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AVANT-PROP O S  

Cet ouvrage constitue le compte-rendu de  !'atelier sur la  "Matiere Noire" qui s 'est 

tenu aux Arcs en mars 1988 et qui est done le huitieme "Moriond Astrophysics Work

shop". Je souhaite souligner le fait que la presence sur le meme site des astrophysiciens 

specialistes en cosmologie et des physiciens des particules capables de proposer des 

experiences susceptibles de detecter cette matiere "invisible" a donne un caractere tout 

a fait unique ,voire irrempla�able a cette rencontre. 

Le livre commence done par les articles et communications consacres a la recherche 

experimentale des "signatures" de cette matiere invisible qui conditionne !'evolution de 

l'univers dans son ensemble. Apres les deux brillants exposes introductifs, une serie 

d'articles permettent de faire le point sur les techniques qui sont envisagees dans cette 

recherche experimentale : detecteurs tres refroidis, billes supraconductrices, etc . . . .  On 

peut constater a cette lecture combien les differents projets sont elabores et promet

teurs. Un veritable dialogue sur ces recherches experimentales s'est done etabli entre 

les physiciens des particules et les astrophysiciens. 

Apres le rapport des progres effectues par Jes physiciens des particules, c'est au 

tour des astrophysiciens de faire le point de la situation. 
La deuxieme partie du livre est consacree a !'analyse des fonds diffus a differentes 

energies ainsi qu'a !'evocation du role possible des flux froids de matiere dans la consti

tution de halos galactiques massifs. 

Toute recherche de matiere sombre passe necessairement par !'analyse des distri

butions spatiales des grandes structures de l'Univers. La troisieme partie debute par le 

rapport de quelques travaux observationnels sur ce sujet. Ces contributions sont suivies 

d'une serie d'analyses et d'interpretations statistiques de ces distributions principale

ment dans le cadre d'univers domines par la matiere sombre froide. Cette partie se 

termine par une contribution qui passe en revue les determinations des distributions 

spatiales des quasars. 

La presence de matiere sombre doit se signaler a la fois sur le plan local et dans les 

halos de galaxies. Les contributions rassemblees dans la quatrieme partie sont consacrees 

a ces recherches de matiere sombre "locale". 

La nucleosynthese primordiale constitue un moyen particulierement puissant pour 

fixer des limites contraignantes sur la densite de matiere baryonique. Meme lorsque ]'on 

tient compte des inhomogeneites possibles susceptibles d'etre induites par la transition 

quark-hadron evoquee par plusieurs contributions, cette densite reste faible par rapport 

a celle que ]'on peut deduire des modeJes dynamiques des grandes structures OU des 

theories infiationnaires. 
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Trois sujets interessent actuellement !'ensemble de la communaute des physiciens 

des particules et des cosmologistes. II s'agit des lentilles gravitationnelles, des cordes 

et solitons ainsi que de l'effet des WIMPS (particules interagissant tres faiblement avec 

la matiere ordinaire) sur !'evolution stellaire. Les meilleurs specialistes sur ces sujets 

etaient presents a Moriond et ce fut un grand plaisir d'entendre et maintenant de lire 

leurs contributions. 

L'annee 1987 fut l'annee de la supernova 1987 A. Cette supernova constitue le 

premier evenement astronomique qui laissa une signature claire clans des detecteurs 

sou terrains. Dans la derniere partie qui lui est consacree, plusieurs contributions relatent 

!'usage que !'on peut en faire (ainsi que d'autres supernovae) vis a vis de la detection 

de cette matiere sombre encore mysterieuse. 

Cette reunion et j'espere ce livre auront permis de faire le point sur l'un des sujets 

!es plus interessants de la cosmologie moderne. C'est aussi celui oil !es astrophysiciens 

peuvent nouer des collaborations tres utiles et fecondes avec !es physiciens des particules. 

Dans !'atmosphere particulierement chaleureuse des reunions de Moriond le dialogue 

s'est bien engage ainsi que le montre ce livre. 

Le succes de cette rencontre est indeniablement du a l'infatigable activite et le ta

lent de J. Tran Thanh Van de savoir faire dialoguer plusieurs communautes scientifiques 
clans un environnement particulierement agreable. Les membres du comite scientifique 

international ont bien voulu continuer a m'aider. P lusieurs de leurs contributions au pro

gramme de cette rencontre furent essentielles. Les auteurs des contributions rassemblees 

ici doivent egalement etre remercies pour le soin et la celerite avec lesquels ii preparerent 

leurs manuscrits. Nous avons beneficie d'une aide financiere du CNRS (en particulier a 
travers le PICS n° 18) et de la NASA. Je voudrais remercier chaleureusement Marie

Christine Pelletan qui m'a apporte toute son aide a !'organisation de cette rencontre et 

a !'edition de ce livre sans oublier Lucienne Norry et Nicole Mathieu nos complices de 

toujours. 

Jean AUDOUZE 



FOREWORD 

This book constitutes the proceedings of the eight Moriond Astrophysics Workshop 

which took place in March 1988 at Les Arcs and which was devoted to the search of 

"Dark Matter" in the Universe. I would like to emphasize that the interaction between 

the astrophysicists specialists in cosmology and particle physicists able to set un some 

experiments aiming to detect this "invisible" matter confers to this conference its quite 

unique and unforgettable characteristics. 
The book begins with the papers devoted to the experimental search of "signatures" 

of the dark matter which governs the evolution of the Universe as a whole. After 

the two brilliant introductory papers, a series of contributions describe the presently 

considered experimental techniques (cryogenic detectors, supraconducting detectors . . .  ) . 

The reading of this chapter shows how the present experiments are carefully elaborated 

and most promising. A real dialogue concerning these techniques has been instaured 

between particle physicists and astrophysicists. 

After the progress report of the particle physicists, the book provide the reader 

with an updated situation concerning the research in cosmology. 

The second part of the book is devoted to the analysis of the backgrounds at 

different energies such as the possible role of the cooling flows in the constitution of 

massive galactic halos. 

Any search of dark matter implies necessarily the analysis of the spatial distribu

tions of the large scale structures of the Universe. The third part of the book starts with 

the report of a few observational investigations on this topic. This report is followed 

by a series of statistical analyses of these distributions. These analyses concern mainly 

universes filled up with cold dark matter. The last paper of this third part concerns the 

search of clustering in the spatial distribution of QSOs. 

The presence of dark matter should affect the solar neighborhood and related to 

the existence of galactic haloes. The contributions of the fourth part are devoted to the 

search of such "local" dark matter. 

Primordial nucleosynthesis provides a very powerful tool to set up quite constrain

ing limitations on the overall baryonic density. Even if on takes into account the inho

mogeneities in density possibly induced by the Quark-Hadron transition, this baryonic 

density should be much lower than the overal l  density deduced from the dynamical 

models of Universe or the inflationary theories. 

vii 
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Three topics excite most the cosmologists today : they concern gravitational lenses, 

cosmic strings and solitons such as the effect of WIMPS (weak interacting massive 

particles) on stellar evolution. The most reputed specialists of these three fields were 

present at Les Arcs and provided us with their interesting contributions. 

1987 is the year of SN 1987. This supernova is indeed the first astronomical event 

which led to a clear cut s ignature in underground detectors. The last part of the book 

is devoted to this outstanding event and especially to its possible use to detect this still 

mysterious dark matter. 

This eight Moriond astrophysics meeting (and hopefully this book) provide an 

opportunity to think about the future of this most fundamental topic. Astrophysicists 

are ready to collaborate very tightly with particule physicits to unravel the presence and 

the nature of dark matter. In the most cheerful atmosphere of the Moriond meetings 

this dialogue has been instaured in a efficient fashion as shown by this book. 

During 1987, four most reputed scientists have passed away. They are L. de Broglie, 

P.A.M. Dirac, R. Feynman and Y.B. Zeldovich. R. Feynman has had a most critical 

influence on the evolution of particle physics while Y.B. Zeldovich is considered as one 
of the fathers of modern cosmology. This is why the scientific committes of the Moriond 

Rencontres have decided to dedicate the proceedings of the Particle Physics Meeting to 

the memory of R. Feynman and this one to that of Y.B. Zeldovich. Indeed cosmology 

is like an orphan after the death of the physicist who founded it as a modern scientific 

discipline. The concepts of hot and cold dark matter have been invented by him. This 

is why this book which concerns a question which proceeds directly from his most 

impressive work is dedicated to his memory. Just after these introductory remarks the 

reader can consult a short notice written up by A. Szalay. 

The success of this eight astrophysics rencontre is due to the overwhelming activity 

and the spectacular talent of Jean Tran Than Van who is able for years to let several 
different scientific communities interacting to gather in a most profitable and gratifying 

surroundings. The members of the scientific committee have been instrumental in build

ing up the program of this rencontre. The authors of the various contributions should be 

thanked for the ca.re and celerity with which they have produced their manuscripts. Last 

but not least I would like to extend my warmest recognition to Marie-Christine Pelletan 

who helped me so much in the organization of this meeting and in the edition of the 
book. I do not forget Lucienne Norry and Nicole Mathieu who add always and so much 

to the unique atmosphere of Les Arcs. 

Jean AUDOUZE 



Yakov Borisovich ZELDOVICH 

(1914-1987) 

Ya.B. Zeldovich was one of the most i llustrious physicists of the modern era. 
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He started his scientific career working in physical chemistry at the age of 17. He 

created a model for the propagation of burning waves and explosions. Later he obtained 

fundamental results in the theory of shock wave propagation, which was published with 

Raizer in two volumes that have become standard reference works. 

He worked for several years on nuclear physics, then published a series of papers 

in particle physics, on the theory of weak interactions, lepton charge conservation, 

prediction of neutral heavy mesons, pseudo-conserved axial currents. 

He was the first to point out that accretion onto black holes and neutron stars 

wil l  lead to emission of X-rays. He had several other important results concerning the 

physics of black holes and neutron stars. 

His work in physical cosmology helped enormously to turn it into a real science. 

He made fundamental connections between particle physics in the early universe and 

the subsequent stages of evolution. It has been realized over the past few years that as 

a consequence of inflation the Zeldovich-Harrison spectrum of fluctuations provides an 

attractive explanation for the origin of large scale structures. He was also one of the 

first to discuss cosmic strings as an alternate possibility for galaxy formation. 

His work on cosmic pancakes and the elegant approximate theory for nonlinear 

collapse that is recognized as the Zeldovich approximation has generated an enormous 

advance in our understanding of the large scale structures. His vision of the topology 

of the universe has guided cosmology for several decades. The collaboration with his 

student Rashid Sunyaev on the Compton distortions of the microwave background pre

dicted new types of observations, stimulated entire generations of astronomers to pursue 

these ideas. 

He has been a wonderful teacher, sparkling with ideas, and igniting everyone around 

him, to work days and nights on the frontiers of physics. He founded the science of 

modern cosmology in the Soviet Union. He had a unique career, living through one 

of the most exciting times in physics ever. His interests spanned the entire range of 

physics and he left a significant contribution on every subject on which he worked. His 

papers also reflect his wonderful and warm personality. 

The whole physics community, his students, his friends all miss him. Those of us 

fortunate enough to have had contact with him wil l  never forget his exuberant character 

and intellectual vigour. 

A. SZALAY 
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STRATEGIES FOR DARK MATTER DETECTION 

Joseph Silk 
Astronomy Department 
University of California 

Berkeley, CA 94720 
USA 

ABSTRACT 

The present status of alternative forms of dark matter, both baryonic and non
baryonic, is reviewed. Alternative arguments are presented for the predominance of either 
cold dark matter (CDM) or of baryonic dark matter (BDM). Strategies are described 
for dark matter detection, both for dark matter that consists of weakly interacting relic 
particles and for dark matter that consists of dark stellar remnants. 
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1. Introduction 

Dark matter candidates vary in mass over the range 1026±40 
GeV. The particle 

physics domain of weakly interacting elementary particle candidates spans 10- 14 Ge V (the 

axion) to 1019 GeV (Planck mass relics, such as monopoles) , whereas the astrophysical 

regime ranges from 1040 GeV (1016 gm, the mass of a stable mini-black hole) to ;::, 1066 
Ge V (109 M0 corresponds to the mass of black holes believed to be lurking in active galactic 

nuclei) . Needless to say, most of this mass range is unexplored. More to the point, perhaps, 

it is also unmotivated. This review wil l  discuss some of the dark matter candidates for 

which there is at least a modest amount of theoretical prejudice. 

One distinction between the particle physics and the astrophysical candidates is that 

the existence of (some of) the latter is not in question, but we have virtually no means of 

estimating their contribution to !1 with any confidence, whereas for the former, we have 

elegant techniques for computing their abundance although their very existence is largely 

a question of faith at present. I shall summarize here the arguments for both non-baryonic 

and baryonic dark matter, and describe the key observational strategies that promise to 

resolve this problem. 

2. The Case For Non-Baryonic Dark Matter 

The evidence for non-baryonic dark matter rests on four arguments, no one of which 

is compelling, but which collectively provide a strong case. 

A. The standard cosmological model of the Big Bang requires !1 = 1 + Kt/t0, 
where t0 is the present epoch (to = 2/3H0 if !1 = 1 and K, a measure of curvature, 

is observationally bounded by -0.9 <:: K <:: l. Inflation results in a flat universe with 

IKI :S 10-4. The amplitude of K is fitted empirically by normalization of the inflation

amplified quantum fluctuations to the observed large-scale structure, together with the 

inflationary prediction of a scale-invariant gaussian fluctuation spectrum. Inflation does 

not require that !1 consists of non-baryonic matter. However complementary arguments 

do constrain the baryonic component. 

B. The microwave background is uniform, over angular scales from 11 to 90° to better 

than fiT /T :S 10-4. If large-scale structure has developed by gravitational instability from 

primordial adiabatic fluctuations, there should be temperature fluctuations induced at 

last scattering (when z � 1000). The fact that these are not seen at a level fiT /T � 10-4 
suffices to rule out a baryon-dominated universe1l, since baryonic fluctuations only undergo 

growth by a factor fip/p ex (1 + z)-1 on galactic scales after matter-radiation decoupling 
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at z � lOQO. One would expect 6T /T � 10-3 in order for galaxies to have formed by 

z � 5, say. In a non-baryonic matter-dominated universe, fluctuation growth is initiated 

much earlier, at the epoch of matter-radiat ion equality 1 + z = 4 x 104flh2, if fl � 1 .  

There is also weak ( logarithmic) growth in the radiation-dominated era on  subgalactic 

scales. The net effect is that one predicts 6T /T � 10-5(flh)-1. Reducing fl l imits the 

period over which gravity can aid fluctuation growth to 1 + z :S 0-1. The microwave 

background uniformity therefore requires non-baryonic matter with Oh i(, 0.2. This lower 

bound is valid for adiabatic fluctuations, if we adopt the inflationary prediction of a scale

invariant spectrum. A steeper spectrum weakens this l imit; however, a purely baryonic 

universe containing adiabatic fluctuations is untenable for any power-law fluctuation power 

spectrum. W ith isothermal or isocurvature fluctuations, a purely baryonic universe is 

tenable provided that the initial fluctuation spectrum is sufficiently steep. 

C. Primordial synthesis of 4He, 2H, 3He, and 7Li directly involves the baryonic 

components and requires flbh2 ""' 0.03 to within about a factor of two in order for con

sistency with the observations of these light elements. fib is bounded both from below, 

otherwise excessive 7Li is produced, and from above, in order to synthesize enough 2H 

and not overproduce 4 He. This, of course, assumes the standard Big Bang nucleosynthesis 

model.2) 

D. Numerical s imulations of large-scale structure3) have provided an attractive ex

planation of several observable, and hitherto unexplained, characteristic properties, pro

vided that the universe is dominated by cold dark matter (CDM) , which is defined to be 

a weakly interacting and cold component of the mass distribution. The leading candidate 

for CDM is any generic, stable, weakly interacting particle, which has been non-relativistic 

s ince T � 1 MeV. Most candidates ( in particular, those I will discuss here) have masses 

mx in the 1-100 GeV range; the invisible axion with ma"" 10-5 eV is the only exception. 

Popular candidates include the lightest supersymmetric partner of known particles: this 

may be the photino, higgsino, or gravit ino in current models. S ince weak interactions 

play a negligible role in thermal equilibrium at T < 1 MeV, any remnant CDM, which 

inevitably was thermally produced in the Big Bang at Ti(, mx, must have negligible veloc

ity dispersion in the matter-dominated era, T :S 10 eV. Hence during this epoch of galaxy 

and cluster formation, CDM clusters freely on all scales of astrophysical interest. The 

simulations generally require that fl > 0.1 (and usually take fl = 1) in order to provide 

an acceptable match to such features of the galaxy distribution as the galaxy correlation 

function, galaxy-galaxy relative velocit ies, the structure of galaxy halos, galaxy rotation 
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curves, the luminosity functions of galaxies and of galaxy clusters, and the distribution of 

galaxy clusters and voids. 

Arguments A, B and D support a value fl � 1, whereas C tells us that the dark 

matter associated with fl should be non-baryonic if we are to preserve the simplest Big 

Bang nucleosynthesis model. Since neither hot nor unstable dark matter have hitherto 

led to satisfactory models of large-scale structure, I shall focus in the remainder of this 

discussion on CDM, and in particular on massive weakly interacting relics. Of course, 

cosmic strings offer a possible means of providing primordial seeds, that may help resurrect 

hot dark matter: however, the most recent numerical simulations suggest that strings 

cannot account for the cluster-cluster correlations.4) This failure to help with one of the 

outstanding large-scale structure problems removes much of the motivation for pursuing 

cosmic string scenarios. 

3. Massive Weakly Interacting Relics 

Remarkably, one can calculate precisely how much CDM survives today, if one knows 

the particle properties. The problem, of course, is that we have no evidence at present that 

such particles exist. Lack of evidence has never deterred theorists, however, and in fact has 

motivated an alternative approach. This goes as follows. Let us assume that CDM exists 

in a specified amount: then one appeals to cosmology to infer the interaction strength 

of the dark matter candidate. This "hands-off" approach leads to specific predictions for 

observing dark matter candidates, and, in particular, for designing experiments. 

The argument goes as follows.5•6) At T > mx, the number density of x-particles is 

nx � n,. As the temperature drops below mx, x-particle creation gradually ceases, and 

the number density is suppressed by a Boltzmann factor: 

nx �n,y3f2 exp ( -y) , (1) 

where y = mx/T. Expression (1) becomes invalid once the annihilation rate becomes 

slower than the Hubble expansion rate. It tells us that this occurs at a temperature 

which depends very weakly (logarithmically) on the particle annihilation cross-section. 

For typical weak interaction rates, one expects (av ) ann � 10-2 5  cm3s- 1 .  One finds that 

freeze-out occurs at YJ "°' 20 or Ti = mx/20, after which the comoving density remains 

constant. 

The number of cold relics is given by equating the annihilation rate to the expansion 

rate at TJ, or 

nx (av) ann � H. (2) 



7 

Since nx ex T3 and H ex T2, this yields an expression for the mass-density in terms of 

the annihilation rate that is approximately independent of particle mass: Px = nxmx ex 

(uv) ;;;n. A precise value for Px in units of the critical density for closure of the universe 

3H"J/8rrG, where H0 = lOOh km s-1Mpc1 , with 0.5 :Sh :S 1, is Hubble's constant, is 

given by 

fix= 0.96(uv)26
1 h-2Y2o f. (3) 

Here (uv)26 = (uv)ann/10-26 cm3 s -1,y20 = (Yt/20) and f "" 1 is a factor which includes 

a temperature correction to the annihilation cross-section and allowance for uncertainty 

in the number of relativistic species present at freeze-out. It is a completely unexpected 

coincidence that for typical weak interaction cross-sections (u � 10-35 cm2) , the density 

of surviving relics (with mass in the 1 - 10 GeV range) yields 7-1!) fix� 0(1). 

4. Direct Detection 

Provided that fix ,2'., 0.03, CDM provides a natural candidate for the content of the 

dark halo of our galaxy. The dark halo density in the solar neighborhood is known from 

modelling of the galactic rotation curve to be between 0.03 and 0.3 GeV cm-3. One 

therefore expects a local flux of dark matter partic les of at least 106m;1 cm-2s- 1 (with 

mx in GeV) . Such a flux is measurable in a laboratory bolometric detector by virtue of 

elastic scattering with suitable target nuclei. The energy deposition is of order12l 

m;Mtargetv2(1- cosO)(mx + Mtarget)-2 � 100 eV 

for a silicon target. The elastic cross-section (xp -+ xp, xn -+ xn) is at least Uel � 10-39 

cm2 for a particle with annihilation cross-section Uann � 10-35 cm2, and may be enhanced 

by as much as a factor of � 100 if spin-independent interactions are important (as for 

heavy neutrinos, for example) . The velocity refers to the relative velocity between the 

earth and the halo particles, and the forward peaking means that seasonal modulation can 

be important in enhancing a signal. 

5. Detection via annihilations 

Majorana-mass candidates for CDM annihilate with a cross-section corresponding 

to the low energy limit of the early universe annihilation cross-section, itself known once 

fix is specified. The relevant mass range is generally 1-20 GeV. For Dirac particles, the 

cross-section is nearly energy-independent, and is large (� 10-36 cm2) ; for Majorana 

particles, a typical cross-section is� 10-38cm2. For generic candidates (photino, higgsino, 

etc.) other than the scalar neutrino, the annihilation products consist of heavy quarks 
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that decay into vv,e+e-,pp, and ')'-rays. To obtain a more precise estimate of their flux 

and spectrum, one has to specify the dark matter candidate. For example, for the popular 

supersymmetric candidate, the photino, one has13) 

(uv)(T1) ex m;/(m} + m�), 

where msf denotes the scalar fermion mass and m f represents the mass of fermions into 

which the annihilation channels proceed. Applying (3), this yields 

!1h2 "'0.25(m8J/60 GeV)4 (4 GeV/m,y)4 13• 

The experimental lower bound msf ;'.: 60 GeV requires m'i ;'.: 4 GeV. Note also 

that (uv) (T = 0) ex m;/, so that theories which have very massive scalars, as in phe

nomenological superstring models, result in massive (» 10 GeV) photinos. For candidates 

in the 1 - 100 GeV range, the annihilation products are potentially detectable in at least 

four distinct environments. 

5.1 Annihilations in the halo: energetic antiprotons 

Charged particles produced by annihilations accumulate in the galactic halo, 

trapped by magnetic confinement for rp � 108 yr. The rarest stable charged particle 

annihilation product is the jj, and its production energy is expected to be� 0.2mx. One, 

therefore, expects a potential cosmic ray p signature of CDM. 1 4) The predicted flux is 

proportional to the cosmic ray confinement time-scale rp, to n;, and to approximately 

m�1 if the photino is the dark matter candidate. The only competing source is from 

high energy ( ;'.: 7 Ge V) protons colliding with interstellar atoms to produce occasional 

p secondaries that are, however, kinematically suppressed below several GeV. Low energy 

cosmic ray p should therefore provide a clean signature of halo CDM, especially if the data 

allow sufficient energy resolution to separate the secondary contribution. Unfortunately, 

two experiments flown in August 1987 failed to confirm Buffington's 1 5) measurement of 

low energy ji. The upper limit set by Ahlen et al. lG) was a factor 7 below the earlier claim 

of a p/p detection over the demodulated interstellar energy range 700 - 1135 MeV. The 

uncertainties in the various factors that go into predicting the p flux mean that one cannot 

derive any useful limits on 7 or any other halo dark matter candidates . 17) 

5.2 Annihilations in the galactic bulge: gamma rays 

The ')'-ray annihilation luminosity from the galactic halo may be approximated by 

L1 = Nxnx(aannv)-1�, 
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where Nx is the total number of halo dark matter particles, nx is the mean density, and \ 

is the "(-ray multiplicity ("l 's per annihilation) .18) With Nx corresponding to 1012 M0 , one 

finds (nxO-annv)-1 "" 1019 yr and L-y = 1041s-1\(GeV /mx) ·  At the earth, this amounts to 

only about one percent of the isotropic gamma ray background above 100 Me V .  Anisotropy 

may help enhance the halo signal; it will also be more significant relative to the isotropic 

background at high energies (above 1 GeV) if mx ;:: 10 GeV, although diffuse galactic 

disk emission may be a source of confusion. 

The galactic bulge also provides a potential "(-ray source. One should not necessarily 

assume that the galactic spheroid (with characteristic ,-3 density profile and core radius 

� 100 pc) is necessarily 100% baryonic matter. Formation of the galaxy would inevitably 

entrain some dark matter, and we do not understand its formation so well that one can 

dismiss the possibility of a dense dark matter core that formed in the early universe around 

which the galaxy accreted. The bulge of our galaxy contains a mass � 6 x 108 M0 within a 

core-radius � 100 pc, and the inferred mean annihilation time < nxO-ann v > - I °" 5 x 1022s 

leads to a "(-ray luminosity L-y "" 1042s-11(GeV /mx)fb,x, where fb,x is the fraction of the 

bulge mass in the form of CDM. This is observable if fb,x � 1, and one can even limit19) fb,x 

to :S 0.1 using COS-B data for some bulge models and dark matter candidates with mx ;S 
10 GeV. 

Unfortunately there is little direct evidence for an enhanced mass -to-light ratio 

in our own galactic bulge. The situation in M31 is more intriguing, however. Recent 

high resolution observations20) of the innermost core of M31 find a high ratio of mass-to

luminosity within the central 2 pc or so. The inferred mass within this region is � 107 M0 . 
While a central black hole offers one possible explanation, a dark matter core is also 

viable: the inferred annihilation time is (nxO-annv)-1  "" 1018s, and the "(-ray luminosity 

is � 1046s-11m ;;- 1 .  Since the annihilation spectrum of gamma rays turns out to have a 

different signature from other gamma ray sources, this could lead to an interesting cold 

dark matter signature, if indeed CDM accumulates in the cores of galaxies. 

5.3 Annihilations in the sun: high energy neutrinos 

As the sun orbits the galaxy, it traps halo dark matter. Particles impact the solar 

surface, the impact rate being boosted by gravitational focussing, and elastic scattering 

with protons and other nuclei guarantees that they remain and settle in the sun provided 

that21) mx > 4 GeV. Lighter x-particles evaporate before accumulating in the solar core. 

The solar trapping rate is 

fr = 7 X 1028m;;-1 (Ph/0.3 GeV cm-3)v:J0�fE, 
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where v300 = v,,/300 km s- 1 is the average velocity of  a halo cosmion near the sun and 

f E is the trapping probability per incoming particle. According to Srednicki et al. 22) , 

fE = (O.l8Ypue1,p /10-36cm2) min{ 1 , 43mpm,, (m; + m;)-1v�00 } 
allows for incoming particles to be scattered and energetically trapped. 

The equilibrium abundance is inferred by equating annihilation and trapping rates. 

Annihilations in the solar core yield high energy neutrinos that escape. These may be 

detectable at the earth given the rapid decline of atmospheric neutrinos with increasing 

energy. Indeed, Ng et al. 23) find that the predicted high energy neutrino solar flux of 

- IOm;;-1 cm -2 s -1 Gev-1 for sneutrinos already exceeds IMB bounds, although photinos, 

producing neutrinos at about one percent of this rate, are not presently constrained. 

5.4 Annihilations in stars 

Cosmions efficiently transport energy in stellar cores by virtue of their ·long mean free 

paths. A specific choice of cosmion parameters can be designed to reduce the solar neutrino 

flux by flattening the temperature gradient in the solar core. 24) These cosmions do not 

annihilate in the solar core, and accumulate over the lifetime of the sun. A large elastic 

scattering cross-section (uel' - 10-36 cm2) is required in order to build up a sufficient 

abundance. Examples of such cosmions are the magnino25l and a fourth-generation Dirac 

neutrino. 26) Provided the particle mass exceeds - 4 GeV, evaporation does not occur, and 

once trapped, the cosmions remain in the core of the sun and of other solar mass stars. 

This may have interesting implications for the evolution of a star in its helium-burning 

phase if convection were suppressed because of cosmion energy transport. According to 

Renzini,27) this leads to a reduction in the horizontal branch (HB) lifetime that would 

affect the observed number of horizontal branch stars in globular star clusters. Spergel and 

Faulkner28) disputed this conclusion, but Bouquet et al. 29) have recently self-consistently 

included main-sequence capture of cosmions to demonstrate that magninos with mass ;::, 8 

GeV, equal to the evaporation mass for HB stars, are excluded. Other particles with larger 

elastic cross-sections on He, such as fourth generation massive neutrinos, would modify 

HB populations only in old stellar populations subject to a much larger flux of dark matter 

than in the solar neighborhood, as might occur, for example, in globular clusters in the 

inner galaxy or in nearby dwarf spheroidal galaxies. 

More conventional candidates for CDM, such as Majorana particles with spin

dependent cross-sections, do not normally modify stellar evolution. Extreme environments 
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are possible, however, in which the energy input from cold dark matter annihilations over

whelms the nuclear energy source. This would happen in low mass stars which form within 

a dense dark matter cloud that might exist in the nucleus of a galaxy. Collapse of galactic 

nuclei in the early universe plausibly leads to aggregations of dark matter with central 

density up to - 106M0pc-3 .  Even at such a high density, the annihilation time-scale 

exceeds a Hubble time, and such dark matter clouds would severely modify the evolution 

of lower main sequence stars. Salati and Silk30l find that such stars would swell up along 

the Hayashi track, and most likely undergo collisions with other stars and consequently 

disrupt. This sequence of events, while speculative, could be responsible for eventual 

formation of massive black holes in dense dark matter clouds within galactic nuclei. 

6. The Case for Baryonic Dark Matter 

I will now don my astronomer's cap, and make an equally powerful case that the 

prevalent form of dark matter is baryonic. The arguments for baryonic dark matter (BDM) 

may be summarized as follows. 

6 .1  Direct determination of fl 

fl is nowhere measured to be unity. Two recent results which report that fl oe 1 are 

subject to unknown amounts of systematic error. These results are based on measurement 

of the overdensity in a sample of IRAS galaxies extending to - 100 Mpc,30) and on 

determination of the volume element by obtaining crude redshifts for galaxies out to z -

0.732) . The problem with the first test is that the IRAS sample is biased towards star

forming field galaxies and biased against the most nearby (and therefore extended) galaxies 

that are expected to dominate any signal; the problem with the second test is that adequate 

calibration of the redshift technique has not yet been possible. Work in progress should 

improve the accuracy of these determinations of fl. 

Direct determinations of fl by dynamical measurements do not provide any unam

biguous support for fl > 0.1 .  One can summarize these determinations in terms of the 

ratio of mass, measured by spectroscopic determinations of velocity, to blue-band luminos

ity within a specified scale, both measured in solar units.33) One finds that a distribution 

of old stars, characteristic of the spheroid of a spiral or an elliptical galaxy, weighs in at 

M/ L oe lOh with M in M0 and L in £0 . Spirals typically have M/ L - 3h within their 

luminous confines. The relevant scale is abut 10 kpc for these measurements. Dark halos of 

spirals, probed by rotation curves, extend to at least - 50 kpc, within which M/ L oe 50h. 

The largest M/ L values are measured for groups and clusters of galaxies over - 1 Mpc, 
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and for superclusters, over � 1 0  Mpc. Both statistical measures of clustering and galaxy 

peculiar velocities probe scales up to � 50 Mpc. One can say with some confidence that 

between � 1 Mpc and � 10 Mpc, the measured M/ L is about 300h. On larger scales, it 

is very uncertain. 

These results may be compared with the mass-luminosity ratio required for closure. 

The mean luminosity density in luminous galaxies34l of 1.2 x 108hL0 Mpc-3 can be 

expressed in terms of the mean mass density 0(3H; /8rrG) as a mass-luminosity ratio 

M/ L = 23000h. We conclude that luminous matter in ordinary stars amounts to about 

0.005 of the critical value, whereas all dynamically measured matter accounts for 0 "" 

0.1 - 0.2. Dark matter therefore amounts to about 30 times the luminous stellar (and gas) 
content of galaxies. It could only be 150 times larger with 0 = 1 if its distribution were 

uniform over scales up to 10 Mpc. 

6.2 BDM candidates exist 

Astrophysical candidates for dark baryonic matter include white dwarfs, brown 

dwarfs, neutron stars and black holes. One cannot predict the abundance of any of these 

objects with any degree of certainty. White dwarfs are only observable for � 1010 yr, after 

which they become black dwarfs. Prolific neutron star or white dwarf production would 

almost certainly be accompanied by excessive heavy element synthesis.35) The evidence 

for the existence of black holes is highly compelling: their formation is most likely to 

result in considerable ejection of enriched matter unless their mass exceeds about 300 M0 . 

However, the remaining options, black holes, of mass � 100M0 , or brown dwarfs, of mass 

< 0.08M0 , the hydrogen-burning threshold, are much more difficult to constrain. 36) One 

usually resorts to plausibility arguments: for example if even one percent of the matter 

forming these high or low mass stars were to form solar mass stars, one would not be 

producing sufficiently black dark matter, or if the efficiency of forming these objects out 

of primordial gas clouds were fifty percent or less, one would have excessive amounts of 

gas remaining behind, which would be detectable. 

6.3 Primordial nucleosynthesis requires BDM 

Up to 90 percent of the dynamically determined 0 may be dark baryonic matter. 

Primordial nucleosynthesis overproduces20l 2H + 3He unless nb > O.Ollh-2 and37l 7Li 

unless nb > 0.007h-2 whereas Orum "" 0.005. Acceptance of a Big Bang origin for 7Li 

requires there to be at least three times more dark than luminous baryons. 
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6.4 Are dark halos flattened? 

Observations of planetary nebulae in the halo of NGC 5128 have been used38) to 

study the rotation curve in the outer regions of this elliptical galaxy. Preliminary indica

tions, based on two survey fields, indicate that the rotation curve is flat, asymptoting at 

about 100 km s- 1 at a distance of 20 kpc. However, the velocity dispersion of these stars, 

treated as test particle probes of the dark halo, appears to decline precipitously outside 

about 15 kpc. If confirmed, this result would provide evidence that the geometry of the 

dark halo is that of a cold flattened disk, rather than that of a hot spheroid. BDM could 

plausibly form such a mass distribution, whereas CDM could not. Warm dark matter of 

non-baryonic nature is an alternative possibility, but presently lacks much particle physics 

motivation. 

6.5 Cluster cooling flows 

More than 20 galaxy clusters have been found to contain gas cooling flows, generally 

observed by central peaks in the x-ray surface brightness profiles centered on the brightest 

galaxy in the cluster core, and in the best-studied cases revealing x-ray and optical line 

emission over a range of excitation temperatures.39) The inferred electron densities and 

temperatures lead to estimates of cooling time-scales that are less than a Hubble time, 

and the inferred mass flow rates span the range from � 20 M0 yr-1 in the case of Virgo 

to � 300 M0 yr - I for Perseus. This is sufficient to form a galaxy mass in stars over a 

Hubble time, yet the observed star formation rates in the central galaxies amount to at 

most 10% of these accretion rates, if the stars are assumed to form with the conventional 

mass function observed in the solar neighborhood. The mass-luminosity ratio associated 

with the mass deposited from the cooling flow over a Hubble time must substantially exceed 

that measured for an old stellar population in the luminous core of the central galaxy. This 

has led to the speculation that the cooling flows preferentially form very low mass stars or 

even "Jupiters" .40•41 )  One cannot yet rule out other possibilities, however: for example, 

the mass deposition at large radii (� 100 kpc) into stars with a conventional initial mass 

function (IMF) would result in too low a surface brightness to be detectable.42) 

6.6 Disk dark matter? 

If the galactic disk contains a significant component of dark matter, this would 

provide strong evidence for its baryonic nature. Observational evidence is in conflict, 

however, on the amount of disk dark matter. On the one hand, Bahcall's analysis43) of 

a sample of F stars within 200 pc of the galactic plane results in a local volume density 
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of 0 . 18  M0pc-3, only half of  which is  accounted for by known stars and gas. However 

data at a larger scale height are necessary to unambiguously constrain the total surface 

density, and a recent study by Kuij ken and Gilmore44l of K dwarfs out to � 7 kpc finds a 

surface density of 46(± 7) M0pc-2 which can be fully accounted for in terms of luminous 

matter. The dark halo has a local density of 0.011 M0pc-3, and accounts for about 

50% of the local radial acceleration in modelling the galactic rotation velocity in the solar 

neighborhood. There is still a puzzle, however, in reconciling the observed luminous matter 

volume density of 0.1 M0pc-3 with that determined dynamically. One possibility is that 

the shortfall could be due to uncertainty in the poorly known local gas density averaged 

over the solar circle: gas accounts for about 50% of the local volume density but only 15% 
of the local surface density. 

7. Compact Stellar Remnants as BDM 

The obvious form of BDM is in compact remnants of massive stars. Because stars 

of mass ?:., 2 M0 are sufficiently short-lived (lifetime :S 109 yr) , they could have formed 

in great numbers early in galactic history, and littered the galactic halo with their dark 

remnants,  as white dwarfs, neutron stars or black holes. This conjecture is notoriously 

difficult to quantify. Let me summarize the arguments both for and against compact 

stellar remnants as BDM. 

7.1 Starbursts 

Regions of intense star-forming activity appear to be deficient in low mass stars .45) 

A nearby example is 30 Doradus in the Large Magellanic Cloud. Extreme objects such as 

Arp 220 are starburst galaxies, where the star formation is inferred from the far infrared 

flux to exceed several hundred solar masses per year within a central region less than a 

kiloparsec across .  Such an elevated star formation rate clearly cannot last for more than 

� 108 yr, but still suffices to use up so much of the available gas that the stellar mass 

function must be massive star-dominated. Massive stars, especially OB stars, can recycle 

gas efficiently and increase the star formation efficiency by about an order of magnitude, 

from the value of a few percent typical of the solar neighborhood, to fifty percent or more. 

Evidently, compact remnants are being formed in starburst galaxies at a rate per unit mass 

that is two orders of magnitude or more larger than in the solar vicinity at present. Direct 

evidence of a high supernova rate is seen in the dust-shrouded nucleus of M82, where 

radio supernova remnants are inferred to be produced at a rate of several per decade. Gas 

longevity is generally a problem in spiral galaxies, unless regions of active star formation 

are assumed to be preferentially, but not exclusively, forming massive stars.46) 
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7 .2  Protogalaxies 

During the process of formation of the spheroidal components of galaxies, star for

mation is inferred to have been a very efficient process, otherwise a dissipative disk would 

have formed. In fact, one can estimate the required rate of protogalactic star formation, 

and it is similar to what is observed in extreme starburst systems. The circumstantial evi

dence therefore points to an initial mass function during protogalactic spheroid formation 

that was enhanced in massive stars. 

7.3 Chemical evolution 

A related but independent argument comes from studying the chemical evolution of 

disk galaxies, and in particular, of the solar neighborhood. The paucity of low metallicity G 

dwarfs in the disk of our galaxy implies efficient early enrichment: enhancement of massive 

star formation provides a possible, but not unique, resolution of this problem.47•48l For 

example, enhanced effective yields could also be due to more efficient metal production by 

low metallicity stars or to continuing infall to the galactic disk of unenriched gas.47l 

7.4 Initial mass function 

An indication that massive star formation once proceeded at a different, and pre

sumably greater, rate than presently observed comes from studying the initial stellar mass 

function (IMF) . This is the distribution by mass of all stars that have ever formed. For 

stars of mass ::S 1 M0 , this is observed directly when one measures the luminosity function 

in the solar neighborhood, but for massive short-lived stars, one has to adopt a model for 

the past rate of star formation. One finds that, regardless of whether the past rate is 

constant with time or enhanced, a kink remains in the IMF between 1 and 2 M0 .45l This 

discontinuity is presumed to be a relic of a time-dependent formation rate for massive 

stars that differs from the formation rate of low mass stars: alternatively, one would have 

to postulate an IMF which coincidentally possesses a kink corresponding to stellar masses 

appropriate to lifetimes of several gigayears, a possibility that seems somewhat contrived. 

7.5 Spectral distortions in the cosmic background radiation 

The recently reported deviations from a blackbody spectrum in the cosmic mi

crowave background radiation50l have led to considerable speculation about possible ex

planations. The excess energy, relative to the 2.7 K blackbody spectrum, amounts to 

about 10% of the microwave radiation density, or equivalent to flexce•• "" 10-5 •  The most 

conservative assumption about the origin of this distortion is that it represents reprocessed 
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stellar energy, either injected as a heat source into the intergalactic medium, which then 

partially Comptonizes the incident blackbody background photons, or due to protogalac

tic starlight absorbed and reemitted by dust grains. Even if one of these processes is 

completely efficient at redistributing the nuclear energy source into the far infrared, the 

requirement on the mass fraction in evolved massive stars presumed to form at some red

shift z. amounts to 11.  - 10-2 ( 1  + z. ) . One needs z. ;::: 10 if the distortions are produced 

by dust reprocessing to obtain sufficient optical depth51l ,  which leads us to conclude in 

this case that at least 10% of the mass density in a flat universe must have been converted 

into massive stars. The remnants of these stars, whether compact objects or in the form of 

intergalactic gas, provide a plausible form of dark matter. If predominantly gas, this dark 

matter is dynamically significant only in the intergalactic medium and in the outer regions 

of galaxy clusters, and not in galaxy halos nor probably in galaxy groups. However, if in 

compact remnants, the inferred amount of BDM suffices to account for all observations of 

dark matter. 

