spectrum then requires & a1, because if it is too small, ra-
diation is negligible and if it is too large, the spectrum is thermalized. This
is actually the major condition to fulfill. Fig.3 shows that, at constant?fIII
the other parameters have very little influence on the shape of the distortion,
even if they are varied in large proportions ; the parameter f determines essen-
tially the amplitude of the distortion. Its value is almost uniquely fixed by ob-
servations at a value near 1075, as we discussed below. One satisfactory fit to
the data is shown in Fig. 4. As can be seen, the agreement is still not perfect ;
this may of course be due to the simplications made in choosing this dust absorp-
tion law on one part, and on the other part, to the quality of the data, which

has been already discussed. The effect of considering more special laws for Q



has been investigated in some detail by Negroponte et al.l), who, following the
idea of an earlier paper27), advocate that the distortion mainly re?écts the
optical properties of dust at higher frequencies, in particular the absorption
feature around 10/,\ and a decrease of absorption below lo/k. It is obvious that
such a feature creates in the spectrum a region where the brightness temperature
returns near 2.7°K, and then mimics the bump seen in the Berkeley group data at
higher frequencies. Consistent with their view, Negroponte et al.l) insist that
the population III phenomenon must occur at z = 150 - 200 and that the dust
should consist of amorphous silicates or basaltic glasses. Though we do not
dispute this conclusion, we disagree with them that ZIII> 100 is compelling,
because our present treatment, which is now free of the absence of
selfconsistency of our previous paperza), shows that agreement with data may be
reached for zyyy smaller, of the order of 30, say. This is perhaps our only
point of disagreement. Nevertheless, this issue is of some importance. We discuss
below the likeliness of model parameters. Before turning to this, it is perhaps
useful to remark that in all cases where the relative dust temperature profile,
y(x) = Tp(x)/T(x), is like a step function, i.e. almost always except for quite
small values of ZIII: the resulting spectrum can be calculated analytically
from (17, 18).Its expression 1is given in terms of the (constant) comoving dust

temperature TP after epoch xIII and xIII itself :

=24
TO) = éc,{\_/ hm_\ [W[ i _J

4 ( GtS-m ‘) ?V ( )Lf S
Yes-m
cl
This expression correctly converges to Planck spectra at T and Tp when ¥ =0
and infinity respectively. Tp is implicitely related to the parameter f by the
energy conservation theorem (21). We checked that the above approximation is an
excellent one to the results of numerical calculations for tIII> 0.05. It does
not contain the effect of the small overheating sometimes observed, which happens
during a short period corresponding to an optically thin layer and does not

affect very much the spectrum.

VI. CONSTRAINTS ON THE MODEL PARAMETERS
It is appropriate now to discuss the limits put by known observational data

on the model parameters.

a) Energy
It should first be noted that the parameter f should have quite a well defi-
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ned value. Actually the present energy density of cosmological radiation is 0.36
eV cm™3, while that of blackbody radiation at 2.7°K is 0.22 eV cm~3. The 0.14 eV
cm=3 of the distortion are, according to the definition of f and energy conserva-
tion theorem, equal to nofmpcz. Numerically we then have to choose f and (& in
such a way that

& f = 2.5 1073 (23)
It should be stressed that, though f is independant of the epoch xyyy, the
energy requirements for producing the distorsion do depend on xyyy because
radiative and rest mass energy do not fade out with expansion at the same rate.
More precisely an energy :

E = fo_Impc2 (24)
is needed per universal baryon at epoch xyy; to produce the presently observed
excess. If nucleosynthetic activity of population III is solely responsible for
this, and if H - He transformation is the energy source, this means that, if &=
1, a fraction 1.3 10‘3)(111 of all nucleons should enter into the population
III. With xyyp = 30, this makes 4 % of all nucleons. If xypp = 200, this
makes one quarter of the universal mass. We argue below that for xyyjy 2 30 a
proportion fcé 2 10™% should now be visible as dust, which implies that a
fraction ~ 5.10-3 returns to the gas in the case xryr = 30, while for xyyp =
200 fg should be ~ 1075 (see below) and a fraction 4 1075 only will not be
locked in dead remnants ; if we admit that the metal yield of these objects is
10-2, this means that a fraction ~50 % of the mass should return to the gas in
the former case, and 4 10-3 in the other case. Supernovae expell 10 % of their
mass. In this specific hypothesis, again, one can estimate that the remnant mass
at present epoch should be of the order of 2.8 108 X111 Mo per (Mpc)3 or else
of the order of xyyT 10-32 g em™3. Actually the mass in remnants could be much
smaller if accretion powey the energy emission. With a 10 % emission efficiency,
we find that a fraction 10 fxyyy of universal nucleons should be accreted on an
undetermined number of dense objects (enough to produce the necessary dust
however) namely 3 1073 for x117 = 30 and 2 1072 for X111 = 200. None of these
figures seems implausible, though it is noted that, in any case, the hidden mass
so produced is not large. The drastic difference of mass and/or metal yield which
distinguishes xyyy; ~30 from xyyy ~— 200 can then unfortunately not be used to

judge their respective likeliness.

b) Constraints fixed by the conditionzTU';: 1

The expression fortln(\)th) is

4+5-m | cHo Ho V G5
S =, QW) X -1 -9 _ 2, _
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The main parameters which enter in ¥yry are fg, of course, and a high power
of xy77. For =1, 4 +s - m = 3.5.Z 111~~~ 1 if a non Planckian spectrum is

to be observed. This fixes broadly the possible values of xy7.