7.6 Over-enrichment: a problem with BDM? 

Massive stars are likely to overproduce heavy elements if their remnants account for 

the putative dark matter in the galactic disk, let alone that in galaxy halos or clusters. 

Larson47) tackled this problem by advocating that the IMF was suppressed at high as 

well as at low masses in the early galaxy. As already mentioned, the BDM hypothesis 

requires the low mass cut-off to exceed - 2M0 , otherwise the stars would be observable 

today. At the high mass end, only primordial stars above about 12 M0 have an appreciable 

nucleosynthetic yield. For a metallicity below - 10-3 that of the sun, helium shell flashes 

and the ensuing wind-driven mass loss are suppressed52l for intermediate mass stars .53) 

Metal production by stars between 2 and 16 M0 , forming at a greatly enhanced rate during 

the first 2 gigayears or so after the disk formed, can account for the chemical evolution of 

the old disk stars. However a significant steepening of the IMF above - 16M0 is necessary 

to avoid overproduction of oxygen if stellar remnants are to account for - 0.05 M0pc-3 

of dark matter in the solar vicinity. 

Old halo stars are enhanced in oxygen relative to iron (which is believed to be 

produced by low mass stars in Type I supernovae) : this may provide an additional indica

tion of an early IMF dominated by massive star formation, although other explanations, 

notably appealing to the time-delay in Fe synthesis, are possible. It may be that the 

inadequacy of our modelling of Type I supernovae prevents us from obtaining any reliable 

yields for massive stars. 
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The situation is much more extreme if the entire halo is to be formed from mas

sive star remnants. By requiring the old disk to not exceed a metallicity of Zv � 

0. 1Z0 � 2 x 10-3 ,  and with a typical yield (assuming 50% of the processed core is 

ejected) of Zy � 0.1 for a 25 M0 star54l , one can infer that dark halos containing, 

say, !lhalo � 0.05, while Ilium � 0.005, could only contain a mass fraction of about 

f BDM = z;-1 Zv (!11um/!lhalo) � 2 x 10-3 in the form of BDM.35) This estimate assumes 

that only one generation of massive star formation has occurred. Use of a more realistic 

massive star IMF would increase !BDM by a factor of 2 or so, and recycling would also 

increase the lock-up fraction in dark remnants. However the discrepancy is so great that it 

seems clear that dark halos cannot consist of ordinary stellar remnants . Only by increasing 

the typical stellar mass to ;::, 200 M0 , so that little ejection of processed material occurs 

or by restricting it to be ;S 15M0 , where yields are low, is it feasible to have the halo 

consist of BDM. 

8. An observational Test for BDM 

If our halo consists of BDM, then compact stellar remnants are our best 

guess as to its nature. In this case, one would expect white dwarfs to be a 

substantial, even if not a dominant, component of the halo. The sharp turn

down in the luminosity function of local white dwarfs below55l log (L/ £0) � 

-4.5 suggests that a search for halo white dwarfs may be feasible. The turn

down is so abrupt that it is not due to the onset of rapid cooling associated with 

crystallization.56•57l Rather, it must be associated with the formation of the disk. This 

means that white dwarfs which formed prior to disk formation should be visible at 

log (L/L0) < -4.5. The Luyten proper motion survey, used to identify the faintest 

local white dwarfs, is only complete to an apparent magnitude Mv = 18, the shortfall 

setting in at Mv = 16. Use of modern techniques should enable one to develop future 

catalogs that go several magnitudes deeper. The hypothesis that the dark halo consists of 

stellar remnants may be testable. Exclusion of white dwarfs as a significant contributor 

to halo dark matter would narrow the remaining window of mass for normal stars (0.1 -
100 M0) to the implausible range of only � 8 - 12 M0 . 

9. Conclusions 

An equally plausible case can be that halo is dominated either by BDM or by CDM. 

The arguments against BDM are not insuperable, and the strongest of these, primordial 

nucleosynthesis of 2 H, only argues against 0 = 1 in BDM. If one merely requires the halo 
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to consist of  BDM, then one can perhaps appeal to  HDM, or a t  least some form of dark 

matter that is not CDM, to satisfy the inflationary requirement that fl = 1. CDM and a 

BDM-dominated halo seem incompatible, at least from a cosmogonist's perspective, since 

it is difficult to prevent CDM from collapsing on galactic and subgalactic scales. 

There are several arguments that weaken, but do not destroy, the case for a CDM

dominated halo. CDM has had great success in leading to a theory of galaxy halo formation 

and galaxy clustering. Problems arise on larger scales, however. In particular one has to 

confront four distinct observations, confirmation of any one of which would probably be 

fatal for CDM. 

A. Dark halos around spiral galaxies may terminate at � 50 kpc according to 

studies of the dwarf satellites of the Milky Way58l galaxy and of lensing distortions of 

distant field galaxies that are produced by intervening dark halos. 59) 

B. The clustering of galaxy clusters60l amounts to an enhancement of the strength 

of cluster correlations relative to galaxy-galaxy correlations by a factor of at least 20 on 

scales of 10 - 20 Mpc. 

C.  Large-scale bulk motions have been reported,61) averaged over scales of up to 

50 Mpc, that amount to � 600 km s- 1 in the reference frame of the cosmic microwave 

background radiation. This is in addition to the motion of the Local Group with similar 

amplitude, inferred from the dipole anisotropy of the background radiation. 

D. Temperature fluctuations have been measured62l in the cosmic microwave 

background over 8° at a strength of about 6T /T ""' 5 x 10-5 .  

None of these observations can yet be  considered to  be  definitive. For example, 

coherent (over several Mpc) zero-point variations in the correlation between velocity dis

persion and luminosity of giant ellipticals, a correlation for which there is no accepted ex

planation, would induce distance errors, which would in turn be interpreted, erroneously, as 

coherent peculiar velocities. Also, the enhanced cluster-cluster correlations may be partly 

due to a selection effect that preferentially picks out close pairs of clusters in projection. 

However, it is fair to say that the CDM theory makes unambiguous predictions. 

Normalization of the inflationary scale-invariant, gaussian, fluctuation spectrum to the 

galaxy luminosity function leads to predictions of large-scale power. One infers op/ p as a 

function of scale, and one can straightforwardly calculate the various observables such as 

peculiar velocity and 6T /T. Biasing, or appeal to rare fluctuations on large scales, helps 

accentuate the density contrast and produces large voids, as observed. Indeed, biasing on 
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galactic scales is essential to account for the concentration of  light relative to  the dark 

matter. However, this effectively lowers the mean amplitude of the dark matter power 

spectrum relative to that of the luminous matter, thereby compounding the difficulties 

in producing sufficient large-scale power to obtain observable peculiar velocities and mi

crowave background temperature fluctuations.63) Indeed, the value of fiT /T predicted even 

by unbiased CDM is an order of magnitude below the recently reported value62) over � 8° .  

Nevertheless, one may conclude that until definitive confirmation of these various results is 

forthcoming, CDM merits serious attention because of its many successes on scales below 

� 10 Mpc. These include accounting for galaxy correlations, galaxy groups and clusters, 

galaxy peculiar velocities, galaxy rotation curves, and the structure of galaxy halos. 

Accelerator experiments, one hopes, will eventually confirm the existence of a weakly 

interacting massive particle candidate, if CDM is the dominant form of matter in the 

universe. If such a particle exists, and is stable, then we can calculate its abundance at the 

present epoch. A most exciting prospect is that bolometric laboratory experiments are now 

capable of direct searches for generic CDM candidates in the halo. However, astronomers 

need not despair: they have much to do. The search for annihilation products of Majorana 

candidates requires a coordinated attack, involving x- and 1-ray astronomy, neutrino 

astronomy, cosmic ray astrophysics, ultraviolet astronomy, and microwave astronomy. The 

microwave background holds vital clues as to the nature of the dark matter. Moreover if 

BDM prevails, then the search for dim white dwarfs should acquire the highest priority. 

The rate of current progress encourages one to believe that we shall make considerable 

progress over the next decade in resolving the outstanding problem of astrophysics today: 

the nature of the prevalent form of matter in the universe. 
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I provide an overview, from a particle physics perspective, of the candidates, and 
prospects for detecting dark matter. 
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I. INTRODUCTION 

Last year at this time I presented the case for non-baryonic dark matter. I At this 
meeting I have been asked to provide an overview, from a particle physics 
perspective, of the candidates and prospects for detecting dark matter. Thus, I have 
the chance to finish the lecture I began a year ago. 

I will first review rather generally the various candidates which have been 
proposed to constitute dark matter in the universe. As even a cursary analysis 
reveals, these candidates differ greatly in their properties. In spite of this, I will 
suggest that the mechanisms by which these widely differing particles might become 
dark matter fall under one of three different types, which I will then describe. Once 
we understand the mechanisms for generating dark matter, the means by which we 
might detect it are then more easily introduced. I will conclude by describing briefly 
the range of experiments which have been proposed to detect dark matter. 

2. THE CANDIDA TES: 

In table 1 I list the current rogues gallery of what I call "standard" exotic cold 
dark matter candidates. To make it to this hit parade, a candidate must (a) have been 
around for more than a year, and more importantly (b) have been proposed for other 
than astrophysical purposes, i.e. responding to "legitimate" particle physics concerns. 

Table 1 :  Standard Exotic Dark Matter Candidates 

Particle Mass for Q=l Simplest Model? Existing Boundsb (A=astro; 
D=direct) 

Neutrino "'30 eV no Ve < 0(20 eV) (A,D) 
Axion ,,,10-5 eV no m< 10-2-10-3 eV (A) 
WIMPS: 
(a) Neutrinos:  

Dirac "'2 GeV no m < 0(15-20) GeV? (D) 
Majorana "'5 GeV no 

(b) SUSY: 
Photino "'1-50 GeV yes? 
Sneutrino >lOO MeV yes? ruled out? (D) 

Milli charge 
Shadow matter? ? no ruled out? (D) 
Monopoles ? ? 
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Scanning the table one notes a few important features. First, cold dark matter 
candidates vary widely in their mass, ranging from axions of 1 Q-5 e V to monopoles 
of 1Q16 GeV or solitons which may be astrophysical in size. It is worthwhile noting 
that among the entire managerie, with the exception of perhaps SUSY models, the 
parameter range which results in a significant dark matter density for the particles 
listed is not "natural". By this I mean that if you locked a particle theorist in a room 
and asked her to invent any of these models, she would not have any particular reason 
to choose their masses to be in the range which is necessary to make them dark matter 
contenders. On the other hand, the parameters listed are not "unnatural". No a 
priori argument suggests they could not arise. 

Finally, and most important, all of the candidates listed have either indirect 
bounds on them from independent astrophysical arguments, or direct limits from 
terrestrial experiments. It is this last feature which is most exciting. The virtue of 
imagining that the galactic halo dark matter resides in the form of elementary 
particles, is that the dark matter is then not just "out there" but is also streaming 
through this room. Experiments are now underway to probe directly for dark 
matter in the lab using a variety of techniques which I shall mention and which will be 
reviewed in this volume. Thus, over the course of the next 2-3 years, all of the 
candidates on the present hit parade may either be ruled out, or better yet, one may be 
detected. 

II. DARK MA TIER GENERATION: MECHANISMS 

I suggest that one can categorize under three general themes the diverse 
mechanisms suggested thus far by which exotic elementary particles might become 
sufficiently abundant to dominate the mass density of the universe today. Such 
particles are either 

(a) Born to be Dark Matter 

or (b) Achieve Dark Matterdom. 

or (c) Have Dark Matterdom thrust upon them. 

I will now proceed to review each of these alternatives. 

(a) Born to be Dark: This category is comprised of particles which, with little or 
no dynamics, by virtue of their very existence, come to dominate the energy density 
of the universe today. Nevertheless the exact manner in which this comes about can 
vary signficantly. I describe here two important prototypical examples. 

(i) Thermal production -- the neutrino paradigm: Light neutrinos were the first 
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among the non-baryonic candidates for dark matter to be taken seriously. There is 

good reason for this. First, we know neutrinos exist. Second, the same primordial 

nucleosynthesis calculations which predict so well the abundance of light elements in 

the universe guarantee that there is a cosmic neutrino background of roughly the 

same number density as photons today. The prescription goes as follows: Anything 

which is in thermal equilibrium at times when its mass is negligible compared to the 

temperature will have a thermal number density roughly equal to that of photons, by 

equipartition. Say these particles remain in thermal equilibrium until late enough 

that almost all massive particles that eventually dump their energy by annihilation 

into the relativistic particle bath have done so. Then if these particles go out of 

thermal equilibrium later, but still when the temperature exceeds their mass, 

equipartition still guarantees that there will be roughly the same number of these 

particles around today as photons in the cosmic background. Such is the case for light 

neutrinos, whose interactions decouple around 1 MeV, after all massive particles but 

electrons have dumped their rest energy into photons. Now the rest is easy. There 

are roughly 100 photons/cm3 in the microwave background today. With a 

temperature of about 3K, their energy accounts for about 10-s of closure density 

today. Hence, just allow the neutrino, or whatever, mass to be about 10s times 
3K("'10-4 eV), or about 10 eV, and poof, you have an Q=l universe2. 

(ii) Coherent production -- the axion paradigm: A much trickier way for 

particles to be born as dark matter is not to produce them thermally, but straight out 

of stored vacuum energy density. If this vacuum energy does not get converted by 

the present time, then it remains as the famous cosmological constant, which is 

perhaps the darkest way to close the universe. However, various mechanisms exist 

for converting such energy harmlessly at late times to an energy density of real 

particles. Here's one: Imagine any parabolic scalar field potential which is zero at 

the origin and rises upward. The second derivative at the origin gives the mass for 

the particles created by the field. The lowest energy configuration for such a field 

involves zero expectation value, or no density of particles in the vacuum. However, 

if the curvature is very small, then it costs very little energy to move up the potential 

energy curve. One can then easily imagine that after some inflationary epoc we 

happen to find ourselves in a universe which has inflated out of a region in which a 

non-zero vacuum energy in such particles had arisen. Due to inflation, all but the 

zero momentum, or spatially uniform configuration of this field has damped away. 

What happens next? Well the expectation value for a field is a classical quantity, so 

you just solve the classical field equations for the field to predict its evolution. In an 

expanding universe with Hubble parameter H, the evolution equation for.a massive, 

minimally coupled scalar field is: 



.. • 2 2 <!> - 3H<!> +m <!> = 0 
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(1) 

Now this equation is trivial to solve in the two regimes where either 3H>>m, or 
3H<<m. In the former case, the solution is a constant. Physically this is easy to 

understand. The lifetime of the universe is inversely proportional to the expansion 
rate H. If H is large, the lifetime is shorter than the classical period of oscillation in 
the parabolic potential , which is of order m-1 . Hence the field has not had time to 

"roll" down the hill. As long as this is the case, it is straightforward to show that the 

energy density in the field remains constant over time. In fact we don't even have to 
do this, since it is clear that this constant field VEV is nothing other than a 
cosmological term, which of course remains constant. Now once m is comparable to 

H the field begins to oscillate in the well, and one can then easily show that the energy 
density begins to redshift like standard massive field energy, i.e. like R-3 (where R is 
the scale factor of the universe.). 

If you think about this, you will see what a miracle it produces. As long as the 

field energy remains constant, even a very small initial energy density will grow in 
relation to radiation, with a ratio which goes as R4 (since the radiation density is 
redshifting like R-4).  This relative growth continues until a time inversely 
proportional to the particle's mass, at which time the field redshifts like normal 
matter. Thus, the smaller the particle mass, the greater the energy density remaining 
today compared to photons and baryons, even if only a miniscule extra energy 
density was necessary at early times to begin the whole process! This process is 
exactly the type of thing which occurs for axions in an inflationary scenario. Explicit 
calculations yield3: 

-5 3/2 
P axior/P critical = k (10 e V /maximJ (2) 

where k is a constant presumed to be of order 1 .  
Note two important differences between scenarios (i) and (ii). The latter 

produces a non-relativistic background of particles even though their mass may be 
small compared to the temperature of radiation today. Also, their energy is 
coherent, and not thermal, so that only a narrow band around the the frequency 
associated with their rest mass contains power. 

(b) Dark Matter the Hard Way . . .  Eaming It (WIMPS): The first prototype 

WIMP (weakly interacting massive particle) is a neutrino heavier than 1 MeV (the 
temperature at which the weak interactions decouple). Now the situation is slightly 
different than before. At very early times things are still the same with all particles 
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being in thermal equilibrium with equal number densities. However, once the 
temperature drops below the neutrino mass, as long as it is still in equilibrium, its 
number density will drop compared to photons with a Boltzmann factor; 

nJn1,,,exp( -mv /kT). This process will continue until the neutrino density becomes 
sufficiently sparse that annihilation can no longer compete with expansion. Here's 
where the dynamics enters! One must solve the Boltzmann rate equation to 
determine the time of "freeze-out" at which the neutrino to photon ratio freezes out. 
This has become known as the Lee-Weinberg bound, although it may have been done 

earlier by others, and it certainly has been done since by many . .. 4. The numerical 

result is that a closure density of neutrinos results for: 

mv "' 2 GeV (Dirac v's) 4: mv "' 5 GeV (Majorana v's)5. 

Now who ordered such neutrino masses? Well, while it is difficult to answer this 

question, there is a model in which such a situation arises more or less naturally: low 
energy supergravity (LES)6. The argument goes as follows: We don't observe the 
supersymmetric particles of ordinary matter at ordinary energies. Thus 

supersymmetry is broken. At what scale does this occur? Well, one scale where we 
know symmetry breaks is the weak interaction scale, of order Mw. Thus 

supersymmetric particles might have masses of this order. However in LES models 
the lightest SUSY particle is both stable, and has a mass of order a.Mw "' one or a few 

tens of Ge V. 6 This particle behaves exactly like a heavy neutrino, since its 
interactions with normal matter involve exchange of particles of mass of order Mw. 

It also has a mass in the range given above. Ta Dal (Of course such models have 
other cosmological problems, but I won't go into them here.) 

(c) Dark Matter by force: There are again two prototypes which are forced to 
become dark matter due to factors beyond the purvey of mere dynamics. 

(i) The monopole, or "topological" paradigm: Imagine the same type of potential 
I mentioned earlier, but with a little bump at the origin. Now the field would 

definitely prefer to have a non-zero VEV (costing no energy). However, if there is 
no inflation, then different regions of the presently observable universe will have 
been causally disconnected at all earlier times. In particular, at the time when the 
field relaxes to its VEV, it will take different values in different regions. Depending 
on the topology of the locus of minima of the potential, it is possible to force the field 
to go through zero VEV at some points in space to avoid singularities. (Like vortices 

in a superconductor) The topology of the vacuum determines what form the 
resultant local non-zero energy density gets trapped in: domain wall (Z2), strings 

(U(l )), monopoles (0(3) etc .. ). Some of these are disasterous and some harmless. 
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Some lead to dark matter today ... . 

An alternative to such topological obstructions are non-topological remnants. 

Here many examples have been suggested: Quark Nuggets?, Q-Balls8, etc. The idea 
for all of these is essentially the same. If the Hamiltonian for the field is such that a 

local non-zero VEV configuration of radius R has energy that goes like: 
& Q/R +AR2 +BR3, (3) 

where Q,A,B, are constants, then it possible, depending on their values, for stable 
configurations to arise. Whether they are actually created in the early universe is 
another question. 

(ii) Asymmetries: The final method for making non-baryonic dark matter 
involves a kind of numerology based on our experience with baryons. One of the 
most important numbers in cosmology is the baryon to photon ratio. This number, 

of order 10-9, presumably results from a baryon-antibaryon asymmetry. If this 
were not the case, then the strong interactions are strong enough so that all the 
baryons would have annihilated into photons by today (see mechanism (b) ) .  Now, 
the density of baryons today is about 1 -20% of critical. Thus, if we give some other 

hypothetical particle an initial asymmetry comparable to that of baryons (perhaps 
this is natural....), then independent of its annihilation cross section, if its mass is 
about 5-100 times that of the proton, then it will close the universe today. Such 
mechanisms have been proposed just to avoid constraints on particles whose number 
density today depends on their interaction cross sections. (mechanism (b)). 

There you have it. Choose your favorite and make a model, and maybe some 
experimentalist will probe it by one of the methods I mention below. 

III. DETECTION: 

If the galactic halo dark matter is non-baryonic, what are the parameters for 
detection? Well, the halo density in the region of the sun has been suggested9 to be 

p "'  .3 GeV/cm3. 
Assuming some virialized galactic velocity distribution of such particles then 

their mean velocity is expected to be of order 
v "'  300 km/sec=I0-3 c. 

Having these two numbers, you just have to plug in your favorite particle mass to 
find out the flux of such particles at the earth's surface. Once you have this, you need 

only calcuate an interaction cross section to determine the energy deposit in an ideal 
detector. The numbers tum out to be rather daunting. For example: 
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Candidate 

axions 

WIMPS 

Max EnerEY Deposit 

10-s ev 

10-104 ev 

Power Deposit 

10-24 Watts/m3 

1 0-19 Watts/kg. 

These energies and this kind of power deposit require special low background 
detectors if such particles are to be observed. Nevertheless detectors have been 

proposed and are being built. I will review the detection prospects for WIMPS and 

axions briefly below. 

(A) WIMPs: One first might think it is just plain impossible to detect these guys. 
After all, the cross section for scattering of massless neutrinos of ke V energies on 

protons is of order cr"'G�E2 ,,,10-SO cm2. This results in a mean free path of about 

108 light years in matter! However, as Goodman and Witten 10 were the first to point 

out, this estimate is vastly in error. For massive neutrinos, the cross section is cut off 
by the mass, not the energy, so that for GeV scale particles scattering on protons, 
cr"'Gp2M2,,,1 0-38 cm2, 12 orders of magnitude larger. The mean free path is now 

more like 1013 cm. 
One's first thought might be to find a detector of this size, and strange as this may 

sound, in a manner of speaking this is what I proposed 1 1  shortly after their paper. 
Namely, the Sun has a radius of ,,, 101 1  cm, and an escape velocity from its core 
comparable to the galactic virial velocity, so that one might expect that WIMPS could 
be captured by the Sun. 

So what? 
Well, in the first place, it looked for a few days like this might solve the solar 

neutrino problem 1 1 ,  12, by producing densities in the Sun's core of these particles 
which might mediate heat transfers which could cool the core13. Unfortunately, 
annihilation inside the sun of these particles with their antiparticles will in general 
keep the numbers far too small14. While this may be bad news for SNUs, it is good 
news for particle physicists, because among the annihilation products will be light 
neutrinos which can escape the sun, and interact inside proton decay detectors with 
just the right energies to be seen15 ! Limits on WIMPs from the absence of such an 
indirect signal are now available16 and will be discussed at this meeting. 

However, forgetting indirect detection, the interaction cross sections mentioned 
above are much larger than reactor neutrinos-- which we can detect-- so it was first 
suggested IO that proposed "neutrino" detectors17,18  might be sensitive to WIMPs. In 
fact many such detectors (and new ones .. ) are now being designed, as you will hear at 
this meeting. It turns out that the energy deposit in existing low background double 
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beta decay detectors is probably measureable, as Caldwell will describe here19. 
There are two slight wrinkles which have been raised recently: ( 1 )  It turns out 

that the interaction cross section of photinos off nuclei depends on a quantity which 
has probably recently been measured by the EMC collaboration at CERN, of all 

places. It seems this quantity is about a factor of 4 smaller than previously 
thought20,21 , but the good new is that it is much larger off neutrons than one would 
have guessed before. (2) WIMPS trapped in the earth can also give a direct signal. 
(see ref. 21 for the implications of both of these). 

The cryogenic detectors which have been proposed to detect WIMPS are 
ingenious, and much of this meeting is devoted to discussing them. Suffice it to say 
here that within a year or two we might know something definitive . . . .  

(B) AXIONS: Axions are much more weakly interacting than WIMPs, but one 
should not give up hope. After all, gravitons are much more weakly interacting still, 
and we detect the gravitational force all the time . . . .  using coherence. The fact that the 
axion backgorund is coherent over large volumes suggest one might couple axions 
coherently to a background detector in the lab. This was first proposed by Sikivie22, 

who exploited the coupling of axions to electromagnetic fields. Basically the aE·B 
coupling allows axions to tum into photons in the presence of a background magnetic 
field with the right spatial distribution. Thus what one proposes to build is an "axion 
radio": i.e. tune in a large Q microwave cavity to the axion frequency, and find 

photons where there were none before. This is not so easy. Calculations by myself 
and colleagues23 suggest the task is very daunting. Nevertheless, brave 

experimentors have recently produced limits within one order of magnitude away 
from the predicted axion signal24. There is hope . . .. 

Thus we may be on the threshold of a wonderful new discovery, unprecedented 

in its importance for both cosmology and astrophysics. Or else, all of the premises 
on which these experiments are based are wrong . . . .  

aAlso Visiting Scientist, Harvard Smithsonian CFA. Research supported in part 

by the DOE and by a Presidential Young Investigator Award. 
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SEARCHING FOR DARK MATTER USING UNDERGROUND DETECTORS 

ABSTRACT 

Keith A .  Olive 
School of Physics and Astronomy 

University of Minnesota 
Minneapolis , MN 55455 USA 

The possibility o f  detecting cold dark matter by searching for high 
energy ( E  � 1 GeV) neutrinos produced by dark matter annihilations in the 
sun using

v
underground detectors is reviewed .  The b e s t  current limits 

available come from combining data from the IMB , Kamioka and Frejus 
detectors .  
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The thought that we know extremely little about perhaps as much as 90% 

of the overall mass of the Universe is troubling . At this meeting , we have 

heard many reasons for believing in the existence of dark matter . On 

galactic scales there is evidence from rotation curves for a extended dark 

halo . On cosmological scales , present theories of galaxy formation and 

inflation imply that the ratio of the overall mass dens ity to the critical 

closure dens ity p/p
c 

- 0 1 .  On the other hand , big bang nucleosynthesisl )  

restricts the portion of 0 i n  baryons 08 � 0 . 15 ,  leaving the rest 

necessarily in the form of non-baryonic dark matter .  

Although experimental searches for dark matter are taking place , to 

date only limits on candidate particle properties exist .  At this meeting , 

we have heard several talks on direct searches for dark matter2 )
. In this 

contribution , I will discuss the prospects of an indirect search looking for 

high energy neutrinos in underground proton decay- type detectors produced by 

dark matter annihilations in the sun3 - l l ) . Experimental data for these 

searches existslZ - l5 )  and the best limits are found by combining these data 

samples
7

• 8 ) . 

In addition to the big  bang nucleosynthesis constraint on OB , there are 

strong reasons why we believe that the dark matter must be non-baryonic16 ) 

There are of course many such candidates available from particle physics 17 ) . 

Among these only the neutrino is a known - to - exist particle . If its mass is 

less than O ( lOO ) eV) , it would be a so- called hot dark matter particle in 

that at the time of perturbation growth for galaxy formation , it was still 

relativistic . A particle which was non- relativistic at this time is called 

a cold dark matter candidate .  These include , heavy neutrinos (mv � O ( few) 

GeV) , photinosjhiggsinos , sneutrinos and axions . Unlike the case for heavy 

neutrinos , which in general we would not expect to be stable , supersymrnetric 

theories nearly always predict the existence of one stable mass ive 

particlelS ) 
making one of the supersymmetric candidates ( in my view) highly 

favorable as cold dark matter .  

While the cosmological abundance o f  neutrinos depends only on the 

neutrino mass (because the annihilation is mediated by W and Z exchange) the 

abundance of photinos is controlled by both the photino mass and the unknown 

scalar fermion masses which mediate annihilations . This means that for 

(almost) any m- 0- can be set equal to one by an appropriate choice of a 

f · 
1� : 1s) d d b  b .  · 1 1 . · s erm1on mass , mf . In ee y com 1ng current exper1rnenta irn1ts on 

m1 , one finds20 )  a lower bound on m� > 6 GeV ( for O(h/0 . 5 ) 2 $ 1) and in 

addition if m- � 10 GeV then O(h/0 . 5 ) 2 � 0 . 1  implying that photinos would 
'I 

make a significant contribution to the overall mass dens ity .  
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Assuming the existence of dark matter and assuming that the dark matter 
is responsible for the observed flat rotation curves of galaxies it is 
possible 

p -

to estimate the mass 
2 vr 1 

4irG (-2--2
) 

a + r 
0 . 07 

density of dark matter in an isothermal halo , 
2 

- 3  vlOO GeVcm ( 
2 2

) ( 1) 
alO + rlO 

where vr - 100 v100 km s - l is the galactic rotation velocity, a - 10a10 kpc 
is some core radius for the halo and r - 10 r10 kpc is the distance from the 
galactic center to the sun. Typical values are v100 � 2 . 4 ,  r10 � 1 and a10 
= 0 . 6 so that p - 0 . 3 GeV cm- 3  Dark matter particles in the solar 
neighborhood may be trapped21 ) in the sun as they pass through and 
elastically scatter . Numerically , the trapping rate is21 • 4 )  

29 - 1 - 3  - 1 - - 36 2 rt = 10 s (nx/0 . 3cm ) ( 300 kms /v) ( l  GeV/mx) (aE/10 cm ) ( 2 ) 
where nx is the dark matter abundance in the solar neighborhoo d ,  v is the 
R . M . S .  velocity of X is the halo and aE is the elastic scattering cross -
section . 

The abundance of dark matter particles in the sun is controlled by 
annihilations3 • 22 ) and evaporation23 • 21 • 9 ) which is negligible for m � 3 x 
GeV . Although the annihilations make it difficult2 2 ) to resolve to the 
solar neutrino problem by heat transfer2 3 )  they open up a poss ibility for 
detecting a signature of the presence3 )  of dark matter . The products of 
these annihilations are high energy neutrinos . In particular , we will be 
interested in looking for the prompt neutrinos in reactions such as5 • 6 )  

n � tl 
f '  + 1 + vi 

I t  is then straightforward 
produced in this way6 ) 

1 
2rt8f 1 drf � -- - -

f 4,,,d2 rf dEv 
Q2._ 
dE v 

( 3 )  
t o  calculate the differential flux of neutrinos 

( 4 )  

where d - 1 A . U . , Bf is the branching ratio f o r  f � f '  + 1 + vi and rf i s  
the decay rate for the same proces s .  W e  can now compare e q .  (4)  with 
the differential flux of atmospheric neutrinos produced by cosmic rays24 ) . 
In the figures6 ) , the differential neutrino flux for a) ( generic ) higgsinos 
( these are equivalent to Maj orana mass neutrinos , i . e .  their abundance is 
completely determined by their mass ) ; b )  ( closure) higgsinos ( their 
abundance can always be adj usted so that 0 � l) ; c ) photinos ; and d) also 
shown is a typ ical candidate from superstring inspired theories25 ) . 
Indicated on the figure s ,  is the mass of each particle in the range 6 - 40 GeV 
( a- c ) and 20 - 50 GeV ( d) . The dashed line is the atmospheric background flux 
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of v ' s  within 30° of the sun. Also shown is the total flux of e 
monochromatic neutrinos4) for the Dirac mass neutrinos and sneutrinos . The 
differential flux for these particles is j us t  

d� 
dE - �o ( E  - mx) . ( 5 ) 

\l l llr-
\ \ 

a) Higgsino 
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In order to make the comparison between the calculated dark matter 

induced flux and the background we must compute an event rate 

- f dP 
S a dEVF(E )  av (E)  � v ( 6 ) 
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for neutrinos from the sun, where VF is the fiducial volume of the detector 

and a v is the neutrino cross - section in the detector . A similar computation 

is done for the atmospheric background rate A. We also distinguish between 

three types of events8 ) : 1) contained events with lGeV $ E 5 2 GeV ; 2 ) v 
neutrino events with E v > 2 GeV producing through- going muons ; and 3 )  

contained events with E «: 2 GeV . v 
IMB12 ) Data for each of these event types exists . For case 1 ) , reports 

11 events within 30° of the sun out of a total of 89 events . The 90%  

confidence level statistical upper limit on the ratio r = S/A is .i;:__::;_ 
0 . 14

7 • 8 ) . For case 2 ) ,  IMB
12 ) 

reports 2 through going muon events within 

8
° of the sun out of a total of 187 events yielding r < 0 . 024 at the 90% 

confidence leve l .  Finally for case 3 ) , IMB
12 ) reports 0 events out of 10 

within 30° 
of the sun for r < 0 . 23 ; Kamioka13 ) reports 0 events out of 2 3  

for r < 0 . 10 and Frejus14) reports 0 events out of 24 with r < 0 . 096 . 
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Because the data is still  statistics limited ,  the best l imit for contained 

events with E � 2 GeV comes from combining the data yielding8 ) 
v 

r < 0 . 040 
In the tables , the calculated values of r are shown

8 ) . 

Table l .  Photinos 

rn- r r r (G�V) (Case 1) (Case 2) (Case 3 )  
4 0 . 11 0 . 014 0 . 09 7  
6 0 . 032 0 . 015 0 . 07 7  

10 0 . 0067 0 . 016 0 . 054 
20 � 0 . 0066 0 . 013 
40 0 . 0023 0 . 0023 

limit 0 . 14 0 . 024 0 . 040 

Table 2 .  Higgs inos 

mu r r r 
(Ge'v) (Case 1) (Case 2) (Case 3 )  

6 0 . 045 0 . 0091 0 . 052 
10 0 . 0084 0 . 010 0 . 040 
20 0 . 0057 0 . 012 
40 0 . 0023 0 . 0025 

limit 0 . 14 0 . 024 0 . 040 

Table 3 .  Marorana neutrinos 

rn r r r (G��) (Case 1) (Case 2) (Case 3)  
6 0 . 055 0 . 011 0 . 064 

10 0 . 023 0 . 028 0 . 11 
20 0 . 0058 0 . 051 0 . 11 
40 0 . 078  0 . 082 

limit 0 . 14 0 . 024 

Table 4 .  Dirac neutrinos 

0 . 040 

m r r r 
cc�Bl Ccase ll (Case 22 (Case 32  
4 � 0 . 022 0 . 08 7  
6 0 . 044 0 . 12 

10 � 0 . 10 0 . 17 
20 � 0 . 30 0 . 24 
40 0 . 70 0 . 28 

limit 0 . 14 0 . 024 0 . 040 

( 7 )  



Table 5 .  Scalar electron neutrinos 

m- r r r 
(��V) (Case 12 (Case 2) (Case 3) 

4 - - 3 . 7  
6 - 6 . 3 

10 - - 11 . 
20 - - 20 . 
40 26 . 

limit 0 . 14 0 . 024 

Table 6 . Scalar muon neutrinos 

0 . 040 

m- r r r 
(��V) (Case 1) (Case 2) (Case 3) 
4 - 0 . 50 1 . 4  
6 - 1 . 3 2 . 3 

10 - 3 . 8  4 . 1  
20 - 13 . 9 . 5  
40 35 . 18 . 

limit 0 . 14 0 . 024 0 . 040 
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Before discuss ing the limits we can set based on this data , it  is  
worthwhile to remind the reader of the uncertainties in the analyses . These 
were discussed in detail in ref .  7 .  The largest uncertainty comes from 
as trophys ics because the trapping rate rt � nx/v. If we naively take the 
limits 1 . 7 5 � v100 � 2 . 6 , 0 . 8  � r10 � 1 ,  and 0 � a10 � 2 . 5 (v - J3/2vr) 

0 . 14 � [ n _
_ 

.. ) (300 kms - l) < 
0 . 3cm 3 v -

2 . 3 ( 8 )  

implying the signal could b e  lowered a s  much as by a factor o f  7 .  However 
Flores26 ) has argued that conservative lower limit on p might be 0 . 2  x 
GeVcm- 3 implying a smaller uncertainty . Other factors to be taken into 
account are fragmentation effectslO ) , couplings to protonsll) and properties 
of the halo27 ) . 

Keeping in mind the uncertainties , we can obtain the following limits 
on cold dark matter candidates with m � 3 GeV : 

photinos : 
Higgsinos : 
Maj orano Neutrinos : 
Dirac Neutrinos : 
e ,  µ sneutrinos : 

x 

m- � 15 GeV 
"( '"ii � 10 GeV 

excluded as dark matter 
excluded as dark matter 
excluded 
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One should be very aware however that with the exception of the sneutrinos 
all l imits are within a factor of 2 - 3 of being acceptable so conservatively 
we can conclude only the sneutrinos are excluded .  

I n  summary , limits based on the (non) detection o f  high energy 
neutrinos from the sun due to the annihilation of cold dark matter 
candidates are available . Future experiments and data are likely to greatly 
improve these l imits or (hopefully) find a signature . 
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Direct Detection of Particle Dark Matter 
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9 1 1 91 Gif-sur-Yvette, France 

Abstract 

We discuss in general terms the problem of detecting and and identify
ing weakly-interacting particles in our galactic halo via the observation of 
nuclei recoiling from elastic scatters. Emphasis is placed on experimental 
signatures and on detector requirements as to size, energy sensitivity and 
background. The problems are illustrated with three popular dark-matter 
candidates: heavy Dirac neutrinos, supersymmetric photinos, and cosmions 
(particles invented to solve the solar-neutrino problem) . Recent progress in 
the construction of suitable detectors is discussed. 
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1 Introduction 

The idea that our galaxy is surrounded and pervaded by a gravitationally-trapped 
gas of weakly-interacting massive particles is an attractive hypothesis that is not 
without strong theoretical and observational motivation [1]. Three years ago, 
Goodman and Witten [2] suggested that such particles could be directly detected 
by observing nuclei recoiling from elastic scatters. Recoil energies are small, 
0.01-100 keV, with rates in the range of events/day for kilogram size targets. 
The Goodman-Witten program then presents a challenge to modern low-energy 
calorimetry. 

Possible detection techniques were first reviewed by Smith [3] and more recently 
by Sadoulet [4] . In this review, we will concentrate on the general requirements 
for detectors of weakly-interacting dark-matter candidates with masses in the GeV 
range, e.g. heavy Dirac and Majorana neutrinos, photinos, and cosmions (parti
cles invented to solve the solar-neutrino problem) . Astrophysical signatures for 
such particles, i.e. , the presence of dark matter annihilation products in cosmic 
radiation, was discussed in this conference by Olive [5] and by the various ex
perimental groups involved [6). Detection of other types of particle dark matter, 
e.g. axions, monopoles, and quark nuggets, was discussed in this conference by 
Gonzalez-Mestres [7]. 

2 Kinematics and Experimental Signatures 

In a collision of a (dark-matter) particle of mass m, and velocity v (= f3c) with a 
stationary nucleus of mass mN , the nucleus will receive a kinetic energy E given 
by 

E = mNc2/32(1 - cosB) [mN":" m.r (1) 

where 0 is the center of mass scattering angle. For a given mN the observed distri
bution of recoil energy is determined by m, (unknown) and the distributions of f3 
and 0 . The hypothesis that the particles are gravitationally trapped in the galaxy 
constrains the particles to have, like the Earth, velocities of order 10-3c. One gen
erally assumes [8,9,10] that the halo particles have a quasi-Boltzmannian velocity 
distribution with Vrm• "" 270km/ sec and that the solar system moves through this 
distribution on its circular galactic orbit with Ve "" 220km/ sec. Because of the 
Earth's movement about the sun, the Earth's velocity with respect to the dark 
matter has an annual modulation of ±15km/ sec. 

As for the distribution of 0, most dark-matter candidates scatter via the ex
change of heavy particles so the low energy total cross section is independent of 
v and isotropic in the center-of-mass. Under these assumptions, the observed dis
tribution E will be the roughly exponential distribution shown in figure 1. The 
average value of E is a function of m, and mN : 

(E} "" 2keV mN [ m, ] 2  
IGeV mN + m, (2) 



Also shown in figure 1 is the seasonal modulation of the distribution resulting 
from the Earth's movement about the solar system. The effect is about 15% at 
E = (E). 

For large nuclei, the assumption of isotropic scattering is false because of the 
nuclear elastic form factor [11 ] .  This gives a differential scattering cross section 
that is proportional to exp(-E/E,0h) ,  where E,0h is a function of the radius, R, 
of the nucleus: 

31i 
2 ( 20) 5/3 

E,oh = ---2 = 300keV -
2mNR A (3) 

where in the last form we have used R � 1 .2A I/3 f m. The exponential form 
factor will not significantly affect the form of the observed (already exponential) 
recoil spectrum. However, for nuclei heavier than silicon and m, not too small, it 
will strongly change the average value of E, the reciprocal of which is now given 
approximately by the sum of the reciprocals of E,0h and (E) as given by eq. 2 . 

Ignoring the form factor, equation 2 says that for a given nucleus, (E) is pro
portional to m. for m. � mN and reaches an asypmtotic value for m, � mN. A 
given detector will, then, be sensitive only to particle masses greater than a value 
determined by its energy threshold. 

1. 
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Figure 1: The average differential scattering spectrum (solid line, arbitrary scale) 
as a function of E/(E). and the difference between the maximum (May) and 
minimum (Nov.) differential rates (dash-dot line, right scale) . 
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For a given m, equation Z shows that (E) rises linearly for mN � m., reaches 
a broad maximum at mN = m., and then falls like m"[/ . By using several targets, 
one can then determine m, and the mean velocity (which determines (E) for the 
optimal nucleus). Unfortunately, for m, greater than 20 GeV, the spectrum for 
the optimal nucleus is strongly affected by the nuclear form factor, so the mass 
cannot be measured by this method. 

One can, in principle, identify a signal as due to dark matter by using the 
above kinematical characteristics to distinguish it from background due to the 
ambiant radioactivity (see the next section) . This would require one to use several 
nuclear targets and/or to have sufficient statistics to see the seasonal modulation. 
An even stronger signature would come from the strong correlation of the recoil 
direction of the nucleus with the direction of the Earth's galactic motion, a point 
recently emphasized by Spergel [10] . Unfortunately, there are no existing detectors 
that can measure the direction of recoiling nuclei in the ke V range, though some 
speculations have been put forward [3,12] . 

If one merely wants to set limits on the presence of various dark matter can
didates, one needs only to compare the counting rate of one's detector with that 
calculated for the dark-matter candidate. We turn, therefore, to questions of 
background and event rates. 

3 Background 

For purely calorimetric techniques, background for dark-matter scattering will 
come from Compton-, beta-, and photo-electrons due to the ambient radioactivity. 
In the keV range, the lowest rate for such processes is near 1 event (kg-day-keVJ-1 
[ 1 1 ,13] . 

4 Event Rates and Present Limits 

The normalization of the differential scattering rate (figure 1) is simply related to 
the v -+ 0 limit of the elastic scattering cross section on the target nucleus, a, 
the reduced mass of the particle-nucleus system, m"d ' the local number density of 
halo particles, p/m. , and the average value of particle inverse velocity, (v-1) (in 
the Earth-frame) : 

_1 dN ( ) 1 a p _ 1  mN -- E = 0 = - - � (v ) 
dtdE 2 m;d m, 

(4) 

Estimates of p tend to be near 0.4 GeV/cm3 [l ] ,  and for the galactic model dis
cussed above, (v- 1 )- 1 "" 260 km/sec. Dark-matter candidates are distinguished 
by their values of a/ m;,d and m,. 

For weakly interacting particles, a is proportional to m;,d and to a series of 
factors determined by the interaction strength and the nature of the couplings 



[14) .  For particles with vector couplings, a for a heavy nucleus will be of the form: 

c2 2 2 a � 21f m,.dc (5) 

where G is the strength of the particles couplings to nucleons and C is a linear 
function of the number of protons, Z, and the number of neutrons, N, in the 
nucleus. This linearity reflects the fact that for vector couplings, the scattering 
amplitudes on individual nucleons add coherently to give a cross section much 
greater than the cross section on individual nucleons. For heavy Dirac neutrinos 
with normal Weinberg-Salam-Glashow couplings, G is equal to the Fermi constant, 
GF , and C2 is nearly equal to N2 /2 [2 ,11 ) .  Supersymmetric scalar-neutrinos have 
similar couplings. 

If the particle's couplings are purely axial-vector, the scattering amplitude on 
individual nucleons will be proportional to the nucleon spin and will cancel for 
paired nucleons. For N-even, Z-even nuclei (the majority of terrestrial nuclei) 
one almost always has complete pairing and a = 0. For nuclei with one unpaired 
neutron (N-odd, Z-even) or one unpaired proton (N-even, Z-odd) , a takes the form 
[14, 17) 

a �  G2m;,d>.2J(J + 1) (6) 

where J is the nuclear spin and >. is a factor of order unity determined by the 
orbital quantum numbers of the unpaired nucleon. G is the interaction strength 
that may depend on whether there is an unpaired neutron or unpaired proton. 
For Majorana neutrinos, G is of order GF for both neutrons and protons. For 
photinos scattering by the exchange of scalar-quarks of mass m,q, G is proportional 
to e2 /m;q , with a constant or proportionality of order unity for protons [15,16). 
Since the neutron is uncharged, one would naively expect a much smaller constant 
for neutrons [ 15,16). It has been argued [ 16, 17) that recent results on the spin
dependent structure function of the proton [20) indicate that the photino has a 
coupling to neutrons that is larger than expected and a coupling to protons that 
is smaller than expected. This belief has, however, been contested [19) . 

Concerning m, , galactic models require only that the particles be heavier than 
a few tens of eV. However, for Dirac and Majorana neutrinos and for photinos, 
the mass and couplings determine, via the annihilation cross section, the mean 
cosmological density, !l,. This quantity is usually assumed to be within an order 
of magnitude of the closure density, which defines a range of interesting masses 
and couplings [17,18,22). 

Unlike these "standard particles" , cosmions [21) have masses and couplings 
that are chosen so that they are captured in the sun at rate that solves the solar
neutrino problem: G � lOGF and 4GeV < m, < lOGeV . Since only the cross 
section on protons is determined by astrophysical arguments, they may have either 
vector or axial vector couplings in any proportion. 

Figure 2 shows (a/ m;,d) vs m, for a variety of dark matter- target combina
tions. The curve "Vn - Ge" refers to Dirac neutrinos scattering on germanium. 
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Curves for other targets can be found by scaling by N2• The range of masses 
corresponds to nv within an order of magnitude of the closure density [18] . The 
curve ".:Y - p" (".:Y - n" ) refers to photino scattering on typical odd-Z (odd-N) 
nuclei. The cross sections were taken from reference [17]. (In both cases the most 
optimistic cross sections were used; for ,:Y - p ("r - n) the cross section could be a 
factor 4 (factor 100) smaller.) The scalar-quark masses were chosen for each m� 
to make 11�hi;2 = 1 [22]. (Degenerate scalar fermions are assumed.) The cross 
section is inversely proportional to the assumed n. The curve " C-Si" refers to 
cosmion scattering on silicon assuming a cross section proportional to Z2 • The 
curve "C-p" refers to cosmion scattering on typical odd-Z nuclei assuming only 
axial-vector couplings. 

Putting some nominal particle physics and cosmological values into equation 
4, w� get the following differential rate per unit target mass: 

lOOONA dN 
(E = O) = 2.8(kg . day · keVt1 

A dtdE 

x [u�m;•d ] [ lGeV ] [ p 3 ] [220km/sec] 
Gp/27r m, .4GeV/cm v, 

Contours of equal differential rate are shown as the dashed lines in figure 2. 
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Figure 2: u/m;.d vs m, for several particle-nucleus combinations as explained in 
the text. The diagonal dashed lines show the differential rate using equation (7). 
The second horizontal scale shows < E > for the optimal nucleus using equations 
(2) and (3) . 



An experiment can place limits on the bracketed quantities in equation 7 by 
comparing, over their range of sensitivity, the calculated rate with the observed 
rate. The limit will depend on m, since this quantity, in addition to mN determines 
< E > .  Figure 3 shows the limits from the Germanium experiment of reference 
[11 ) (for improved limits, see [13)). For large m, , the excluded range follows 
the contour for 1 event (kg-day-keVt1 since for large masses, the experiment is 
sensitive to most of the recoil spectrum (see the bottom scale) . For smaller masses, 
the sensitivity decreases because < E > becomes smaller than the experimental 
threshold, ""' 20keV. Below 10 GeV, the experiment has no sensitivity. 

If we had used a galactic model with a smaller < v-1 > - 1 ,  the limits at large 
m, would have been better but would not have extended down to such low values 
of m,. 

Also shown in figure 3 are the contours for photino and Dirac neutrinos scat
tering on germanium assuming p = .4GeV/cm3• The experiment rules out a wide 
range of mass for Dirac neutrinos but not in the range where such particles are 
expected to be cosmologically important. For photinos, the experiment has low 
sensitivity because of the low isotopic content of 73Ge (7.76 percent) and " high" 
background. The experiment has no sensitivity at all to cosmions because of their 
low mass. 
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Figure 3: The limits on interaction strength and local density as a function of 
m, from the germanium experiment of reference [11) .  The dashed lines show 
the differential rate as in figure 2. The second horizontal scale shows < E > as 
calculated from equations (2) and (3). 
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6 Future Detector Requirements 

From figure 3, it is clear that there are two general requirements for future dark
matter detectors. For dark-matter candidates with vector couplings, we need to 
become sensitive to lower mass particles. This implies going to lower mass nuclei 
and lower energy thresholds with respect to Ge semiconductor detectors. In both 
respects, silicon, either as a semiconductor or, in the future, as a phonon detector 
(see the next section) is probably the best bet for fast progress [30J .  

For particles with only spin-dependent couplings, the primary problem is one 
of background, since the rates are generally below the 1 (kg day keVJ-1 now 
obtainable with germanium detectors. It may be difficult to lower this figure 
with existing detectors where much effort has already gone into the exploitation of 
construction materials with very low radioactivity. One can search for dark matter 
somewhat below the background by using the anticipated seasonal modulation 
[8,9J. A big reduction in background for silicon and germanium detectors could 
also come about by detecting, in addition to e- -hole pairs, the phonons produced 
by the recoiling nucleus, since the ratio between the two excitations is expected to 
be different for electrons and nuclei. 

The most important progress must come through the development of targets 
of different nuclear composition. As for germanium, a detector enriched in 73Ge 
could be more then ten times more sensitive to majorana particles than present 
germanium detectors. Unfortunately, isotope enrichment is very expensive. The 
development of targets based on odd-Z materials is essential if we are to investigate 
those Majorana particles that couple primarily to protons. This is the case with 
photinos and even more so for cosmions whose characteristics are defined by their 
couplings to protons. 

As for detector size, the requirements are relatively modest, at least if one is 
willing to accept many cells. Figure 4 shows, for D irac neutrinos and photinos, 
the detector size and threshold required for 1 event/ day, assuming 1000 cells. Also 
shown are the performance of some existing detectors. Detectors with a low enough 
threshold to see Dirac neutrinos already exist, but they are, for the moment, not 
massive enough to get a sufficient rate. For photinos, silicon and germanium semi
conductor detectors have sufficient size (assuming photinos couple to neutrons). 
This just emphasizes again that the problem here is one of background. 

6 A Catalog of Possible Detectors 

One does not detect recoiling nuclei, but rather things made by recoiling nuclei. 
Table 1 shows a list of such things. For the moment, only detectors of e- -hole 
pairs (germanium and silicon semiconductors) have yielded useful limits on some 
dark matter candidates. Detectors of phonons (bolometers) ,  randomized spins 
(magnetic bolometers) and broken Cooper pairs (superconducting tunnel junc
tions) have yielded impressive first results that are shown in figure 4. Detectors 
observing rotons in 4 He or phase transitions in superconducting grains or wires 
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are, for the moment, interesting ideas that have yet to be developed. Scintillators 
and gas detectors are classic detectors but it is far from clear that the signal due 
to recoiling nuclei is sufficient for them to be used in dark-matter searches. Which, 
if any of these techniques, will prove to be the best for dark matter detection is 
an open question. 
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Figure 4: Detector mass and energy sensitivity required for 0.001event/day 
for Dirac neutrinos ( 1GeV < m, < lOGeV) on silicon and for !l = 1 photinos 
(2GeV < m, < BOGeV) on the optimal odd-Z or odd-N nucleus. The references 
refer to existing detectors and the type of detector can be read from table 1 .  

Table 1 :  Some things that are made by recoiling nuclei. - -

thing medium reference 
e -hole pairs semiconductors 

germanium [ 1 1 ,13] 
silicon [23,30] 

phonons crystals [31 ,24,25,27,39] 
randomized spins magnetically polarized [26] 

media 
broken Cooper pairs superconductors [28,29,32] 
rotons superfluid 4He [33] 
phase transitions small superconductors [34,35,36,37] 
scintillation scintillators [38,36] 
e--ion pairs gases [ 12] 
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A very low background Ge detector used to search for double beta decay has yielded 
new restrictions on candidates for cold dark matter particles in the halo of our galaxy. 
Particles with fJ = 10-3c with respect to the earth and having spin-independent interac
tions would scatter coherently from Ge nuclei. From the observed counting rate at low 
energies Dirac neutrinos constituting all of dark matter are excluded for masses between 12 
GeV/c2 and 1.4 TeV/c2 . Better limits are set on magninos (< 11 GeV/c2) and cosmions 
( < 9 Ge V / c2) , proposed massive particles which also explain the solar neutrino problem 
and which interact more strongly with Ge. In addition, millicharged shadow matter is 
ruled out as the main form of dark matter. 
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Since perhaps 90% of matter is detected only through its gravitational interactions, knowl

edge of what constitutes this dark matter would have widespread importance for astrophysics 

and cosmology. As it is unlikely1) that dark matter consists of particles as they are known 

in the Standard Model, the discovery of their nature would also point the way to important 

new particle physics. Useful constraints on candidates for dark matter can already be set by 

apparatus used to search for neutrinoless double beta decay. In order to approach lifetime 

limits2l on this process in 76Ge of 1024 years, it has been necessary to take extreme measures 

to reduce backgrounds. When the energy threshold for the Ge detectors is made as low as 

possible, the resulting background rates can be used to set limits on the scattering of the 

dark matter candidates from the Ge nuclei.3) Limits on some specific models for dark matter, 

and some more general constraints on dark matter are obtained from measurements with the 

UCSB/LBL double beta decay detector.4) 

The apparatus has been described elsewhere,4) but some relevant features will be men

tioned. Up to 8 Ge detectors have been used for double beta decay, but the data of concern 

here comes from just one detector of about 160 cm3 fiducial volume (0.9 kg) . The Ge detec

tors were enclosed in a cavity formed by ten blocks of Nal (Tl) scintillator of 15-cm thickness. 

Compton scattering, which provides the main source of radioactivity background at low en

er�ies, is suppressed not only by the vetoing of the scattered "I in the Nal or another Ge 

detector, but also because many of the 1's come from cascade decays, and the detection of 

one of these other 1's would also eliminate the event. The threshold at 30 keV ionization 

energy for the Nal counters is high enough that the small energy deposits by the dark matter 

candidates do not cause a veto signal, except for the case of large cross section. The Nal 

detectors are surrounded by borated polyethylene to degrade and capture neutrons and then 

a 20-cm shield of 99.999% pure virgin lead. 

Much effort has been devoted to finding materials of low radioactivity and to developing 

fabrication procedures to reduce the amount of such materials. In order also to avoid losing 

1's before they could be vetoed, it was particularly necessary to keep structural material to 

a minimum inside the Nal cavity and to have that used of as low an atomic number, Z, as 

possible. 



When the apparatus was constructed, the 

emphasis was on achieving low background near 

2.041 MeV, the region to be searched for a peak 

from neutrinoless double beta decay in 76Ge. 

However, when it was decided to look for dark 

matter, we found that there was a rapidly ris-

ing background below about 400 keV. This was 

due to the presence of about half a gram of 

In, which has a 486 keV (3- with a halflife of 

4 x 1014 years! When the In was replaced by 

Au in one detector, the background for that 

detector became fiat down to about 14 keV at 

a level of � count/keV ·kg ·day, except for some 

X-ray peaks. A part of that spectrum is shown 

in Fig. 1, and it will be noticed that at lower 

energies the counting rate rises due mainly to 
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Fig. 1. Ionization energy detected 

at the low end of the operating range 
of one Ge counter in a four-week run. 
Below the Ga and Zn X-ray peaks the 
noise is almost fiat until 3 keV. The 
threshold was set at 2.0 keV. The two 
curves show the contributions expected 
for particles of mass 12 and 20 Ge V / c2, 
which interact via zO exchange. Tak
ing into account the almost fiat back
ground in the 3 to 8 keV region, the 12 
GeV/c2 curve is ruled out at the 95% 
confidence level. 

Ga (10.4 keV) , and a little to Zn (9.7 keV) X-ray peaks which result from the 68Ge _68 Ga 

decay chains coming from radioactivity induced by cosmic rays when the Ge was above 

ground.2) The counting rate drop at the low end of the X-ray peaks begins to be off-set by 

the rapidly rising noise rate which currently limits measurements to about 3 keV. Although 

further improvements will occur, we already have lower backgrounds in the low energy region 

than have heretofore been available. Hence, we have utilized those data to set useful limits 

on several dark matter candidates. 

An interesting speculation5l which has motivation from string theory is that another 

world may occupy the space in which we live and that this shadow universe interacts with 

us only gravitationally. However, Holdom6l pointed out that if any particle, no matter how 

heavy, exists connecting the two universes, then the shadow universe has a massless photon 

which mixes with our photon, providing a way in which shadow photons can interact with 

us through a very weak electric charge. Goldberg and Hall7l investigated whether such 
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millicharged shadow matter could be a candidate for dark matter and found that it was 

possible, despite constraints from cosmology, galactic astrophysics, and Ge detector counting 

rates8) at the surface and at a depth of 4000 m.w.e. However, our experiment gives a rate 

about � that of the PNL/USC experiment8l in the relevant range of ionization energies (20-

150 keV) and is at a depth of only 600 m.w.e. In order that too few particles survive to that 

depth to be counted at the observed background rates, their cross section (and hence the 

shadow proton mass) has to be so large that it exceeds other constraints, eliminating this as 

a dark matter candidate. 

Another candidate for dark matter is the class of weakly interacting massive particles 

(WIMPs) which interact via zO exchange. This vectorial, spin-independent interaction is 

coherent in a nucleus and so depends on the square of the number of neutrons, N2.  If the 

coupling of these particles is similar to that of Dirac neutrinos and their mass is greater than 

a few Ge V / c2, the resulting large annihilation cross section necessitates at masses above a few 

GeV/c2 particle-antiparticle asymmetry for them to be responsible for all of dark matter.9) 

An asymmetry similar to that of baryons would require a mass of the order of 10 GeV. 

For such a particle of mass m scattering from a Ge nucleus ·of mass M, the average energy 

deposition at low energy is < Ed >= m2 M < v2 > / (m + M)2 ,  where < v2 > is the mean 

square speed of m. For these low values of Ed, the recoiling nucleus ionizes very inefficiently 

and gives an ionization signal much smaller ( � i) than that of an electron of the same kinetic 

energy. Fortunately, accurate measurements10) of this ionization efficiency have been made 

by neutron scattering in Ge down to an equivalent electron energy of 2 keV (Ed � 10 keV), 

and the results agree very well with the theory of Lindhard, et ai. 1 1) It is the equivalent 

electron energy which is plotted in Fig. 1 .  

To compare the measured rates i n  Fig. 1 with the spectrum expected fo r  a given mass 

of Dirac neutrino from the halo of our galaxy, we took a halo density of 0.3 Ge V / cm3 , 

which is 5.3 x 10-25g/cm3, and a Maxwellian velocity distribution with a root mea.1Lsqua.re 

average of 270 km/s without any truncation (which .cmild exist if the galaxy escape velocity 
were relatively low). For the· relevant period (March)'we assumell.'the ve!oolty .Of·the ;ea;rth 

with respect to .the ha.lo to . he  zao km'js. Using the known3hntera.¢tion cross. section an'd 
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the parametrization of Lindhard's model11l by Robinson,12) the solid curves of Fig. 1 were 

generated for several values of m. If we assume a flat background in the region 3-8 keV, 

masses above 12 Ge V / c2 are excluded. The mass value is actually double valued for a fixed 

halo density, so there is an upper bound of 1.4 TeV for the region of excluded masses. If we 

decrease the halo density by 30%, the lower mass limit increases from 12.0 to 12.5 GeV /c2. 

Changing the r.m.s. velocity to 240 km/s increases the limit to 12.2 GeV /c2 . 

There is an interesting variant on the standard Dirac neutrino which Raby and West have 

proposed13) in order to have the same particle not only be the main component of dark matter 

but also explain the solar neutrino problem. This apparent deficit of 8B neutrinos coming 

from the sun14) could be explained15) by WIMPs being trapped in the sun and transporting 

energy from the core to larger solar radii, thereby slightly cooling the central region from 

which most of the neutrinos originate. This mechanism requires cross sections with protons 

of about 10-36 cm2, a low enough annihilation rate, and masses roughly in the range of 4 to 

15 Ge V / c2 . Below 4 Ge V / c2 the particles evaporate too rapidly from the surface and above 

about 15 GeV /c2 they do not travel far enough from the core to cool it efficiently. Such 

particles could also explain l5) the discrepancy between observations of solar oscillations and 

the standard solar model, but the required properties are not possessed by conventional or 

even previously proposed particles.16) The Raby-West13) solution is to postulate a fourth

generation Dirac neutrino, called a magnino, since it would have a large magnetic moment 

arising from the existence nearby in mass of its charged partner and associated Higgs particle. 

The resulting electromagnetic interaction with protons has an appropriate cross section � 

10-36cm2, two orders of magnitude longer than the weak interaction cross section. For a 

heavy nucleus like Ge, however, the electromagnetic interaction becomes only comparable to 

the weak interaction. In addition, the interference term becomes model dependent, since it 

involves the charge radius, r, and magnetic moment, µ, of the magnino. With parameters 

(µ = 1/87r2, r2 = µ2/sm2, where m = magnino mass) suggested by Raby and West, the 

resulting mass limit is 11 Ge V / c2 , which is not very different from that for a particle with 

only weak interactions. Although the statement is often made that WIMPs with cross sections 

large enough to account for the solar neutrino problem should be easy to detect in laboratory 
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experiments, this model at least shows that that is not necessarily so. However, as the mass 

of either the incident particle or the target nucleus is diminished, the relative effect of the 

electromagnetic interaction becomes more important. 

In contrast, there are models for WIMPs to solve the solar neutrino problem in which 

the large cross section on protons is reflected in a large cross section on Ge as well. These 

include the cosmion of Gelmini, Hall, and Lin, 17) 
which interacts with light quarks via a heavy 

colored scalar, another fourth-generation neu

trino of Raby and West, l8) which has a stronger 

interaction because of a light neutral Higgs, 

and the neutrino from broken E5 of Ross and 

Segre, l9) which gets its needed interaction from 

an addition Z1 •  A single mass limit of < 9 

Ge V / c2 is determined from the data for all 

of these models because the cross sections are 

large enough so that the limit is set by the 

kinematic threshold. 

Since such models may be ephemeral, it is 

important to display the results of this experi-

ment in a way which may have wider eventual 

application. Such information is shown in Fig. 
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Fig. 2. Mass exclusion plot for 
particular cross sections for the inter
action with Ge (or for the upper bound
ary, with the earth) using data from 
the present experiment. The larger 
shaded region is excluded if the escape 
velocity is infinite; the smaller region 
if the escape velocity is 575 km/s. All 
limits are 2a. The curve near the bot
tom of the plot shows the cross section 
as a function of mass for a Dirac neu
trino. The short line with the label 
cosmion shows the expected cross sec
tion for cosmions with mass between 4 
and 9 GeV/c2• 

2 ,  which is an exclusion plot in dark particle mass vs. interaction cross section above the 

detector. In the region of large masses, the upper limit on cross section corresponds to the 

case in which the energy deposition in the Na! is sufficient to veto the event. At lower masses, 

particles with a large enough cross section are slowed before they reach the apparatus so that 

they produce insufficient recoil energy to be observed. The left edge of the exclusion region is 

determined by the data near threshold. Note the small difference in this region which occurs 

if a 575 km/s escape velocity is assumed to truncate the Maxwellian velocity distribution. 

The lower edge rising with mass comes from a combination of the decreasing number density 
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of the incident particles (since the mass density of the halo is fixed) and of an increasing 

contribution of the background due to the widening of the expected energy distribution. We 

have taken into account the loss of coherence at high masses, assuming a radius of 4 · 10-13 

cm for the Ge nucleus. Above about 50 GeV mass the background at energies above the Ga 

X-ray is setting the limit. At high masses, the lower limit is proportional to mass. All mass 

limits given here are at the two standard deviation level. In all cases the usual assumption 

has been made that the considered particles constitute all of dark matter. 

Fig. 2 shows that existing Ge detectors set useful limits on dark matter candidates. 

We have shown here that one class of proposed dark matter, millicharged shadow matter, 

is effectively eliminated and that the masses of particles with an initial asymmetry in the 

universe, such as Dirac neutrinos, magninos, and cosmions, are being constrained. While 

the present apparatus will give improved results after some time, more promising is the 
I 

development of Si detectors which can cover the full range (down to 4 GeV) of interest for 

WIMPs which could also solve the solar neutrino problem.20l 

This work was supported in part by the U.S. Department of Energy, and the results could 

not have been obtained without the invaluable help of D .L. Hale, D .A. Landis, N. W. Madden, 

and R.H. Pehl. One of us (DOC) thanks the von Humboldt Foundation for a U.S. Senior 

Scientist Award utilized during the preparation of this paper. 
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DETECTION OF DARK MA TIER PARTICLES WITH LOW 
TEMPERATURE PHONON SENSORS 

ABS1RACT 

Bernard Sadoulet 
Department of Physics 

University of California 
Berkeley, California 94720 

USA 

Taking as an example our development effort in Berkeley, I discuss for 
nonspecialists (Astronomers and Particle Physicists) the promises of phonon sensing at 
low temperature for the detection of dark matter particles and the difficulties faced. 
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1. MOTIVATIONS 

The hypothesis that dark matter is  made out of exotic particles not yet 

discovered at accelerators is rather natural I ), and specific enough to allow a direct 

experimental test2). But as Rich has shown at this workshop3), it is necessary to reach 

both lower thresholds and lower backgrounds that are presently available. The 

fundamental nature of the problem justifies a strong experimental development, and two 

directions are being explored: 

• On the one hand, one could attempt to improve ionization detectors. 

Caldwe114) discussed at this workshop the results obtained with solid state detectors and 

the developments which are being started. Low pressure gas detectors may also be 

promising3,5). 

• On the other hand, many groups are launching development of cryogenic 

particle detectors6). In the dark matter context, it is hoped that both smaller thresholds 

and lower backgrounds than conventional technologies allow, can be obtained. 

The hope of reaching lower thresholds stems from the fact that much smaller 

quanta (broken Cooper pairs or phonons) are used in these detectors. Low thresholds 

are mainly interesting for investigating the low mass region of2-4 GeV/c2, which is not 

excluded by accelerators?) and not accessible easily to ionization detectors. Another 

possible application of low thresholds is for the detection of dark matter particles 

trapped in the earth 8,2).  If their mass is right (=1 2  GeV/c2), then their flux at the 

surface is enchanced and a I gram detector sensitive to 10 eV deposition would detect a 

few events per day! 

In my mind, a more important justification for the development of cryogenic 

detectors is that at least some of the proposed techniques are able to provide much 

smaller background. It is obvious from Caldwell's discussion that it is essential to 

obtain the followings: 

- a good spectral resolution in order to exclude X-ray lines and to 

recognize the spectral shape and the annual modulation expected for a positive signal. 



- some position resolution to exclude short range radioactive products 

from the experimental surroundings. 

In addition, it would be extremely useful to have additional handles: 

- a wide variety of materials to check the behaviour of both the signal 

and the background. Note also that, at least in naive models9), Majorana particles are 

expected to interact only with targets having nuclear spinsl 8). 

- an unambiguous signature that the interaction occurred on a nucleus. 

The main background is expected ultimately to be Compton scattering in electrons by 

stray y-raysl 1), and � from radiogenically produced materials such as tritium. If one 

could measure simultaneously both the ionization and the amount of heat 

deposited1 2,l 1), one could then recognize a nuclear recoil and reject these background 

contributions. 

- directionality; Since the sun velocity is of the same order of magnitude 

as that of dark matter particles, they are expected to come mainly from one direction Bl. 
Although it is unclear whether the phonon distribution will remember the 

direction of the initial particle, with phonons detectors, it may be possible to reach in 

particular, most of these objectives. This has been the main motivation behind the 

effort of our group in Berkeley. Other types of cryogenic detectors have been proposed 

for dark matter detection and are reviewed in reference 6). Perret-Gallix 14) discussed 

the potentialities of superconducting granules at this workshop. We limit our remarks 

to the phonon detectors. 

2. AN EXISTENCE PROOF: LOW TEMPERATURE CALORIMETRY. 

The hope that phonon detectors can indeed do the job is further boosted by the 

recent success of low temperature calorimetry. 

2.1 Calorimetry and Bolometry 

Calorimetry is probably the oldest method for measuring a deposition of energy. 

The rise of temperature of an isolated system in which an energy � is dumped is given 

by 
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L\E 
L'IT = c  

where C is the system's heat capacity. For an insulator, the heat capacity behaves as T3 

(Debye law), as the temperature T approaches the absolute zero. Thus for low enough 

temperature, the sensitivity could be excellent. 

This method has long been used by infrared astronomers to detect the infrared 

light from a star. In their case, the technique is known as bolometry since an energy 

flux is measured. The temperature is usually measured with a thermistor. A small bias 

current develops a voltage difference across it which is sensed by a FET amplifier. 

As early as 1974, Niinikoski and Udo15) suggested that this technique could be 

used for the detection of particles. This concept has been marvelously established by 

the work of McCammon, Moseley, and Matherl6). They have achieved a resolution of 

17.4 eV FWHM for 6 keV X-rays, and the base line fluctuations are only 13 eV, a very 

impressive value which indicates the possibility of thresholds of the order of 30 e V! 

2.2 Naive Extrapolation to Larger Sample. 

The only problem with the last result is that it was obtained with a crystal of 

10-5 g, far from the kilogram of detection needed for a dark matter search. 

However, at least superficially, it is possible to extrapolate this method to much 

larger samples. Mather and co-workers17) have shown that the noise is ultimately 

limited by the thermal noise (both the energy fluctuation of the crystal and the Johnson 

noise of the thermistor) and is given by 

oE = �  -/k T2 C 

where � is a constant depending on the sensitivity of the thermistor, and is of the order 

of 2.5 for the best ones currently available. But for an insulator 

C - T3 M  

where M is the mass of the sample and the T3 is predicted by the Debye law. 

Therefore 

oE - � T5/2 Mll2 



and if � is a constant (that is the thermistor efficiency does not decrease with 

temperature), if the Debye law is valid and if no other contribution dominates the noise, 

it is possible to compensate a large increase in mass by a much smaller decrease in 
temperature. 

Extrapolating naively in this wayl 8), and starting from the heat capacity that 

McCammon et al. have measured for their detection at 100 mK, we conclude that it 

could be possible to have 100 eV threshold with crystals of 300g of boron, 200g of 

silicon, or lOOg of germanium at 15 mK. Even taking the experimental characteristics 

of the thermistors, that we have measured at 20 mK, 50g of boron should achieve this 

threshold. Let us emphasize again that this assumes the absence of any deviation from 

the Debye law and of any excess noise! 

3. A TYPICAL ITINERARY 

Fascinated by those numbers, our Berkeley group started enthusiastically 

experimenting with these low temperature calorimeters. We were not the only ones nor 

the first ones, but our trajectory is fairly typical of the experience of other groups who 

have started similar developments for dark matter searches (Cabrera and co-workers at 

Stanford, Lanou and collaborators at Brown University, E. Fiorini et al. in Milano, 

and P. Smith and co-workers at Rutherford). As such, the following description may 

be informative for groups attracted by the subject! 

I began to gather a cross disciplinary team of people able to spend (for most of 

them) a small amount of their time on this interesting problem: E. E. Haller, a material 

physicist who brought to the team his knowledge of Solid State Physics and his know

how with Neutron Transmutation Doped thermistors; A. Lange, an infrared astronomer 

and an expert in bolometry; and two particle physicists R. Ross and H. Steiner. 

My students and I knew nothing about low temperatures. We started to train 

ourselves at l .3KO (with a pumped 4He cryostat). Using the same type of bolometers 

used by infrared astronomers, Ning Wang, a graduate student, could relatively easily 

observe a pulses, and over time we improved the signal to noise. 
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This experience showed us clearly the need to have state of the art amplifiers. 

We embarked then to develop a low noise FET which could work in a 4K environment. 

Carol Stanton, an undergraduate, succeeded in obtaining 1 nV/{HZ for a 3 mW 

dissipation and a total input capacitance of 15 pF. 

Meanwhile, we borrowed time on existing dilution refrigerations. Profs. 

Packard and Clarke in the Physics Department offered us to run parasitically in their 

fridges. This led us to quickly discover the problems of very low temperatures and of 

our devices. For instance, RF shielding (not available in Packard's fridge) proved 

absolutely essential for devices of the sensitivity we were using, and we have also 

learned many tricks of the trade. In the process, we started to identify the fundamental 

difficulties of the enterprise that are summarized below in section 4. 

But in spite of the kindness and patient help of our hosts, it became clear that no 

fast progress was possible without having our own low temperature facility, adapted 

and dedicated to our project. With the help of the University, we bought a dilution 

refrigerator from Oxford Instruments. Tom Shutt, a graduate student, began to design 

and construct a Faraday cage and a gas system, and a year later we are nearly 

operational. 

The experience of Fiorini, for instance, closely parallels this trajectory a few 

months before us. And it is when his team finally had its own fridge working that rapid 

progress was made. They have observed19), for instance, an a spectrum with 0.7g of 

germanium, and at the time of this writing they have a !Og calorimeter. The noise is 

still large (50keV FWHM) because of thermistors and electronics which are not 

optimized, but these devices clearly show great promise! 

4. A DEVELOPMENT AT THE FRONTIER OF SOLID ST ATE PHYSICS 

Although the practical problems linked to starting up and operating at low 

temperature should not be underestimated (it took us two years to reach our present 

status), the fundamental problems we are facing are of another nature. The behavior of 



the detectors we are trying to build depends critically on phenomena, which are at the 

frontier of the understanding in Solid State Physics. We will sketch two examples. 

Interested readers will find a more technical discussion in reference 20). 

4.1 Are the phonons ballistic? 
Even the small energy deposited by dark matter particles is huge compared to 

the typical energies in the crystal, and the initial interaction creates a· "fireball" which 

expands and cools off. It leads to optical phonons which down-conven eventually to 

transverse phonons. The energy of these, in turn, gradually decreases to an energy 

corresponding to the crystal temperature. However at low temperature, as well known 

to Solid State physicists21 ), the phonon lifetime in the bulk of the crystal increases as 

the inverse of the 5th power of their energy and for practical time scales, they stop 

thermalizing at an energy of 1 meV, or an effective temperature of 10 K, much higher 

than that of the crystal. Such phonons are called "ballistic" since they travel in straight 

lines with mean free path of the order of 1 cm and scatter on impurities, the different 

isotopes and surfaces. 

This description contrasts sharply with the picture that we painted in section 2, 

where we assumed implicity a complete thermalization of the phonons. Therefore the 

scaling laws that we gave are presumably unrealistic. But is it so bad to deal with 

phonons out of equilibrium? As first emphasized by Cabrera and coworkers22), there 

may be a number of advantages6): 

• If phonons stay at high energy, we indeed could use higher threshold 

detectors, such as aluminum tunnel junction23) or superconducting strips24) . 

Experimentally, such an assertion has been unambiguously proven by the von Feilisch 

group25). Even for thermistors, the higher energy of the phonons may improve their 

coupling to the sensor20). 

• If the sensor is not sensitive to thermal phonons, the heat capacity of the 

sample is irrelevant in determining the fluctuations of the detected energy. The crystal 

then acts as a phonon guide and very large detectors may be possible. 
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• Last, but not least, there is the remote possibility that the phonon flux may 

remember the initial direction of the incoming particle. After all, the initial momentum 

has to be conserved26), and may introduce some asymmetry if the down conversion 

process is not dominated by umklapp processes which transfer the momentum to the 

crystal as a whole. This would be an exceptional signature for dark matter 

detection 13). 

However, using these properties would impose the requirement of not 

thermalizing unduly the phonons, for instance on surfaces, crystal defects or the 

interfaces between the crystal and the sensor. These problem are extremely difficult, 

and, unfortunately, are at the present frontier of Solid State Physics27). 

In a contribution to this workshop28), R. Lanou gives another example of the 

use of sophisticated Solid State phenomena, rotons in 4He liquid. 

4.2 The Phonon Coupling Mechanism in the Sensor. 

Many problems are also encountered in the understanding of the sensor. 

Let us take, for instance, the example of our Neutron Transmutation Doped 

germanium thermistors29). In a series of experiments, around 20 mK, we have tried to 

characterize their behaviour30,20), and have found the following: 

• They indeed display a very fast resistance dependence on temperature. 

Between 20 mK and 70 mK, their resistance (extrapolated at zero bias current) changes 

by 5 orders of magnitude. 

• Unfortunately, a resistance cannot be measured without a current and as soon 

as we apply a current, the resistance decreases greatly and the devices severely loose 

their sensitivity. The carriers in the crystal (holes in our case) become hot for very low 

biasing power. 

• We have been trying to understand the origin of this phenomena, which is to 

some extent present in all semiconductor doped thermistorsl 6). Our tests point to the 

possibility of decoupling between the carriers and the (thermal) phonons. If this is the 



case, it is indeed very bad news, since we would like to use these detectors as phonon 

sensors! 

• The situation may be saved by the lack of thermalization of phonons 

mentioned in section 4. 1. Theoretical reasons20) lead us to believe that high energy 

phonons will not encounter this decoupling problem. The a and 60 ke V pulses that we 

observe in our samples have very fast rise times (limited by our electronics), as is 

expected for good coupling. This does not constitute, however, an unambiguous proof 

for that process, and we are actively trying to obtain better experimental evidence. Our 

problem is that not very much is known on these processes as hot carriers and electron

phonon decoupling phenomena are at the forefront of Solid State Physics. Again, this 

is typical and if we had chosen to describe the development of tunnel junctions, we 

would have encountered similar fundamental problems of Solid State Physics3 1) . 

5. CONCLUSIONS 

We seem to have drifted far from our scientific quest on the nature of dark 

matter. However, the full testing of the hypothesis that dark matter is made of particles 

requires very sophisticated instrumentation, able of detecting weak energy deposition 

and providing the signatures necessary to distinguish the signal from the background. 

Cryogenic detectors are good candidates for this important and challenging job. 

It is too early to know whether they will succeed. From our remarks, it should be 

clear, however, that in order to develop them it is necessary to master hosts of practical 

and Solid State Physics problems. It will clearly be a long haul, but the experimental 

challenges are fascinating. In addition to dark matter searches, there are many 

promising applications6). And the fundamental nature of our initial scientific question 

certainly deserves a large amount of effort. 

This work is partially supported by the U.S. Department of Energy, contract No. DE

AC03-76SF00098. 
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SUPERFLUID HELIUM AS A DARK MATTER DETECTOR 

ABSTRACT 

R. E. Lanou, H. J.  Maris, & G. M. Seidel 
Department of Physics 

Brown University 
Providence, Rhode Island 02912 

USA 
(Presented by R. E. Lanou) 

The properties of liquid helium-four at temperatures in the vicinity of 100 mK 
suggest that it might be a suitable medium from which to construct a detector for 
certain types of dark matter. Among these properties are freedom from contaminants 
producing background and a high multiplicity of carriers (rotons) produced in energy 
deposition. It is suggested that there are processes available in helium which may 
permit discrimination between recoil nuclei and electronic of equal energy deposit. 

75 



76 

I. INTRODUCTION 

A severe experimental challenge has been posed if dark matter is elementary 
particle in nature and weakly coupled to ordinary matter. The combination of flux, 
cross section and low kinetic energy of these particles leads to expectations of low 
event rates and low energy deposits in any detector. Consequently a suitable detector 
for such dark matter should possess a low content of intrinsic or spallation produced 
radioactivity, a low energy threshold, good energy resolution, good sensitivity (size 
vs. rate) , a choice of integer or half integer spin targets, real time detection and good 
signal to noise discrimination. 

The design choices for any detector for this purpose depend on optimization of 
these competing requirements. It is unlikely that they will all be realized in a single 
type of detector; no doubt there will be needed several complementary ones. At this 
conference, in the joint session with the Electroweak Workshop, we heard11 about 
some of the detector developments which are furthest along. Most are based upon 
solid state devices utilizing interaction with a lattice through ionization or phonons 
or superheat. 

Recently, we have begun work on a calorimetric method21 which is quite different 
from any of those previously discussed. It is based upon the properties of liquid 4He 
and its bulk excitations at very low temperatures. Our original motivation has been 
to develop a device suitable for studying the spectra of solar neutrinos down to the 
very lowest energies - that is, those of the p-p and 7Be reactions. Such a solar 
detector consisting of 10 tons of 4He would collect 20 events per day from those two 
reactions. 

The same properties of superfluid helium which make it useful for solar neutrinos 
should make it an excellent candidate for dark matter searches; however, the scale 
could be much smaller - typically, less than 5 kilograms might produce 100 events 
per day. 

II. CALORIMETRY OF SUPERFLUID 4He 

The properties of 4He superfluid although widely studied and understood through 
a very active community of distinguished workers until fifteen years ago,31 do not seem 
to have found their way into being part of the everyday knowledge and bag of tricks 
of the rest of us - particle and astrophysicists especially. These properties of a 
macroscopic quantum fluid are surprising, beautiful and some familiarity with them 
is essential for a critical hearing of the proposal to use them for detecting neutrinos or 
dark matter. Consequently, I hope you will bear with me while I (a particle physicist) 
digress to share with you my elementary understanding of the nature of 4He superfluid. 
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In general terms, 4He is attractive because it is inexpensive (� $5 per liter) , 

clean, quiet and simple. 4He at low temperature ( < 100 mK) is the purest material 

known. All other atomic species freeze out as helium remains liquid to absolute zero at 

equilibrium pressure. 3He content can be reduced to one part in 101 3
• When energy is 

deposited in 4He superfluid most of the energy appears in the bulk excitations known 

as phonons and rotons. As is described below, it is the rotons which will be of primary 

interest to us; they constitute a high multiplicity population of stable carriers which 

lead to real time detection with the promise of good energy resolution. 