c) Constraints concerning the melting of dust

This is a loose constraint. Assuming that dust melts near 1000°, this puts a

limit on the temperature of the Universe, and then on xyy1, namely

g < ?30(7;14:—_>
IOOOK

d) Compatibility with extreme population III metallicity

In the study of Searle and ZinnZZ), the metallicity in globular clusters
of the outer halo have been measured. It is remarkable that the metallicity does
not show any gradient in this outer halo. As explained by these authors, this may
be the result of the conditions of formation of these clusters. They find
virtually no value of[—fe—_J below -2, even for clusters as far as 50 kpc. This may
be consistent with a ve*:y small amount of primordial metallicity, but it does not
imply it. Estimating fg to be well represented by these figures, we obtain the
constraint

fo & 1072z~ 2,107 (27)

e) Absence of noticeable direction dependent dust radio emission

Wesson and Lermannl8) demonstrated the detectability of dust immerged in a
hot plasma, as is the case for intergalactic dust, if it exists. Due to cluster
formation, it 1is probable that this dust should have acquired by now an
inhomogeneous repartition.It 1is kwown that electrons captured onto a grain
maintain a small asymmetric charge distribution if the grain is dielectric, while
grains have some random distribution of their angular momentum. The rotation of
the electric dipole causes centimetric radio emissionzg), whose inhomogeneity
should be as small as 1073, The argument can be used to derive an upper limit on
intergalactic dielectric dust. According to them, the mass density in this form
of dust in the intergalactic space cannot exceed several 10733 g em™3 at the very
best. Compared to the critical demsity 10729 g cm~3, this sets again a limit fg
Ssome 1074,

f) Visibility of remote quasars

The most distant quasar observed to date is at a redshift z of approximately
3.5, i.e. x = 4.5. The amount of dust in the Universe should not obscure the op-
tical observations up to that distance. A severe limit is obtained assuming that

the absorption cross section in this domain is the geometrical one. The optical-



optical thickness between now and x under these conditions is at most

()= _/..«’i__ < H_‘Z = Q~M_
i §-m 32T &G ){”j (= ()

Simultaneously tIII should be approximately 1, which may be written :

~4 c Ges-mo
Aot0 T CH~ Q.If (oeg” ™ 1)

G415~ 32T ad Py <
Taking the quotient of those expressingZ (4.5) < 1, we obtain a condition on
x171 which depends virtually on nothing (except the dust opacity law, implicit
in these relations)

XIII> 32.6 (30)

If it turned out that quasar detectability is limited by extinction, this would

provide a measurement of fc and then of xy77.

g) Limit of validity of the present calculations

As mentioned above, these calculations cannot be pushed behind xyyy 22 70,
for then the power law approximation for Qupg breaks down. This however does not
imply that the whole idea breaks down, on the contraryl).

Most of this discussion can be summarized by a regioning of the fg-xyyp
parameter plane showing which regions contradict some observational evidence, as
well as those regions where a reasonable representation of the distortion 1s to

be expected (Fig. 5).

VII. CONCLUSIONS

From our own present and preceeding work, as well as from that made
independently by Negroponte, Rowan-Robinson and Silk, we conclude that the idea
of cosmological radiation distortion by early dust makes sense. Negroponte et
al. have shown that the effect of silicate bands at z near 100 or 200 can explain
it, and we stress here that even a smoothe absorption law can lead to acceptable
predictions, thus allowing the population III burst to occur more recently in the
past. These conclusions are now based on consistent mathematics and in our case
on a stringent test of numerical precision. We believe that the parameters
involved in these models do not conflict with any observational constraint known

to us, as we demonstrated in the last paragraph.
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FIGURE 1 - The ratio of the dust temperature to the radiation temperature is
given as a function of red-shift for different values of the optical depth
between the present time and the population III era pyj.
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FIGURE 2 - The brightness temperature of the distorted spectrum is given as a
function of wave number for the same value of 7117 as in Fig. 1.
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DISTORTION OF THE MICROWAVE BACKGROUND BY DUST

Michael Rowan-Robinson
Department of Applied Mathematics, Queen Mary College,
Mile End Road, London El 4NS.

ABSTRACT

The Woody and Richards distortton of the microwave background has a natural
explanation within the framework of the isothermal density fluctuation picture.
A pregalactic generation of "stars" makes light and metals. The latter are able
to condense into dust grains at a redshift ~ 150~225, which then absorb the
starlight and reradiate it in the infrared. At the present epoch we see this
emission redshifted into the millimetre range of the spectrum.
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When the Woody and Richards (1979) spectrum of the cosmic microwave back-
ground was first announced it was extremely puzzling. The distortion from a
blackbody spectrum was quite unlike what had been expected due to heat input
before the epoch of recombination. This heat input would arise, for example,
from the dissipation of lower mass-scale perturbations in the adiabatic fluctu-
ation picture. However it turns out the distortions have a very natural explan-
ation within the isothermal fluctuation scenario.

If at recombination a power-law spectrum of isothermal density fluctuations
is present, there is no reason why this spectrum should not extend down to masses
far below that of galaxies. Fluctuations on a scale slightly larger than the

Jeans mass at recombination (v 109 6

M) will collapse rapidly (v 10° years). It is
natural to suppose that these will fragment and form an early generation of
"stars', Population III. The "stars" might be normal stars of up to 100 M,
supermassive stars (M > 100 Me) or black holes. All three types of object may
be expected to produce visible and ultraviolet radiation. The normal and super-
massive stars will give a yield of helium and heavy elements. This yield is

hard to estimate because of the dominant effect mass-loss can have on the evol-
ution of massive stars (Humphreys and Davidson, 1979, de Loore et al, 1977).
Clearly the net yield of helium has to be less than or equal to the observed
primordial value, Y < 0.25 (<< 0.25 if we stick to the conventional Big Bang

4 for con-

if the

nucleosynthesis picture). The yield of metals should be Z 5 10
sistency with Population IT metals, and would have to be & 2 x 10-5
metals are in the form of dust grains spread uniformly through intergalactic
space, for consistency with upper limits on quasar reddening (McKee and
Petrosian, 1976).

The approach taken by Rowan-Robinson et al (1979) is to assume that Popul-
ation III makes light and dust on a reasonably short time-scale (<< 108 years)
and then to consider the consequences for the microwave background spectrum. We
suppose that there is a substantial enhancement of the energy-density of the
cosmic background radiation due to Population IIT (by 20-40%, say, to correspond
to the energy in the Woody and Richards distortion). This requires that a
substantial fraction of the matter in the universe has to undergo processing in
Population III, unless the efficiency with which matter is converted to radiation
is very much greater than the ~ 1% expected from thermonuclear processes. A
second consequence of the high energy-density enhancement factor, 8, is that dust
grains cannot form until an epoch, Zgs which depends on the absorption efficiency
and melting temperature of the grains, but is typically in the range 150-225.

Remarkably, this is just the range of redshift needed to shift the 10u
silicate feature into the millimetre region of the spectrum and produce the type

of distortion observed by Woody and Richards. Our model does not depend on the



details of how the radiation is produced, provided it is produced by epoch Zgy
or soon after. In detailed calculations, in which the radiative transfer
equation is solved exactly, Negroponte et al (1981) find that if the period
during which Population III radiation is produced extends more than about 107
years after the epoch z¢ then the distortion starts to be washed out.

Once the dust grains form they rapidly absorb the starlight and re-emit in
the infrared. At any particular locality we would see the grain formation front
moving outwards at the speed of light. Once the dust optical depth to the
horizon is greater than unity the intensity of the visible and ultraviolet back-
ground light is quickly quenched. The temperature of the dust drops rapidly
(Fig. 1) to a value slightly higher than that of the primordial background and

thereafter obeys

Tq(z) = T,0) A+ 2)
due to the expansion of the 2000 i 1 | I
universe.
Negroponte et al (1981) 1500 -
have calculated the temper- ]. (P()
ature history and resulting 1000 |

distortion of the background

spectrum for several types of

silicate for which optical 500 B =
constants are available

(obsidian, basaltic glass, () 1 1 1 1
amorphous and dirty silicates). O 50 ‘loo 150 200
The parameter f was chosen redSh|ft

to give Td(O) = 3.0, which

ensures a distortion of ampli- Fig.l: Variation of grain temperature with epoch
for obsidian grains (from Negroponte et

tude similar to that seen by al, 1981)
, .

Woody and Richards (1979). 2Z

is then chosen to give the largest possible value of zg consistent with an
assumed grain condensation temperature of 1500 K. The primordial background is
assumed to have a temperature 2.7 K at the present epoch. For = 1, we find
8 =0.2-0.4,2=2.5-7.5% 10_6,zf = 150 - 225. For Q = 0.1 the parameters
are similar, except that Z is about a factor 4 higher. An example of the
resulting background spectrum is shown in Fig. 2, a plot of the brightness
temperature against wavelength. The broken curve shows the + lo range of the
Woody and Richards (1979) measurements. The predicted distortion agrees well

with that observed. The steep rise in brightness temperature at short wave-
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lengths is due to the Rayleigh-
Jeans tail of the background
from Population III stars.

This is unlikely to be observ-

able due to foreground radi-
ation from Galactic dust. A

natural question to ask is

w
(52}
T

whether the whole background

could be produced in this way T(K)
(Rees 1978, Carr and Silk
1981). The main problem is 3 -

the need to thermalisize the

radiation out to a wavelength

of at least 20 cm. If this 2-5 i 1 |
is to be done by dust we need
> : 100m Imm ,1cm 10cm
Z > 10 and for consistency
with extreme Population II
metal abundances we must Fig.2: Microwave background spectrum for obsid-
. ian grain model (Q = 1, l+z_ = 225
assume that some Population II - £ ’
um me ropulati z=5x1076, 8 =0.42).

stars were formed before

Population III (Rees, 1981, personal communication). The optical depth in dust
at 1 mm would be ~ 100 so there would be no prospect of explaining a Woody

and Richards type of distortion. Carr (1980) suggests thermalisation by free-

free absorption, but the effectiveness of this has yet to be demonstrated in a

radiative transfer calculation.

Finally we can ask what the Population III stars must have been like for our
model to work. Stars of mass < 20 M@ do not generate their light on a short
enough time-scale to produce the observed distortion. A rather small mass-—
fraction of 20 - 100 Mo stars would suffice to give the low yield of metals
required. Thus most of the light must probably be generated by stars of mass
> 100 My or black holes.
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A LIMIT ON THE STELLAR POPULATION OF MASSIVE HALOS

Dennis J. Hegyil
Physics Department
University of Michigan
Ann Arbor, MI 48109, USA

ABSTRACT

The mea.ured rotational velocities of the edge-on spiral galaxy NGC 4565,
coupled with several arguments supporting the spherical symmetry of halos, can
be used to determine the space density of the halo mass. We show that if the
halo mass surrounding NGC 4565 were contained in a population of M5 stars, the
minimum expected surface brightness would exceed our measured halo surface
brightness. These observations were made in the I Kron band with the annular
scanning photometer.
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I. Introduction

Over the last ten years evidence has been accumulating to substantiate the
claim that spiral galaxies are surrounded by massive spherical halos.1)»2)
While the evidence to support the existence of massive halos is now quite
compelling, little 1f any direct progress has been made towards the
determination of the nature of the halo mass.

We shall show, based on optical observations made with the annular
scanning photometer,19) that the halo of the spiral galaxy NGC 4565 is not
primarily composed of M5 nor of more massive stars. The conclusion is based on
the photometry of the faintest M5 subdwarf3) available with large parallax
(30.10 arc seconds). If fainter M5 subdwarfs are subsequently discovered then
this conclusion will have to be modified.

Our derived limit on the allowed stellar population of halos 1is
interesting because the mass of an M5 star, 0.14 Mg, is close to the lower mass
limit for nuclear burning stars, ~.08 HG.A) If the halo is composed of 0.14 M,
nuclear burning stars, then there cannot be more than a factor of ~2 variation
in mass in the nuclear burning portion of the initial mass function of the halo
stars. Otherwise, the halo surface brightness would exceed our measured
surface brightness. Such an initial mass function for the halo would be quite
different from the presently observed mass function in the solar neighborhood.
II. Evidence for Halos

The strongest evidence for massive halos surrounding spiral galaxies comes
from direct measurements of the rotation curves of spiral galaxies.
Radi03)56):7) and opticalg) observations of over 50 spiral galaxies show that
the rotation curves of spiral galaxies are flat or increase slightly outward to
the limits of detectability of the HI or optical disk. The fact that the
rotation curves are symmetric about the optical center of the galaxies 1s a
demonstration of the stability of the rotation and supports the equilibrium

condition,



My 2

M m
r2 r
that gravity provides the centripetal force which keeps the observed particles
in stable circular orbits. Tn Equation (1), My is the mass within galactic
radius r, and v is the observed circular velocity. We have assumed that M, is
spherically symmetric and shall justify that assumption below.