Radioactive backgrounds are the principal limitations on solar neutrino and dark 

matter experiments. This background can be thought of as having three sources: 

a) a long-lived radioactive isotopes intrinsic to the detector medium (such as 115In in 

indium detectors41) , b) long-lived isotopes made cosmogenically while the materials 

are above ground (such as 3H and 22Na in silicon detecto,rs51 ) and c) neutrons and 

gammas (Compton recoils) from the environment.61 Helium has no natural radioac

tive isotopes and its first excited state is very high - 21 MeV. Neutrons from the 

environment are easily controlled and so the chief concern for any helium detector are 

gammas generated in its container and its immediate shielding'. The extensive use 

of copper in double beta decay experiments71 provides reliable numbers for expected 

gamma rates from a copper dewar (a natural material for helium containment) . These 

rates seem to be quite manageable (0.09 decays/min/kg) . 
If a neutrino or dark matter candidate interacts with the atoms of a helium de

tector there will be a recoil - typically an electron or an entire nucleus - and it is 

the kinetic energy of the recoil which we must detect and measure. These energies 

are very small ranging from a few kilovolts to electron volts. 

How does one measure such energy deposited hermetically in bulk material? The 

classical macroscopic temperature rise calorimetry is not a promising one. The ex

cess energy deposited, AE, in a mass, M, of specific heat, C, yields a temperature 

rise AT = .6.E/CM. The specific heat at low temperature is proportional to (f,;-) 3
, 

where the Debye temperature for helium is Ov = 25.9°K which results in too low a 

temperature rise to detect in the quantities of 4He required unless infinitesmal seg

mentation were utilized. Even such a draconian solution would not provide adequate 

energy resolution. 

Fortunately, there exists a microscopic approach which suggests an elegant solu

tion. The recoiling particle deposits most of its energy into the form of bulk excita

tions (phonons and rotons) in less than 10-6 sec. Only about 0.7 milli-electron volts (meV) are required to make the majority (Fig. lb) of these carriers so a one kilovolt 
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recoil would produce - 106 such carriers thus leading to good statistical resolution [6.E/E = v1iQ6 x (.7meV/IKeV) o:= 0.1%] . These carriers propagate ballistically at 
about 100 m/sec which, if they can be efficiently collected, permit real time detection 
and measurement of deposited energy. 

To understand the nature and origin of these carriers (rotons) we must look at the 
microscopic properties of helium. As helium is cooled it undergoes a phase transition 
at 2.1°K (the ">.-point" ) into a condensed boson liquid of effectively zero viscosity. 
It has a density of 0.141 gm/cc in a rather open structure. The He-He interaction 
potential strongly repels at separations of - 2. 7 A and is weakly attractive at greater 
distances. We might then think of the He atoms as spheres - IA radii randomly sited 
on "equilibrium" centers of - 3A. At very low temperatures the atoms move easily 
from these sites; small vibrations and larger displacements which constitute the bulk 
excitations are quantized81 and are the carriers we call phonons and rotons. Their 
�istinctions from each other are determined by the dispersion curve which constrains 
their possible energies and momenta (see Fig. la). There are both similarities and im
portant differences to the dispersion relation for excitations on a solid lattice. Figure 
2 illustrates the case for a one dimensional uniform spacing. Helium differs in that it 
obeys boson symmetries and has inexact 3-D spacing. This dispersion curve has been 
well established by neutron scattering experiments. The roton minimum occurring 
approximately at 2(A.)-1 can be thought of crudely as equivalent to the minimum 
at 27r: /a of Fig. 2. These phonons/rotons themselves constitute a boson gas within 
the boson liquid and they can decay and interact with each other if there are enough 
of them at a given equilibrium temperature. The temperature dependence of these 
equilibrium P_?PUlations is strong - n (phonons) ex: T3 and n (rotons) ex: e=f . As can 
be seen from Fig. la, the so called roton region is the very non-linear one at high mo
mentum and energy (characterized by an energy gap 6. o:= 8° K or 0. 7 me V) thus they 
are forbidden to decay freely due to energy-momentum conservation. Consequently, 
if the equilibrium temperature of the liquid is low enough, non-equilibrium rotons 
suddenly produced (e.g., due to a recoil) will be stable and propagate ballistically91 at 
about 100 m/sec. At 100 mK - a temperature low enough for the above conditions 
to obtain yet high enough not to require a cryogenic tour-de-force - it is useful to 
remind ourselves that this is indeed a very "quiet" medium with an average atomic 
kinetic energy of - lOµeV and an equilibrium vapor pressure such that there are only 
10-12 atoms/cc above the liquid. 

III. USE AS A PARTICLE DETECTOR 

The challenge then is to collect these rotons in a realistic device. Figure 3 illus-
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trates in a schematic way one method of proceeding. Briefly (see Ref. 2 for details) 
the sequence of events would be as follows: a) kinetic energy of the recoil from an 
interaction is converted to mechanical excitations in the helium,101 b) the large pop
ulation of rotons propagate ballistically to the free surface, c) at the free surface 1/3 
of the rotons111 knock-out 4He atoms, d) the 4He atoms, via a large van der Waals 
interaction121 , are physiosorbed onto the surface of thin silicon wafers suspended a 
few millimeters above the surface, e) in a few milliseconds the binding energy released 
into the silicon results in a measurable temperature rise ( IJ D (silicon) = 636° K). An 
energy amplification of about a factor 3 occurs in this sequence - a non-essential but 
convenient feature. The ultimate energy resolution achievable by this technique will 
probably depend upon how well geometric effects and losses at the walls can be con
trolled. Deferring other practical matters of construction for a moment, what about 
the scale of such a technique for use in a dark matter search? 

We take the standard "assumptions" concerning dark matter if it is elementary 
particle-like: a density of 0.4 GeV /cc, a mean velocity of 300 km--sec-1 ,  interaction 
cross sections coherently off nuclei131 of � 10-38cm2, an an annual rate modulation 
of 2-7%141 . The maximum recoil energies are given by Emax = 2n2Mhc (f3)2/ (n + 1)2 
where n = m(dark) /M (helium) . If a threshold of0.5 keV is assumed and a minimum of 
5 events/day (corresponds to a mass of 30 GeV /c2) as a practical limit, then a volume 
of 20 liter (2.8 kg) would produce 80 events/day at the lower mass limit of 2 GeV /c2 • 
The recoil energy maximum deposits range from 0.8 KeV to 5 KeV. Backgrounds 
are expected11 to be mainly Compton scattering of gamma rays originating from 
spallation products in the copper71 dewar. We estimate these at about 35/day. This 
might be considered a minimal example since a solar neutrino detector of 10 tons 
appears feasible - in fact, should a dark matter experiment by this technique prove 
successful dark matter as a background would swamp the solar neutrino experiment! 

Goodman and Witten (Ref. 13) have emphasized the value of having targets with 
different intrinsic spins. 4He would be a spin zero candidate but unfortunately half 
integer spin 3He does not support a population of stable rotons. 

Sadoulet and others151 have emphasized the potential importance of the ability 
to discriminate between equal energy deposits caused by different deposition mecha
nisms. Specifically, it would be valuable to separate energy deposition primarily by 
ionization in the case of Compton recoils as opposed to deposition by slowly moving 
recoil nuclei which produce little ionization. The unusual properties of drifting ions 
in liquid helium may provide the ability to make this discrimination. Positive ions 
form a stable, dimer which polarizes the immediate surrounding medium; the result-
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ing forces are such as to solidify the medium out to a radius of - 7 A encompassing 

a mass of about 40 atoms.161 There is no stable, negative bound state; the weak 

He-He interaction and the strong electron-electron repulsion contributes to the free 

electron being contained in a "bubble" of - 16A by displacing about 160 atoms.171 

When drifted in even modest electric fields (200V /cm) these rather large structures 

contribute complex mobilities. There is a critical velocity which, if exceeded in fluid 

flow or object motion, causes production of excitations in liquid helium and conse

quently the drifting ions reach terminal velocities (Fig. 4a) . These excitations are 

rotons and ring vortices and the drifting ions radiate them continuously (Fig. 4b) at 

rates which depend upon conditions of field strength, pressure and temperature.181 

Dependences on these variables are complex but well measured181 and moderately 

but not thoroughly understood; the critical velocities are of the order of several tens 

of meters/sec. Thus, the energy of a charge moving through an electric field can 

be converted into energy within the liquid helium and depending on the number of 

charges produced could be substantially larger than the kinetic energy of the original 

recoil event. While if the helium is pressurized above 12 bar the energy produced by 

the moving charges is in the form of rotons, at zero pressure required by our present 

detection scheme, the energy is in the form of ring vortices. 

The ability to initiate, amplify and control a signature unique to the charge car

riers would be a powerful mechanism to distinguish between Compton and nuclear 

recoils. Figure Sa and Sb illustrate crudely the basis. The dark matter detector might 

contain a static electric field across its volume. Rotons from the initial recoil deposi

tion would be received first; rotons (or vortices if detectable191 ) from drifted charges 

would arrive later and much amplified (perhaps by as much as factor 105 - 106) . 

If, as expected, Compton and low energy helium recoils have significantly different 

fractions of their deposition in ionization then the time-amplitude correlation of the 

rotons'/vortices' pulse might permit an event-by-event separation method. 

In conclusion, there are many promising possibilities in the application of super

fluid 4He as a medium for very low energy calorimetry. Nearly all physical principles 

on which these suggestions are based have been established and are in the literature; 

no new technology is required to exploit them. On the other hand, detailed quan

titative information is lacking in several areas and various tests leading to whether 

such devices are feasible or not must be carried out. To this end we have recently 

been funded by the U.S. Department of Energy to carry out such tests. We expect to 

begin construction of the necessary research and development apparatus in the next 

few months. 
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Fig. 1 a) Disperson curve 
for liquid helium at low 
temperature 
b) Density of states. 

:.'. 
in w w "' '-" w Cl 

>'-" "' w z w 

2 0 �������� 
PHONONS ROTONS 
(----------7 (------1 

1 0  

( a )  

0 L--'--'--'--'----'__J 
0 I 2 3 O 

( b )  

. _ ,  DENSITY OF STATES 

Fig. 2 Dispersion curve for 
one dimensional lattice. 

MOMENTUM P C A  ) 

/ " I \ I 
\ I 

_ h  - �  
a a 

rr 
a 

l w 

0 
k--

( a r b .  u n i t s )  

rr 
a 

"' 
\ / 

\ I 
\ I 

'!:!' 
a 

3 rr  
a 

" 



60 �--�----� �,,,,.....-VL 
,, r �( . . SO I- / 

] '°�;/�v, a) 

20 25 I bar ) 

v, t- -;ztzt- - - - - - -
- v ·  

--
Vo 1 -

- VL 
- ·- I , v-

b) 

BOLOMETER 

D I L U T I O N  

REFRIGERATOR 

M I XING 

CH RM BER 

� 

� t�  "\ 
,... // 

NEUTRINO 

L I Q U I D  HELIUM 

S I L ICON 

WAFER 

EVAPORATED 

HELIUM ATOM 

_ ROTONS 

AND PHONONS 

RECOIL 

ELECTRON 

Fig. 3 Schematic of principle 
for detection of dark 
matter and neutrinos. 

Fig. 4 a) Pressure variation of ion terminal velocities in helium due to emission of 
rotons (vL) or vortices (vv)· b) Velocity trajectory of an ion showing sue· 

cessive periods of acceleration by an electric field followed by instantaneous 

recoil after roton emission. After Bowley and Sheard P.R. 16D, 244 (1977) .  
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SEARCHES FOR ELUSIVE DARK MATTER CANDIDATES 

L. GONZALEZ-MESTRES, D. PERRET-GALLIX 

L.A.P.P. ANNECY 

B.P. 909, Chemin de Bellevue, Annecy-le-Vieux, 74019 cedex FRANCE 

Abstract: 

We present a brief review of searches for dark matter candidates not expected to 
present the large event rates characteristic of heavy Dirac neutrinos (coherent 
scattering off nuclei) or cosmions (special interactions). Present bounds and current 
experiments are reviewed, and possible new detection techniques are described. 
Particular emphasis is put on the problems related to the detection of Majorana 
fermions, for which no obvious technique exists by now. 
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1. INTRODUCTION 

Non baryonic dark matter candidates are being the object of growing interest from 
the experimental point of view, as techniques that may eventually detect such parti
cles are currently being developed. 

A halo of non-baryonic dark matter would have an approximate density 
p � 0.3 GeV/cm3, leading to a particle density n � 0.3/mx GeV/cm3, where mx is 
the dark matter particle mass. With a speed v � 1 0 - 3 c, such particles would pres
ent appreciable fluxes and are expected to lead to observable effects. However, the 
detection of the main dark matter candidates turns out to be very difficult. This is 
the subject of the present talk. 

2. NEUTRINOS AND MAGNINOS 

Present experimental bounds on the electron neutrino mass give: mv < 1 8-32cV [ l ] .  
Detection o f  non-relativistic light neutrinos i s  an extremely hard task. If  they were 
clustered in the galactic halo, they would have a kinetic energy � 1 0 - 4 eV, which is 
close to the excitation energy of a single quasiiJ'.lrticle in ordinary superconductors. 
Furthermore, at such energies, neutrino cross sections are expected to be rather 
small. If light neutrinos are Dirac fermions, their long wavelength would lead to 
comparatively large cross sections for coherent scattering and interaction with pho
nons may be worth considering. In such case, rather than trying to detect neutrinos 
individually, the right strategy may be to look for some collective effect (e.g., heat 
leaks in future very low temperature devices [2]) .  Several laboratory experiments to 
detect cosmological light neutrinos have been proposed in the past [3], but some of 
them have been refuted [4] and those which turned out to be correct lead to too 
small effects. 

Heavy neutrinos (mv � 3 GeV) arise from new families of fermions, 
SU(2)L 0 SU(2)R models or superstring theories. On general grounds, there is no 
obvious reason why they should be stable, but they may eventually carry a new 
conserved quantum number. 

The magnino [5] is a Dirac neutrino carrying a co.1�erved number (to prevent 
unwanted annihilation rates) and an anomalous magnetic moment (to bring a suffi
ciently large scattering cross-section CJ � 1 02 (Jweak) .  Then, with a mass in the 
range of 4 to 1 0  Ge V and a magnetic moment � 1 0  - 2, the magnino can reproduce 
the requirements of the cosmion model. The magnino is basically a new sequential 
neutrino associated to a heavy charged lepton. Therefore, its existence can in princi
ple be checked by accelerator experiments. 

Heavy Dirac neutrinos, as well as magninos, are the most accessible dark matter 
candidates for present and forthcoming experiments, due to the comparatively large 
cross sections involved. The basic detection principles, as well as present bounds, 
have been covered by J. Rich and D.O. Caldwell at this session. 
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3. AXIONS 

For a theoretical discussion of axions, we refer the reader to the introductory talk by 
L. Kraus. 

Axion emission would accelerate energy losses from helium burning stars, which 
leads to the bound [6]: ma � 1 0 - 2  eV. On the other hand, the cosmological bound 
Qa � 1 brings [7]: ma ::". 1 0 - 5  eV. These numbers illustrate the difficulty to detect 
a non-relativistic cosmic axion. 

The key mechanism for axion detection lies in the coupling a -+ yy coming from 
axion-'lT0 mixing, with a strength - a/'1Tfa (fa = axion coupling from pseudoscalar 
field expectation value). Defining the coupling constant gayy from the lagrangian: 

stayy = - gayyf4'1T ( i! .  B )  a { l }  

where i! and B are the electromagnetic field and a the axion field, the Peccei-Quinn 
theory gives: 

gayy "' 1 . 1  x 1 0 - 34 Mev 1/2  cm 3/2 ma/( 1 0 - 5  eV) 

Sikivie [8] proposed to detect cosmic axions by a -+ y conversion in the presence of 
a strongly inhomogeneous magnetic field. The energy of the produced y is then the 
total energy of the incoming axion. Therefore, the main signature for cosmic axions 
would be a very narrow signal in frequency, where the finite width would be due to 
the axion kinetic energy "' 2 x 1 0 - 6 ma . Using a variable frequency cavity, tuned to 
a given value of the axion mass, one can attempt to progressively explore the rele
vant domain of proposed axion masses. This amounts to covering the frequency 
range 1 - 1 03 GHz by successive narrow band experiments. 

Recently, a search for cosmic axions along these lines has been started at BNL 
[9 ] ,  at - 1 GHz frequencies. The experiment (BNL-Rochester- FNAL Collaboration) 
used a 6.6 T superconducting magnet and a copper cavity at liquid helium tempera
ture. The resonant frequency could be tuned in the range 1 .09 GHz < f < 1 .22 
GHz , with an operating Q of 9 x 1 O' and a bandwidth of i 3  kHz. The axion mass 
for such frequencies varies in the range 4.5 µ.eV < ma < 5.0 µ.eV and the intrinsic 
bandwidth of the axion signal would be - 1 30 Hz. No signature for axions was 
found, and the obtained upper bound is : gay < 1 0 - 33 Mev1/2 cm312 for 
ma"' 5 x  1 0 - 6  eV, assuming 1 00% of the galactic dark matter to be made of such 
axions. This bound lies 50 times .ve the value predicted by the Peccei-Quinn 
theory. The BNL experiment pro\ �s an encouraging start point for more ambi
tious searches. Updated results, CO\ ering the range, 5 µ.eV < ma < 12 µ.eV, are be
ing presented by W. Wuensch at the Dark Matter Workshop. A second group, in 
Florida [ 1 0] is planning a similar experimental program. 

If axions are trapped in the solar system, and thermalized by its central core, 
they can reach earth with an energy of the order of the sun central temperature 
(E - I  keV). Then, if they interact with matter, they can be detected by cryogenic 
calorimetric techniques. It has indeed been shown [ 1 1 ]  that axion-photon conversion 
in atoms yields acceptable cross-sections (axioelectric ( 'feet) leading to a few events/ 
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Kg.day. The feasibility of such an experiment is then mainly related to the develop
ment of recently proposed low temperature detectors. 

In the meantime, double f3 germanium detectors [ 1 2, 1 3] have been used to pro
vide some interesting upper bounds on solar axions. The PNL/USC group [ 1 2] de
veloped a 1 35 cc intrinsic Ge detector with the lowest background ever achieved in 
the keV energy region and a threshold at E � 4 keV. Installed at a water equivalent 
depth of 4000 meters in the Homestake mine, it brought upper bounds allowing to 
exclude the range fa � 0.5 x 107  GeV. Theory favors: 1 09 GeV < fa < 1 0 1 2  GeV. In 
order to reach cosmological bounds and cover the full spectrum of solar axions, two 
obvious requirements appear: a) background should still be lowered in order to 
reach sensitivity to the expected solar axion flux; b) the energy threshold should be 
set an order of magnitude lower, which justifies the development of cryogenic de
vices. 

4. WEAKLY INTERACTING MASSIVE PARTICLES 

The lightest supersymmetric particle (LSP) is often considered to be stable by 
R-parity conservation. Gravitinos and scalar neutrinos are not the LSP in most 
models [ 14] ,  the main candidates being the photino (y) and the higgsino (H) . One 
often has mfi > m.y , which makes the photino the most popular LSP. The photino 
mass is rather model dependent, and present studies concern mainly the range 
5 GeV < m.y < 1 00 GeV, for which !:l - � 1 appears to come out quite naturally. 

Astrophysical detection of galactic WIMP was proposed by Goodman and Wit
ten [ 1 6] using the recoil energy of scattered nuclei. For a WIMP of kinetic energy E 
c� 1 0 - 6  m) scattering a nucleus of mass M, the maximum recoil energy is: 

Tmax = 4 m M E/(M + m)2 {2} 
.. 

For a reaction producing an excited nucleus of mass M' = M + ti.M, the relevant for
mulae can be found in [ 15] .  WIMP weak cross-sections with nuclei can be cast in 
three different categories: 

4.1 Coherent scattering. 

Coherent scattering appears if a non-relativistic particle of well defined weak hyper
charge interacts with a nucleus through the isoscalar components of the Z0 current. 
The condition for coherent scattering is that the wavelegth defined by momentum 
transfer be larger than the size of the nucleus. The relevant matrix element is: 

.M = 4 .j2GF J0WIMP 1°TARGET {3} 

If the WIMP is a fermion, we get: 

1°WIMP = 1 /4 (YL + YR) {4} 

where YL (YR) is the weak hypercharges of the left (right) components of the 
WIMP. For a Majorana neutrino, J0wIMP = 0 and there is no coherent scattering. 
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On the contrary, s-neutrinos and Dirac neutrinos interact coherently with nuclei (see 
talks by D. Caldwell and J. Rich). 

4.2 Spin-dependent interactions. 

This is the case for galactic photinos interacting with nuclei through the exchange of 
a scalar quark. The nonrelativistic limit of the relevant Feynman diagram is equiva
lent to the exchange of a space-like pseudovector current. Then, assuming that va
lence quarks carry most of the spin of the nucleon, the nucleon couplings are pro
portional to [ 1 6] :  

< p l lirrs u i p > = (I + gA) < p l � l p > 
< p l ifrrs d l p > = ( 1 - gA) < p l �l p > 
< n  I uyy5 u I n > = ( 1  - gA) < n  I � I n > 
< n J dyy5 d J n > = ( 1 + gA) < n l � J n > 

where experimentally gA "' 1 .2. Therefore, a u-quark in a proton or a d-quark in a 
neutron would have a larger matrix element than the converse case. Furthermore, 
the complete diagrams carry twice the coupling qqy, which is proportional to the 
charge of the interacting quark. It would then follow [ 1 6, 1 7] that photino searches 
should be made with even-odd nuclei carrying an odd number of protons. 

This conclusion has been recently reconsidered at the light of EMC data [ 1 8 ,  1 9] 
which suggest that a sizeable part of the nucleon spin is carried by sea quarks. If 
this is the case even for low values of Q (the momentum transfer) , the above esti
mates should be seriously modified and a wide range of target elements could be 
used for dark matter detection. EMC data were taken at Q2 � 3 GeV2, and there 
has been some controversy [20] on their interpretation and validity at Q2 "' 0 . Re
cent theoretical work [21 ]  based on the Skyrme model at large Ne (number of col
ors) seems to support the EMC statements. 

In any case, spin-dependent interactions of WIMP with nuclei are likely to lead 
to event rates of � 1 0 - 2  events/Kg.day, whereas the best background rate of ger
manium detectors at the relevant energies is of 1 event/keV.Kg.day. This is likely to 
be the main obstacle to the detection of galactic iviajorana fermions. 

4.3 Inelastic scattering. 

For particles that do not scatter coherently off nuclei, Goodman and Witten pro
posed the use of special target nuclei where the matrix elements for the transition to 
excited states may be as important as those of elastic scattering. Then, besides the 
recoil energy, it would be possible to detect a y ray coming from the decay of the 
excited state. The main drawback is our lack of knowledge of the actual nuclear 
wave functions and matrix elements. 

In spite of its not well known cross-sections (a priori quite small), inelastic scat
tering may in some cases provide a specific signature (delayed time coincidence) 
which appears potentially able to reject severe backgrounds. As will be seen later, 
this may tum out to be a crucial point even if very large detectors are likely to be 
required. A systematic investigation of all possible target nuclei for inelastic scat-
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tering, with reliable calculations of the relevant matrix elements, is urgently re
quired. Recent estimates [22] seem to indicate that cross sections for inelastic scat
tering are actually very small. For isotopes allowing for a delayed time coincidence, 
IO ton detectors are needed to reach a rate of the order of I event/day. Assuming 
that such detectors can be built, with high sensitivity and low background, the de
layed time coincidence should in principle still allow for a clean identification of 
dark matter events. Such gigantic experiments will obviously have to be the last 
step of dark matter searches. 

5. DETECTION TECHNIQUES FOR WIMP 

For a WIMP mass of 1 GeV ( J OO GcV), dark matter detectors should be sensitive to 
'.:'. 1 keV ( J OO keV) deposit of energy if a target of mass M = m is used. Since the 
last requirement cannot be fulfilled a priori (the WIMP mass is unknown), a thresh
old two orders of magnitude lower ( IO  to J OO eV) would be the ultimate goal for a 
universal WIMP detector. This naturally hints to the development of low tempera
ture devices. However, more conventional detectors have already provided some in
teresting bounds [23, 24] and are still being proposed for further experiments (see 
talks by J. Rich and D. Caldwell, as well as references [ 1 5 , 25]). 

Cryogenic detectors are by now the preferred "next generation devices" since 
they should naturally provide the required low threshold and energy resolution. 
Things may actually not be so simple, and it should be kept in mind that low temp
erature devices are still at the level of feasibility studies. Among the proposed tech
niques are: 

5.1  Crystal calorimeters [26]. 

They are often called "bolometers" by astronomers, who use small calorimeters to 
detect very low energy y's. Actually, the same expression is also used for supercon
ducting devices [27]. Assuming that the intrinsic limit on the performance of a crys
tal bolometer is given by energy fluctuations, a commonly used expression [28] is: 

.!lE "" 2.5 (kT2C) 1/- {5} 

where C is the heat capacity of the bolometric system (crystal + sensor). Taking 
C "" a MT3 where M the mass of the crystal , the T5/2 M 1/2 dependence of .!l E  from 
{5} suggests that it may be possible to obtain high sensitivity for comparatively large 
detectors if size is compensated by a decrease in working temperature. This tech
nique is dealt with at length by J. Rich and B. Sadoulet in the present session. 

5 .2 Superconducting tunneling junctions (ST J) . 

STJ exhibit potentially an energy resolution (and threshold) in the meV range, which 
corresponds to the energy gap .!l of conventional superconductors. Existing proto
types [29, 30, 3 1 ]  are made of Sn-SnO-Sn and Nb-NbO-Pb junctions. They have 
been found to exhibit an excitation energy e of 30 to 400 meV per quasiparticle, 
where the lowest value [29] corresponds to a Sn-SnO-Sn . junction at 300 mK. In the 
last case, an energy resolution of 0.7% was obtained for 6 KeV y's 
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It must be realized, however, that the above performances come from small 
junctions ( 1 0 - 4 cm2) .  Large surface junctions have never been tested, but tunneling 
time is expected to increase linearly with the junction thickness. The best sensitivity 
is obtained at comparatively low temperatures [29, 30] , but the recombination time 
increases as exp (ti./kT). Although tunneling junctions are certainly very performant 
at the scale of small detectors, it remains to be shown that their size can be in
creased in a satisfactory way. The growing technological effort in such devices 
should provide basic improvements in the years to come. 

5.3 Superheated superconducting granules (SSG) .  

The initial idea originates from members of the Orsay Group on Superconductivity 
[32] , who proposed to u�e as particle detectors colloids of metastable type I super
conducting granules previously developed by J. Feder [33) .  Irradiation results with 
a low energy electron beam were subsequently made in Rennes [34]. Although sen
sitivity to ionizing particles was demonstrated, SSG were at that time judged unable 
to provide the required sensitivity and energy resolution to compete with the most 
performant particle detectors. Attempts to build devices for X-ray imaging [35] and 
transition radiation detection [36] failed, but real time electronic was developed by 
A. Hrisoho (LAL, Orsay) , allowing for the first time to read granules individually. 
Subsequently, the use of SSG was proposed for several applications at the 
cross-disciplinary frontier between particle physics and astrophysics [37].  Recent 
studies [38) suggest that, at least in their conventional version, SSG fail to provide 
the required performances needed for dark matter detection. 

We have recently proposed [25] a new way for SSG development based on a the 
concept of "amplification by thermal micro-avalanche". With a better handling of 
heat exchanges in the detector, and working at temperatures where the released la
tent heat is slightly positive, the new scenario is particularly relevant for dark matter 
detection, since: a) the detector response to W I M P  interactions is no longer reduced 
to a single granule flip, therefore energy resolution can be obtained ; b) the dielectric 
material surrounding the granules becomes itself an active target (e.g.,  hydrogen 
target) . Obviously, much more experimental work on the new version of SSG is re
quired. If the basic physics of the micro-avalanchi: scenario works as expected, SSG 
are likely to provide the best suited cryogenic detector for large volume experiments. 

6. QUARK NUGGETS 

Witten [39] proposed that quarks may form dense stable states where u, d and s 
quarks fill a Fermi sea up to very high values of the baryon number. Then, the gain 
in Fermi energy may eventually make the s quark stable inside a heavy nugget. 

The interaction of cosmic quark nuggets (nuclearites) with matter has been dis
cussed at length [40] and they turn out to be detectable in real time experiments [4 1 ]  
for masses i n  the range 1 0 - 1 3g < m < lg . Assuming that nuclearites are gravita
tionally dominant, present real time experiments exclude m < 1 0 - 7  g . The 1 04 m2 

underground MACRO detector [42) will be sensitive to much smaller fluxes, allow
ing to exclude nuclearite masses up to m < 1 o - 2 g . 
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Nuclearites lighter than 1 0 - 1 0  g would be trapped in earth, and could be de
tected using heavy ion beams [ 43], the crucial point being that strange quark matter 
is expected to form bound states with ordinary matter. Searches along this line are 
being performed [44], but no positive result has by now been reported. 

Finally, very heavy nuclearites (m > lg) would leave macroscopic tracks on 
rock and geological searches are possible [ 45]. Again, no candidate has been found, 
but more searches are required to cover such small fluxes. 

7. MONOPOLES 

In spite of its apparent exoticity, the monopole problem is a fundamental issue in 
modern physics, for the existence of magnetic charges would naturally complete the 
dual symmetry of Maxwell's equations. Monopoles which are non-perturbative so
lutions of grand-unified Yang-Mills theories (46] may have been formed in the early 
universe. They are not genuine dark matter candidates if Parker's bound [ 47] is to 
be believed. Bounds on monopole flux from the persistence of neutron stars are even 
more stringent [ 48] if monopoles are assumed [ 49] to catalyze baryon decay. The 
cosmological implications of a precise knowledge of the monopole flux (if any) would 
be extremely important. 

MACRO [ 42] provides a large area experiment able to detect fast monopoles, 
but it is unclear what lower bound on the monopole speed should be associated to 
data obtained with conventional techniques. Recent studies [50] suggest that the 
MACRO detector may be sensitive to monopoles with f3 > 6 x  1 0 - 4  . However, the 
interaction of slow monopoles with matter is not fully understood, and current esti
mates rely at some point on theoretical calculations or extrapolations not derived di
rectly from first principles. 

Induction experiments (5 1 ]  have by now reported two candidates, but none of 
them is firmly established. Superconducting detectors (induction loops [52] or SSG 
[53])  are the only proposed techniques for "all beta" monopole detection. Induction 
experiments provide the only monopole search where the signal is a direct conse
quence of first principles (Faraday's law) . They are likely to reach only compara
tively small areas, because of the cost of SQU I D  technology. Also, background is 
likely to become more and more severe as the detec mr size increases. SSG may pro
vide a natural way to escape such problems, since large signals and high background 
rejection are naturally expected [38] . 

8. CONCLUSION. 

Dark matter, if it exists at all, may indeed be made of non-relativistic particles, but 
its nature remains completely unknown. If light neutrinos (hot dark matter) are the 
right answer, their detection in the laboratory will be the greatest challenge ever 
faced by particle physics and astrophysics. The success of such an experiment would 
in turn be one of the most fundamental results in the recent history of science. Ax
ions and some WIMP candidates look by now easier to detect, but we just do not 
known whether such particles exist at all. Furthermore, the most prominent WIMP 
candidate, the photino, poses rather severe backgound problems and requires quite 
sophisticated detection techniques, even if cryogenic detectors reach successfully the 
required sensitivity and energy resolution. 
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NEW IDEAS ON THE DETECTION OF COLD DARK MATTER 

AND MAGNETIC MONOPOLES 
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Abstract: 

Superheated superconducting granules (SSG) provide several interesting 
targets for cold dark matter detection, not only through coherent scattering 
off nuclei, but also for Majorana fermions through spin-spin interactions. 
The concept of "localized micro-avalanche" should introduce crucial 
improvements in SSG devices and, eventually, make feasible a cold dark 
matter detector based on nucleus recoil. Recent results on the metastability of 
very large granules also suggest that a SSG large area monopole detector may 
be feasible, if the theoretically conjectured detection principle (destruction of 
the superheated state by two injected flux quanta) is checked experimentally. 

We also consider the use of special crystal scintillators to detect Majorana 
fermions through inelastic scattering. 
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1. SUPERHEATED SUPERCONDUCTING GRANULES 

Superheated superconducting granules [ I ]  were proposed for particle detection [2] 
by a Orsay group (3,4] and further studied in Rcnnes [5], where irradiation tests 
with a low energy electron beam were first performed. Subsequent attempts to build 
transition radiation detectors [6] or X-ray imaging devices (7] failed. The two main 
problems related to the use of SSG detectors have been until now the following: 

a.  Very small grains are required if the detector has to be sensitive to minimum 
ionizing particles, which leads to small electronic signals. 

b. SSG may be used for the detection of low energy particles, which deposit 
most of their energy on a short path. But then energy resolution is rather 
poor and the electronic signal remains comparatively small. 

For a dark matter experiment, the main problem of SSG is the presumed absence of 
energy resolution. The recoil energy of a single nucleus thermalizes in a single grain 
and, in the conventional scenario, the detector response is a single grain flip. There
fore, it is usually believed that SSG detectors are only threshold detectors as far as 
nucleus recoil is concerned. Furthermore, the dispersion in grain size makes such 
threshold a rather ill-defined quantity. In these conditions, SSG should to our opin
ion be discarded as a dark matter detector. 

In spite of such drawbacks, SSG have the basic advantage of being an active 
target detector that can be instrumented with a simple X-Y read-out system, opti
mizing the ratio between the number of electronic channels and the size of the de
tector elementary cell. Typically, 1 05 channels allow for segmentation into 1 07 ele
mentary cells. With fast and sensitive electronics, time resolution can be rather good 
since the flipping time of very small granules is expected to be fast (less than I nsec 
for a lµm diameter grain). These are crucial points for background rejection in ex
periments involving time delayed coincidences, and may prove relevant for the de
tection of galactic M ajorana fermions. Furthermore, SSG are not "very low temper
ature" devices, that must be operated at 50 mK or so. We actually expect, in case of 
success, to be able to perform all proposed experiments at 3He or 4He temperatures 
(between 0.3 and 4 .2 K). Then, SSG would be the best suited cryogenic detector for 
large volume experiments . Also, the sensitivity of existing prototypes is at least as 
good as predicted by naive theoretical calculations (global heating). The detection 
of 55Fe 6 keV y's with comparatively large grains ( JO µm < ¢, diameter, < 25 µm) 
has recently been demonstrated [8] ,  even if the efficiency is rather low. Jn this case, 
a local heating mechanism is obviously at work. All irradiation experiments (9, J O] 
have clearly confirmed the principle of grain flipping by particle energy deposition. 
Such considerations justify further efforts to improve the performance of detectors 
based on SSG, through a better understanding of their basic properties. 

Another possible application of SSG is the detection of superheavy magnetic 
monopoles [J l ,  J 2] through a velocity independent effect. As a magnetic monopole 
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crosses a superheated superconducting granule, it leaves behind two flux quanta in
jected into the sample. The ends of the flux tube create nucleation centers of the 
normal state on the surface of the grain, so that in most cases the granule should 
flip instantaneously from superconducting to normal state. SSG may in this way 
provide a real time, track detector with a high background rejection due to the use 
of large granules (30 to 1 00 ,um in diameter). SSG would also give a large signal 
that can be read with conventional electronics (several large granules would flip in 
each elementary cell crossed by the monopole), and seem better suited than induc
tion loops to reach comparatively large surfaces. 

2. AMPLIFICATION BY THERMAL MICRO-AVALANCHE 

It was first noticed by the Garching group [ 1 3] that, at very low temperature, the 
latent heat released by the flip of a single granule can spread to the surrounding 
granules and produce new flips. This appeared in a rather spectacular way when, 
working with Cd granules at T < 300 m K ,  the whole detector was seen to collapse 
under the effect of a thermal avalanche. We performed tests with Sn granules at 
T > 450 mK and found no avalanche effect. Both data can actually be understood 
in a simple model [8 ,  9],  whose results are as follows: 

a. The superconducting to normal state latent heat can be positive only in the 
case of superheating and at tr = T/Tc (reduced temperature) less than a crit
ical value. 

b. When going down in temperature from the point where qf (latent heat per 
unit volume) = 0, a domain is found where thermal avalanches remain local
ized instead of spreading to the whole detector. One then has a local amplifi
cation effect to be discussed later on. 

c .  If tr is set below this domain, qf becomes too large and the SSG detector 
cannot be operated because of the global thermal avalanche. 

The localized micro-avalanche can be described as follows. Let Htest be the value of 
H0 (applied magnetic field) at which the detector operates, 8H a small sweep in H0 
setting a small threshold, V the volume of detector reached by heat propagation and 
V flip the total volume of granules having changed state due to the particle interac
tion. For a point-like deposit of energy ti. E, we assume V to be the volume of a 
isothermal sphere of radius R(t) "' 2 (Dt) 1/2 (t = time, D =  detector heat diffusion 
coefficient). Taking for all granules a universal dependence of the effective super
heated critical field in terms of temperature: 

Hsh eff (T) "' Hsh 
eff (0) f(T) { I } 

we can write a relation between the increase of temperature ti. T inside the isothermal 
hot sphere, and the equivalent threshold in magnetic field L'i.H [2]: 

L'i.H = Htest [f(T) - f(T + ti.  T)] [f(T + ti.  TW 1 {2} 
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The rate of granules changing state at a distance R from the interaction point is 
given by: 

- J Htest + ilH dVflip/dV - H + OH di,&/dH0 dH0 
test {3}  

Where .,& is the filling factor in volume and di,&/dH0 the differential superheating 
curve in filling factor [2, 8]. 

Finally, 11 T is related to il E, V flip and V through the equation: 

D.E + vflip qe = v hT + D.T cdet dT' {4} 

where cdet is the average specific heat of the SSG colloid. A first consequence of 
equations { l -4} is that D.E simply sets an overall scale for volume, time and distance 
in the evolution of a localized micro-avalanche. This can be seen writing: 

x = V il E - 1 , y = Vmp D. E - 1 {5} 

Then, expressing the above equations in terms of x and y removes all explicit depen
dence on D. E. If the total flipping volume V flip (t = oc) is finite, one has: D.<l> (signal 
in m agnetic flux) a: D.E , whereas the maximum of the signal in voltage is reached in 
a time T a:  (D. E)2/3 and is proportional to (D.E) 113 •  Amplification by localized mi
cro-avalanche preserves the proportionality of the signal in magnetic flux and can be 
used to improve the response to low energy particles. For a minimum ionizing par
ticle, the relation D.<Ii a: D.E remains, but the rise time T depends only on the detector 
parameters. Then, studying in detail the shape of the signal, it is possible to get an 
insight on the nature of the interaction. 

Using very small granules (about lµm diameter), the new concept of localized 
thermal micro-avalanche would allow to: 

a. Increase the electronic signal by one or two orders of magnitude; 

b. Obtain a better linearity for very low energy particles (e.g. the 1 1 6 keV y 
produced in the 1 1 5 I n  solar neutrino experiment first proposed by Raghavan 
[ 1 4]) and lower the energy threshold by the use of very small granules; 

c.  Eliminate problems related to the lack of uniformity in grain size; 

d. Produce, for the first time in a SSG detector, a linear response to the recoil 
energy of a nucleus (e.g., dark matter detection); 

e.  Use the dielectric material as an active target (e .g. ,  hydrogen target for dark 
matter searches). 

Fig. I shows the solution of {1 -4} in a simplified version of the SSG Ga detector (Tc 
= 1 .09) for dark matter searches (nucleus recoil), with .,& = 0.3, at tr = 0.5. The 
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detector response at 8H/Htest = 0.005 for several values of the deposit of energy is 
exhibited through Vmp in terms of V. Even at qf = 0, the solution of {l }-{4} dif
fers from the conventional SSG scenario in that the detector response does not stop 
at the granule(s) where the energy was deposited by the incident particle. Heat keeps 
propagating in the detector, and it can be shown analytically that Vmp (t = oo) di
verges logarithmically in t as 8H - 0 . When qf > 0 , this divergence becomes 
power-like but remains regularized by the cutoff 8H if qe does not exceed a certain 
value. If qf is too large, one gets asymptotically dV flip/dV o: ya , with a > 0 , and 
a global avalanche is produced. 

To a first approximation, time propagation can be described taking for the heat 
diffusion coefficient of the colloid that of the dielectric material. For 1f; < 0.3 , this is 
known to be correct within a factor of 2 [ 1 5] .  Also, at the beginning of the mi
cro-avalanche phenomenon, Kapitza resistances can play a significant role. We have 
checked that, using Varnish GE 703 1 [9] and taking a standard value of K apitza 
resistivity for this material [ 1 6] ,  heat exchanges between granules and the dielectric 
would occur in about J O  nsec. In 200 nsec (the time resolution required for a In so
lar neutrino experiment), a point like deposit of heat would have spread to a radius 
of about 30 µm. For dark matter detection through elastic scattering, time resolution 
is less crucial and it should be possible to work with dielectric materials that conduct 
heat more slowly (therefore allowing for a more efficient heat transfer between the 
granules and the dielectric). 

If inelastic scattering with 1 1 9Sn is used [ 1 7], the situation becomes difficult 
since the lifetime of the 24 keV excited state is only of 1 8  nsec. Perhaps a shorter 
micro-avalanche (smaller qf and V flip , in an optimized composite medium) would 
allow for the use of very fast voltage amplifiers [ 1 8] .  