Equation (1) should accurately describe the dynamics on a galactic scale.
The left hand side of that Equation, Newton's Law of Gravitation, is at least
as accurate as a part in 1010 on the scale of the solar system. On the very
largest scale, cHo-l, the radius of the visible universe, Newton's Law of
Gravitation also gives order of magnitude agreement. Therefore, it may be
expected to work on the intermediate scale of galaxies as well. The right hand
side of Equation (1) depends only on the geometrical properties of rotation.
Solving Equation (1) for My, we find that

Mp = 1.45x1012 (H)Vk_m/s)z(foor—kpc] Yy . (2)

Many spiral rotation curves have been measured out to ~50 kpc and one optical
rotation curve extends out to 120 kpc.s) To obtain information about the halo
mass distribution beyond 50 kpc, binary galaxies have been used. The
interpretation of the binary data is difficult because of selection effects
introduced in the statistical reduction of the data. Nevertheless, the data
are consistent with the halo hypothesis. The Turner9) and Peterson!0) binary
samples, which have median projected separations of 50 and 110 kpc,
respectively, yield M/L ratios which are proportional to the median
separations. This would be expected if the light were centrally concentrated,

which it is, and if the halo mass increased linearly with galactic radius.
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There 1s only one argument which appears to contradict the existence of
large massive halos. White and Sharpell) have numerical models of pairs of
interacting galaxies showing that if the centers of the galaxies are closer
than the radius containing half the mass, the galaxies merge in less than one
orbital period. Based on the statistics of binary galaxies, they argue that
binaries cannot be merging so rapidly, so that perhaps halos are not very large
or not universally present. It is possible to construct a simple analytical
model of a galaxy moving through the halo of a companion which gives similar
results, so there is little reason to doubt the calculation. But one may
question whether the initial conditions used for the models accurately describe
the actual physical situation. It is the relative velocity of one galaxy
streaming through the halo of the second which gives rise to dynamical
friction. But it is possible that binary galaxies are formed with zero
relative velocity between the core of one galaxy and the halo of the other,
analagous to rigid body rotation. If binary galaxies formed with these initial
conditions, then the White and Sharpe calculation would be expected to
overestimate the merger rate. Of course, this possibility requires further
support before it may be said to offer a solution to the apparent contradiction
with the universality of large halos. In summary, we believe that, taken
together, the evidence supporting halos out to at least 100 kpc is much
stronger than the opposing evidence.

We have described the halo mass distribution as spherically symmetric.
Arguments based on the persistence of the warps in the disks of spiral galaxies
have shown that the spiral disks are imbedded in a spherically symmetric
potential.lz) A more recent argument due to Van der Kruit,13) also
supporting a spherically symmetric mass distribution, is based on the variation
of the scale height of stars perpendicular to the disks of spirals and on the
velocity dispersion in the z direction. A third argument based on star counts
by Monet, Richstone and Schechterl4) requires that at least one half the mass

within the solar circle resides in a spherically distributed component.



We shall use the result that the halo is spherically symmetric in our search
for halo optical emission.

III. Optical Observations of Halos

In this section we shall describe the calculation of the surface
brightness expected from a halo of M5 stars and compare these results with our
observations. We shall use NGC 4565 as a candidate galaxy because it is an
edge-on spiral at high galactic latitude and has an accurately measured
rotation curve.

Xrumm and Salpeter7) have found a flat rotation curve for NGC 4565 with
velocity 253 km s=! out to 11.6 arc minutes. Using Equation (1) and the result
that the halo mass is spherically distributed, the mass density at radius r,
Pr, is

1
op = — . (3
r MG 2

| <
~N

&

The mass per unit area, Ap, integrated along a line of sight which passes a

distance r from the galactic center can be seen to be

/2

2 1
(Rpax~r?) v2 1 foo .
A =2 ‘T ppdz = =— - tan™l V' (Rpayx/m)2 - 1, (4)
mG

[}
where Rpax 1s the maximum radius of the halo. The number of stars per unit

area at radius r, if each star has mass m,, is
Ny = Xr/m*. (5)

Finally, the surface brightness, measured on a linear scale, of a halo composed
of stars of absolute magnitude, M,, and mass, m,, at distance, d Mpc, plotted

in units of the number of m, magnitude stars per arc sec? is
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0 4 my

Here, 6 is in arc minutes and Bpax 1s Rysx expressed in arc minutes.

Perhaps the most difficult part of evaluating Equation (6) 1s the
determination of the absolute magnitude M, of a characteristic halo star. The
problem is that there 1s an apparent correlation between stellar luminosity and
metal abundance. A sequence of decreasing metal abundances going from disk to
old disk to halo stars, 1s a sequence of decreasing luminosities. Most
observations!5),16),17) support this trend but Eggen has counterexamples at ~.6
My for which he shows that the luminosity of stars of different metal
abundances are similar. However, most of the data including that of Eggen's
support the correlation between metal abundance and luminosity.

The faintest M5 [ (R-I)g = 1.29] star that we have been able to find has an
absolute luminosity My = 10.84 in Kron's photometric system. It is GL 299.3)
Using Hoxle theoretical fit to the lower maln sequence, we obtain the
corresponding mass, m, = .14Mgy, which is in good agreement with the available
binary star data.

We have tried to determine whether future observations might reveal less
luminous M5 stars. GL 299 lies about 2 magnitudes below the Hyades main
sequence at a distance modulus of 3.1. Figure 2 of Eggen17) is an HR diagram
showing the spheroid and disk populations of the Galaxy. GL 299 lies on the
lower edge of an extrapolation of Eggen's spheroid luminosity distribution,
which adds confidence to our tentative conclusion that GL 299 is a faint M5
star. One may ask whether the luminosity of GL 299 is characteristic of M5
halo stars with low metal abundances. There is some unpublished work by
Vanden Bergls) indicating that hale stars with metal abundances as low as 1075

Zy would have luminosities which are similar to the luminosity of faint stars
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from the spheroid of the Galaxy. At log Teff = 3.5, which is close to M5,
changing the metal abundance from Z, to 105 Zy results in a 2 magnitude
decrease in luminosity, about the same as the spread observed by Eggen. Based
on Vanden Berg's models, it appears that we may be able to estimate Population
ITI luminosities reasonably well.

Using GL 299 as our standard M5 star we have plotted in Figure 1 the
expected surface brightness for a halo surrounding NGC 4565 in which all of the
interior mass is contained in M5 stars. Beyond 4 arc minutes a small fraction
of the total mass is contained in the visible disk. The dashed line in Figure
1 is a plot of the expected halo surface brightness for a halo extending out to
150 kpc, or 28 arc minutes, while the solid curve corresponds to a halo of 62
kpc or 11.6 arc minutes. The halo must extend out to at least 1l.6 arc minutes
since Krumm and Salpeter have measured a rotation curve for NGC 4565 which is
flat out to that distance. We have taken the galaxy to be at 18.4 Mpcl) based
on its group association and an Hy, = 50 kms~1 Mpc~l,

Also plotted in Figure 1 are observations of the halo of NGC 4565 taken
with the annular scanning photometer. The data were taken with the McGraw-Hill
1.3 m telescope in February and March 1979. The centers of the circular scan
paths C and D are 10 arc minutes from the galaxy's center along a line
perpendicular to the galactic disk, which is at position angle 134°, Position
C is to the northeast, and D is to the southwest. The radius of the scan is
9.0 arc minutes and a 30 arc second circular aperture was used. The data in
Figure 1 containing 51,000 scans, has been normalized using a relatively
starless sky area close to the galaxy to correct for sky gradients and
telescopic effects. This procedure has been discussed in earlier work.19),20)
The curve fit to the data is the de Vaucouleurs surface brightness law.

Returning to Figure 1 again, the abscissa 1s the galactic radius and the
ordinate is halo surface brightness in the Kron I band plotted in units of the
number of stars of 25.34 magnitude/arc secZ. On the right side of the figure

is the tick mark labelled 1073, The sky brightness averaged 19.7
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magnitudes/arc sec? in T Kron during our observing run, and the tick mark
refers to 1073 of the sky brightness. Data points have been chosen from
regions which are uncontaminated by foreground stars and background galaxies.
The error bars are due to photon statistics.

As may be judged from a comparison of the expected surface brightness for
a halo of M5 stars and the data, it is highly unlikely that a significant frac-
tion of the halo mass could be contained in M5 stars. No systematic effects
that appear plausible would decrease our measured surface brightness though
many systematic effects would tend to increase the measured halo signal. Our
plotted data has been corrected for known systematics. While our observations
exclude the faintest M5 stars, M7 and M8 stars are sufficiently faint so that
they cannot be ruled out.

These results may be compared with those of other workers. Hohlfeld and
Krumm2!) have ruled out MO or more massive stars based on J band observations
of NGC 4565. Dekel and Shaham22) have calculated the surface brightness expec-
ted for a halo of NGC 4565 under a variety of assumptions. However, as they
point out, it is difficult to deduce firm, model independent conclusions.
Bahcall and Soneira23) have used star counts to obtain information about the
Galaxy's halo. Though thelr results may be model dependent, they rule out a
halo of M6 or brighter stars.

Some effort has been expended searching for color gradients in the halo as
a way of placing limits on a stellar halo component. The problem with this
method is that a few glants located in the spheroidal component of a galaxy
easily dominate the surface brightness emitted by a faint halo composed of low
mass stars. Consequently, searching for color gradientszo)’za) is a less
satisfactory way of obtaining information about a stellar halo component. For
example, our earlier color gradient measurements20) were not able to rule out
M5 stars.

I wish to thank Garth Gerber for his assistance with the observations and

data reduction and the AFOSR for partial financial support.



REFERENCES
1. fgger, S.M. and Gallagher, J.S. 1979 Ann. Rev. Astron. Astrophys. 17,
2. Peebles, P.J.E. in "Physical Cosmology”, ed. R. Balian, J. Audouze, D.
Schramm (North Holland, NY 1980).

3. Veeder, G.J. 1975 A. J. 1056.

4. Straka, W.C. 1971 Ap. J. 165, 109.

5. Rogstad, D.H. and Shostak, G.S. 1972 Ap. J. 176, 315.

6. Bosma, A. 1978 PhD thesis Groningen Univ., Groningen.

7. Krumm, N. and Salpeter, E.E. 1979 A. J. 84, 1138.

8. Rubln, V.C., Ford, W.K., Jr. and Thonnard, N. 1978 Ap. J. 225, L107.
9. Turner, E.L. 1976 Ap. J. 208, 304.

10. Peterson, S. 1978 PhD thesis Cornell University, Ithaca.

11. White, S.D.M. and Sharpe, N.A. 1977 Nature 269, 395.

12. Saar, E.M. 1978 In TAU Symposium 84, "The Large-Scale Characteristics of
the Galaxy, ed. W.B. Burton.

13. Van der Kruit, P.C. (preprint).

14. Monet, D.G., Richstone, D.0. and Schechter, P.L. 1981 Ap. J. (to be

15. Hartwick, F.D.A., Crampton, D. and Cowley, A.P. 1976, Ap. J. 208, 776.

16. Mould, J.R. and McElroy, D.B. 1978 Ap. J. 220, 935.

17. Eggen, 0.J. 1979 Ap. J. 230, 786.

18. Vanden Berg, D. (private communication).

19. Hegyl, D.J. and Gerber, G.L. 1977 Ap. J. (Letters) 218, L7.

20. Hegyi, D.J. and Gerber, G.L. 1979, Proceedings of a Conference on
Photometry, Kinematics and Dynamics of Galaxies, ed. D. Evans, Univ. of
Texas, Austin.

21. Hohlfeld, R.G. and Krumm, N. (preprint).

22, Dekel, A. and Shaham, J. 1978, Astron. Astrophys. 74, 186.

23. Bahcall, J.N. and Soneira, R.M. 1980 Ap.J. (Letters) 238, L17.

24, Spinrad, H. Ostriker, J.P., Stone, R.P.S., Chin, L-T.G., and Gustavo, B.A.

1978 Ap. J. 225, 56.

329



330

w
[=2)

32t

2.8+ 1 BAND

24}

20r x POSITION C'
o POSITION D'

e

COUNTS / SCAN/ ARCSEC? (X1075)
~nN

08t
04|
00t
04}
08— 46 8 10 12 14 16 18 20

RADIUS (ARCMIN)

Figure l. The calculated surface brightness for a halo of M5 subdwarfs and the observations plotted
versus galactic radius. The data, in the I Kron band, is for NGC 4565. The dashed line is for a halo of
150 kpc radius, while the solid curve is for a 62 kpc halo. The curve fitted to the data is the
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DARK MATTER

George Lake
Institute of Astronomy
Cambridge University

ABSTRACT

I review what is known about the form and distribution of dark matter as
deduced from the internal dynamics and clustering of galaxies. From their
internal dynamics, there are indications that later type galaxies have relativel)
more dark mass. It is shown that all available evidence argues for the
continuity of the galaxian two-point covariance function over a factor of
roughly 103 in radius (5h~lkpc to 5h™IMpc) and a factor of 100 in luminosity.
Using velocity data on scales from 50h~lkpc to 10 Mpc and the Cosmic Virial
Equation, the deduced value of 2 is found to consistently lie in the range of
0.08 - 0.12, It is further argued that massive neutrinos are not consistent
with this result as their maximum Jeans mass (the scale below which perturbations
are erased by Landau damping) is ~ 1000 galaxy masses even for a neutrino mass
as large as 75eV. Instead of explaining observed features of galaxies, they
prevent their formation by any known process.
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I. Introduction

A theory of galaxy formation from first principles is greatly hampered by
the elusiveness of the dark matter which pervades galactic haloes and clusters
of galaxies. As if this isn't bad enough, there is remarkably little infor-—
mation about conditions in the universe at even a moderate redshift of one or
two. This makes it exceedingly simple to abandon the standard model and obtain
all the observational consequences of the hot Universe theory from cold initial

conditions (for example Zel'dovich and Starobinsky 1976, Carr 1977).