Fig. 2a shows a sample of  J O  µm < cj> < 25 µm Sn granules in  GE Varnish 
703 1 ,  at a comparatively low filling factor. We have started an experimental study 
of Sn grains - GE varnish composite materials at 3He temperatures, in order to 
check the validity of the micro - avalanche scenario. 

3. PRESENT STATUS OF THE MONOPOLE PROJECT 

The case for monopole detection with SSG has been considerably improved by our 
recent experimental results on the metastability of very large granules made with 
low purity materials [8]. Our main conclusions are: 

a) Adding impurities to the pure metal indeed shortens the flipping time of 
grains without spoiling metastability (althoug the superheated critical field decreases 
for impurity levels larger than 0. 1  %). We have observed normal superheating curves 
for tin granules with impurity levels between 0 . 1  and I% .  Fast enough flipping 
times were always observed, having in mind the requirement of large voltage signals 
and good time resolution (to measure velocity) for a monopole detector. 
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Fig. ! : Vflip versus V at 8H/Htest = 0.005 for: a) ilE = 10,  50, 100, 500 and 1000 eV ; b) i'.E = 0. 1 ,  
0.5, ! ,  5 and 1 0  keV. All volumes are given in µm3. 

Fig.2 : Left: Sn99Sb1 granules ( 1 0  µm < 1> < 25 µm) in GE Varnish 7031 ; Right: 200 µm diameter 

Sn 998 grains prepared in He atmosphere. 
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b) Samples of very large granules prepared by industrial procedures 
(EXTRAMET [19],  B IL LITON [20]) exhibit superheating at reasonable values of 
the applied field. This is particularly encouraging for large area experiments, where 
several tons of grains would be required (EXTRAMET can at present produce ::::: 5 
Kg/hour of Sn grains). 

As an example, superheating was still observed for 200 to 400 µm diameter 
granules prepared by BI LLITON with an alloy Sn99Sb1 • These granules give elec
tronic signals with risetimes of less than 300 ns. When irradiated, they turned out 
to be sensitive to 6 keV y's (local heating at the surface leading to nucleation). Such 
results are extremely encouraging for the feasibility study of a SSG monopole detec
tor, since very large granules can be used without spoiling time resolution .  In the 
expression for flipping time: T � R 2 p - 1 (R = radius, p = normal state resistivity), 
the increase in grain size is compensated by a higher impurity rate [ 1 2] .  Further
more, the irradiation result obtained with 55Fe y's indicates that a local surface 
phenomenon can indeed flip a large superheated grain. A possibility to perform the 
SSG monopole experiment at liquid helium temperature (4.2 K), would be to use 
/3-Ga spheres. The feasibility of collections of metastable granules involving only this 
phase of gallium (Tc = 5.9 K) was demonstrated long ago by Feder and Parr [2 1 ] .  
As  a more conventional solution (working at  superfluid helium temperatures) , Fig. 
2b shows a collection of "" 200 µm 998 pure Sn grains produced by EXTRAMET in 
a He atmosphere. They exhibit good metastability properties, and so do smaller 
grains from the same producer. 

The main concern for the monopole project is at present to perform an experi
mental test of the detection principle itself (i.e . ,  check the incompatibility between 
the superheated state and the presence of two flux quanta injected into the sample). 
This is a highly nontrivial solid state experiment, and is likely to require a long term 
specific study. 

4. DEDICATED SCINTILLATING CRYSTALS 

Inorganic scintillating crystals, like SSG devices, fall into the group of target detec
tors. A large amount of target element can be found in some crystals, still remaining 
transparent to scintillating light. Developing new scintillating crystals, based on 
compounds of specific target elements is not a simple task. Some examples can be 
found in [22], where indium borate has been proposed for neutrino detection. Pho
tino cross-sections may be quite dependent on the target nucleus and therefore using 
a large variety of target elements may help to get a better dark matter signature. 
We are here confronted with the problem of detecting a very low energy deposition. 
Scintillating crystals have been shown to be sensitive to low energy y's down to 800 
eV [23]. Cooling down crystals and photomultipliers can in some cases increase by 
one or two orders of magnitude the light yield, still reducing the background. An 
applied electric field may also for some compounds enhance the light output and 
even help to obtain some directionality information. Two cases deserve particular 
attention: 
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4.1 Coherent scattering for scalars and Dirac fermions 

Depending on the masses of the WIMP and target elements, the event rates range 
from a few to several thousands per kg and per day. Adapting the mass of the tar
get nucleus to the explored mass range for the WIMPs, a higher recoil energy can be 
obtained (about 1 0 - 6mw1 MP).  Not much is known about light yield from recoiling 
heavy ions, however 300 keV 1 2C ions have been detected and one observes an in
crease at low energy ( < I MeV) of the relative pulse height per unit energy (24]. 
Clearly, specific studies and experiments should be performed to investigate the low 
energy scintillation light yield from recoiling nuclei. 

4.2 Inelastic scattering for Majorana fermions 

The natural way to reject background would be to detect, in a time delayed coinci
dence, the recoil of an excited nucleus followed by the y ray associated to its decay 
to the ground state. However, the cross-sections here seem ( 1 7] much smaller than 
previously suggested (25] .  1 870s (Ey = 9.8 keV) has a lifetime of 2.4 nsec and may 
bring an event per ton and per day. It would provide the smallest detector, but a 
very difficult time delayed coincidence. Rare earths ( 1 49Sm , r lifetime = 7.6 ns for 
Ey = 23 keV ; 1 5 1 Eu, r = 9.5 ns for Ey = 22 keV) allow in principle to produce 
scmtillating crystals with a high light yield but require 30 tons of detector for I 
event/day. The above mentioned 1 1 9Sn leads to 1 0  tons for I event/day, but allows 
for more confortable delayed coincidences. Unfortunately, it is not obvious whether 
conventional detectors would be able to incorporate 57Fe (r "" 98 ns , similar event 
rate). In spite of such extremely low rates, detectors based on inelastic scattering 
may indeed be able to reject background if the recoil energy turns out to be detecta
ble and the delayed time coincidence can be observed. A detailed study of the basic 
properties of detectors (scintillators, semiconductors, SSG, . . .  ) incorporating specific 
target elements must be performed in order to eventually find a suitable inelastic 
scattering detector for galactic Majorana fermions. The case for conventional tech
niques (as compared to cryogenic detectors) may improve in the future, if high ener
gy experiments provide more stringent lower bounds on the masses of supersymme
tric particles, for a heavier WIMP would carry a larger kinetic energy. 

5. CONCLUSION AND COMMENTS 

The improved version of SSG may provide a leap forward in the feasibility study of 
a dark matter detector based on recoil energy. A 1 1 9Sn inelastic scattering detector 
seems much more problematic, and in any case belongs to a later generation of dark 
matter experiments. Monopole detection with SSG remains extremely tempting, but 
the crucial point is to check experimentally the validity of the proposed detection 
principle. 

For inelastic scattering, no good solution exists by now, but dedicated scintillat
ing crystals may be worth considering if they can see the nucleus recoil and if they 
are fast enough to observe the delayed time coincidence. In any case, this is the 
most ambitious part of dark matter searches and should not be considered as a 
short term goal. 
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ABSTRACT 

A SEARCH FOR WIMPS AT FERMI LAB 
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We have instrumented the FMMF fine-grained neutrino detector at Fermilab with high
resolution scintillation timing counters to search by Time-Of-Flight for Weakly Interacting 
Massive Particles (WIMPs} in the Tevatron neutrino beam. In a recent exposure of about 
5 • 1 o 1 7  800 GeV protons on target, we accumulated a sample of nearly 1 as fiducial 
interactions, and recorded a comparable number of test-beam calibration interactions. We 
describe this search experiment here in detail, and give a preliminary review of the detector 
performance. 
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INTRODUCTION 

The Standard Big-Bang Model of Cosmology 1 ] has enjoyed a fruitful relationship with 

Particle Physics in the last few years. The solution to one of the current fundamental 

problems in Cosmology -- the so-called Dark Matter problem -- may come, at least in part, 

from the Particle Physics sector 2J. Meanwhile, on the front lines of Particle research, the 

discovery of something "unexpected" is eagerly sought to provide more clues toward the 

understanding of mass generation and Nature's fundamental symmetries. A number of 

theoretical extrapolations 3] from the Standard Electro-Weak Model 4] ,  suggest the 

possibility of heavy neutrinos or other massive particles with weak interaction strength that 

could contribute to the Dark Mass, and so provide some incentive to search in this realm. 

This experiment attempts to produce these prospective new particles by heating a target 

(or beam dump) with 800 GeV protons from the Fermilab Tevatron, and then detecting their 

interactions or decays in a large, finely segmented neutrino detector 51. The search makes 

use of a Time-Of-Flight (TOF) technique 6] to distinguish massive from (nearly) massless 

states in the Tevatron neutrino beam/dump, and is therefore qualitatively different from 
previous neutrino beam dump searches of this type 71. In particular, the particle !llil..S..S., as 

opposed to its interactions or decays, will be the discriminator that identifies, in  a model· 

independent way (since we measure all "visible" leptonic and hadronic final states), the 

presence of new Physics. Furthermore, if the timing resolution is 1 ns or better, one can 

perform a search with essentially no background. The properties of such a particle, if found, 

can be investigated further by exploiting the powerful pattern recognition capabilities and 

good energy and angle resolutions of the existing detector. 

In addition to the new approach, the experiment was motivated to explore the new 

kinematic regime at the Tevatron with an increase in available center-of-mass energy over 
previous (400 GeV) fixed-target experiments, from ..Js = 27.4 GeV to ..Js = 38.8 GeV. The 

quadrupole-focus design of the neutrino beamline, shown in Figure 1 ,  makes two line-of

sight sources at different distances simultaneously available for study; namely, the one

interaction length Beryl l ium primary target at 1 61 5  meters, and the secondary 

pion/kaon/proton on Aluminum beam dump at 1 065 meters from the detector. Also, due to 

the existence of a well-instrumented test beam facility (Figure 1 ) ,  it was possible to 

continuously calibrate the TOF system to measure resolutions and systematic effects. 

The E733 experiment is a collaboration of Fermilab, MSU, MIT and U. of Florida 

personnel, and it first recorded Tevatron (anti) neutrino data in 1 985 to study production of 

dimuons. The TOF technique was first considered as an option for the Prompt Neutral Lepton 

Facility experiments SJ, and was approved to run in the 1 987 Wide Band Beam exposure. 

The TOF data were recorded from June, 1 987 to February, 1 988, and about 2/3 of these 

have been studied so far in a first analysis pass. 
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Figure 1 . Schematic plan view of Neutrino and Calibration beamlines. 

TECHNIQUE 

This time-of-flight search is possible because of the bunched time-structure of the 

Tevatron beam: protons are constrained to be in "buckets" of about 1 ns width (FWHM) and 

spaced by 1 8 .83 ns, due to the 53.1 MHz RF-frequency of acceleration. The protons 

extracted from the accelerator therefore hit a target every 1 8.83 ns, producing secondary 

pions and kaons from which the neutrino beam is derived. A relativistic particle of mass M 

and momentum P will take longer than a massless particle at the same momentum to reach 
the detector at a distance L away from the production point, with the time difference t.T given 

by 
t.T = ( U2c)• ( c M / P ) 2 , (Eq . 1 )  

where c is the speed of light. The nearly massless secondaries and neutrinos remain in phase 

with the RF clock, while "heavy" particles will arrive at the detector with a measureable 

phase delay. Experimentally, one must measure precisely the "arrival time" of each event 

with respect to the accelerator RF clock signal. The neutrino event times will be clustered in 
peaks separated by the RF clock period, where the peak width, CTt, depends upon the width of 

the proton buckets and the resolution of the detector timing system. 

One can· define a search region between the buckets where no events should appear: 

assuming Gaussian resolutions, there should be less than one event in 1 05 whose deviation 
from the mean peak position is more than 4 standard deviations, CTt. The search region is 

therefore a window of width 
1 8 .83 - 8 • CT t , for CTt < 2.4 ns. (Eq. 2) 

From preliminary analysis of the calibration data obtained, it appears that a resolution of 

about 1 ns will be achievable. The detailed shape of the resolution function may be an 

important consideration, and the resolution shape will be determined from the calibration 

data, for which comparable event statistics to the neutrino data have been collected. 

One does not know from which RF bucket an event arose, so the measured deviation from 
the peak position, �'t. can be offset from �T by an integer multiple of the clock period. So �'t 

represents a lower limit on �T. Furthermore, the visible energy deposited by an interacting 

or decaying particle will, in general, be less than the total energy. From Equation ( 1 ) ,  these 

considerations imply that one determines a lower bound on the mass of the new particle. 

B elow,about 1 0  GeV energy deposition, the trigger is not fully efficient This establishes the 



1 08  

smallest detectable mass (largest y = E/Mc2) :  from Equation (1 ) with � 't  = �T = 4cr1, and 

assuming O"t = 1 ns, this corresponds to 0.4 GeV/c2 from the target, and 0.5 GeV/c2 from the 

dump. Particles with lifetimes 't much shorter than 't = L I  ye = 1 o-7 seconds will decay 

before reaching the detector. 

INSTRUMENTATION 
To obtain precise timing information for as many low-bias events as possible, we 

installed an array of large area scintillation counters, arranged to cover the calorimeter 

fiducial volume. As illustrated by an event picture in Figure 2, the array contained a total of 

1 6  scintillation counters, each 2m x 0.3m x 2 cm, mounted in 4 "structural boundary" 
stations·; the stations are separated by 2.5 interaction lengths (A) = 1 7.5 radiation lengths 

(X) of material. The vertical positions were staggered from station to station, leaving no 

projected gaps in coverage. Each counter was instrumented with phototubes at both ends, and 

cable lengths were adjusted so that signals caused by beam particles, moving at c, would 

arrive simultaneously to the trigger and timing electronics. 
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Figure 2. A charged current neutrino i nterection, seen with flesh chambers i n  orthogonal 

projections, traverses the Ti me-Of- Flight scintillator array. Ti me measurements 
are flagged in the side view as L=low, H=high level threshold, positioned with East 
below and West above. Pulse height bars ere drawn i n  the top view, i n  vertical order. 

Timing information was recorded for all detector events** in which at least two 

phototubes from the same side (East or West) of the detector had pulse heights above a low 

threshold level. This condition, the second phototube pulse crossing threshold, formed a 

"clock start" signal for digitizing all event times. The accelerator RF signal was processed to 

generate a "clock stop" signal every four RF clock cycles. Each (delayed) phototube pulse 

also generated two "clock stop" signals, one for each of two separate threshold 

• Previously occupied by liquid scintillator tanks, used to trigger on Cosmic Rays. 

** Of neutrino interactions with a fiducial vertex found, 94% have TOF data. 



1 09  

levels; the pulse height from each phototube was also recorded. I n  what follows, we consider 
only the information contained in the former channel, the RF CLOCK TIME, T RF• representing 

the time between the clock start and the RF clock stop. The final analysis will, of course, 

utilize all of the available information. 
The consequence of using long scintillators in this timing scheme is that the "raw" T RF 

depends upon where the ionization occurs along the triggering counter; the clock start will be 

delayed after the particle traversal by the time it takes for light to reach the phototube. This 

is easily seen for the case of test beam interactions: The test beam particles traverse a 

consistent trajectory through the detector, with some phase relative to the RF clock. 

However, hadron showers are broader than muons, so the clock starts slightly sooner on 
average than for muons, and the mean T RF is shifted. Fluctuations in the shower edge position 

lead to a broadening of T RF for hadrons, as do bremsstrahlung and delta radiations, to a lesser 

extent, for muons. Figure 3 shows the RF CLOCK TIME distributions for large statistics 

samples of 250 GeV test beam muons and hadrons. It is encouraging that the resolutions are 

about the required level of 1 ns, without having made any corrections to the data. It is 

anticipated that the resolutions will be improved by using the high resolution flash chamber 

information to locate the ionization, and correct the raw times on an event by event basis. It 

is also encouraging that the region between the peaks, shown enlarged in Figure 4 for 250 

GeV hadrons, is relatively devoid of events out of time, at the level of about one in 9000; the 

small low-time tail is due to contamination by low-energy events as yet unfiltered from the 

hadron sample. 
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for 250 GeV hadrons. 

The long-term performance of the system is i l lustrated in Figure 5,  by showing the 
program-found T RF peak positions, for program-classified muon and hadron event types, as 

a function of time early in the run. Both 250 and 50 GeV data are shown, with each point 

corresponding to data from one tape. Several features are consistent with expectations: the 

average shower width appears to be greater at the higher energy; also, changing the 

penetration depth (before showering) introduces shifts, because the trigger scintillator cuts 

:::::> 
z 
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a shifted average shower profile. Other shifts occurred, as expected, when certain equipment 

changes were made, and when the test beam angle was altered. The accelerator RF signal is 

quite stable, but appears to drift slowly at the level of about 0.5 ns, and in a completely 

measureable and correctable way. In the time period following the epoch shown, a variety of 

test beam studies were made over an energy range from 25 GeV to 300 GeV, and 

encompassing a range of bend angles at each energy setting . 

For neutrino interactions that occur over the entire fiducial volume, and have a wide 
range of visible energies deposited, the raw T RF distribution is rather broad at cr t = 3 ns. 

The process of correcting for the event position and energy is now under study. There is at 

least one class of events, those with an isolated muon traversal of a scintillator, in which the 

event time can be cleanly resolved, and so provide an internal check upon the event time as 

measured from the shower information. Indeed, such events are likely to lead to the first 

physics results from the search experiment. 

40 condi t i o n  changes :  
2 5 0  E I .. 50 e = equipment - GeV GeV a = beam angl e 

z = shower depth 
(i) 38 - z e z a e a  
E. 
z 
D 
f-
(fl 
D n.. 
::..:'. 
<[ w n.. 
::..:'. 
u 
D -' 
u 
LL 
IX 

3 4  

3 0  

2 6  

I I I 1-- z --1 I I I  i. ,1 w 1 .. ,)' ' -

f-

f-

f-

-

... ,., 
�·'" 
f \ h a drons 

I 

\ 
� '•,•"1H  V 

il 1 1 1l . .  . .. 1'\··r . � ., 1 � I I fool ".' 1 � ,..•.1 1-• 

muons 
I I I I 

1,• I ' ·�J � " •" � ' · I 1 v 'I i t 4 1  � \4 I{ I I I � 1 1"'"" 
I . ' 

• •, , . ,. • ' � r f  • ' ' 4 •·•1' · ·'··" t.,, _ . t ' 

I I I I 

t 
t w' 

' 
I , ' •  

I 
JUL AUG A UG AUG A UG A UG SEP SEP SEP  SEP  OCT 30 7 1 1  2 1  26 3 1  5 1 0  1 6  22 4 

T I  ME [ date/ 1 00 run numbers l 

• 

' 
.J 1 \ I ', '  

I 
OCT 1 6  OCT 23 

Fi g u re 5 .  RF cl o c k  peak po3iti o n  ve r3U3 t i  m e  d u ri ng t h e  r u n ,  fo r 250 GeV a n d  50 Gev 
muon3 a nd hadro n3.  

PROSPECTS 
The number of WIMPs, Nnew. that may be detected can be written as a product of factors, 

N new = Nprod • P det 
= {(Ulive • Npot • N T/A) •  (CY • BR)prod • <!>geom} • Pde! , ( Eq. 3) 

where Nprod is the number of produced WIMPs that traverse the live detector, and Pdet is the 
probability for detecting an interaction or decay. The average detector live fraction, <Xiive . 
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was about 40%, and the beam intensity integrated to about (5.3 • 1 01 7  ) • (4/3) = 7 • 
1 0 1 7  protons on target+dump, with NTtA z 4.5 • 1 02 5  target n ucleons/cm2 . The 

geometrical acceptance, <!>geom.  is the production-weighted solid angle fraction subtended by 

the detector; if we assume x- and PT- spectra typical of heavy quark production9l, we find 

<!>geom z 1 o-3 . The factor of production cross section times final-state branching fraction, 

(<r"BR)prod . may be calcu lated in specific models. 

The probability of detecting any produced WIMPs depends on the detection efficiency, 

Edet. and on whether they a) interact (if stable), or b) decay: 

a) Pdet = N fidT/A • <> int • Edet , b) Pdet = Pdecay • Edet , (Eq. 4) 

where <> i n t  is the interaction cross section, Pdecay is the probability that the particle 

survives to, and decays within the fiducial volume, and NtidT/A is the number of fiducial 

target nucleons per unit area = 8. • 1 026 /cm2. The detection efficiency, i .e.,  the fraction of 

WIMPs that fall within the signal region (with 1 0  GeV visible energy), also depends upon the 

production spectrum ;  under the assumption made above, we expect that Eciet > 0.1  (although 

this is a function of <>t) .  Combining equations (3) and (4), a measured upper limit of Nnew 

would impose a constraint on new particles given roughly by 
(CJ •  BR)prod · <> int � Nnew /( 1 .0 • 1 066 /cm4} (Eq. 5) 

Note that attenuation in the berm becomes important for <>int ;:: 1 031 cm2. 

We have investigated what l imits might be obtained on the existence of unstable heavy 

neutrinos that arise from heavy quark decays. In particular, we have applied the analysis of 

Gronau , Leung,  and Rosner1 OJ (GLR) to the case of D meson production and decay into 

electron-type heavy neutrinos. In this model, the production and decay of heavy neutrinos 
are calculated in terms of the neutrino mass and the square of a mixing angle, I U I 2 . GLR 

have analysed the CHARM beam dump experiment 7], a calculation which we use as a 

benchmark for comparison.  Figure 6 shows the region that this experiment will exclude, if 

in fact no "decays" are observed in a 1 O m decay region, as tagged by this TOF system with 1 
ns resolution. The CHARM limit is more exclusive by virtue of greater accumulated proton 

intensity; however the TOF limit will exclude a region that encompasses all visible decay 

modes, so is independent of assumptions about the decay branching ratios made in the GLR 

analysis of CHARM. 

CONCWSION 

In conclusion, we have begun a new search for Weakly Interacting particles at the 

Tevatron ,  using Time-Of-Flight to identify massive particles in a neutrino beam. A 

prel iminary analysis of calibration data shows the viability of the search: uncorrected 

resolutions are close to the anticipated 1 ns resolution goal, the signal region appears 

uncontaminated by tail events or "out of bucket" protons, and the RF clock signal has a stable 

phase relation to the beam over long time periods In the future, all recorded times will be 

used to construct a consistent "event time", and straightforward corrections based 
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on flash chamber ionization information will be applied to the "raw times". Internal 

consistency checks on the neutrino analysis are possible using a sample of events containing 

a clean muon measurement. 
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ABSTRACT: 

An experiment has been underwayto search f orga!actic axions using an electromagnetic 
cavity detector. Since the mass of the axionis not knownitisnecessaryto search over arange of 
masses. Limits on the abundance and coupling of axions are presented in a mass range of 4 .5 < ma 

< 12x!0-6 eV to be lessthan between (gll\"{fPa < 1 .4 - 6x10-4l . Thetheoretica!predictionis 

(gll\"{f Pa - 3. 9x1044 . This mass range has not been excluded by previous experiments or by 
astrophysical constraints. 

1 1 3 
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INTRODUCTION: 

At Brookhaven National Laboratorywehavebeenconducling an experiment which 
seeks to dlrectlydeterminewhetheraxions compose the halo of dmtmatteriJlourgalaxy 1 . The 
extremely weak coupling of low mass axions, known as "invisible axions" 2, make them prime 
colddarkmattercandidates. Theoriginalmotivationfortheaxionisparticlephysics, interestingly 
independentfromlaterastrophysical considerations. We shall describe this motivation, a scheme to 
detect dark matter axions, and the results produced so far from an experiment based on such a 
scheme. 

TheQCD LagrangiancontaiJlsaterm0GllV Gµ.v which violatesCP. However there 

has been no observed CP violation in the strong interaction, in particular from measurement of the 

electric dipole moment of the neu1ronand a limit of0 < 1 o-9 has been placed. To explain naturally 

why 0 should be so small but not zero Peccei and Quinn 3 introduced a global symmetry (PQ) 

which is spontaneously broken in the theory. As a result e becomes a dynamic variable oscillating 
about zero in a potential defined by the energy scale Fa at which the symmetry is broken. 

W eiJlberg 4 and Wilczek 4 pointed out that the breaking of the PQ symmetry should give rise to a 

pseudoscalar Goldstone boson, dubbed the axion. The mass of the particle is not given by the 
theory but is related to Fa 

where Fn=93 MeVandm11=135 Mev. 

fiF m 
m = ____ll____ll 

a F 8 

Fa was originally thought to equal the weak symmetry breaking scale, F wear 100 Ge V 

which CO!TeSponds to an axion mass of 1o5 eV. However, acceleratorexperim.entshavefailedto 
detect axions with massgreaterthan200 keV. Subsequently models for lighter axions with 
consequently weaker couplings have been proposed. The existance of such as axions has been 
severelyconstrainedbyanumberofastrophysicalarguments. Very light axions, ma< 10-5 eV 
would have been produced in such abundance in rlle early universe rllat rlley would now overclose 
it. Analysis of stellar evolution and of supernova SN1987afunherrestrictsthe mass of the axion 
to lie outside the range of 1 o-3 to 1 o5 e V. These limits are summarized graphically in figure I.  5 

Conspicuously on thisgraph is a gapfrom 10-5 to 10-3 eV. 
Axions in this mass range have been described by Dine, Fischler, and Srednicki 2. 

Their model predicts a coupling to fermions and, through a triangle graph , to two photons (figure 
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2). The coupling is extremely weak so the life time oftheuion is ememelylcmg, over to40 
years. Forthisreason, theuionis anextremelyinterestiogdartllllll«Cllldidate. Axionssbould 

have been produced in the my uni.verse 111.d laler coadea.d ialothe slla:ies. Of course, as is 
true for all good dart matter Cllldidates, such uioas 1re l'llher bin! to see. la spite of the weak 

coupling. itispossibleto enhancethedecaya+ fV. 

acceleretor exper1ments 

axl ons 011erdom1 nate 
the un111erse 
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Fi gure 1 , Constrelns on the mass of the axion 

q y 
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Fi gure 2, The coup11ng of the axion to two photons 

THE DETECTION SCHEME: 

As proposed by Siti.vie 6, uiOJIS could be c:onwrted ialo photons in the presence of an 

intenseelectromagneticfieldviathePrimakoffelfect. Theintenc:lionLagraogianis 

g 
L. = -( ..:!n )  E B .. lit 4ll 8 

where Hand B are the electric and magnetic fieldsrespeaivelyand �.is the axion field. The 
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coupling constant is given by 

2 2/3 
g =m ..L � ( r-2 )_ , � 8 fie f m  ..JZ •  n n 

ThedecaysignalcanbetmtberenhancedbyplaciagahighQmicrowavecavityindlemagnetic 

field. If tuned correaly, die photon produced in die decay of the axion becomes an excitation of the 

cavityresonance. kisexpectedtbataxionswhichcomposethegalactichalomovewithvelocities 

similartothoseofluminousgalacticobjects. Thisvelocityistypicallyp - 10-3, sovayliWe 

spread is expected in the energyspectnun of the axions, Ey-111a(1 +P212). Amore detailed 

ca1culation7 predicts afull widthf<rtheconverted photon line off a-3x10-7llla· It is the 

narrowness of this line which makes the detection of axions possible and defines their experimental 

signature. It also makes detection difficult, in a way, since one must sweep the tune of the 

(narrow) microwave cavity to search f <r a narrow signal of unknown frequency (because the mass 

of the axion is only broadly COl1SU'llined). Our experiment will scan a mass range of 4.5 < ma < 

2Sx10-6 eV <rcorrespondingphotonfrequencies 1 < fa < 6 GHz. Our apologies to those used to 

other units, we will referto die mass of the axion by its converted photonfrequencyfortberest of 

tbepaper. 

EXPECTED SIGNAL STRENGI'H: 

Whentheeleclromlpetic-axioninteractionLagrangiangivenemtierissolvedfora 

cavityinamagned.cfieldgivendlepresenceofaxions, tbeexpectedsignalpoweravailabletothe 

detectoris 

where, 

p = l ( � )2<p ><il:J [c (cB )2] VG2 a 2  m a o o J 
8 

<Pa> localdartmauerdensity, 300Mevtcm3 

f cavity( axion)frequency 

Bo averagefieldfromtbemagnet 

V volumeofthecavity 



Or. loadedcavityQ, Or.= QoJ2atcriticalcoupling 

Gf form factor E B  d3x, impliesvse ofTM(,1 omode. 

Rewritingthisintermsofparametenwhich1retypicalofthoseintheexperiment 

<p > Q G2 
P =(3.44x l 0-24W)( 8 )(-f -)(-v-)(-L )(...i) 8 300 MeV/cm3 I GHz I o\m3 1 05 0.7 

In particular, 

= 3.29x10-24 w 
= .6 mK (assuming a400 Hz wide axion) 

= 3 photons per second 
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There are two significantnoise soun:esin the experiment; thermal noise from the cavity 

which has a temperature of 4.2 K, and the amplifier which has an equivalent noise temperature of 

typically 10 K. Thisgivesatotalnoisetemperatureof 14.2 K, muchhigherthantheexpected 

signal strength of .6mK To see such a small signal extensive averaging is clearly necessary. It is 

this need to average which limitsthel'lte at which one can scan through frequency in an experiment 

of this type. Typical sweepratesresultin250,000averages of a given frequency channel and 

consequently produce anoise reduction of afacior SOO and effective noise temperature of 30 mK. 

This unfortunately is more than the expected signal strength but represents our best efforts so far. 

The exact signal to noise produced is afunction of frequency as many experimental parameters 

changewithfrequency. 

THE EXPERIMENT: 

Since the expected signal strength is proportional to the square of the magnetic field it 

important that the field be as high as possible. This experiment uses an 8. 7 Tesla superconducting 

magnet with a 6 inch diameter by 16 inch long bore. Placed inside of the bore is a copper right 

circular cylindrical miaowavecavity. Ashas been stated the strength of the signal is proportional to 

theQ ofthecavity. Uponcoolingtheconductivityofcopperincreases. MeasurementofQinour 

cavities when cooled from 293K to 4.2K have produced increases of Q of afacior of S. Although 

the DC conductivity for the copper used inthe cavities increases by a factor 170 8 the Qin the 

miaowave range is limited to the observed values by the ano.molous skin effect. Measurements 

indicate that we have arrived to within 751! of the theoretically maximum Q. 
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In addition to confirming a bit of solid state physics these Q results are gratifying to us in that they 

indicate that we have been able to produce a series of high quality cavities over a wide range of 

frequencies. The cavities are machined fromhigh purity copper, electropolished, and electron 

beam welded or compressed togetherwith flanges. 

Tuning is accomplished by inserting a dielectric rod along the central axis of the cavity 

effectively increasing the volume of the cavity and lowering its resonant frequency. Sapphire was 

choosen f orthe dielectric because ofits high dielectric constant, IO, and low microwave absorption 

(insignificant compared tothe losses in the cavities themselves). TheTMolO can be tuned 15-20% 

in this way. In order to cover from 1 to 6  GHz, a factor 6, it is necessmyto construct many 

cavities. 

Power is coupled out of the cavity by means of a critically coupled loop antenna. The 

first stage of the detection electronics is an ultra low noise cryogenic amplifier. The amplifiers are 

based on a design 3 stage GASFET transistor design developed by the National Radio Astronomy 

Observatory 9. Originally designed for operation around 1 .5 Ghz, the amplifiers have been 

constructed and modified by our group to function from 1 to4 Ghz 10. Like the cavities the 

amplifiers have limited bandwidths, approximately20%. Mini.mum noise temperatures of 8K near 

1 GHz and 1 lK  near2.5GHzhave been realized. A microwave circulator is placed between the 

cryogenic amplifierandthemicrowavecavityinordertominimizethenoisetemperatureofthe 

amplifier. Thenoise performance of an amplifier is dependant on the source impedance the 

amplifier sees and is usually optimized for 50 0 1 1 . The impedance of a cavity near resonance is a 

strong function offrequency: the circulator provides a constant 500 load. After the cryogenic 

amplifierthe signal exits the dewarand is further amplified by a room temperature microwave 

amplifier. The signal is then superheterodyned to a frequency of20 to 50 KHz where it is finally 

detected ina64-channelmultiplexerwhose channel bandwidth is 400 Hz and logged by the data 

aquisiton computer. Figures 3 and 4 show schematic drawings of the aparatus. 

During data taking the cavity resonant frequency is continuously changed by 

withdrawing the sapphire rod from the cavity slowly with a precise machine screw mecharu.sm 

mounted on the top of the dewar. The frequency tuning rate is typically one multiplexer channel 

width per second and the time to withdraw the rod the full 16 inches is approximately 10 days. 

Every 50 seconds the cavity frequency is measured, the current sweep rate is calculated and the first 

rf local oscillator is set to track the cavity. Data is read out continuously from the multiplexer by the 

aquisitioncomputer. Every 30 minutes data taking is briefly halted, various calibrations and 

diagnostic measurents are made and the data aretransf ered to the communications computer. From 

there the data are sent to a Vax computerforfinal analysis. 
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On a larger scale data taking consists of a series of runs using different cavity-amplifier 

combinations. Each cavitytuningrangeissweptowrnrice. Thedataareanaveragedpower 

spectrum with channel bandwidth equal to the multiplexer channel bandwidth. For every channel 

thedeviationfromthelocalmeanpowerisnormllizedbythelocal:stalisticalfluctualions. Thedata 

from the two sweeps are compared and frequency channels which have large :statistical deviations, 

above 4a, in coincidence in both sweeps are rechecked with the apparatus. Suspect peaks have 

beenfoundinthedat.aandhavebeeneliminatedbe<:a111eoftheirindependeaceoamagneticfield 

andcavitytunewhenrechecked. Thesoun:eshavebeenmiaowaveradi.ationfromthedat.a 

aquisit:ioncomputerandotbermiaowavesynthesizersinthelab. Duringdat.atakingpeaksare 

periodicalyinjectedintothecavitythroughitsminorcouplingporttotestthedynamicrangeofthe 

appartus and totestthepeakftnding algorithm the off line analysis computer program. 



1 20 

lnthiswaynearl.yall of the frequency range 1 . 1  to2.5 Ghz has been covered. The axion 
hasnotbeenfound by our experiment but limits ontheproductof coupling and abundance have 
beenproduced. Theyarerepresemedgnpbicallyiafipe8. D•iscurreadybeUJBtakeninthe 
two small gaps ia this range wbicb muin. After this we plan to conlinue the sell'Ch vp to a 

frequency of 6 GHz. Amplifiers and Cfiilies ia the new range are now under COllStl'IJCti.on and test. 
This wodt was supported by the DOE. 
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We discuss the results of an analysis of recent spectral 
measurements of the Cosm ic M icrowave Background (CMB) radiation in 
the frequency range 0 . 6-624 GHz . The most recent Nagoya-Berkeley 
subm illimeter m easurements constitute an excess emission at a level 
of 8% w ith respect to a T=2 .74± 0 .02 K Planckian , which is the best fit 
to the rest of the data base. The degree of this excess l im its energy 
released by various (conjectured) processes in the early universe to 
be less than 1% . Perhaps the simplest interpretation is that the CMB 
spectrum has been Comptonized by hot intergalactic gas . We discuss 
the relevance of this possibility to a thermal origin of the cosm ic X
ray background . 
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I. INTRODUCTION 

The nature of the CMB and its dom inance over other (cosmic) 

radiation fields make it a uniquely important cosmological and 

astrophysical probe . Its spectral and spatial characters are 

unparalleled as sources of information on (e . g . )  the processes of 

energy injection into the CMB by the primordial plasm a ,  and on galaxy 

formation . Indeed, CMB anisotropy has been intensely studied both 

observationally and theoretically. 

In recent years it has become possible to perform high sensitivity 

measurements of the CMB spectrum . The 1987 high altitude rocket 

experiment of M atsumoto et al .1) has yielded what are claimed to be 

the most accurate subm illimeter measurements made to date . These 

results are very important in that they not only allow a precise 

determ ination of the CMB temperature , T0 , but also give substantial 

evidence for the long hypothesized possibility that the 

subm illimetric spectrum may not have a pure Planckian shape . 

We have analyzed2l all recent spectral measurements in the 

frequency range 0 . 6-624 GHz . Here , we briefly report the results of 

this analysis and some of its cosmological implications . 

II. RECENT SPECTRAL CMB MEASUREMENTS 

Recent spectral CMB measurements are summarized in our paper 

(Smoot et al .2) . These include all measurementss-13) at 19 different 

frequencies in the range 0 . 6-624 GHz . The most recent CMB 

measurements are those of Matsumoto et al .1) at 259 , 4 2 3 , and 624 GHz 

(in their channels 1 ,  2 ,  and 3 ,  respectively) . The latter measurements 

are very recent (and perhaps not yet well known) ; the following is a 

brief description of the essential features of this experiment . A 

radiometer , which was flown on a rocket to a maximal altitude of 317 

km ,  collected radiation in 6 frequency channels . Measurements were 

made starting 100 s after launch at an altitude of about 2 0 0  km .  The 

optical spin axis precessed such that the radiometer was directed 

along lines of sights at galactic latitudes b=18°-4 8°.  Only data in the 

first three channels ,  centered on 1160µ , 709µ , and 481µ did not show 

any modulation w ith galactic latitude . The measured flux in the 4th 

channel , centered on 2 62µ , did indicate some modulation , yielding an 
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upper limit on the CMB intensity at this wavelength. Emission at 

higher frequencies is dominted by interstellar dust ; data at the other 

two channels do indeed show significant modulaton w ith the changing 

value of b .  

Excluding the Matsumoto et a l  .lJ measurements, the available data 

are well fit by a Planckian with a temperature of 2 .  74±0 .02 K, which is 

plotted in Figure 1 .  Also shown are the rocket measurements (with la 

error bars) in channels 1-3 , and the upper limit from the channel 4 
datum . A fit of all the data set , including the rocket measurements , 

by a Planckian is unacceptable, as can be (qualitatively) seen from 

Figure 1 .  
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Figure 1 

The best-fit 2 .  7 4 K Planckian and the Matsumoto et al .1) 
data in channels 1-4 . 
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m. COMPl'ON-BREMSSTRAHilJNG DISTORTIONS OF THE CMB SPECTRUM 

Research on spectral deviations from a pure Planckian form has 

begun soon after the detection of the CM B .  Processes which have been 

conjectured to cause distortions in the Wien side of the spectrum fall 

in three categories : Heating of the radiation through interactions 

w ith hot gas, thermal emission from cosmological dust, and radiative 

decay of various dark m atter candidates .  Here , we will only 

investigate distortions of the CMB spectrum due to processes in hot 

gas . We will briefly discuss the other two possibilities in the next 

section. 

The interaction of the CMB radiation w ith the heated-up m atter in 

the Universe has attracted most attention . Hot gas affects the CMB 

spectrum through Compton scattering and bremsstrahlung emission and 

absorption . Detailed theoretical analyses had been carried out 

starting w ith WeymannH) , and Zeldovich and Sunyaev"l . Statistical fits 

of Comptonized spectra to the results of ever grow ing number of 

measurements have been performed (see, e .g . ,  Danese and De Zottit•) and 

references therein ) . The results of such fits always led to upper 

lim its on the degree of Comptonization of the spectrum . The most 

recent measurements1l are the strongest evidence yet for a distorted 

spectrum , and it is natural to consider first the possibility that the 

measured distortion has its origin in energy release into the m atter . 

The nature of this distortion depends very much on the epoch during 

which the gas had been heated . In the following, we summarize the 

results of our2l recent analysis which is based on previous15 ,17) 

calculations . 

If heating occurs sufficiently early at epochs z>l06 , when there 

still is tight coupling between matter and radiation, then the 

spectrum preserves its exact Planckian form . Equilibrium between 

matter and radiation is attained through bremsstrahlung em ission and 

absorption, and Compton scattering . The net result of an energy 

release into the plasma is an increase in the radiation temperature . 

Brem sstrahlung has a steep redshift dependence ,  due to the 

proportional ity of the em issivity to n2 , where n is the gas density . 

Thus, heating at redshifts z<lO• no longer results in a Planckian 

spectrum at all frequencies . The spectrum has this form only at low 

frequencies , for which bremsstrahlung absorption is still effective . 

At higher frequencies , the spectrum has a Bose-Einstein form , w ith 
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positive chemical potential , µ, which depends on frequency . At very 

high frequencies , µ attains a constant value, µ0 , which is a measure of 

the relative energy, 1:;.,;, , injected into the radiation field . An 
approx:imate relation is µ0,,,1 .4 ·!:;.'/' . 

When the electron density is low enough that Compton scattering is 

not sufficiently effective in coupling radiation and matter , a Bose

Einstein spectrum is no longer attained . This occurs at a 

characteristic redshift , 

z. "' J .s -1o•ob -1/•h-1 , (1) 

where Ob is the baryonic mass fraction in units of the closure density, 

and h is the Hubble constant in units of 50 km s-1 Mpc-1 •  Heating at 

redshifts z<z. results in a spectrum which is different from the above 

two basic distributions . It is characterized by enhanced emission in 

the far Rayleigh-Jeans (R-J) , due to bremsstrahlung, and reduced 

emission in the m iddle R-J region . Compton scattering preserves the 

number of photons , so its effect is the transfer of photons from the 

R-J to the Wien side of the spectrum . This is somet:imes referred to as 

Comptonization , although Thomsonization is a more appropriate term 

when the electrons are non-relativistic . Generally speaking, energy 

injection into the matter at sufficiently late epochs , when 

bremsstrahlung ceases to be :important , leads to a Comptonized 

spectrum . If the electron temperature , T0 , is low enough that first 

order (in kT0/mc2) relativistic corrections can be ignored , then the 

spectrum is determined by the parameter, 

u = J [ k (T0-T}/mc2 ] ·n0uTcdt (2)  

In this equation , T is the radiation temperature , n. is the electron 

density, "T is the Thomson cross section, and the integral is over 

cosmological t:ime, from the present to the t:ime of heating . When 

T0>>T , U--+y , which is the usual Comptonization parameter . 

A description of a Comptonized Planckian in terms of u (or y) is 

valid only when the scattering process can be adequately treated by 

the Kompaneets18) equation . The latter is essentially a diffusion 

equation, valid only for large optical depths to (Compton) scattering, 

r .  If heating of the gas was recent , r is small , and a more datailed 

calculation of the frequency redistribution function is required . 
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Another complication may arise if the gas is heated to a very high 

temperature , such that relativistic corrections cannot be ignored . A 

calculation of the spectrum in these lim its had been carried out by 

��� -

N. RESULTS AND DISCUSSION 

In our2l analysis of the measurements we have al lowed for 

distortions of all types mentioned above , by taking various values of 

the heating redshift , zh . Fitting the data set to a Bose-Einstein 

spectrum results in an upper lim it to the energy injected into the 

CMB ,  l></<:5 0 . 0 1  for flb ·h':5 1 .  This , obviously , constrains all sources of 

energy release into the CM B .  In particular, the conjecture that galaxy 

formation may have been initiated by turbulent motions in the 

primordial plasma2°) , is probably ruled out by this (low value of the) 

upper limit .  

We next attempted fits o f  the data to Comptonized spectra for a 

few values of Zh:5104 • These fits are plotted in Figure 2 ;  also 

indicated are the equivalent therm odynam ic temperatures 

corresponding to the m easured data set ; (the measurements are shown 

according to their type) . Curves a , b ,  and d are the fits to Comptonized 

spectra , whereas curve c is a fit to a Bose-Einstein spectrum with a 

chem ical potential µ0=0 . 0117 , fib ·h2=0 . 1 ,  and T=2 .925 K .  

A particularly interesting and important possibility i s  the heating 

of the intergalactic m edium (IGM ) to very high tempratures at recent 

epochs . This possibility has been considered in connection w ith what 

is perhaps the most basic outstanding issue in X-ray astronomy - the 

origin of the Cosm ic X-ray Background (CXB ; for a recent review , see 

Boldt21) ) .  The observed spectrum can be well fit by thermal 

bremsstrahlung from 0 (108 K) gas w ith a value of fib of few tenths22 ) .  

An IGM w ith these properties can Comptonize the CMB spectrum , and it 

is important to know if the subm illem etric excess is from such a hot 

gas . The most recent analysis of a hot IGM origin for the CXB is that 

of Guilbert and Fabian23) .  These authors conclude that the residual 

(i.e . ,  after subtraction of the contributions of known classes of 

sources )  CXB spectrum can be well fit by a hot IGM if flb>0 . 2 2 , and 

kT.-36 (1+zh ) keV, w ith 3:5Zh:56 . The predicted CMB spectral distortion is 

estimated to be less than that corresponding to u= . 018 . Our best fit 



129 

value for u (=y i n  this high T. l im it) i s  0 . 02 0± 0 . 002 for zh in this 

interval . Thus , the observed excess is consistent w ith a thermal IG 

origin for the CXB . Strictly speaking, however ,  the representation of 

the Compton distortion in terms of u may not be adequate in the limit 

of small optical thickness to Compton scattering , or when 

relativistic corrections are not negligible. For T.0 (109 K) , the first 

order relativistic correction has to be taken into account1•) . 
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Data and model spectra of the CM B. The models have 
parameters : 
(a) flbh2=1 . 0 ,  T=2 .811 K, u=0 .0200 , zh=4000 ; 
(b) flbh'=0 . 1 ,  T=2 .813 K, u=0 . 0 2 0 1 ,  zh=lOOOO ; 
(c) flbh2=0 . 1 ,  T=2 .925 K, µ0=0 . 0117 ; 
(d) flbh2=0 . 1 ,  T=2 . 8 14 K, u=0 .0201,  zh=lO O O .  
(e) Sem i-relativistic calculation adopted from Wright19l . 

This model corresponds approximately to U=0 .03 , T=2 .82 
K,  and an electron temperature of 1 .5 ·10• K. 
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We have used the analysis by Wright19l to obtain a fit to the data . 

Doing so led to the fit which is described by curve e in Figure 2 .  It 

corresponds to u=0 .03 , T=2 .82 K, and T."' l . 5 · 109 K .  We conclude that the 

data is not inconsistent w ith hot IG origin for the CXB even if the 

required value of T. necessitates a semi-relativistic calculation of 

the Comptonized spectrum . It should be noted, however, that the 

goodness of fits of high frequency excess emission by semi

relativistic Comptonized spectra is quite sensitive to data in the 

200-300 µ range . First , em ission from interstellar dust is not yet 

dominant in this region . Second, the semi-relativistic calculation 

yields a distorted spectrum which flattens out , so it is very 

.iroportant to determ ine the exact behavior of the measured spectrum at 

such wavelengths. The current upper l .iro it at 262 µ is not tight enough 

to rule out an IGM w ith the above best-fit properties23) as an origin 

for the excess emission. This conclusion is contrary to that reached 

by Hayakawa et al .24) . In any case, the observed excess emission can be 

due to hot IGM , even if it does not have the required properties for it 

to (also) produce the CXB . More extensive and exact analysis is 

required in order to determ ine the baryonic mass fraction of the 

Universe from the X-ray and subm ill.iroeter data . Obviously, it will be 

extremely .iroportant if the value of Ob will turn out to be higher than 

0 . 19 , which is the nucleosynthesis upper l.iroit . 

As mentioned in the Introduction , high frequency deviations of the 

CMB spectrum from a Planck curve can, in principle , be also due to 

radiative decay of (weakly interacting) particles which may dominate 

the mass density in the Universe. This possibility has been considered 

by various authors ; in particular, Silk and Stebbins••) have deduced 

lijn its on the properties of dark matter candidates from allowing 

relative deviations in the CMB spectrum of up to 10% in energy 

density . As this degree of distortion is w ithin the (now ) observed 

value , their deductions should be valid. 

Thermal emission from dust as origin of the observed excess has 

been considered by Hayakawa et al .25) • These authors find that 

silicate-like grains w ith radii in the range 0 . 03-0 . 3  µ ,  heated at the 

redshift interval 15-20 to temperatures Td=3 .55 (1+z ) K, can account 

for the observed distortion . The required cosmological dust density 

(in units of the closure value) is est.iroated to be 10-5 •  
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IMPLICATIONS OF THE 1 TO 10 MEV GAMMA-RAY BACKGROUND: 
A DETERMINATION OF fl0 OR A NEW PARTICLE? 

ABSTRACT 
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Monoenergetic photons resulting from the decay of an unstable particle pro
duce an observable spectrum because photons produced at different times are red
shifted to different energies. It has been shown1 l  that the 1 to 10 MeV Gamma-Ray 
background is very well fitted by monoenergetic photons produced at a decay rate 
while the universe was young (zd ?: 3).  The fit constrains the energy of the decay 
photon, the decay rate, and the number density of particles whose decay produces 
the photons. If the photons comprising the 1 to 10 MeV shoulder are produced by 
a decay (as suggested by the observations) ,  then they may result from either the 
radioactive decay of an unstable isotope or from the decay of a previously unidenti
fied particle. If the photons result from a radioactive decay, the fit to the spectrum 
may be used to determine fl0 , the current ratio of the average mass-energy density 
in the universe to the critical value. 

1 33  
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I .  INTRODUCTION 

The X and Gamma-ray backgrounds are extragalactic, isotropic backgrounds 

extending from a few keV to greater than 100 MeV. It is quite likely that they 

contain a wealth of information, although interpreting these backgrounds to extract 

this information has not proven to be entirely straight forward. Indeed, there is still 

no consensus as to the origin(s) of any part of these backgrounds. 

The X and Gamma-ray backgrounds are comprised of three primary features. 

One of these is a nonpower-law feature known as the 1 to 10 MeV shoulder.2'3) 

Several mechanisms to produce this feature have been suggested, all of which are 

fairly exotic: neutral pion decay,4 ) matter-antimatter annihilation,5 ) positronium 

annihilation from accrcting objects,6) and the decay of a long lived SUSY particle.7) 

It has been shown1 ) that monoenergetic photons produced while the universe was 

young (zd ?: 3, where Zd is the redshift at which the age of the universe is equal 

to the lifetime of the unstable particle), at a decay rate, fit the observed feature 

extremely well. 

We briefly review the spectrum expected from monoenergetic, cosmologically 

redshifted photons, and compare this spectrum with that of the 1 to 10 Me V gamma

ray background (see section II). If the photons comprising the 1 to 10 MeV gamma

ray background are produced by a decay, there are far reaching implications, as 

discussed in section III. A summary is presented in section IV. 
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II. THE CALCULATED SPECTRUM AND THE DATA 

The calculated spectrum of photons is presented and compared with the ob-

servations; a more detailed derivation of the calculated spectrum and comparison 

with the data has been presented elsewhere.1 ) 

Suppose that there is an unstable particle, m, with average number density 

nm,  lifetime r, which, upon decay, produces a monoenergetic photon of energy E-y 

for some fraction 
b 

of the decays. The rate at which photons are produced is: 

dn-y = -b dnm = b nm = 
b 

nom ( 1  + z ) 3  e-t/r 
& & T T 

( 1 )  

where nom i s  the initial (set at t � r) number density of m scaled to the current 

epoch, and t is the age of the universe at redshift z. The expected spectrum of 

photons dno-y/dEo is given by: 

dno-y 
dEo 

dno-y di dz 
dt dz dE0 ' (2) 

where dno-y dn-y (1 + z )-3 is the differential number density of decay photons 

at a redshift of zero and E0 E-y(l + z)-1  is the energy the decay photon has 

at a redshift of zero. Using these relations and assuming the universe is matter 

dominated, Einstein-de Sitter (A = 0, f10 = 1 .0) so that t = t 0 ( 1  + z )-3/2 ,  t0 being 

the current age of the universe, the spectrum of photons which will be observed at 

a redshift of zero from monoenergetic photons produced at a decay rate is: 

dno-y 
dEo 

= km E�/2 e-(k,Eo)a/2 (3) 

where km = 1 .5 b 
nom k�/2 ,  k:;1 = E-y( l + zd )- 1 , and Zd is the redshift at which 

the age of the universe is r. If the universe is radiation-dominated during the decay 
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epoch a similar result is obtained:1) dno-y ex E0e-(k,Eo)' . The calculated spectrum 

(3) is compared with the observed spectrum2); we note that the underlying power-

law has been taken into account.1 ) The parameters km and k-y are adjusted until 

the best fit to the data is obtained. Figure 1 shows the best fit, calculated spectrum 

(solid line) and the observed data points (points with one sigma error bars) ;  the 

best fit is accurate to the 993 confidence level and is obtained for k:;1 '.:::'. 2.5 MeV 

and km(c/4rr) c::: 0.0035 photons Mev-3!2 cm-2 s-1 sr-1 • 

.... o 
i ci .. ! 
I Ill 
.. I 

E ..,  u ,  
- 0 I -� 
J Cl. 
..... 1 w0 o 
"O -� 

'I' 0 
1 0  

E0 (MeV) 
Figure 1 .  Comparison of the calculated and observed spectrum of the 1 to 10 MeV 
shoulder. The solid line shows the sum of the calculated spectrum and the under
lying power-law (which has been detailed elsewhere1 •2 l )  for a matter-dominated, 
Einstein-de Sitter universe with k:;1 c::: 2.5 MeV and ckm/4rr c::: 0.0035 photons 
M ev-3!2 cm-2 s-1  sr-1 • The observed intensities are denoted by points with 1 '5 
error bars. The fit is accurate to the 993 confidence level. 
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III. IMPLICATIONS 

The excellent fit obtained suggests that the photons comprising the 1 to 10 

MeV gamma-ray background result from a decay. It is possible that a population 

of massive stars (population III stars) produced a long lived, radioactive isotope at 

a time t � T, and the radioactive decay of this isotope leads to the production of 

high energy (E-y ?'. 8 - 10 M eV) photons. The fit to the observed spectrum implies 

that k::;1 '.:e 2.5 MeV or 

E-y '.:e 2.5 (1 + zd ) MeV. (4) 

For a matter-dominated, Einstein-de Sitter universe, this translates to: 

(t0 ) 2/3 E-r '.:e 2.5 -;; MeV, (5) 

where t0 is the age of the universe at the current epoch. If a radioacitve isotope 

is identified which roughly satisfies (5), and if it can be shown that it is viable for 

population III stars to produce this isotope with the required abundance (with an 

average number density scaled to the current epoch of I) � 4 x 10-12 cm-3 ), then 

we may infer that the photons comprising the 1 to 10 MeV gamma-ray background 

may result from the radioactive decay of this isotope. In this case 00 (the present 

mass-energy density of the universe relative to the critical value) may be determined 

in the following manner. If the age of the universe is known at a specific redshift, 

then q0 and hence 00 may be determined, although the value of 00 thus obtained 

will dependent on the current value of the Hubble constant. If an unstable isotope is 

identified as described above, then E-y and T would be known. The fit to the observed 

spectrum yields E-y '.:e 2.5( 1+zd)M cV, hence (l+zd) would be specified. But (l+zd) 
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i s  the redshift a t  which the age of  the universe is r .  Hence, we would know that at 

a specific redshift, (1 + zd ) , the age of the universe is r: therefore q0 and hence !10 

may be determined. Since E-y :'.: (8 - lO)MeV I ) and since E-y c::: 2.5(1 + zd)MeV, 
we expect ( 1  + Zd ) :S 4 or 5 so that E-y is not unreasonably large. A likely radioactive 

candidate would have E-y c::: 10 MeV, r � 1 .5 x 109 years. 
A consideration which argues against this possibility (Martin Rees, private 

communication) is that a corresponding high-energy, gamma-ray line from radioac

tive debris produced by supernova in our own galaxy is not observed. However. the 

radioactive debris from population III stars need not be identical to that from stars 

which have undergone a supernova in our galaxy in the past � 109years. 
It is possible that the photons result not from a radioactive decay, but from 

the decay of a previously unidentified, unstable particle. In this case the fit to the 

observed spectrum yields a relationship between the energy of the photon produced 

by the decay and the lifetime of the unstable particle (via equation (5)) .  Additional 

relationships between the branching ratio b, the mass m, and the initial mass-energy 

density (or annihilation cross section) of the unstable particle may be obtairned from 

the fit to the observed spectrum.1) 

IV. SUMMARY 

The 1 to 10 MeV gamma-ray background is very well fitted by cosmologically 

redshifted, monoenergetic photons produced at a decay rate while the universe was 

young (zd :'.: 3).  The photons could result from the radioactive decay of an unstable 

isotope produced at a time t � r by a generation of population III stars. An 

approximate relationship between the energy of the photon produced by the decay, 
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E-n and the lifetime characterizing the decay, r, is: E'I '°" 2.5(to/r)213MeV where 

t0 is the current age of the universe, t0 '°" (1 - 2) x l010years. Simple arguments1 ) 

indicate that E'I ?: (8 - lO)MeV, hence T ;:; few x l09years. If a radioacitve 

isotope is identified which has approximately the right E'I and T (i.e. they must 

approximately satisfy equation (5)) ,  and if it can be shown that this isotope may be 

produced by population III stars with approximately the right abundance (average 

number density at a redshift of zero of I) � 4 x 10-12cm-3) ,  then a determination 

of q0 and hence f!0 follows, although f!0 thus determined is not independent of the 

current value of Hubble's constant. f!0 would be determined in the following way: 

if E'I is known then (1 + zd) may be inferred from the fit to the observed spectrum. 

Since T would be known, the specific age of the universe, T, at the specific redshift, 

(1 + zd ) , would be known. Hence, f!0 could be deduced. 

Another possibility is that the feature results from the decay of a previously 

unidentified, unstable particle. In this case the fit to the observed spectrum leads 

to a series of relationships between the energy of the photon produced by the decay, 

E'I, the lifetime of the unstable particle, r, the branching ratio, b, and the initial 

mass-energy density of the particle relative to the critical density rim (as discussed in 

detail elsewhere1) ) .  Interpreting the 1 to 10 MeV gamma-ray background as photons 

produced at a decay rate while the universe was young (t ;:; few x l09years) may 

prove to have important consequences for either cosmology or particle physics. 

I would like to acknowledge helpful conversations with Alvaro de Rujula, 

George Fuller, Martin Rees, James Rich, and David Spergel. This work was sup

ported by a NATO-NSF Fellowship, grant No. RCD-8751127. 
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Primordial nucleosynthesis arguments suggest that most of  the baryons in  the Universe 
are dark. This possibility is strengthened by the observation that cluster cooling flows 
process gas into baryonic dark matter. We argue that observed cooling flows are the 
endpoint of a process that began at pregalactic epochs, and present a model in which the 
majority of baryonic matter forms clusters of jupiters. These objects undergo gravitational 
clustering to eventually form galactic halos. 
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1 .  INTRODUCTION 

The inflationary scenario 1 ) and cosmological aesthetics suggest that we live in an 

n = 1 universe, so that the majority of matter must be dark. Primordial nucleosynthesis 

calculations constrain the baryonic density, nb, to the range 2) 0.014 < nbh 2 < 0.035 

(h = H 0/1 00kms- 1 Mpc- 1 ), with 0.5 < h < 1 observationally. Since nb falls short of the 

critical density, non-baryonic dark matter must be invoked to produce an n = 1 universe. 

The popular trend is to keep the number of forms of dark matter as small as possible by 

assuming that essentially all baryons are luminous. Consequently, the nature of the dark 

matter has become reduced to a discussion of the relative merits of various "exotic" 

particles, whereas the idea of baryonic dark matter has been largely ignored. 

While this argument has a certain simplistic appeal, it is difficult to reconcile with 

observation. The density of visible baryons is Ov � 0.01 or less 3) ,  so if all baryons are 

luminous the above constraints on nb require that h is around unity. However, if one 

wants the Universe to be older than the globular clusters4), h must be around 0 .5 ;  in this 

case nb � 0.1 and most baryons are dark. This raises the possibility that galactic halos, 

which have a density nh � 0.1 , and the cluster dark matter, with a density nc � 0.1 -0 .3 ,  

are baryonic. We concentrate on the question of the halo dark matter, but note that at 

least some of the dark matter in clusters must be the disrupted remnants of these halos. 

There are various constraints on the form that baryons in galactic halos can take. 

Hot gas generates too many X-rays s), low mass stars are ruled out by source counts 

limits s ) ,  and other stellar remnants are excluded by nucleosynthesis and background light 

constraints 7). The only possible options seem to be either jupiters or the black hole 
remnants of massive stars. The usual argument against these possibilities is that the 

"standard" stellar initial mass function (IMF) produces too few of these objects. However, 

in the next Section we will present evidence that jupiters can be formed with high 
efficiency in at least some circumstances. 

2. COOLING FLOWS IN CLUSTERS OF GALAXIES 

X-ray observations show that most clusters of galaxies contain hot intracluster gas 

with a temperature of around 1 0  BK. In many cases the emission is centrally peaked, 

indicating a high gas density and thus a short cooling time 0). In clusters where the 

cooling time, le, is less than the Hubble time, tH, one expects the cooling gas to be 

flowing inwards, driven by the pressure of the outlying uncooled gas. Since the cooling 

time of the gas exceeds the sound-crossing time, lf, the flow is quasi-static. These 

"cooling flows" are usually centred on massive cD galaxies. The observational evidence 

for cooling flows has been reviewed elsewhere a, 9), and includes X-ray emission from 
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relatively low temperature gas (T � 1 0 •-10 'K), optical emission from 1 0 4K gas and 

inverted temperature gradients. 

The mass flow rate, M, can be obtained from L = HM, where L is the X-ray 

luminosity and H is the enthalpy. This yields typical values of 10 2M0Yr- 1 and 

exceptional ones of 1 0  3M0yr- 1 (ref 1 0) .  In  fact, since the luminosity is measured as  a 

function of radial distance r within the flow, one can also deduce M(r). Observations 

indicate that the flow rate increases with radius, implying that mass is being deposited 

throughout the flow •). Constraints on the mass in cool gas in cooling flows •) imply that 

most of the material is forming stars, but if the stars form with a standard IMF the 

accreting galaxies should be bluer and brighter. The colours and luminosities of these 

galaxies can be reproduced if typically 1 % of the cooling gas forms stars with the 

standard IMF, while the other 99% goes into dark matter ' o). In some cases more than 

1 0% of gas participates in "normal" star formation 1 o), but it is apparent that the 

mass-to-light ratio of objects forming in cooling flows is much higher than in other star 

forming regions. Since the mass in cool gas is constrained, this dark matter must either 

be low mass stars or jupiters. Present results ' ' ) indicate that the average stellar mass 

forming in cooling flows must be below 0.2M0, so while stars with masses just above the 

hydrogen-burning limit (0.08M0) are not ruled out, the jupiter option is favoured. 

There have been several objections to the idea that cooling flows produce baryonic 

dark matter ' 2 , 1 3) . A common criticism is that any heating mechanism that operates in 

cooling flows will reduce M and could thereby permit a standard IMF. Such a view 

seems to stem from an obsession with the standard IMF, but is difficult to sustain. For 

instance, if supernovae are the heat source, limits on the numbers of supernovae in 

cooling flows indicate that the effect on M would be negligible •). The most important 

evidence in support of cooling flows is that cooling gas is observed, and that the amount 

of gas at relatively low temperature is just that expected from the observed M (ref 9). 

It is difficult to avoid the conclusion that cooling flows produce baryonic dark matter, 

but the physical mechanism responsible for the cooling flow IMF is uncertain. One 

suggestion is that the high pressure reduces the Jeans mass and hence the stellar fragment 

mass ' • , 1 s). Typically, pressures in cooling flows are 1 o s-10 •cm- 3K, greater by about 

1 0 2  than in star forming regions in our Galaxy, so the Jeans mass is lower by an order 

of magnitude. The quasi-static nature of cooling flows ensures that these high pressures 

are maintained as the gas cools. Other factors that have been considered include the lack 

of dust and molecules a) and the possibility that star forming regions in cooling flows are 

significantly smaller than the Giant Molecular Clouds where massive stars from 9) .  
The fact that the origin of the cooling flow IMF is poorly understood has led some 

to reject the considerable evidence that baryonic dark matter is being formed. While this 

situation is admittedly undesirable, it should be stressed that the origin of the standard 
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IMF i s  also unclear. It is worth noting that since the star formation rates in cooling 

flows greatly exceed those in "normal" star forming regions, one could regard the standard 

IMF as the curiosity! 

Cluster cooling flows cannot directly solve any of the dark matter problems since they 

are restricted to the central regions of clusters of galaxies. In the next Section we take 

the empirical properties of cooling flows that may be responsible for jupiter formation, the 

high pressure and quasi-static nature, and argue that similar conditions occur at earlier 

epochs, so that baryonic dark matter will be formed more extensively. 

3. PREGALACTIC AND PROTOGALACTIC COOLING FLOWS 

To investigate the possibility that cooling flows occur at earlier epochs we require a 

model for the formation of large-scale structure. This allows us to calculate the density 

and temperature of the gas in virialized objects, from which we can find the pressure and 

establish if the flow is quasi-static . Here we present some general results, the detailed 

calculations having been given elsewhere 1 s ) . 

We concentrate on the hierarchical clustering scenario ' 7, ' a) with particular reference 

to the "cold dark matter" variant ' 9), since it currently gives the best fit to the observed 

large-scale structure of the Universe. In this picture, the first objects to virialize have 

relatively low masses of around 10 'M0. As the universe evolves, more massive objects 

virialize and structure is built from the "bottom up" through gravitiational clustering. For 

gas in a bound cloud to fragment into stars, a necessary condition is that it cools within a 

H�bble time, otherwise the gas is disrupted as the next stage of the hierarchy virializes. 

Since a characteristic of a cooling flow is that the gas is quasi-static , we must look for 

conditions where tf < tc < tH. 

We model the gas density profile of a virialized cloud by a "core" of constant 

density to a radius r a, plus a power law fall-off to a truncation radius R. By further 

assuming that the gas is isothermal we find that there are three possible cases (see 

Figure 1 ). (i) tc(r) < lf(r) everywhere: the entire cloud fragments rapidly with little 

global collapse and the gas pressure is therefore not maintained. In this case we do not 

expect a cooling flow (however, see ref 20 and Section 4 below). (ii) tc(r) > tf(r) 

everywhere: this is the situation in cluster cooling flows, although in clusters the cooling 

flow lies entirely within the core. This can arise since the density within the cores of 

clusters decreases slightly with radius, whereas in our model the density is assumed 

constant. Only a small fraction of the gas is processed through a cooling flow unless the 

core radius is large. (iii) tc(a) < tf(a), tc(R) > tf(R): in this case, all the gas between 

rg>in and rgiax in Figure 1 undergoes quasi-static flow and cools within a Hubble time, so 

if the pressure in the gas is sufficiently high we expect jupiters to form. 
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The fraction of the gas that satisfies tf(r) < tc(r) < t!f(r) is maximized when the 

mean cooling and free-fall times of the gas cloud are comparable ; that is tc � tr· We 

refer to this as a pervasive pregalactic cooling flow (PPCF). The precise relationship 

between tc and tr depends on the slope of the density profile power law and the 

timescale of disruption, which can differ somewhat from the Hubble time ' s). In Figure 2 
we have plotted tc = tr in the (M,z) plane, as well as the line of constant pressure 

P = IO •cm- 3K, comparable to pressures in cluster cooling flows. Regions that lie above 

this line should be at sufficiently high pressures to produce jupiters. We have also shown 

the line M(z) which represents the trajectory of virializing clouds in the cold dark matter 

scenario. [The situation is rather more complex than this since the first objects to form 
arise from the high-CT peaks of the fluctuation spectrum. The details are beyond the 
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scope o f  the present work, but are addressed in a separate paper ' 1 l. ] When M(z) 

intersects the line le = lf, we expect PPCFs to occur, so Figure 2 shows that there are 

two relevant epochs and mass scales. The high-mass scale is around 1 0  1 •M0 and occurs 

at a redshift of z � 10 .  The low-mass case is  rather ambiguous since i t  depends on the 

dominant cooling mechanism. Molecular hydrogen is the most important coolant below 

about 1 0 4K, but the mass fraction of H 2 is difficult to predict. The low-mass portion of 

the line le = lf in Figure 2 represents a compromise where the H 2 fraction is determined 

by the residual ionization of the Universe 2 2) . Destruction of H 2 moves the line to the 

right, whereas increased production of H 2 via shocks moves the line to the left 1 9). The 

typical mass scale for the low-mass PPCF is around 1 0  GM0. 

\ 
\ 

\ 
\ 

\ 
\ Lya 

t c  < t f  \ 2�Cf? 
� I � � 

... 
0 ' PPCf 

t c  > t r  

0 

6 8 1 0  

Jog[ �0 ] 

PPCf 

c l us t er s �  

1 2  1 4  

Figure 2 .  Evolution of  clouds of mass M binding at a redshift z1 in  the hierarchical 
clustering scenario. Clouds within the hatched region le < If can cool on a Hubble time. 
PPCFs occur when the binding trajectory M(z) crosses the line tc = tr- If primordial H 2 

is completely destroyed the low-mass PPCF occurs when M(z) crosses the broken line 
representing tc = lf for Lya cooling. The vertical line represents constraints on the mass 
of cooling flows obtained from background light considerations (see ref 1 6). 
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From Figure 2 it is apparent that the pressures in PPCFs in the cold dark matter 

scenario are sufficiently high for jupiters to be formed; that is, M(z) intersects tc = tr 

above or close to the line P = 10 scm-3K. It is also probable that the more important 

PPCF is the low-mass one, since at this epoch one expects all the baryons in the 

universe to be gaseous. One consequence of our model in the cold dark matter scenario 

is that we predict substantial amounts of baryonic dark in clusters with masses around 

1 0  GM0. These clusters end up in galactic halos. 

We have carried out similar calculations ' s) in the pancake scenario 2 3) and explosion 

scenario 2 4- 2 s ) . These two pictures lead to similar results, since in both cases gas is 

compressed into massive "sheets" .  We have found that the pressure in the sheets can be 

high (P > 1 0  scm-3K) and t�at the gas flow may be quasi-static, so that baryonic dark 

matter may form in both scenarios. The scale on which the dark matter is clumped 

depends on the cooling mechanism, but can be as low as 10 GM0 if H 2 cooling is 

dominant. 

4. DISCUSSION 

Although our simple picture suggests that a large fraction of gas can be processed 

through a cooling flow only when clouds lie close to the cooling curve, there are various 

ways in which baryonic dark matter can be produced throughout the cooling region 

(tc < tr in Figure 2). Since the first objects to form deplete the gas density, the ratio 

tcitr of the gas increases, thereby extending the le � tr regime into the cooling region. 

Another possibility is that, even when tc < tr, the gas develops a two-phase structure 

with cool clouds embedded in a hot medium. tc � tr could be preserved in the hot gas, 

in which case high pressure would be maintained as in the quasi-static flows discussed 

above. This picture is similar to the Fall-Rees 2 1) theory of globular cluster formation. 

In fact, a recent modification to this theory 2 o) predicts that globular cluster formation 

should be accompanied by the formation of clusters of jupiters with masses up to about 

1 0  GM0, the total mass in dark clusters exceeding that in globular clusters by about two 

orders of magnitude. 

One of the most important predictions of the cooling flow model is that the dark 

matter in galactic halos should reside in clusters of jupiters, with masses typically around 

1 0 GM0. Possible observational evidence is provided by the heating of the Galactic disc, 

which can be explained by such objects 2 •) . There has also been a claim for the 

detection of a dark cluster in the Galactic halo with a mass of about 10 GM0 ' 9). A 
further point of interest is that considerations of gravitational lensing by galactic halos has 

led to the tentative conclusion that the dark matter is clumped on mass-scales between 

3xl0 4M0 and 3x10 7M0 3 o). 
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We have recently extended the Southern Sky Redshift S urvey (SSRS) both in angular 
coverage and depth. In the first case we have nearly completed a survey of 
galaxies northwards of o = - 17.5° ,  extending the SSRS to the southern limit of the 
CfA Redshift Survey at o = -2.5° ,  for galactic latitudes south of b = -30°. 
Completion of this extension allows us to examine the large-scale distribution of 
galaxies in the Southern Galactic Cap over a contiguous area of 3 . 13  steradians, in 
particular, the extent of some of the structures observed in the region covered by 
the SSRS. In the second case we have carried out a deeper survey in the region-
400 � o � -30°, to probe in more detail the structures and voids previously detected 
in this strip. Here we present a preliminary discussion of our findings. 
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I. INTRODUCTION 

The present decade has been marked by the completion of several extensive 

redshift surveys (see ref. 1 for a recent review). The results from these various 

efforts have been responsible for major changes in our ideas about the nature of 

the three-dimensional galaxy distribution and have been the driving force for recent 

theoretical work on the origin of large scale structures in the universe. 

The clustering properties of galaxies h ave been studied using different 

observational strategies such as: 1) surveys of small angular regions of the sky to 

very faint magnitude limits, like those being conducted by Kirshner and 

collaborators2) in the Bootes void and by Koo and collaborators3l to probe 

evolutionary effects of galaxy clustering; 2) wide-angle surveys of relatively small 

declination strips like the CfA slice survey4l and CfA Redshift Survey extension 

(CfA2)5l; 3) moderately deep large angular scale surveys like the CfA Redshift 

Survey (CfA 1 )6l, the Arecibo Survey7l and the Southern Sky Redshift Survey 

(SSRS)8l. These surveys provide complementary information and their contributions 

to the large-scale structure studies have been recently reviewed by Geller9l. 

Nearby wide-angle surveys are particularly important since they are essential for: 1 )  

estimating the universal mean galaxy density, although fainter samples may be 

required for a more reliable estimate10l; 2) measuring the velocity flow field, in 

conjunction with data from other surveys; 3) searching for evidences of biased 

galaxy formation; 4) testing models for the origin of large-scale structures by means 

of direct comparisons with results of N-body simulations. 

A major finding from the CfA l survey was that the sizes of the largest 

structures observed were comparable to the effective survey depth indicating the 

need to extend it both in depth and sky coverage. As a consequence, over the past 

6 years several groups h ave been working on systematic surveys of the southern 
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skies, some of which have already been completed like the SSRS and others that are 

still ongoing such as the Supergalactic Plane Redshift Survey12). The main 

motivations for surveying the southern sky are that it provides a statistically 

independent sample that can be compared with the CfAl to address the "fair 

sample" issue and, particularly in the Southern Galactic Cap, it avoids the large 

concentration of galaxies associated with the Virgo cluster, thus allowing for a 

clearer view of the low-contrast structures. An optically selected southern sample 

can also be used to improve the computation of the peculiar velocity of the Local 

Group induced by matter in our surroundings, complementing the recent works using 

the IRAS sample13), as well as to search for evidence, at low galactic latitudes, of 

a large concentration of mass as proposed by the Great Attractor model14l. 

However, a serious drawback for southern surveys is still the lack of a photometric 

catalog of galaxies from which well-defined samples can be drawn. This also 

prevents the construction of a homogeneous optical catalog of the whole sky. 

Hopefully, this situation will be resolved in the near future. 

From the existing nearby surveys in both hemispheres several important 

characteristics about the galaxy distribution can be inferred: galaxies lie on 

relatively thin (� 5 to 10 h-1 Mpc, H0 = l OOh km/s/Mpc), sheet-like structures that 

delineate vast regions devoid of bright galaxies4),S); voids can be large, with sizes 

up to 60h-1 Mpc; large voids may be common both nearby and at large distances 

2),4), 1 1) These properties are now relatively well-established and must be explained 

by viable theoretical models. Here we present further evidences that corroborate 

these findings, based on the results of surveys we have recently completed in the 

southern hemisphere. 
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II. THE SOUTHERN GALACTIC CAP (SGC) 

Below galactic latitude b = -30° , the SSRS covers the region south of () =-

17.5°, while the southern portion of CfA l surveys the region north of () = -2.5° . 

This leaves an uncovered strip of 0.55 steradians in the SOC. In order to complete 

a survey of the whole southern cap we have been carrying out, over the past few 

years, a redshift survey of galaxies in the declination band mentioned above. This 

sample includes about 450 galaxies with m8 = 14.5 drawn from the Morphological 

Catalog of Galaxies (MCG) 15l. The magnitudes were taken from the MCG, adding 

0.5 mag to transform them into the same system adopted in the CfA l 16l. The 

sample is nearly complete and enable us to construct a magnitude-limited sample for 

the entire southern galactic cap from a merge of the Zwicky17l-MCG

ES O/Uppsala18l catalogs down to m8 = 14.5. Magnitudes for galaxies in the region 

of the SSRS were estimated from mean relations between diameters and magnitudes, 

calibrated using galaxies in the ES O/Uppsala catalog with available information (see 

ref. 1 9 for further details). The final sample consists of 2372 galaxies covering the 

entire southern galactic cap south of b = -30° . 

The importance of the SOC sample is that it enables the investigation of a 

continuous area of 3 . 1 3  steradians of the SOC, 1 .7 times the sky coverage of the 

CfAl and SSRS. This larger and continuous coverage allows us to explore the 

extent of some of the main features of the galaxy distribution detected in the SSRS 

region. In figure 1 we present a subset of the galaxy distribution in the same 

cartesian coordinate system adopted in the SSRS, showing projections onto the x-y 

plane of galaxies within l Oh-1 Mpc thick slabs. In the figure only the 

northernmost slabs in the interval 10 < z < 30h-1 Mpc are shown for both the SSRS 

and the SOC. A detailed discussion of the characteristics of the SOC sample will 

be presented elsewhere20l. Here we would only like to stress that by including the 



�
 

SS
RS

 

1:� 
ytr

• 
� ,,,,,,, 

I 
I 

I 
0 

�
100 

--60
 

x
 

I I I I 

�l 
sec

 

0 < z < 10 
15-0 

100
 

J 
:• 

I 
• �. :.�:I ' 

�
 

••. , ... �� ;:;7• 

'lo
·

 ....
... 

:·� .. �
"· 

""
"= 

. 

_J, 
I I 

I 
I 

-100 
...

. 
0 x

 

�
 

100 

SS
RS

 

10 < z < 20 
150 

.. 

;.����� 
..

... 9' • • �
 

..
..,��

����������� 
-100

 
--60

 
0 

50
 

100
 

x
 

200 

1'0
 

100
 

.. 

10
<

Z
<

20 

) 
-.: .. 
1;.i:. 

� · .
... 

(· ·��-. 
�

!' ..... 
• "\....., • rl 

..
.. �.

....,�-'-'�.L..<.��-'-'�-'-'�� 
100 

-100
 

--60
 

0 
50

 
x

 

�
 

�
 

150
 

100
 

50
 

S5RS
 

20
<

Z
<

10
 

�·· .. 
·. '·· �-' 

-��'.-,, ·.· 
� ..... � �� 

..
..,,. 

-.aUl
i

 
TOld.

3
 

-5-0
L.L�

�-'-'�-'-'....l....L..<.�L..!.-'-'�.LJ 
-100

 
--60

 
0 

50
 

100
 

..
. 

150
 

100
 

50
 

� 

x
 SGC

 

20
<

2
<

30
 

..
. 

' 
.. 

.. 
·:-

.. 
I/Ir ..... �

 
. . . ·4"<.·�

'. .. 
. 

� 
. 

. ..... �: 
.. 

..
.. �_,_.�.

....,�.L..<....L..L..<.��_,_.�....., 
-100

 
--60

 
0 

50
 

100
 

x
 

Figure 
1. D

istribution of galaxies w
ith velocities less than 10000 km/

s in 
a

. C
artesian coordinate system

 defined in ref 8i, 
projected in consecutive 

slices, 
10h· 1 

M
pc 

thick, 
fr

om
 

z 
= 

O 
to 

30h-
M

pc. 
SSR

S 
and SO

C
 

sam
ples are indicated in the panels. 

..
. 

8l 



1 56  

MCG data we can now examine structures in  the z direction over scales comparable 

to those along the x-y plane, corresponding to an effective gain of roughly 30h-1 

Mpc in the z direction. From the inspection of these maps we find that all of the 

main structures detected in the SSRS region extend to the north, among which the 

main wall and voids 1 and 3 described in the SSRS. The implication of the 

extended survey is that most of the structures visible inside the survey volume 

appear coherent over scales greater than 50h-1 Mpc reaching up to 80h-1 Mpc. 

Although coherent these structures are not uniform, with breaches over scales of 10 

to 20h-1 Mpc. They are also quite flat with the ratio of the ·intermediate to the 

largest dimension being typically 0.8, while the ratio of shortest to the longest 

dimension ranges from 0. 1 to 0.2. In the southern galactic cap we identify at least 

6 of these flat structures, although some are near the borders20l. We also note 

that we find no prominent clusters at the intersection of the walls. The only 

noticeable virial distortions observed are those associated with the foreground 

clusters of Eridanus and Fornax. Some degree of sub-clustering is found within the 

walls with the centers of small groups tracing fairly well the large structures. 

This larger sky coverage also allows to examine the properties of voids over 

larger scales. In fact, detailed inspection of the voids indicates that they gradually 

change their shapes (note how voids 1 and 3 evolve below z = lOh-1 Mpc), 

sometimes tenuous features cut across them and holes in the surrounding walls 

connect what apparently are different voids. This general behavior is at least 

suggestive of a sponge-like topology21l. This impression is consistent with the 

quantitative analysis of the void properties in the SSRS region22l which indicates 

that: voids seem to have very irregular shapes; most low-density regions become 

connected at a density contrast of about 25% of the mean density and only one 

large void is detected within the SSRS region, with a equivalent radius > 30h-1 

Mpc; the smoothed galaxy density function seems to have a sponge-like topology 
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with the low-density regions being multiply connected. 

ill. SOUTHERN SLICE SURVEY 

We have also extended the SSRS in depth concentrating observations in the 

region -40° � 8 � -30°, b � -30° comprising an area of 135° x 10°. In the first 

phase we considered only morphological types with T � 3 (E-Sb) down to m8 � 15. 1 .  

The sample, which consists of 489 galaxies, i s  complete and includes 250 galaxies in 

addition to those observed in the SSRS. 

In figure 2 we plot the observed velocity versus right ascension of galaxies in 

the strip mentioned above with v < 12000 km/s. A striking result is that no new 
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galaxy falls within the volume o f  the main void detected i n  the SSRS (void 3), while 

the far side of this void which was barely discernible becomes well-defined, being 

associated with an elongated structure which extends over l OOh-1 Mpc at about 

10000 km/s. From the deeper sample we also identify an adjacent void with 

dimensions comparable to void 3, which is separated from it by the "main" wall of 

the SSRS. These preliminary results, that will be reported in more detail 

elsewhere23l give additional support to the idea that vast voids may be a common 

feature of the galaxy distribution1 1l. However, this must be confirmed by deeper 

surveys, which should include all morphological types. 