The standard model has unmistakably aesthetic appeal and concrete successes
~ predictions of the microwave background, the helium abundance and perhaps now
the entropy per baryon. Even more recently, the possibility that the neutrino
has a finite mass of order 10_8 m, has led to numerous discussions of its

viability as the dark matter.

I will review what is known about the form and the distribution of the
dark matter from studies of the internal dynamics of galaxies and the clustering
of galaxies. I think these features make it exceedingly implausible that the
dark mass is neutrinos, though they do indicate that the dark mass is universal

and perhaps linked to a very early cosmological epoch.

II. Dark Matter in Galaxies

a) Evidence for larger mass—to-light ratios

The luminosity profiles of spiral galaxies betray two basic components;

a central bulge with a profile much like that of an elliptical galaxy surrounded
by a disk with an exponential surface density (see Kormendy 1980 for a thorough
review). An examination of rotation curves prior to 1973 shows the peak
expected from the central bulge and the broad maximum characteristic of the

disk surface density. They were extrapolated (with dashed lines) as Keplerian
rotation profiles.

Ostriker and Peebles (1973) found that rotationally-supported self-
gravitating systems are subject to large-scale bar instabilities. When applied
to Sc galaxies with large disk/bulge ratios, this indicated that a large
fraction of the mass inside the observed axisymmetric disk must be in a pressure-
supported stabilizing "halo".

Rotation curves out to 5 disk scale lengths now exist for a large number of
galaxies, and show constant or weakly rising velocity with radius (see Faber
and Gallagher 1979; hereafter F6).

In Sc galaxies, this yields a mass-to-light ratio (M/LB) of v 5, whereas
stellar population models (Larson and Tinsley 1978; hereafter LT) suggest a

value of 2.



b) Where is the Mass ?

One alternative for the observed increase in mass with radius has been a
changing mass—-to-light radius in the disk. The absence of strong color
gradients have long suggested that the mass-to-light ratio should be constant
with radius (see for example, Freeman 1970), but there are even better dynamical
arguments.

The outer regions of galactic disks are often observed to be warped,
appearing as hat brims when viewed edge-on. To prevent the precession time
from being too short requires a potential which must be more spherical than
that resulting from a disk (Saar 1978, Tubbs and Sanders 1979). A more detailed
analysis of bending waves (Bertin and Mark 1980, Lake and Mark 1980) indicates
that the mass-to-light ratio is a constant. This is derived from a relationship
between the height of bending and the surface density applied to our galaxy,

NGC 2841 and M33; the three galaxies with adequate data for a comparison.

Van der Kruit (1980) has examined the scale height of the neutral hydrogen
in the edge-on galaxy NGC 891. The observed constancy of velocity dispersion
with radius in face-on galaxies enables a calculation of the local surface
density once the scale height is known. Van der Kruit finds a constant mass-
to-light ratio (M/LB) for the disk population of 3, about the same as the stellar
population of LT but considerably different from the total M/LB of 8.2 (FG).

A final method of constraining mass-to-light ratios in the disk population
is to study the bar instability. The work of Ostriker and Peebles (1973) has
been challenged on the grounds that it neglects the effects of resonances,
anisotropic dispersion velocities and strongly varying velocity dispersions
with radius (for recent discussions see Toomre 1977 and Lake and Ostriker 1980).
Efstathiou, Negroponte and I (1981) have avoided most of these complications by
simulating disks with exponential profiles in halos which reproduce the observed
rotation curves. Our results yield a limit to the mass fraction which is in the
disk (this is an upper limit for galaxies without bars, a lower limit for
barred galaxies), which with adequate photometry yields a limit to the mass-to-—
light ratio for the disk. We find M/LB n 1 for the disks of Sd galaxies, in

agreement with LT.

c) Universality of Dark Matter
Are all galaxies comprised of similar admixtures of luminous and dark
material? Galaxies with rotation velocities between roughly 80 km/sec and
275 km/sec come in both barred and unbarred flavors. This indicates that, in
the mean, they are only marginally stable which would imply that M(bulge & halo)/

M(disk) is constant inside a few disk scale lengths. Since the later type



galaxies of this group (Sbc, Sc, Scd) have larger disk/bulge ratios, this may
be an indicator that they have relatively more dark mass.

Galaxies of still later Hubble type (Sd, Sdm, Sm) with rotation velocities
n 75-80 km/sec are nearly all barred. This may be due to a lesser halo mass,
or due to a larger gas fraction; the criterion for gas stability being slightly
different than for stars. A further ambiguity arises in that these smaller

galaxies are nearly all satellites of larger galaxies.

Flat rotation curves have also been observed in SO galaxies (cf. Illingworth

1981 and references therein). The use of absorption lines for stellar rotation
velocities greatly limits the radial extent of the measurements; but is indic-
ative of a changing mass-to-light ratio with distance.

In elliptical galaxies, there is still greater ambiguity. Davies (1981)
finds velocity dispersions decreasing with radius, indicating a constant mass—
to-ratio. Strangely, it seems that the most flattened ellipticals observed
(e.g. NGC 4473 and NGC 4697) have flat velocity dispersion profiles. Perhaps
anisotropies are accentuated in a collapse through a halo in the same manner
as rotation (Fall and Efstathiou 1980).

In the large dominant galaxies in clusters of galaxies (designated cD
galaxies), enormous changes in the mass—to-light ratios are seen, (see Matthews
(1978) and Dressler (1980) for discussions on M87 and the cD in Abell 2029,
respectively). The results on these objects are more indicative of cluster
dynamics (stripping, cannibalism) than of any intrinsic trend of M/L with
luminosity.