VI. FINAL REMARKS 

A general pattern of the galaxy distribution seems to be emerging from the 

various nearby wide-angle surveys efforts. Galaxies lie primarily on large, coherent 

planar structures that intersect each other at sharp corners and nearly surround 

vast voids; large voids with sizes up to 60h-1 seem to be common; voids seem to be 

interconnected, as expected for a sponge-like topology. However, the size of the 

largest inhomogeneity of the galaxy distribution is still unconstrained indicating the 

need for deeper redshift surveys9l. Towards this goal a galaxy sample is being 

generated from plate scans24l of the southern hemisphere and we intend to extend 

our southern slice survey down to mB = 15.5 for all morphological types, in 

collaboration with the CfA. 
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The first results of an all-sky 21-cm redshift survey of all 1849 galaxies north of 
-2°30' classified as dwarf, magellanic irregular or irregular by Nilson in the Uppsala 
General Catalog are presented. The detection rate is � 85 %. The survey reveals 
a broad continuum of galaxies with absolute blue luminosities ranging from -13 to -
21 .  Thus the sample contains not only bona fide dwarf galaxies (MB > -16) but also 
luminous low-surface-brightness (LSB) systems (MB < -16) . 

Detailed comparison of the spatial distributions of dwarf and bright galaxies shows 
that there is no difference between the two distributions. Dwarf galaxies do not fill the 
voids seen in the bright galaxy distribution. This rules out a certain class of biased 
galaxy formation theories. If biasing occurs, the dark matter which is in the voids 
cannot be traced by dwarf and LSB galaxies, and biasing must be equally effective for 
both bright and faint galaxies. 

The dwarf redshift sample has been used in conjunction with other redshift samples 
to measure the topology of the universe out to � 21 000 km s- 1 .  The universe shows a 
sponge-like topology, which implies random phase Gaussian initial density fluctuations. 
This topology is inconsistent with explosive amplification or cosmic string galaxy for
mation models. The cold dark matter model with fl= l  and H= 50 km s - 1  Mpc- 1 fits 
best the topology of the universe on different length scales. 
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I. INTRODUCTION 

Recent extensive redshift surveys1•2) of thousands of galaxies have permitted a start 
on unraveling the three-dimensional distribution of galaxies. They have revealed an 
extraordinary landscape where galaxies appear to trace out long filamentary structures 
reaching dimensions of up to � 50 Mpc (we adopt throughout a Hubble constant of 
75 km s-1 Mpc-1 ) or bubble-like structures, with sharp edges and typical diameters 
of � 30 Mpc, leaving large voids completely empty of bright galaxies3•4 ) .  However, all 
existing major redshift surveys suffer from a serious selection effect which may have 
important consequences on analyses of galaxy clustering : they all miss the very small 
low-surface-brightness (LSB) dwarf galaxies. 

The Center for Astrophysics1l (CfA) survey is magnitude-limited and cuts off at 
mpg= 14.5.  The majority (more than 90 %) of the LSB dwarf galaxies are fainter than 
14.5 and would not be included in such a survey. The-HI survey of Fisher and Tully2l 
only included galaxies with a diameter larger than 2 arcminutes and contained only 
� 200 dwarf galaxies out of a total of � 2000 galaxies. More than 90 % of the dwarf 
galaxies have diameters less than 2 arcminutes and again would not be included in such 
a survey. 

It is not clear at present that bright galaxies are reliable tracers of the mass dis
tribution in the Universe. The currently popular theories of biased galaxy formation5l 
propose that bright galaxies form only in regions of very high density contrast and thus 
are not fair tracers of the mass distribution on very large scales. Furthermore, infla
tionary cosmologies which demand that the mass density parameter !l be equal to 1 
require that severe biasing exists in order to be consistent with the observations that !l 
(luminous matter) � 0.01 and !l (luminous + dark baryonic matter) � 0.2. Since the 
latter value is obtained from observations of the motions of bright galaxies in clusters , 
this suggests that the dark matter which may constitute the remaining 80 % of the 
mass of the universe is not associated with bright galaxies in clusters and may be more 
uniformly distributed, filling in the voids seen in the bright galaxy distribution. 

Are we having a "biased" view of the universe because we have not surveyed the sky 
to a faint enough surface brightness level ? Are the voids filled with LSB dwarf galaxies ? 
There have been several attempts6• 7) to study the clustering properties of galaxies as a 
function of surface brightness but the results have been inconclusive because of the lack 
of complete redshift data. In order to provide a definitive answer to these questions, 
I have undertaken (with S .E.  Schneider joining the effort in 1986) in the last several 
years a complete redshift survey of all northern dwarf galaxies catalogued by Nilson8l. 
Section II describes the survey. Section III discusses the spatial distribution of dwarf 
galaxies as compared to that of bright galaxies. Section IV presents some preliminary 
results concerning the topology of the universe using the dwarf sample in combination 
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with other galaxy redshift samples. 

II. THE 21-CM DWARF GALAXY REDSHIFT SURVEY 

The redshift survey consisted of all galaxies classified by Nilson8l in the Uppsala 
General Catalog (UGC) as dwarf, magellanic irregular or irregular galaxies, 1849 galax
ies out of a total of � 13 000 galaxies of all morphological types in the UGC. The sample 
thus defined avoided the selection effects against dwarf galaxies present in previous red
shift surveys : the UGC is a diameter-limited catalogue (it lists all galaxies with a blue 
diameter larger than 1 arcminute visible on the Palomar Sky Survey Prints and north of 
{J = -2° 30') and thus does not discriminate againt faint low-surface-brightness dwarf 
galaxies. Moreover, its lower diameter limit of 1 arcminute permitted to include many 
more small dwarf galaxies than the Fisher-Tully catalogue. 

To carry out the dwarf redshift survey, the 21cm line was used. Dwarf galaxies 
are often characterized by a very low surface brightness (S � 25 .5 mag arcsec-2) which 
makes their optical study very difficult and time-consuming. Fortunately, the magel
lanic and irregular dwarfs often contain significant amounts of neutral hydrogen9l (� 
108 M0) which makes them easily detectable ( � 5 minutes of integration) with ex
isting radio telescopes. The dwarf redshift survey was carried out using the Arecibo 
305m telescope for galaxies with o0 :':'. 6 :':'. 36° and the Green Bank lOOm telescope for 
galaxies with -2.5° :':'. 6 < o0 and 6 > 36°. The velocity search range was from -400 
to 10 000 kms- 1 .  The survey was finished in April 1986, yielding a detection rate of 
� 90 % for the sample in the Arecibo declination range and of � 80% for the sample 
in the Green Bank declination range. Of the 1849 galaxies which were observed, only 
283 galaxies were not detected, either because they have a velocity beyond the search 
range, or they have an HI flux below the flux limit of the telescope, or both. A list 
of 150 dwarf redshifts has already been published9). Additional redshifts in a specific 
region of the sky (the Cf A slice of the universe4l )  have also been recently published10l. 
The very high detection rate in 21cm of the Nilson dwarf sample implies that there is 
a strong bias in the Nilson catalog for HI-rich dwarfs, i.e. for magellanic or irregular 
dwarfs. Dwarf ellipticals which do not contain neutral hydrogen have a lower surface 
brightness and are not easily seen on the Palomar Sky Survey Prints. 

The vast amount of data is being organized into a catalog1 1 l  which will contain 
a total of � 1800 entries for dwarf galaxies, giving for each galaxy an accurate HI 
flux (or an upper limit) ,  velocity and velocity width. In addition, the catalog will 
contain photographic magnitudes for all galaxies. Most ( � 80 %) of the galaxies in our 
sample are too faint to be included in the Zwicky catalog 12l whole limiting magnitude is 
15 .5. Photographic magnitudes of the dwarf galaxies can be obtained to � 0.5 mag by 
estimating the surface brightness of each galaxy on the Palomar Sky Survey Prints and 
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multiplying by their area 9) .  This catalog i s  the best one can assemble for the moment 
for LSB dwarf galaxies at northern declinations (6 2: -2° 30') , until the ongoing deeper 
Palomar Schmidt survey on III aJ plates, which will undoubtedly pick up many more 
dwarf galaxies, is made available (unless the higher surface brightness of the San Diego 
sky foils any attempt to go deeper) . 

The catalog is also very complete for small galaxies. If V is the volume of the 
sphere whose radius is the distance to the object and V m is the volume of the sphere 
whose radius is the maximum distance to which a galaxy can be moved to and still be 
in the sample, i.e. still possess a blue angular diameter greater than 1 arcminute, then 
the mean < V /V m > = 0.453 for all dwarf galaxies larger than 1 arcminute, very close 
to the value of 0.5 expected for an uniform distribution in Euclidian space of a complete 
sample of galaxies 13 ) .  There are no large variations in the counts of dwarf galaxies from 
plate to plate, suggesting that Nilson did a very careful job in cataloguing these galaxies 
and that the small plate variations in the Palomar Sky Survey do not play a dominant 
effect in their identification. Moreover, because we have systematically observed every 
dwarf galaxy in the Nilson catalog, there will be no systematic effect introduced by 
redshift incompleteness as a function of position in sky. Galactic extinction effects and 
radio telescope sensitivity effects can be modeled and taken into account, when deriving 
a selection function for the catalog. This selection function is needed to compute such 
statistics as the dwarf-dwarf spatial autocorrelation function or the dwarf-bright galaxy 
cross-correlation function. 

Figure la shows the redshift distribution of the Nilson magellanic and dwarf galaxies 
in the Arecibo declination range (0° :S 6 :S 36°). Galaxies are detected up to velocities 
near the 10 000 km s- 1 upper limit of the velocity search range. It is clear that 
the completeness of the sample drops off drastically beyond 5000 km s- 1  due to the 
flux decrease of distant galaxies. It is also clear that the galaxies classified by Nilson 
as "dwarf" or "magellanic-type" are not all bona fide dwarf galaxies. Galaxies in the 
high velocity tail (v 2: 6000 km s-1)  have absolute photographic magnitudes of -19 or 
smaller and cannot be properly labeled dwarf galaxies. 

The selection criteria of "low surface brightness" and "little or no central concentra
tion" , which Nilson8l used to identify dwarf galaxies, have isolated a broad continuum 
of galaxies with absolute blue luminosities, ranging from � -13 to �-21, from the "true" 
dwarf galaxies to more luminous and very low surface brightness systems. Thuan and 
Seitzer13 l ,  studying a subsample of � 150 galaxies, and dividing, for convenience, the 
data into a "dwarf" (those galaxies fainter than -16) and "non dwarf" sample (Mpg < 

-16) , found that dwarf galaxies have a smaller hydrogen width (�v20 � 100 km s- 1 ) ,  
contain less hydrogen (MH � 108 M0),  and are less massive (Mr � 109 M 0 )  than the 
non-dwarf LSB galaxies (�v20 � 250 km s- 1 ,  MH � 109 M0, Mr � 1010 M0) . With 
respect to the total galaxy population, non-dwarf LSB galaxies are relatively rare : they 
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ple. a) histogram of observed heliocentric velocities. b) wedge diagram of ob
served heliocentric velocity vs. right ascension. The velocity circles go from 0 to 
10 000 km s - 1  in intervals of 1000 km s- 1 .  
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constitute only � 10 % of  all field galaxies a t  MB= -19  and � 1% of  all galaxies at 
MB= -20.13) In the following, we shall refer to non-dwarf galaxies as "LSB galaxies" . 

III. DWARF GALAXIES DO NOT FILL IN VOIDS 

Figure lb shows the all-sky spatial distribution of dwarf and LSB galaxies in the 
declination range accessible to the Arecibo telescope from 0 to 36°, in a wedge diagram 
of observed heliocentric velocity versus right ascension. The velocity circles go from 0 
to 10 000 km s- 1 ,  in intervals of 1000 km s- 1 .  It is clear from figure lb that the spatial 
distribution of dwarf and LSB galaxies with -21 <:: MB <:: -13 is not uniform, that it 
shows structures with several large voids extending several thousands of km s- 1 across, 
and prominent concentrations of galaxies, especially the ones at � 1200 km s- 1 and 9h 
<:: °' <:: 13h and at � 5000 km s-1 and between 23h and 3h in right ascension. These 
structure are also evident from figure la, where there are two large velocity peaks at 
� 1200 km s- 1 and � 5000 km s- 1 .  There structures are well-known from studies 
of the bright galaxy distribution, the first one being the Virgo cluster and the second 
one being the Perseus-Pisces supercluster. Thus even a very coarse look at the three
dimensional distribution of galaxies tells us that dwarf and LSB galaxies trace out very 
similar structures to the ones traced out by bright galaxies and that they do not appear 
to fill in the voids seen in the bright galaxy distribution. 

The comparison can be made more precise by plotting the dwarf and LSB galaxies 
on top of the bright galaxies. This was done by Thuan, Gott and Schneider10J in a 
small region of the sky, the CfA slice (8h <:: <> <:: l 7h, 26°5 < 6 <:: 32°5) of de Lapparent, 
Geller and Huchra4l .  These authors obtained redshifts for all Zwicky galaxies brighter 
than 15.5 in this region of space and found that they appear to be on the surfaces of 
"bubble-like" structures with sharp edges. Using our complete redshift sample of 58 
Nilson dwarf and LSB galaxies in the slice, we find that these (open circles) also lie 
on the structures delineated by the high surface brightness (HSB) galaxies (crosses) 
and are just as narrowly confined to the bright galaxy structures as the bright galaxies 
themselves (figure 2a) . They do not fill in the voids. There is no dependence on 
absolute magnitude . The dwarf galaxies (-16 < MB < -13) adhere just as closely to 
the structures outlined by the HSB galaxies as do the non-dwarf LSB galaxies with 
MB < -16. I have also analyzed the 6° slice above (8h <:: °' <:: 17h, 32°5 < 6 <:: 38°5) 
in the same fashion. The bright galaxies are now represented by open circles and the 
dwarf and LSB galaxies by crosses (figure 2b) . The above conclusions are reenforced : 
there is no difference between the bright and dwarf galaxy distributions. Eder et al . 14 ) ,  
analyzing the spatial distribution of dwarf irregular galaxies in the vicinity of a nearby 
(<> � lh, 6 � 15°, v� 3500 km s- 1 )  void, also reached similar conclusions. 

The result that dwarf and LSB galaxies do not fill the voids seen in the bright galaxy 
distribution rules out a certain class of biased galaxy formation theories which propose 
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Figure 2. a) Comparison between the spatial distribution of dwarf and LSB galaxies 
(open circles) and that of bright (mpg ::; 15.5 ) galaxies (crosses) in the Cf A slice4) 
(8h ::; a ::; 17h, 26?5 < o ::; 32?5).  There is no difference between the bright and 
dwarf galaxy distributions. b) Same as in figure 2a, but for the 6° slice above 
(8h ::; a ::; 17h, 32?5 < o ::; 38?5) . Bright galaxies are open circles and crosses 
are dwarf and LSB galaxies. 
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that LSB dwarfs originate from typical (- 1u) density perturbations in  contrast to  the 
normal, brighter HSB galaxies which can only form from the highest density peaks (-

2-3u). In these theories, dwarfs trace the mass while bright normal galaxies trace the 
light5l. They predict explicitly that dwarfs should be present everywhere, including 
in the voids, and that differences in the distribution of HSB and LSB galaxies should 
begin to appear at MB > -17 and be strong at MB - -15, in contradiction to the data 
presented here. If biasing ideas are correct, the dark matter which is in the voids cannot 
be traced by dwarf and LSB galaxies with absolute blue magnitudes as faint as -13. 

IV. THE TOPOLOGY OF THE UNIVERSE 

Cold dark matter (CDM) , 11=1 ,  biased models have been remarkably successful in 
reproducing the appearance of the Cf A slice15 ) .  It is the biasing effect in these models 
which makes the voids so completely clear of galaxies. The results described here imply 
that, if biasing is operating, it must be equally effective for bofh HSB and LSB galaxies. 
Another scheme for naturally producing large voids clear of all galaxies is the explosive 
galaxy formation scenario16). 

Is there a way to distinguish between models with such radically different initial 
conditions ? A promising method is the quantitative measure of the three-dimensional 
topology of the universe developed by J .R. Gott and his collaborators17) . In collabo
ration with J.R. Gott, J. Miller and S. Schneider, I have begun to use the previously 
described dwarf redshift sample in conjunction with other redshift samples such as the 
CFA sample1 l ,  the Fisher-Tully sample2l, the Perseus-Pisces sample18) and the nearby 
Abell cluster sample19l to measure the topology of the universe. Thse different red
shift samples probe different depths. The dwarf and Fisher-Tully samples can be used 
to form complete volume-limited samples out to 3000 km s- 1 ,  the CfA survey out to 
5000 km s- 1 ,  the Perseus-Pisces sample out to - 12000 km s- 1 and the Abell sample 
out to - 21000 km s- 1 .  

The galaxy distribution i n  each redshift sample i s  smoothed by Fourier convolution 
with a Gaussian function to obtain a continuous density function. The smoothing length 
needs to be 2 to 3 times the mean galaxy separation. Numerical simulations show 
that this is required to recover the initial topology from the present evolved state20l .  
Constant density surfaces are then drawn which divide each galaxy sample into high 
and low-density regions which occupy equal volumes, (the surfaces are called "median" 
sponges) and the topology of these surfaces is measured. For all the redshift samples 
which were analyzed, there were neither high density peaks nor isolated voids. Rather, 
the high and low-density regions are always completely connected and interlocking : the 
universe, at least out to - 21000 km s- 1 ,  has a sponge-like topology. The quantitative 
measure of the topology confirms this conclusion. The topology analysis thus does 
not support the suggestion by de Lapparent et al. 4) that the universe may possess a 
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"bubble-like" topology. This suggestion, based on the visual impression of a small 
region of the universe (figure 2a) may be misleading. Already in the contiguous 6° slice 
above (figure 2b) , "bubble-like" structures are much less evident. Rather, a sponge-like 
topology with interconnected low and high-density regions, appears to provide a more 
adequate description. 

A sponge-like topology arises naturally when structures develop gravitationally 
from initial density fluctuations with random phases. In a random phase distribution, 
the high and low-density regions are treated on an equal basis and are topologically in
distinguishable. This situation only occurs in a sponge. Thus, the observed sponge-like 
topology of the universe out to � 21000 km s-1 appears to favor Gaussian initial con
ditions and rule out non random phase scenarios such as the explosive amplification16l 
or cosmic string21l galaxy formation models. 

Because our redshift samples reach different depths, ·we can measure the topology of 
the universe (i.e. the number of holes per unit volume in a median sponge-like surface) 
as a function of smoothing length. The topology-smoothing length relationship depends 
directly on the nature of the power spectrum P (k) of the initial density fluctuations. If 
we adopt a power-law form P (k)ockn for the power spectrum, then our topology results 
are most consistent with an universe dominated by cold dark matter (CDM) , with llh= 
0.5 (i.e. ll=l, H= 50 km s- 1 Mpc 1 ) . The spectrum changes smoothly from an n�-3 
power law on small scales to an n�l power law on large scales. 

In summary, the topology analysis of our dwarf redshift sample in combination 
with other redshift samples probing the universe out to �21000 km s-1 ,  shows that 
the universe has a sponge-like structure, which implies random phase Gaussian initial 
density fluctuations. The CDM model with 11=1  and H=50 km s- 1 Mpc 1 fits best 
the topology of the universe on different length scales. 
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The c l us te r i ng p r o pe r t i e s  of t he g a l ax i e s  in t he CfA s l i ce have been anal yzed b y  
compa r i n g  t h e  proper t i e s o f  the ne ighbor d i s t r i b u t i o n s  t o  the pred i c t i on s  o f  
grav i t at i o n a l  cl us t e r i ng t he o r y .  The a greement i s  exce l l en t  a n d  i m p l i e s  that t he 
o b s e rved s t ru c t u r e s  can be e x p l a i n ed by grav i t at i o n a l  e f f e c t s  a l on e  and do n o t  
requ i r e  exot i c  e x p l a na t i on s .  
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1. Introduction 

The s t ud y  of s t r u c t u r e s  on the s c a l e s  of the order o f  mega pa r s e c s  is one of the 

few tool s ava i l a b l e  to obs erva t i onal cosmo l og i s t s  prob ing the dynami cs and mas s  

den s i t y  o f  t he U n i v e rs e .  The subje c t  has a r i ch hi s t ory and the c o l l e c t i on o f  

the req u i red d a t a  i s  c u r ren t l y  one o f  the mo s t  a c t i v e l y  pu r s ue d  programs o f  

o p t i c a l  o b s e rver s .  

A recent comp i l a t ion o f  t he pos i t ions and redsh i f t s  for g a l ax i e s  i n  the 

so-c a l l e d  CfA s l i c e I  has revealed new and f a s c inat ing s t ru c t ures in the three 

d i mens i o n a l  d i s t r i bu t i on of galax i es . The CfA sl i c e  data is f o r  the samp l e  of 

1099 g a l ax i e s  l i s t ed by Zw i c ky e t  al . 2  i n  the reg i on sh S a  S 1 7 h and for 

26�5 S 6 S 3 2 : 5 w i t h  m8 S 1 5 . 5 . Al though the o r i g i na l  anal ys i s  o f  t h e s e  data was 

d e s c r i pt i v e ,  i t  has provoked c on s i dera b l e  d i scus s i on ,  specul a t i on , and 

cont rove r s y .  

We present h e r e  a quant i t at i ve anal ys i s  o f  t h e  galax i e s  i n  t h e  C f A  s l i c e  

u s i n g  d a t a  t aken d i r ec t l y  from t he l i s t s  o f  Zw i c ky e t  a1 . 2 .  The anal ys i s  

compares t he p re d i c t ed proba bi l i ty d i s t r i but ion func t i on f o r  grav i ta t i ng s y s t ems 

de t e c t ed by Sa s l aw and Ham i l to n 3  w i t h  the d i s t r i bu t i on s  of angular d i s t ances 

from a random po i n t  to t he n t h  n ea re s t  galaxy. A c ruc i a l  p o i n t  i n  this ana l y s i s  

i s  t ha t  the pred i c t ed d i s t r i bu t i on fun c t i on ha s the same form i n  2 and 

d i me n s i o n s 4 , s .  Thus s i m i l a r  i n fo rma t i on on the gravi t a t i on a l  c l u s t e r ing i s  

c o n t a i ned i n  t he 2 d imen s i onal ana l y s i s  a s  i n  the 3 d i mens ional anal ys i s  even 

though c e r t a i n  d e t a i l s  may b e  l o s t  i n  the 2 d i mens ional da t a .  

2 .  Analysi s 

Sa s l aw and Ham i l ton 3 have d e r i ve d  the probab i l i t y  d i s t r i bu t i on f un c t i on f o r  

f i nd ing N g a l a x i e s  i n  a vo l ume V under the a s s umpt ion t h a t  t he g a l ax i e s  i n t e r a c t  

grav i t a t i o na l l y  a n d  evol ve through a s e r i e s  of q ua s i -equ i l i b r i um s ta t e s .  The 

probab i l i t y  func t i on i s :  

where 

fv(N) 

N = nV 

-
]N-1 N(b+l ) [N( l-b)+Nb N! 

b w 
- 2K 

-N( l-b)-Nb e ( 1 )  

( 2 )  
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Here n i s  the average vo l ume number den s i t y  of gal ax i e s  and b i s  t he rat i o  o f  

the  grav i t a t i onal corre l a t ion energy , w ,  among g a l ax i e s  to twi ce t he i r  k in e t i c  

energy o f  pecu l i ar mot i o n .  For a two d imen s i onal d i s t r i but i o n  such a s  ana l yzed 

here , n becomes the average surface dens i t y  of gal ax i e s  and V becomes A the 

area , b u t  b r e t a i n s  i t s  mean i n g .  

T h e  procedures d e s c r i bed i n  Crane a n d  Sas l aw6 for generat i n g  and ana l y z i ng 

t h e  n e i ghbor d i s t r i but i ons in terms of t he func t ion fN( 0 )  have been u s ed here . 

fN( 0 )  i s  the proba bi l i ty d i s t r i bu t i on func t i on for f in d i ng a 2 d imen s i onal area 

n0 2 wh i c h  con t a i ns N gal ax i e s . For examp l e ,  f0 ( 0 )  i s  the vo i d  d i s t r i bu t i on and 

f 1 ( 0 )  i s  t he d i s t r i but i on of the neare s t  n e i ghbor d i s tance s .  

F i ve hundred randomly chosen po i n t s  were se l e c t ed i n  the r e g i on t o  be 

anal yzed and t he h i s tograms of the angul ar d i s tances f rom each p o i n t  t o  the 

f i r s t ,  s ec on d ,  t h i rd ,  e t c  ne i ghbor provided an e s t imat e of t he func t ion fN( G )  
f o r  N = 0 , 1 , 2 ,  • • •  5 .  The s e  h i s t ograms were then f i t  t o  the pred i c t e d  d i s t r i bu t i on 

func t i on to d e t e rm i n e  a va l u e  for b d e f i ned in Eq . 2 .  
I n  a d d i t i on t o  the CfA s l i c e  a s  d e f ined above , two s l i c e s  above t he C fA 

s l i c e  in d ec l i na t i on ,  one b e l ow i t , and the center of the CfA s l i c e  wh i c h  

con t a i n s  t he Coma c l u s t e r  were ana l y ze d . Table 1 s umma r i ze s  t h e s e  resu l t s  and 

i n c l ud e s  t he p r e v i o u s  resu l t s 6  for t he ent i r e  Zwi cky c a t a l og . Ta bl e l cont a i n s  

the  v a l u e s  o f  b f o r  the va r i o u s  samp l e s  as we l l  as t h e  m o s t  proba b l e  ang l e ,  0 ,  
con t a i n i ng a t  l e a s t  N ga l a x i e s .  

F i gure 1 shows p l o t s  o f  the der ived h i s tograms for the CfA s l i c e  and of the 

f i t t ed f un c t i on fN( e ) .  As is evi dent in the f i gure and con f i rmed b y  the x '  

v a l u e s  for the f i t s ,  t he pred i c t ed f un c t i o n fN( G )  i s  a n  accurate d e s c r i p t i on o f  

the hi s t ograms . 

Tab l e  1 :  Summary o f  f i t t i ng r e su l t s  

Samp l e  N=O N= l N=3 N=5 
b b 0 b 0 b 0 

2 1-26 0 . 58  0 . 60 1 . 00 0 . 68 1 .  70  0 . 7 5  2 . 00 
C en te r  o f  C fA s l i ce 0 . 68 0 . 63 0 . 7 0  0 . 7 3 1 . 25  o .  7 7  1 .8 0  
2 7-32 ( Cf A  s l i c e )  0 .63  0 . 5 8  o .  70  0 . 68 1 . 50  0 . 7 3 2 . 1 0  
3 3-39 0 .60 0 . 59 1 . 2 5  0 .69 1 .  70  0 . 74 2 .0 0  
39-45 0 . 56  0 . 54 0 .80 0 . 66 1 .  7 0  0 . 68 2 .45 
Zwi cky Ca t a l og 0 . 63  0 . 68 1 . 20 o. 7 1  1 . 60 0 . 7 5 2 .20  
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Fi gure 1 :  P l o t  of the h i s t ograms for N=0 , 1 , 3 , 5 .  The dot t e d  l i ne s  are the f i t t ed 
func t i on fN( 0 ) , 

3. Di scussion 

The rather s impl e anal ys i s  presented here conc l u s i ve l y  demon s t ra t e s  that t he 

n a t u re of t he c l us t e r i ng of g a l a x i e s  i n  the CfA sl i c e  i s  n ot s i gni f i ca nt l y  

d i f f e r e n t  than for the n e i gh b o r i ng s t r i p s  o r  t he Zwi cky c a t a l o g  a s  a who l e .  The 

mean ang l e s ,  0 ,  are sma l l e r  in t he CfA s l i ce . Neve rthe l e s s , the CfA s l i c e  is n o t  

pe c u l i a r  r e l at i v e  t o o t her s im i l ar s l i ce s  as d e t ermi ned b y  t he good agreement of 

the  d a t a  w i t h the pred i c t i on s  of the fN( 0 )  s t a t i s t i c . 

I f  t he phys i c a l  premi ses from whi ch fN( 0 )  has been d e r i ve d  are correc t ,  

then t he c l o s e  agreement b e t ween t he d a t a  and the pred i c t i on s  impl y that t he 

ob s e rved c l u s t er in g  in the C fA s l i c e ,  the ne ighbor i n g  s l i c e s  and i n  the Z w i c ky 

c a t a l o g  are domi na t e d  by gravi t a t i onal e f f ec t s . Exot i c  e x p l a na t i on s  ( s ee r e f . 5 

f o r  a summa r y )  of the s t ru c t ure are n o t  requi red . 



References 

1 .  deLappare n t , V . , Ge l l er , H . J . , and Huchra , J . P . , 1986 , Ap . J .  {Letters) 

302 , Ll . 

1 75 

2 .  Zwicky, F . ,  Herzo g ,  E . ,  Karpow i c z , M . , and Kowa l , C . T . ,  1 9 6 1 - 1968 , Ca talog of 

Galaxies and of Clusters of Galaxies , Vol s .  1-6 ( Pa s a dena : Ca l i f o rn i a  

I n s t i t u t e  o f  Technology ) .  

3 .  S a s l a w ,  W . C . ,  and Hami l to n ,  A . J . S . ,  1 9 8 4 ,  Ap . J . , 276,  1 3 .  

4 .  I to h ,  H . ,  I nagaki , s . , and Sa s l aw ,  W . C . , 1988 , Ap . J . , i n  pre s s  Augu s t  1 98 8 .  

5 .  S a s l a w ,  W . C . ,  and Crane , P . , 1988 , Ap . J . (Letters) , submi t t ed . 

6 .  Crane , P . , and Sa s l aw ,  W . C . , 1986 , Ap . J .  301 ,  l .  





THE GALAXY AND MAITER DISTRIBUTION IN THE NON-LINEAR REGIME 

Richard SCHAEFFER 
Service de Physique Theorique+ de Sactay, 

91191 Gif-sur-Yvette Cedex, FRANCE 

Non-linear structures are seen to be present in the Universe at 
nearly any scale : galaxies at the sub-Mpc scale, clusters and voids at 
scales ranging from 1 to 10, possibly 100 Mpc . These structures arize from 
initial conditions in the early universe that we are having difficulties in 
finding out. They arize also from the non-linear behaviour of 
gravitationally interacting matter inhomogeneities . It is of primordial 
importance to be able to disentangle the presently observed properties of 
the galaxy distribution that are due to non-linearity from those that are 
genuine tracers of the initial conditions . The matter (or galaxy) 
distribution may be described in terms of correlation functions , not only 
the usual 2-body correlations , but those of arbitrary order. We start from 
the suggestion of Peebles ( 1980) that the observed power-law behaviour of 
the 2-body correlation function may be explained by some "virialization" 
process . This in turn implies that the N-body correlation function also are 
powers-laws . In a series of papers (Schaeffer 1984 , 1985 , 1987a and b ,  
Balian and Schaeffer 1988a , b , c , d ,  Schaeffer and Silk 1988) we have explored 
the consequences of this behaviour, and obtained predictions for the 
probability of holes , the galaxy and cluster luminosity functions , and more 
generally on the probability distribution of galaxy counts in a cell of any 
size , on the fractal distribution of galaxies and matter as well as on the 
cluster distribution in the past leading to an estimate of their X-ray 
emission and of the fluctuations they introduce in the microwave 
background . 

+ Laboratoire de l ' Institut de Recherche Fondamentaie du Commissariat d 
t 'Energie Atomique 
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Theoretical scale-invariant distribution 

The starting point is the 
and Peebles 1983) 

two-body correlation function (Davis 

!:.(r )  � ( r/r0 ) -T r0= 5h-1Mpc , � = 1 . 8  

and the assumption that the Nth order function obeys 

-N(�-1 ) 
� (.>.r1 , . . .  , .>.rN ) = A  !;.N ( r1 , . . .  rN ) 

( 1 )  

( 2 )  

From the knowledge o f  the N-body correlation functions one is 
able (White 1979 ) to deduce the probability of having no galaxy in a given 
volume 

P0 (V) 

00 

"' (-) NnN I I exp L.. --, - d3 r1 . . .  d3 rN !;.N ( r1 , . . .  rN ) 
N=l N . V V 

( 3 ) 

where n is the number density of galaxies (or small pieces of matter if the 
matter distribution is to be considered) .  By successive derivations with 
respect to n, the probability of finding N objects in V is readly obtained 

PN (V) 
(-) N 

Nl nN dN 

dnN Po (V)  ( 4 )  

I n  case tN obeys the scaling relation , equ . 2 ,  P 0  can b e  expressed ( Balian 
and Schaeffer 1988c) 

Determination of <p(y) 

<p (Nc ) 
P0 (V) = exp -_-

<p(y) 

� 

NC 

t 

= L (-) NSN� 

= fvd3 r
1f d3r2 t ( r1 . 2 l  

= nV� 

( 5 )  

The galaxy distribution and the counts i n  cell are thus 
determined by an unknown function <p(y) , or by the coefficients SN of i ts 
series expansion . Early arguments vere given ( Schaeffer 1984 ) that SN 
should not strongly decrease with N, and was more likely to be growing with 
N : 

SN� µN ( 6 )  

This was first for conjonctured for simplicity i n  the structure o f  tN as a 
symmetrized product of N-1 functions t ( ri j ) ,  and then seen to be necessary 
( Schaeffer 1985 and 1987a) in order to explain the relatively large number 
of rich Abell clusters , that decreases only exponentially with luminosity. 
It implies that the N-body correlation functions grow as N !  More 
specifically ( Balian and Schaeffer 1988c ) , the data require SN to behave as 

SN� ( 1/ys )
N Y5� 0 . 1  ( 7 )  
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A rapid decrease of SN , on the other hand , would lead to a severe 
discrepancy. For instance SN� 1/N ! implies a luminosity function decreasing 

-L / L  - y  L / L  
as ( L/L ) c instead of e • c that is a many order of magnitude too 
small f�r rich Abell clusters (L � lOOLc ) . Surprisingly enough the 
calculation of SN by Fry ( 1984 ) from the exact gravitational (BBGKY} 
equations of motion cannot explain the Abell cluster abundance . This 
difficulty was partly resolved when Hamilton ( 1988) found an error in the 
latter calculation of SN and , from an approximate solution of the BBGKY 
equation , deduced that SN should be about constant for large N ,  much closer 
to the behaviour , equ . 7 ,  required by the data . This , however ,  is s till not 
sufficient since SN� est would underestimate L. = Lc /y5 by a factor 
1 /y5� 10 ,  and still  lead to much too rapid a decrease of the luminosity 
function . 

The original determination ( Schaeffer 1984 ) of � ( y )  used the 
( two-dimensional ) probability for having no galaxy in a given angular 
secto r ,  as determined by Sharp ( 1981 ) from the Zwicly catalog. It lead to 
µ � 3-12 , close to the estimate ( 7 )  deduced from Abell  clus ters . The 
function �(y )  should be nearly the same ( Schaeffer 1984 and 1987b) at two 
and three dimensions , and the CFA data provided a much more precise 
determination ( Souchet and Lachieze-Rey 1986 , Maurogordato and Lachieze-Rey 
1987 ) of the function �. that turned out to be consistent with the early 
2-dimensional determination . The form ( 5 )  of P0 thus is compatible with the 
large scale 3-dimensional statis tics . 

Scaling of the counts in cel l (Balian and Schaeffer 1988b . c) 

From equs . 4- 5 ,  the probability for finding N galaxies can be 
deduced . Firstly a bound on �(y)  can be obtained from the fact that these 
probabilities take necessarily values between 0 and 1 .  It can be shown this 
way that � must behave as a power-law for large y ( times some possible 
logarithmic factors ) 

> � 0. '00 
3 I 

�(y)  a Y 1 -w . 0 < w < 1 

1 
1 
·1 1 "'•, 1 •, 

1 ••• 
·,·��+-· ' I ] � I  

I 
1 0  0 

R h-1Mpc 

( 8 )  

F i g .  1 F r o m  A l i m l  c t  a l  1 1 9 8 8 ) l1 r o b a b i l i t y o f  h o l e s  e x t r a c t e d  f r o m  t h e  

C F A  c a t a l o g u e  a n d  c o m p a r e d  t o  t h e  p o w e r - l a w  p r e d i c t e d  ( ll o l  l a n  a n d  

S c h a e f f e r  1 9 8 8 )  b y  t h e  t h e o r y . 
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' I  
Loii.,( L/L ... ) 

F i g .  2 F r o m  B o u c h e t  e t  a l . ( 1 9 8 8 ) . P r o b a b i l i t y o f  h o l e s  e x t r a c t e d  f r o m  t h e  

C o l d  D a r k  M a t t e r  s i m u l a t i o n s ( D a v i s  e t  a l . 1 9 8 5 ) a n d  c o m p a r e d  t o  

t h e  p o w e r - l a w  p r e d i c t e d  ( B a l i a n a n d  S c h a e f f e r  1 9 8 8 ) b y  t h e  t h e o r y . 

This was subsequently checked ( Alimi , Blanchard , Schaeffer 1988) against 
the CFA data ( Fig. 1 ) , that indeed lead to the predicted behaviour .  The 
latter is already apparent in the earlier determinations of P0 from the CFA 
( Bouchet and Lachieze-Rey 1986 , Maurogordato and Lachieze-Rey 1897 ) , but 
had not been noticed. The value of w implied by the power-law behaviour of 
ln P0 as a function of the volume V depends on the value of � .  equ . l ,  that 
is chosen , that varies somewhat from sample to sample and even with scale , 
� being not exactly a power-law : 

W
o b s

� 0 . 4  - 0 . 7  ( 9 )  

A n  examination ( Bouchet , Schaeffer. Davis 1988 , Bouchet,  this conference) 
of the numerical simulations with Cold Dark Matter initial shows ( Fig . 2 )  
also that � i s  a power-law , with 

W
C D M

"' 0 . 45 { 10 )  

The prediction ( 8 )  then seem well verified. 
Another prediction can be made using solely the relation ( 2 ) . For 

N :;i,. Nv= Nc
� -1 ; 1 -,,, 

The probability PN (V)  obeys a scaling relation, in the sense that 

N2 

_..':_ PN ( V )  
nV 

h { N/Nc ) 

( 1 1 )  

( 12 )  

i s  not a function of the quantities N ,  n ,  V and � separately , but a 
function h ( N/Nc ) of the unique variable N/Nc , that can be calculated once 
�(y) is known . The mass function can be deduced ( Schaeffer 1987a) from PN 
and has the same scaling, and so for the luminosity function : 

L2 

__:_ 'l ( L ) dL 
PL 

H (L/Lc ) dL 

LC = PLV� 

( 13 )  

Most. interesting, the properties o f  � allow us t o  deduce the behaviour of 
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PN and 'IJ (L) , which is the same, t:or small and large values of N/N0 or L/Lc . 
At large N or L 

PN - e-yeN/Nc 

'IJ (L) � e-yeL/ Lc ( 14 ) 

At small N or L 
PN � (N/Nc r2t-w 
'IJ (L) � (L/Lc r2 t<o  

( 15 )  

This is very reminiscent of the Schechter form of the galaxy luminosity 
function, as well as of the current parametrisations of the cluster 
luminosity function . Assuming galaxies correspond to a constant radius , 
independent of the luminosity we get the relation between w and the 
parameter � of the Schechter function 

w 2 + � ( 16 )  

consistent with the values o f  w,  eqs . 9  and 10 , obtained from observations . 
Using the Schechter function to obtain H ,  from the relation between the 
radius RG� 0 . 05 Mpc of a galaxy and the Abell radius RA= 1 . 5h-1 Mpc we then 
get a prediction for the cluster luminosity function using the proper 
scaling of Nc ( R) . A similar calculation can be made for Turner-Gott groups . 
Both are seen to match the data fairly well { Fig. 3 ) ,  showing again that the 
scale-invariance of the correlation functions is readly built in the data. 
We have also shown that there is a cut-off at the faint end , precisely at 
N � N (L = L = L e -1 I 1 --w) 
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Fractal dimensions of the galaxy distribution (Balian and Schaeffer 
1988a1b,d  

The counts in  cells can be used to  determine the fractal 
dimensions of the galaxy distribution . Fractals are very common in nature 
(Mandelbrot 1971 ) ,  but there is a large number of fractal dimensions and 
fractal indices . The simplest fractal has only one " fractal" dimension that 
can be obtained in several ways . The number of neighbour of a given point 
(here, a galaxy) within a cell of volume £3 behaves in this case as 

Nnb°' A (a:) £°' ( 17 )  

°' i s  a fractal index , i t  does not play the role o f  a dimension. On the 
other hand , the number of cells which contain a number of particles that 
behaves as ct a power of £ that is between °' and °' + do: may itself be a 
power-law -f (ct) N°'= B (a:) £ do: ( 18 )  

The exponent f (a:) i s  the dimension o f  the set o f  cells whose content 
behaves as £°', as can be easily seen by trying to cover a lign or a surface 
with cells of size £3 . 