Tinsley (1980) has also concluded that the relative amount of dark mass
must be greater in late-type (bluer) galaxies. Her results depend on stellar
population models and rather uncertain corrections for the mass in gas. She

luminous/(Mtot - ZMHI)’ where
MHI is the mass of netural hydrogen, the 2 is a rough correction factor for

corrects for gas mass by examining the quantity M

molecular gas and M is calculated from stellar population models and

luminous
total luminosity. If one examines instead (Mj,pinous + ZMHI)/Mtot’ the trend
seen by Tinsley nearly vanishes. This seems like a more reasonable quantity,
since the gas mass is distributed through the disk rather than like the dark
matter. The above discussion makes it likely that the general trend is there,
only difficult to discern through the uncertainty of population synthesis.
(For a discussion of the cause of the observed correlation of My with type,

see Efstathiou and Lake (1981).)

IITI Clustering
a) Continuity of the two-point correlation function
The use of the galaxy covariance function £(r) (Totsuji and Kihara 1969;

Peebles 1974) has provided a simple and powerful discription of the large-scale



distribution of matter (cf. Fall 1979; Peebles 1980). Peebles and Hauser (1974)
found that &(r) (defined as the fractional increase in the density of galaxies
caused by the presence of a galaxy a distance r away) is well-represented by a

power law,
B = /07 . m

Over distances of 50h_] kpe < r < Sh_l Mpc (h is the Hubble constant in units
of 100 km/s /Mpc), Y = 1.8 (Peebles and Hauser 1974) and r, = (4.2 * O.3)h_|Mpc
(Kirschner, Oemler and Schecter 1979; Peebles 1979).

The limits quoted above for the power law behavior of £(r) are set on the
large scale by the depth, size, sky coverage and homogeneity of the catalog,
and on the small scale by the positional accuracy of the measurements and the
sample size (i.e. number of close pairs).

Gott and Turner (1979) have used the accurate binary separation measure-
ments of the Zwicky Catalog (Turner 1976) to provide an estimate of £(r) down
to separations of ~ Sh_]kpc. They find no evidence for a deviation from a
power law on this scale. Lake and Tremaine (1980) have used data gathered by
Holmberg (1969) on the distribution of companion galaxies around 115 spiral
galaxies with known redshifts. The results indicate that the power law found
by Peebles and Hauser (1974) is still valid on scales of 5 - 40 h™lkpc and at
low luminosities.

In summary, all available evidence is consistent with the remarkably
simple model that the galaxy covariance function is a power law over a factor
of roughly 103 in radius (5h_1kpc to Sh_lMpc) and is constant over a factor
of at least 100 in luminosity.
b) Velocity data - measuring §

This is the section which will invite attacks from all sides.

In reading the recent literature one finds arguments for linearly increasing
mass—-to-light raties out to | Mpc (Ostriker, Peebles and Yahil 1974) and even
~ 10 Mpe (Davis et al. 1980). On the other hand, equation (1) and the velocities
observed in galactic halos and deep surveys (Kirschner, Oemler and Schechter
1979, Efstathiou et al. 1981) are argued to be further evidence for the continuity
of clustering from 50h~lkpc to a few h_IMpc; the implicit assumption being made
that the dark and luminous mass must cluster together (see, for example, Peebles
1981 p. 283-284).

The major problem seems to be the flip-flops between describing systems
with relaxed single particle distribution functions and considering the sub-
clustering of a clustering hierarchy. A detailed calculation (Davis and Peebles

1977) of the latter yields the cosmic virial equation (CVE):
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fhy = <AV2(r)> ~-1,2 4 ngP(:) <] MPC) (2)
(715 km s ) c

where V is the one-dimensional velocity dispersion, hr. is the normalization of
the covariance function, r is the relevant scale of observation over QG is the
fraction of closure density in clustered objects. I have neglected a factor Q
is the equation, which is the ratio of the three-point correlation function to
products of the two-point function. Q is found to have values between v 0.8-1.1
depending on the particular sample.

We can apply equation (2) on any scale. On the smallest scale the mean
value of the rotation velocity of the galaxies listed by FJ is 210 km s—].
This corresponds to a one-dimensional velocity dispersion of 150 km s~ ! on a
scale of v 50 h™lkpe, leading to:

9, = 0.08 for r v 50 h™' kpe. (3
This number would be decreased by about 15% if I had used the velocity corres-
ponding to an M galaxy from Aaronson, Huchra and Mould (1980).

Deep redshift surveys are a powerful method of determining Qg. Davis,
Geller and Huchra (1978) found <AV2>i = 320 km s~ ! for bright Southern Galaxies,

mg < 13. This yields:

9 = 0.1 *0.04 for r v 1 - 4 Mpc., (%)

Peebles (1979) analyzing the Kirschner, Oemler and Schechter (1978, here-
after KOS) finds <AV2>% = 500 £ 200 km/sec, yielding:

QG = 0.36 + 0.22 for r ¥ 1 - 4 Mpc, (5)

Virgocentric flow models may also be used to determine (see Davis et al.
1980). Rescaling the results of Davis et al. to the new more accurate deter-
mination of the flow velocity due to Schechter's (1980) analysis of the data of
Mould et al. (1980) leads to:

0.08 < 2 <0.12 for r v 10 Mpc, (6)

Here the uncertainty is due mainly to the determination of the overdensity in
the local supercluster.

Finally one can treat the velocity associated with the anisotropy in the
microwave background (Smoot and Lubin 1979) as a peculiar velocity with respect

to the correlation length r & 4 Mpc. Using the CVE results in

QG = 0.08 + 0.02 for r v 4 Mpc. (7)



337

There is a remarkable uniformity to these values of © calculated from data
on scales differing by over two orders of magnitude. The value calculated from
the KOS sample (5) is high, leading one to suspect that larger deep surveys will
yield smaller numbers. If one reanalyzes the KOS sample without the rich field
MP4, the result is:

8, v 0.15 for r~ 1 -4 Mpc (8)

The Durham group's southern deep survey indicates a somewhat smaller value
(@ s 0.1), but their final results are not yet in.

In short, on scales larger than that associated with gas dynamical processes
(Rees and Ostriker 1977), the assumption of the continuity of clustering works
quite well. Other authors have reached quite different conclusions, normally
from switching between the assumption of relaxed single particle distribution
functions (which yields small numbers on small scales and large numbers on

large scales) and the clustering hierarchy.

IV What is Dark Matter?

a) Two populations or one?

Dekel and Shaham (1979) have modeled the observations of NGC 4565 (Heygi
and Gerber 1977; and Heygi, this conference) with a stellar mass function which
varies with radius. This model is not a dynamical model and would quickly
phase mix. There is a simple argument that the halo is a completely different
population than the bulge (not just one population varying slightly with
radius).

A dynamical system in equilibrium is described by a distribution function

f(x, y, z, Ve Vor Vo Wy t) dxdydzdvxdvydvzdm where x, y, z are the three

spatial coordinaies, Ve vy, v, are the corresponding velocities and m is the
mass of a particular species. The distribution function, f, represents the
number of stars at a time, t, of a mass in the range m to m + dm found in the
six-dimensional box located at x, y, z, Vs Vy’ v, with dimensions dx, dy, dz,
dvx, dvy, dvz. To find the density, f is integrated over velocities and
species.

Following the motion of stars in time, since the time evolution operator
is a canonical transformation, the total number of stars in a given element is

constant. If the system is stationary, this reduces to:

(B, £] =0 (9)

where [ "| denotes Poisson brackets and H is the Hamiltonian.



Equation (9) is the requirement that f be a function of the integrals of

the motion. In a spherical system, this means f = f(E, JZ, m) where E = LA P

2
and J2 are the energy and the square of the total angular momentum, and y is
the potential. Neglecting the angular momentum for the moment and taking

¥ Vv In(r) as a good approximation to the potential outside the core of the

system, we find:
w2
f = f(E- + 1ln(r), m). (10)

Equation (10) leads to some simple conclusions. A particle whose energy
is precisely defined is expected to be found over several decades in radius. If
the mass function is slowly varying with energy, color gradients will be log-
arithmic; as is observed in elliptical galaxies. Finally, if one wants to
explain the difference between the light profile (v r—3) and the density profile
(v r-z) in spiral galaxies using a smoothly varying mass function, the variation
must be exponential. Including the angular momentum only makes this worse.
Since galaxies have formed by collapse, their velocity dispersions should be
biased in the radial direction; thus requiring even more drastic changes in the
mass function with energy to produce the same spatial gradients. With such
exponential variations, one could even make the disk and bulge appear to be a
single population. The conclusion is that the bulge ard the halo are dynamically
distinct entities.

b) No v's please

Cowsik and McClelland (1973) and Tremaine and Gunn (1979) have noted
interesting effects of neutrinos with modest rest masses less than 100 eV.
Tremaine and Gunn used the conservation of phase density to set lower bounds on
the masses of neutrinos needed to comprise the halos of galaxies and the unseen
mass of great clusters of galaxies. They then use constraints on Q to rule out
the possibility that neutrinos are the dark matter.

Subsequently, numerous authors have argued that the aforementioned
constraints on 9 depend in part on the assumption that the mass is in baryons.
They have then concluded that the masses of neutrinos needed for galactic halos
is acceptable and open to experimental verification. The horde of writers who
have stampeded this point have missed the importance of Tremaine and Gunn's
argument. Their deduced lower limits were excellent for their purposes, but are
actually very poor lower limits. The best description of large-scale neutrino
clustering is that of Bond et al. (1980) They point out that neutrino pertur-
bations are Landau damped on scales smaller than the peak value of the Jean's
length (defined as that point at which the perturbations have decayed by 1/e),

in the same manner as collisionless baryons (Gilbert 1965).



For a typical galactic halo (an isothermal with v = 270 km s7} and a core
radius of ! kpc), the neutrino mass required is v 75 eV. A protogalaxy of
neutrinos with this mass does not come inside its Jeans length until a redshift
of order 100. The maximum Jeans mass is about 1000 galaxy masses. Thus all
neutrino perturbations on the scale of galaxies should be entirely erased. If
the baryonic perturbations were adiabatic, even they have no hope of growing.
(Numerous authors have appealed to the "pancaking" of adiabatic neutrino per-
turbations. The neutrinos crash through caustics at several thousands of
kilometers per second, with no source of dissipation to leave galaxies behind.)
Even isothermal perturbations will be inhibited, as their growth depends on
8p/p; and the neutrinos dilute the perturbations by contributing only to the
denominator.

In short, if neutrinos have an astrophysically interesting mass, it is
probably only astrophysically annoying. A mass of 2 10 eV would almost certainly
mean that the universe we see was a tepid, rather than hot, big bang. Earlier
at this conference, Dr Schramm has argued that nucleosynthesis dictates a
baryonic density of € ~ 0.05 - 0.10. As this is the range deduced from studies
of large-scale clustering, I conclude that neutrinos have masses too small to
be of interest for large-scale clustering.

c) Phase transitions

One promising method for the generation of perturbations and the origin of
the dark mass is via phase transitions (see Linde 1979) at an early epoch. In
the standard hot model this would occur as super-cooling at a temperature
corresponding to the Grand Unification energy or at a Weinberg-Salam time. In
the first case the lumps would be ~ grams and decay quickly by the Hawking
process. This in turn might produce Vn fluctuations of much smaller amplitude
growing (in scale)nearly as the horizon. In the second case the lumps would be
roughly planetary size, with the standard g v k2 spectrum on scales larger
than this.

In a cold universe super—heating or shattering during the transition from
pion condensate to nuclear gas could produce fragments of the order of a
Chandrasekhar mass (Hogan 1980).

d) Hydrodynamic fluctuations

One final possibility worth mentioning is that the dark mass and pertur-
bations leading to galaxies may be generated at late epochs. The dark matter
is then burned out stars from an early epoch and galaxies result from blast
waves (Ostriker and Cowie 1980) or ionization fronts (Rees 1981). These schemes
have the disadvantage of abandoning some standard precepts, but are more easily

constrained by observation (cf. Thorstensen and Partridge 1975).



v Summary

The clustering of galaxies is remarkably continuous on scales from 50 h~lkpc
to 5 h_]Mpc. Mass-to-light ratios are useful for studying the distribution of
dark vs. light matter inside galaxies, but become ambiguous on large-scales if
relaxed single particle distributions are adopted and proper account of sub-
clustering is not taken. Numerous schemes may lead to these observed properties,

with massive neutrinos being a notable failure.
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