A third way of defining a fractal indices is to consider the 
probability p for a cell to be occupied , estimated from the number of 
points it contains divided by the total number of points , and by forming 

c = 2: pq q i 
i 

( 19 )  

where the sum runs over all occupied cells . Whenever C q  i s  a power-law of 
£, from 

C °' A e (q-l ) D q q q 
( 20 )  

fractal indices Dq can be defined . For a simple fractal °' = f (a:) = Dq are 
the same and take a unique value which is called the fractal dimension of 
the system. A multi fractal (Henschel and Procacia 1983) has a whole 
distribution of indices . Relations exist between a:, F {a:)  and Dq . For 
instance , there is a theorem that was thought to be general that Dq must be 
a decreasing function of q.  
For q 0 ,  D0 is usually called the Hausdorff dimension and D2 the 
correlation dimension . The above property implies D0> D2 which is verified 
in all known fractal systems . From the definition ( 19 )  for Cq and 
calculating the latter by using ( 17 )  for the number of points that a cell 
contains , one gets the relations 

d 
°' = - (q - l ) D  

dq q f{c:t) = c:tq - {q - l ) Dq ( 21 )  

The fractal indices exist only provided the corresponding Nn b ' N"'- or C q  are 
power laws of £ .  They are then defined as 

"' 
olnNn b 

Clln£ 
F (a:) 

olnN" 

oln£ 
1 a1ncq 

D = - -q q-1 oln£ 
(22) 

It has been custumary to use a more approximate definition by taking the 
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ratio of the logarithms that are more easy to compute , for instance D q  is 
usually replaced by 

_ l lnCq 
D = - -q 

q-1 lnt 
(23) 

that is equivalent to (21) provided the coefficient Aq is of order unity . 
However, the very essence of the fractal dimensions is the power-law 
behaviour of (17 , 18 , 19 ) .  For most fractal systems , the latter holds over a 
limited range of values of t : there is always a lower as well as an upper 
cut-off at which these power laws break down. For some other systems , there 
is no lower or upper scale . 

The average number of neighbours of a galaxy behaves according to 
( 1 )  as nt3+ nt3-7tX , so for t <  t0 we expect the galaxy distribution to 
exhibit a fractal behaviour and a = 3 - -Y to be one of the fractal indices . 
It is readily seen from ( 1 )  that there is an upper scale t0:::: 2r0 above 
which this fractal behaviour no longer holds . Also a lower scale, that 
might be much smaller than the galaxy size, is expected. Whether this index 
3 - -Y is the only one can be seen by calculating the distribution of values 
of a, and the other fractal indices f (a) and Dq . These values were 
extracted from the CfA catalog by Jones et al . ( 1988) who found , by using 
the definition ( 23 )  , that Dq is a decreasing function of q, as expected, 
that all values of a between 0 . 6  ( large q) and 2 . 6  (small q) are possible 
whereas f (a) can take values between 0 and 1 . 5 ,  the galaxy dis tribution 
being thus a multifractal . We have calculated these indices . When we use 
the approximate definition (23) , we find similar results . The fractal 
indices obtained this way , however , do not correspond to the power-laws of 
( 17 , 18 , 20) , because the definitions (23) and (22) are not equivalent in 

this case , the one giving the fractal exponents being (22 ) , not ( 23 ) . The 
calculation of these exponents gives a function Dq that increase with q 
( the proof for it to be decreasing relying on ( 23 )  that does not give Dq in 
this case ) .  The Hausdorff dimension is found to be (3 --Y)w and the 
correlation dimension 3 - -Y. From (8) , we see that the galaxy distribution 
corresponds to D0� D2 , and is seen to be the first known system to exhibit 
this reversed behaviour. The calculation of a and f (a) shows that the 
galaxies do not form a multifractal , only two values of a being 
statistically signficant 

a =  0 ,  f(a) = ( 3  - -Y)w (24)  

corresponding t o  cells containing isolated galaxies and clusters and 

a = 3 - -Y , f (a) = 3 --Y ( 25 ) 

corresponding to cells contained within a cluster . The galaxy distribution 
thus forms a bifractal system ( intermediate values of a may exis t ,  but are 
not s tatistically significant in the sense they do not modify the power-law 
behaviour of Cq , that is the values of Dq ) .  The direct check of these 
predictions againts observations is difficul t ,  the definition (22) being 
much less suited for computational purpose . It may be possible using large 
numerical simulations and is presently undertaken by Bouchet et al . ( 1988) 
-see the contribution presented at this meeting- . 

Cluster evolution (Schaeffer and Silk 1988) 

The "virialization" argument that has been used (Peebles 1980) to 
advocate for power-law N-body correlation functions also leads to a 
well-defined redshift dependence of these correlation functions . 
Predictions for the galaxy and cluster distribution in the past can thus be 
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made using -(3-'Y) 
!;.(r )  = ( 1  + z )  ( rc om/r0 ) --'f (26) 

-(N-1 )  (3-'Y) 
and e;;cx ( 1  + z )  • Relation (26) holds as long as !;. i s  given by 
the non-linear equations of motion. Numerical simulations (Davis et al . 
1985) show that as long as the correlation function is small , and given by 
linear theory, practically no clusters are present . But as soon as it turns 
non linear , it grows very rapidly and evolves very soon according to (26) . 
I t  is then possible to use the previous results to calculate the evolution 
of the distribution of virialized clusters up to some (possibly 
scale-dependent )  redshift zN L where the correlation functions turn 
non-linear . 

The cluster luminosity function is qualitatively the same as for 
galaxies (eq . 17 )  : a power-law behaviour at the faint end , with an 
exponential cut-off. Using a radius R � L1 1 3

/1 + z that ensures that the 
density contrast is larger than say, 200 and so that the cluster is 
viri alized , L/Lc is changed into (L/Lcl )T/3  since Le� R3-T and H ( L/Lc ) into 
another function Hcl (L/L;i) · The typical cluster luminosity thus scales as 

L;l= 1 . 2 101 2 ( 1  + z ) -3 ( 3-'Y) /'Y h-2 '-0· (27)  

Eq . ( 27 ) is the non-linear analogue of the typical luminosity derived by 
(Kaiser 1986) from linear theory, but in this improved calculation we 
obtain a very large spread of L around the value ( 27 ) . For L � L;,e , the 
distribution is a power-law, for L � Lei it has an exponential cut-off. 

The X-ray luminosity function can be calculated in the same way . 
Assuming that the electron density of the intergalactic gaz scales as the 
optical luminosity density ,  Lx scales as T1 1 2L2R-3 where T is the virial 
temperature . For virialized clusters , L/Lc can be written as (Lx /L:)Y/4 
with a typical X-ray luminosity 

L:= 1 . 8  104 3 ( l + z )
( l5'Y-24 ) /2'Y _ 

erg 1 ( 28 )  

with again a very large spread around this values . Note that this 
luminosity increases nearly as 1 + z with redshift . This is at variance 
with the predictions (Kaiser 1986) based on linear theory that lead to a 
value of L; that decreases , and is a genuine non-linear effect . The radius 
of the typical cluster is 

3 

R;,e� 1 . 7 ( 1  + z )  'Y h-1 Mpc ( 29 )  

that decreases faster than ( 1  + z ) -1 .  The typical cluster thus stays quite 
hot ,  its temperature T;l� 1 . 8 107 ( 1  + z ) -3 ( 2-'Y) /'Y

K ( 30) 

decreasing very slowly at high redshift , although an additional factor 
1 + zdue to the general expansion is to be added to ( 30) . 

The total X-ray emission is very large at the smaller (<1 keV} 
frequencies , due to the large number of small objects and the high 
temperature of the typical cluster even at large redshift . The integrated 
X-ray background ( Fig. 4 )  depends weakly on the redshift zN L at which the 
universe turns non-linear. It is somewhat more sensitive to the smallest 
cluster that may contain hot gaz . Assuming that all objects with 



185 

R > 100 kpc did not cool, we see that clusters contribute a large fraction 
of the observed X-ray background in the sub-keV region. 
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Clusters containing hot gaz also shift the microwave background 
temperature (Sunyaev and Zeldovich 1981 ) . From 6T/T - Tpg a z R '  we obtain a 
mean diminution along a lign of sight , y = :L (6T/T) that is 

clusters 
comparable to the shift 6T/T - 3 10-s produced by an Abell richness class Il 
cluster. This is because of the contribution from many ( typically - 5 )  
small clusters that are present along any lign o f  sight . This induces large 
fluctuations at the minute-arc scale , also of the order of 3 10-s , and 
similar size residual fluctuations , independent of angle , at the 4 ' 5  
resolution of the Uson-Wilkinson experiment,  provided all clusters with R > 
100 kpc contain hot gaz . 
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THE STATISTICS OF GALAXIES BEYOND CORRELATION FUNCTIONS 

Marc Lachieze-Rey 

Service d ' As trophysique 

CEN-SACLAY 

91191 GIF sur YVETTE CEDEX , FRANCE 

ABSTRACT 

I ment ion some normalizat ion problems encountered when es t i ma t i ng the 
2-point correlat ion func t i ons in samples of galaxies of d i fferent average 
dens i t ies . I present some aspect s  of the void probabi l i ty func t i on as a 
s t a t i s t i cal indicator,  free of such normalizat ion problems . Finally i 
suggest a new s ta t i s t i cal approach to give an account in a synthe t i c  way 
of those aspects of the galaxy d i s t ri bu t i on that a convent i onal method is  
unable to charac terize . 
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I - Introdu c t i on 

The s t udy of the d i s t ribution of galaxies in space is an increasing 

f ield of  development ,  w i t h  the main mo t ivations of  checking the d i fferent 

models for galaxy and large scale s t ructure forma t ion. A large amount of 

work has been devoted to  establish the pred i c t ions of  the scenari i  for 

galaxy forma t i on ,  l i ke for ins t ance b i ased format i on w i t h  cold dark 

mat te r ,  so that they can be compared w i t h  observa t ion. I will concen t rate 

here on the spa t ial organizat ion of the galaxies , as a point d i s t r i but ion 

in space , and to the tools for charac terizing i ts s ta t i s t i c s .  These tools 

are mainly used for comparison of the real d i s tribution with s t a t i s t ical 

models , for instance those characteri z i ng i n i t ial cond i t ions properly 

evolved (or preserved if i t  can be assumed that i t  is  so) , as well as the 

results of  dynamical analy t i cal calculat i ons or numerical simulations . 

These tools can be also used for the comparison between d i f ferent samples 

of galaxies , for ins tance in the purpose to detect a poss ible morphology , 

or luminos i ty segregation,  as pred i c ted by some models of galaxy 

formation;  or to check i f  the clus tering proper t i es of galaxies do vary 

in space . Up to now the mos t widely used s ta t i s t ical tool has been, 

mainly for pra t i cal reasons , the 2 point correlation funct ion ( hereafter 

c f ) . However ,  this  approach is  very near from reaching i ts limi tations , 

for d i fferent reasons , and there is a need for other and complementary 

indi cators ; after some remarks concerning the use of cf ( II ) ,  and having 

presented the void probabi l i ty func t ion ( hereaf ter vpf) whi ch has shown 

to be an efficient tool (III ) ,  i will sugges t new kinds of poss i ble 

approaches for the next future . 

II - Correlat ion func t i ons . 

A defini t ion of 2 point c f ,  in the purpose of s t udying the galaxy 

d i s t ri bution,  can be found for ins tance in Peebles ( 1980 ) .  I will refer 

principally to the probabi l i s t i c  d e f i n i t i o n ,  whi ch is  of  prac t i cal use 

and has been the mos t  widely employed in the con text of as trophysics : 

the es t imat ions of cf encountered in the l i t terature are based on 

measurements of these probabi l i t ies for  some def ined samples of galaxies 

( the catalogs ) .  

The main resul t ,  that c f  can be described by a power law wi th 

exponent -1 . 8 ,  and correlat i on length about 5 h-l 
Mpc , is  well known . 



There is however no general agreement concerning the level of the cf at  

scales larger than about 10 h-l Mpc,  so that this s t a t i s t i cal tool 

appears , for the moment ,  mainly useful in the non l inear range from . 5  to 

10 h-
l Mpc . Concerning mainly the non linear behaviour development of 

perturba t i ons (which can be hardly calculated ) ,  the observed form of E 
is rather used as a kind of normalizat i on for the numeri cal s i mulations 

any s imulat ion of a process generating large s t ructure mus t give, at 

f i r s t  order,  the right spatial dens i t y ,  and at second .orde r ,  the right 2 

point cf e t c .  By the way we know that this cons traint is not trivial 

s ince i t  led to rej ect  s imple scenari i for galaxy format ion with ho t or 

cold dark mat ter and to include the hypo thes i s  of bias ing . 

Other indi cators have been used , l ike cf of higher order , or the 

moment d i s tr ibut ions assciated , but they are of the same " fami ly" . Since 

it is  expected in some models of galaxy forma t ion that luminosi ty or 

morphology segregat i on is present in the galaxy d i s tr ibution,  there is  a 

hope that cf could be an effi cient tool for test ing such effects . On the 

o ther hand , it has been reported (Einas t o ,  1 985) that the est imat ion of 

cf seems to vary w i t h  the size of the sample under s tudy . Such an effect 

has been invoked by Calzet t i  et al. ( 1987 )  to sugge s t  a fractal character 

of the galaxy d i s tr ibut ion . I will cri t i cize these approaches below by 

showing that normali za t ion effec t s  are a source of diff i cul ties . 

Normalizat ion of the 2-point correlation function 

Any measurement of E is performed by counting pai rs of galaxies in 

the catalog , and then d ividing the result by a corresponding number for 

an uniform Poisson d i s tr ibution . Thi s  number is  in fact introduced as the 

bes t way to e s t i mate the volume same l Pd ;  i t  is generally measured from a 

realizat ion of a random d i s t ribut ion , or calculated anal y t i cally . In any 

cas e ,  es tabli shing this number of pairs requi res to ass ign a value to nr ' 

the spatial point densi t y  of this random catalog . This is due to the fac t 

that the probab i l i s t i c  defini t i on of E is a cond i t i onal one : ( 1  + E) n2 

dV1 dV2 is the probabi l i ty for  f ind i ng bo t h  an obj e c t  in dV1 and an 

other in dV2 , w i t h  the ( impli c i t )  assump t i on that  the probab i l i t y  to 

find one galaxy in dV is n dV . T h i s  neces s i ty of choos ing a value for nr 
acts as a normali za t i on for calculat ing E. In fac t i t i s  easy to show 

I 

that if normali z a t ion i s  changed f rom n to n ' 
' the e s t ima t i on of E 

r r 
changes from E to E *n

r
/nr ' · 

This is not a priori a d i f f i cult s i tuation.  The result is  
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normalization dependent ,  but  we only have to choose the righ t  normaliza

t ion . For instance , i f  we t ry to e s t imate the absolut e  value of the cf of 

galaxies , we want to use , as normali za t ion dens i ty nr ' the spatial 

densi ty of the galaxies in the universe . The natural way to est imate this 

latter is  to take the large s t  sample avai lable ( for instance the CfA for 

a 3-dimensional analys is ) ,  to count the galaxies and , dividing by the 

volume , to get 

normalize by nr 
universal values 

an est imat ion nCfA " Then we count the pairs , we 

nCfA and get �CfA " Can we then claim to have measured 

Concerning the dens i t y ,  the ques tion i s :  are they 

s t ill densi t y  fluc tuations at the scale of our sample? ( By this we mean 

the size of a comple te sample extracted from i t ,  let  say of typical size 

about 40 Mpc) . We know that large voids do exi s t  at this scale , and even 

at larger scale . So tha t  our sample i tself is almost certainly containted 

i nside a fluc tua t ion , probably of order not very much smaller than 1 .  

Thus we cannot claim that nCfA i s  a good est imate o f  n .  

What about � ? The use of nCfA for normaliza t ion (what other value 

is avai lable? ) leads to an est imate �i ( i  for int rins i cal) • If we had 

the t rue value n
u 

of the galaxy dens i ty in the universe ( but by which 

mean? ) ,  we would est imate �e= �i 
* n

CfA
/n

u 
(e for extrinsical ) . Even in 

this cas e ,  we would not be able to claim that �e is  the right est imat ion 

of � s ince � may also fluctuate like n (unless we can demons trate tha t i t  

does not ) .  To resolve this ques t ion i t  would b e  useful to have an other 

catalog simi lar the CfA ( like for instance in the south hemisphere) to 

e s t imate the order of magnitude of the fluc tua t ions : independant 

est imat ions of n and � would be made , and compared to those of the CfA . 

The same problems are present at smaller scal e ,  even with a s tronger 

level of fluctuat ions . They appear when we examine subsamples of the 

exist ing catalogs , s ince we know that these subsamples ( smaller than the 

CfA) cannot be fair samples of the universe , and that the dens i ty 

fluctuates from one to the o ther ( by the effect of voids , or 

superclus ters for instance ) .  This is  the case when we search for 

d i f feren t ial effects ( li ke luminos i ty segregat ion) s ince this implies 

precisely to examine subsamples wi t h  d i f ferent charac t e r i s t i cs .  

For instance , we have made such a study ins ide the CfA catalog ( see 

the paper by Maurogorda to in this volume ) : we cons ider d i f ferent 

( comple te)  subsamples w i t h  d i f ferent shapes , s i zes , and loca t i ons . As 

an e f f e c t  of fluctua t ions , they have d i f ferent i n t r i n s i c  dens i t ies  ni l '  
ni2 , . . .  ( intrinsic dens i ty means only the number o f  galaxies d ivided by 

the volume of the subsamples ) .  



However ,  for a given sample , the " convent i onal" normalizat ion ( that 

we will call "extrinsical " )  requires to use, as a value for nr ' no t the 
I 

of the subsampl e ,  ,but the average value ne (e for effect ive density  n
i 

extrins i cal ) , characterizing the large scale d i s tr i bu t ion .  In a smooth 

d i s t ri bu t ion , i t  is  expected that d i f ferent samples def ined w i th the same 

selec t ion cri teria have effect ive dens i t ies of about the same value , not 

very d i f ferent from ne ( i . e  that they are realizations of a homogeneous 

stat i s t i cal process ) .  If the samples are of d i f ferent luminosi t ies , it is  

expected that their dens i t ies can be calculated from a common luminosity 

func tion.  

But the  real l i t y  i s  very d i f ferent from this ideal s i tuation ; 

d i f ferent samples defined w i th the same select ion cri teria have very 

d i f ferent values of ni ' as i t  is easy to check ; and the values of n
i 

for 

subsamples of bright and faint galaxies do no t reflect any universal 

lumino s i ty function ( see for ins tance Maurogordato and Lachieze-Rey , 1987 

and 1988 , hereafter MLl and ML2 ) . In such a disordonned s i tuat ion , the 

u t i l i ty of the extrins i cal normalizat ion can be ques t i onned . 

There is an o ther poss i b i l i t y  for normalization,  although i t  does no t 

correspond to the true defini t ion of the c f ,  as given by Peebles ( but the 

Peebles defini tion impl i c i tely requi res an homogenei ty of n ,  which is no t 

the case) . 

value n
i ' 

This 

as i t  

" intrinsic"  normalizat ion assigns t o  nr the int rinsic 

i s  measured in the sample . It has the advantage of 

requiring no hypothes is concerning the true dens i t y ,  or luminosi ty 

funct ion , of galaxies in the universe , but to be en t irely pursuied from 

the available data. 

Of course the 2 quan t i t ies E,
i 

and E,
e

' calculated using the 2 

normalizations do not measure the same thing . According to the 

defini t i on ,  � i s  the " t rue" c f ,  but the ques t ion i s  to know i f  i t  gives 

the desi red information,  or if E,
i 

is more convenien t .  A f i r s t  answer 

could be that nei ther of both is really convevien t .  For ins tance Alimi 

and Blanchard ( 1988) remarked tha t ,  al though E,
i 

or E,
e 

are normalization 

dependent ,  the product ( l+ E,) * n i s  not  (al though this i s  only t rue i f  E, 

is es t i mated by the i r  me thod) and can be used as a s t at i s t i cal indicator . 

We will show below that t he VPF is also normalizat i on independent . 

Howewer the large use of E, in the l i t terature j us t i f ies to d i scuss the 

val i d i ty of  E,
e and E,

i as p o s s ible s ta t is t i cal i n d i ca tors . As a 

con tribution t o  the debate , i present below a toy model as an 

i llust ration of the problem. 
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A toy model 

Let us for ins tance imagine an idealized s i tua t ion , and assume that 

we know some s ta t i s t ical process able to d i s t ribute points in space , with 

an homogeneous 2 point correlat ion func t ion �. We can generat e ,  for 

ins tance , tw� samples , 1 and 2 ,  wi th d i f ferent dens i t ies n i l  and ni Z  (ni 2  

> ni l ) ,  but ,  b y  defini t ion , w i t h  t h e  same correlat ion func t ions . Suppose 

now that we are interested in measuring the s t a t i s t ical proper ties of 

these samples ( considered as two realizations of the given s ta t i s t i cal 

process ) ,  seen as fluc tua t i ons around a mean value ne ( averaged over a 

collec t ion of such samples ) .  If we now count the pairs in the 2 samples , 

there 

densi ty 

infer 

s ince 

will of 

effec t .  

that �e2 
l+ �e i s ,  

course b e  more pairs i n  the densest  sample ,  just  by the 

Using the extrinsical normalization,  we can immediatly 

> �el ' more precisely that ( l+ �el ) /n i l  = 
( l + �ez ) I ni Z 

in this cas e ,  proportional to the number of pairs . Thus 

the extrins i cal normalizat ion gives us no chance to recognize that the 2 

samples are two realizations of the same proces s ,  that they are , in some 

sense , similarly clus t ered . In fact a large par t of the informa tion 

contained in �e is already contained in the knowledge of n for the sample 

( s ince n is  s t ill fluctuating at this scale ) .  For the int rinsic 

est imat ion , this i s  not the case and we would find that �i l = �i z · 

We should no te at this point that o ther prescri p t i ons for 

calculating � could even lead to worse si tuat ions for the ext rinsical 

normaliza t i on . For ins tance , if the number of pairs in the random catalog 

(used for normal ization )  is not calculated us ing the points were they are 

galaxies in the real catalog, but where are the galaxies in this random 

catalog, then we have : ( l + �el ) / (ni l
* ni l

) = ( l + �e2
) / (n i z

*ni z ) · 

This is also the case i f  the norma lizat ion for the random catalog is 

calculated analyt i cally wi th the densi ty ne . Thus i f  we t ry to recover 

the results that the d i fferent samples are d i f ferent realizations of an 

unique proces s ,  the useful! quan t i ty is  �i (or the indicators men t i onned 

before ) .  �e gives us a mixed informat ion ,  already par t ially contained in 

the knowledge of the dens i ty of the sample . Since , in any cas e ,  the 

average dens i ty n mus t  be known in order to use the extrins ical 

normal ization,  t,here is no big advantage to use i t .  

The Void Probabi l i ty funct ion 



I t  i s  known that t h e  complete knowledge of a s ta t i s t i cal process i s  

contained i n  the hierarchy of correlation funct ions ; the dens i ty and the 

2 point cf are the f i r s t  and second order quan t i ties in this hierarchy. 

Although the 3, 4 and 5 points have been e s t i mated , there is  no chance to 

go any further in a direct way . But it has been shown by Whi t e  ( 1979) 

that the VPF contain information of higher degree in the hierarchy and 

i s ,  in this sense , complementary to the c f .  Concerning normalizat ion 

properties , 

i t  depends 

the VPF does not seem , at  f i r s t  sigh t ,  very a t t ract ive s ince 

on both the volume and the densi ty ; the 2 point c f ,  

conversely , depends only o n  the volume, n o t  o n  t h e  dens i t y ,  at least i n  

princ i ple . But t h e  s i tuati on is  in fact much more favorable i f  w e  u s e  not 

t(V) as a function of the volume but the quan t i ty X = log tin V as a 

function of the variable q = n V <E;>. For d i s t r i but ions obeying to what 

has been called the scaling invariance property ( see for instance 

Schaeffer , 1987 ) ,  the funct ion X(q) is independent on the densi t y .  We 

have shown ( MLl , ML2) that the galaxy d i s tr ibut ion obeys to this scaling 

invariance , so that X(q) is a usefull ind i cator . This property was 

pred i c ted by Schaeffer on the basi s  of hierarchical models .  But we have 

also shown ( ML2) that , i f  X shares w i th the cf the property of beeing 

dens i ty independent ,  i t  has the advantage o f  beeing also normalization 

independent .  Thi s  allowed us to derive results  concerning the 

segregat i ons ment ionned befor e ,  independently of the normalization. 

These results are presented elsewhere in this  volume . One of the s triking 

fac t s  is that the apparent exis t ence of a segregat i on in clus tering 

proper t ies , as measured 

corresponding segrega tion 

by the correla t i on func tions , does not imply a 

as measured by the VPF. For instance we have 

shown that samples containing d i f ferent galaxy morphological types , or 

of d i f ferent s izes , have d i ffere n t  values of 2-point cf (al though the 

s ign and the level of the d i f ferences depend on the adopted 

normaliza t i on ) , although there are no d i fferences in the VPF . Conversely , 

the luminosi t y  segregat ion is apparent wi th both indicators . This clearly 

indicates that cf and VPF do no t measure the same kind of  clus tering 

propert ies . The main interes t of the s tudy w i th the VPF was to allow to 

es tablish the property of scale invariance . 

How to charac terize the galaxy d i s t ribu t i on ? 
The 2-point (and the small order) of give information at the lowest 

order in the hierarchy . But i t  becomes increas ingly clear that some 

features of the galaxy d i s t r ibut ion cannot be accounted for by such 
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indicators . Thi s  i s  t h e  case f o r  t h e  presence of void s ,  t h e  possible 

organizat ion of galaxies in elongated ( f i lamen t s )  or flat tened ( pancakes) 

s tructures . Although such s t ructures are usually referred to at scales of 

the order or greater than supercluster s i z e ,  it i s  more and more apparent 

that such features are present even at  smaller scales . Ye can think for 

i ns tance to a network of bubbles , as i t  appears at  least quali tatively 

from the visual appareance of the CfA catalog (de Lapparent e t  al . 1986 ) , 

or as i t  is predi cted by models or explosive galaxy formation.  

I f  the galaxi es are really d i s tribu ted in such a way , it  is  of 

great interest to charac terize quan t i tatively the features of this 

network : the d imens ionnali ty ,  the connectivity properties , the sharpness 

of the edges , e t c .  It is clear that the langage of cf is  unadapted for 

such a task.  Moreover ,  the presence of such features is  very difficul t ,  

for the moment ,  t o  predi c t  from dynami cal s tudies . One reason i s  that 

there is no widely accepted s t a t i s t ical method to charac terize such 

effec t s .  In the las t years , new types of analysis have been applied to 

the s tudy of the galaxy d i s tribution ,  with more or less succes s .  The VPF 

can be considered as a first  s t ep in this way s ince i t  includes 

information at  all orders . For ins tance the fact that scale invariance 

can be shown from it is very encouraging. O ther methods are percolation 

( Shandarin and Zeldovich , 1986 ) ,  analysis in terms of fractals or 

mul t i fractals ( Jones et al , 198 7 ,  Schaeffer and Balian, 1988 ) ,  topology 

analysis (Go t t  et al . ,  1986 , Melo t t  et a l . , 1988 ) ,  tesselation ( I cke and 

van de Yeygaert , 1987 ) ,  and probably many o thers of which the author is  

unaware . The problem is  that these d i f ferent indicators give di fferen t 

kinds of information ,  not easy to compare betweeen themselves , or with 

the predict ion o f  a dynamical model . There i s  no general agreement 

concerning one type of analysis l i ke the one whi ch developed around the 

use of cf ; so that it appears necessary to develop a method of analys is 

allowing to charac terize the d i f ferent aspects of the spatial 

d i s t r i but ion of galaxies , including the mos t  s triking to the eye , as well 

as to synthe tize them in a common formalism,  which ideally could be 

related to some dynamical processes . 

IIII - The clus ter aggregat i on approach 

an 

The 

highly 

universe , as i t  appears from recent observat ional resul t s ,  is 

s t ruc turated , but also highly d isordered medium. This is  the 

reason of the difficulties encoun tered w i th a conven tional s t a t i s t i cal 



approach . Since the s ta t i s t ics of disordered med i a  is an increasingly 

well s tudied f i eld in physics , i t  is  temp t ing to t ry to adapt i t s  methods 

for the s t udy of the universe ( remember that the use of cf also resulted 

from the adaptat ion of techniques from a very d i f ferent field to 

ast rophys i cs ) .  This i s  already the case for the use of fractal analysis 

which, mainly developed in microscopi c  stat i s t ics , is  becoming 

increas ingly used 

also derived from 

in as t rophys i c s .  I will here suggest a new approach, 

the s tudy of disordered med i a .  More precisely , this 

approach is  derived both from the s t udy of percolat ion clusters , and from 

the dynamics of the so called " clus ter aggrega t i on " ,  and gel i f i cation 

models . 

This approach is rapidly present ed below . I t s  main in teres t lies in 

two poin t s .  F i rs t i t  suggest an analysis able to charac terize features of 

unconven t ional s t a t i s t i cs ( those which seems to be present in the galaxy 

d i s t r i bu t ion and that convent i onal indicators are unable to take into 

accoun t ) .  It appears also a priori very convenien t  for a synthe t i c  

approach s ince i t  can b e  related to the o thers indi cators used u p  to now: 

the link w i th the VPF is  very s traight forwar d .  The connexion with 

fractals can be said to be contained in the method , s ince the obj ects  

defined during this analysis are  themselves fractal : d i f ferent kinds of  

fractal dimensions are  very easy to extract from the  analysi s .  The link 

with the percolat ion s tudies is  also very natural s ince the method is 

adapted from the s t udy of percolat ion clus ters . It is also expec ted that 

the informat ion concerning the topology is contained in this approach ; 

this seems natural s ince the method is very sens i t ive to the topology of 

the d i s t ri bu t i on and posses some common charac ter i s t ics w i th the topo logy 

analysi s  already developed by Got t  e t  al . ( 1 986 ) .  The quan t i tat ive 

relat ions remain however to be calcula ted . 

Add i t i onnally , this approach concerns the variat ion of clustering 

proper ties of galaxy groups and clus ters w i th the i r  richnes s .  Although 

such s tudies have been made for various cases ( like comparison of the cf 

between galaxies and clus ters , or between clus t ers of different richness 

classes ) ,  the analys i s  presented here deals wi th i t  in a more sys tematic  

and syn the t ic way . 

The method 

I will present here only the gross features of  the methods . Further 

details will be given in a nex t pape r .  Start ing from the d i s t r i but ion of 

points to be s tudied , we create a geome t r i cal obj ect  by the following 
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rule : given a length L ( the "scale variable " ) ,  we " fi l l  up" the space 

around each point of the d i s t ribu t ion , up to d i s t ance L .  In other word s ,  

w e  cons ider a d i s t r i bu t ion o f  spheres o f  radius L ,  and having f o r  cen ter 

every point of the d i s t ri bu t ion . Some of theses spheres are isolated , 

some o ther are in contact or in tersec t .  These lat ter are said to form a 

clus t e r .  The new obj ect  created i s  therefore the reunion of clus ters and 

of isolated spheres (which can be considered as clus ters of mul t ip l i c i ty 

1 ) . Each clus ter will  be characterized by the volume V that i t  occupies 

i n  space . Of course the volume of a clus ter o f  mul t i pl i c i ty 1 i s  4 n L
3 !3 

but the volume of a clus ter o f  mul t iplici ty k i s  between this value and k 

t imes this value . Ve will be interes ted in the d i s t r i bu t i on of clus ters , 

as a funct i on of the volumes V .  Of course the defini t ions of clus ters 

depend on the scale L ,  and also the d i s t r i bu t i on func t ion , so that this 

lat ter can be wri t ten as a func t i on of the 2 variables : N(L, V) . 

Ve propose the use of N ( L , V )  as a s ta t i s t i cal ind i ca t o r .  First  of 

all,  there i s  no special d i f f i culty  for i ts calcula t ion , like those 

encountered for instance in the calculat ion of c f ,  because of 

normalizat ion problems we have already developed a code in such a 

purpose .  In add i t i on ,  i t  can be expected that the pred i c t i ons for a 

gaussian d i s tribut ion (useful as a reference) are not too d i f f i cult  to 

calculate analyt ically. 

It is very s traigh t forward to express the link wi th the VPF and 

this will be presented in a subsequent paper .  More peculiar are the links 

w i th frac tal analys i s .  I will not detail those here but only point out 

that the geome t r i cal obj ect  that we have defined is of the same nature as 

the percolat ion clus ter for a given d i s t r i bu t ion , although i t  is more 

r i ch s ince i t  con tains informa t i on not only concerning the percola t i on 

clus te r ,  i . e .  the largest clus ter in the sample , but also clus ters of all 

s i zes ( S tanley et al . ,  1986 ) .  However i t  is relevant to  use for i ts s tudy 

the same tools than for percolation s tudies , i . e .  the whole serie of 

d i f ferent fractal d imens i ons ( S t anley et al . ,  1986) . Our purpose here is 

not to promo te this u s e ,  but r a t h e r  to remark t h a t  the conve r s i o n  from 

one langage to an o t her is pos s i b l e  and t h a t  a l l  prope r t i e s  expressed in 

the langage of frac tals , can a l s o  be expressed by the use of N, and , in 

our sense , in a more synthe t i c  way . O f  course i t  also resul t s  that all 

percolat i on prope r t i e s  are con t a i ned i n  N .  I f  we remember that 

percolat ion as a s t a t i s t i cal tool was c r i t i c i z ed for the reason that i t  

had not very convenient scal ing proper t ies , i t  i s  wor th to remember that 

the aggrega t i on analysi s  gives add i t ional informat ion concerning the 



dimensionalli ty ( or dimensionalli t ies)  of the d i s t r i b u t i on : this is very 

encouraging s ince , precisely , the "scaling" d i f ficult ies for the 

percolat i on analysis came from the fact that the dimensionalli ty of the 

dis t r i b u t i on under s tudy is not necessarly 3 ( in a 3-dimensional 

analysi s ) .  

O f  course many bene f i t s  o f  this method come from the work already 

done by di fferent authors with  the same formalism,  although in a very 

d i fferent con tex t .  A similar quan t i ty has been int roduced for the purpose 

of s tudying the so-called clus ter aggregat ion models (Kolb et a l . , 1986) . 

In this lat ter case , a dynami cal process is considered , where the 

clus t ers (defined in a vey similar way than above) grow dynamically with 

the t ime t .  In fact the dynamics of these models implies that the si zes 

of the clusters increase w i t h  t ,  so that the parameter  t can be regarded 

as playing about the role played by L in our analysis . Thi s  analogy 

suggests  many development s  useful for the analysis of the point 

s t a t i s t ics . For ins tance , a scaling can be applied to the d i s t r i bu t ion 

under s tudy so that the evolu tion of N ( L , V )  w i t h  L mimick the clus ter 

aggregat ion dynamics , i . e .  the t ime evolu t ion for this model ( in fact we 

mus t  compare the evolut i ons of the scaled quan t i t ies ) .  Thi s  is  only an 

analogy but i t  can be hoped that i t  will unveal some details of the 

dynamics underlying the galaxy d i s t ribution.  In any cas e ,  this analogy 

sugges t to use the same formalism as for the clus ter aggregat ion models . 

There is a succesful kine t i c  equat i on to decribe this dynamics , 

namely the Smoluchowski equat ion , allowing to follow the t ime evolu t i on 

of N wi th t ime . A similar equa t ion can be used in our case to depict the 

behaviour of N wi th the variable L.  Although we will not sugges t for the 

moment any dynamical analogy , there is  no doubt that this can be very 

fru i t ful in the future : in the case 2f the clus ter  aggregat ion model ,  the 

relevant physics is  con tained in the so called " kernel " K of the 

equat ion and we can think that the kernel derived for the Smoluchowski 

equat ion for the point d i s t ribut ion also con tains the impor tant features 

of the s t a t i s t i cs . This sugge t s  that K could be a more fundamental 

indicator than N .  
Finally , since these s t a t i s t i cal me thods are der i ved from dynamical 

models , there is a hope that the l ink may be done wi th dynami cal models 

of galaxy format i o n .  This w i l l  certainly requi re that we are able to 

express the dynamics in a new language bu t ,  even i f  we do not  accept this 

approach, this conclusion seems to be unescapable : i t  is  more and more 

apparent that some impor tant charac ter i s t i cs o f  the process o f  galaxy , or 
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s t ructure format ion cannot be expressed by the usual dynamical 

calculat i ons . I t  would b e ,  for instance , very interest ing to extract some 

charac teri s t i cs of the d i s t r i bu t i on which are conserved ( o r ,  at leas t ,  

whose evolution can be followed) during the non linear evolution.  Such 

proper ties are probably of topologi cal , or dimensi onal natur e ;  in any 

ease they probably are in a range whose descript ion is appropriate by the 

langage int roduced here.  

REFERENCES 

Alimi J .  M .  and Blanchard A . , 1988 , preprint 

Calze t t i  D . , Giavalisco M . , and Ruffini R . , 1987 , Submi t ted to A . A .  

d e  Lapparent V . , Geller M .  J . , and Huchra J . , 1986 , Ap . J .  let ters , 302 , Ll 

Einasto J . , Klypin A. A . , and Saar E . , 1986 , M . N . R . A . S . , 219 , 457 

Go t t  J.  R . , Melo t t  A .  L . , and Dickinson , 1986 , Ap . J . , 306 , 34 1  

Icke V.  and van de Weygaert R . , 198 7 ,  A . A .  184 , 16  

Jones B .  J .  T . , Mart inez , V .  J . , Saar E . , and Einas to J . , Nordita  

preprint 8 7 / 28 A 

Kolb M . , Bo tet  R . , Jullien R. and Herrmann J . , 1986 , in Growth and Form , 

fractal and non fractal pat t erns in phys i cs ,  NATO ASI series E nO 

100 , S t anley and Os t rowsky ed , Mar t inus Nij hoff publishers , 

Dordrech t ,  p 222 

Maurogordato S.  and Lachieze-Rey M . , 1987 , Ap . J . , 320 , 13 ( MLl ) 

Maurogordato S .  and Lachieze-Rey M . , 1988 , in preparat ion , ( ML2 ) 

Melo t t  J .  A . , Weinberg D. H .  and Go t t  J .  R. III , 1988 , Ap . J . , 328 , 50 

Peebles P . J . E . , 1980 , The large scale s tructure of The Universe ,  

Princeton Univers i ty Press 

Schaeffer R . , 1987 , A . A .  let ters , 18� . L23 

Schaeffer R . , and Balian R. 1988 , 

Shandarin S . F .  and Zeldovich Ya . B . ,  1986 , in Cosmology , As t rophys ics , and 

Fundamen tal Physi cs , proc of the 2nd ESO-CERN symposium, Se t t i  and 

Van Hove ed.  

S tanley H .  E . , 1986 , in G r o w t h  a n d  Fo r m ,  frac t a l  a n d  non f r ac t a l  pa t t e rns 

in phys i c s ,  NATO ASI series E nO 100 , Stanley and Os t rowsky ed , 

Mar t inus Nijho f f  pub l is h e rs ,  Dordrech t ,  p 21  

Whi te S . D . , 1 9 7 9 ,  M . N . R . A . S .  186 , 145 



SEGREGATIONS IN THE GALAXY DISTRIBUTION 

by 

Sophie Maurogordato and Marc Lachieze-Rey 

Service d'astrophysique du CEN Saclay France 

and 

DAEC Observatoire de Paris Meudon France 

Abstract 

1 99  

Facing with observational evidence of large voids in  the galaxy distribution, a 
new statistical indicator is developed which allows a quantification of voids properties at 
each scale of work. A systematic analysis of the Center for Astrophysics redshift survey 
allows to compare the statistical properties versus the size and location of the sub-sample 
tested , the luminosity class and morphological type involved, and a confrontation with 
theoretical models. A "scaling invariance" will be evidenced in the distribution. 
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The void probability function ( hereafter V.P.F) was shown to be a very promising 
statistical tool as it can infer information about high order correlation functions which 
are not available from observation above order four. After its mathematical interest was 
developed by White in 1979, models were constructed to give it an analytical form, as 
did Schaeffer ( 1984) and Fry (1984) . It was then applied to large surveys in order to 
extract the information directly from the data. We will try to summarize the different 
points in which the V.P.F has brought substantial conclusions 

A lot of theoretical models are built on the "scaling hypothesis" i.e. the n-point 
correlation function E(N) is a sum of n-1 products of the 2-point correlation functions. 

E(N)(x1 , x2 , . . .  , xN)  = L QN L IT  E(xi , x2) 
aN l N- 1  

The first sum is done over aN different types of " tree graphs" and the product 
over the 1 symetries (Shaeffer 1984) . Fry (1986) reviewed these models as " hierarchical" . 
This hypothesis was shown to be true for the data until n=3 above which noise 
predomines. R.Schaeffer (1984) showed this hypothesis to imply a scaling relation for 
the V.P.F. The function x defined as its logarithm normalized to the Poisson value, 
x(V)  = Log(P0(V) )/nV would then only depend on the variable q = nV < E > .  In 
order to test this property, we built from a sample of the CfA catalog ( Huchra et.al 
1983) , children subsamples by selecting at random a fraction of galaxies. So we tested 
the same distribution with the same statistical properties only differing by the value 
of density. The result, showing a good agreement between all curves x = f(q) , argues 
strongly in favour of the previous " hierarchical" models. This representation, therefore 
independant of density, allows us to compare the properties of samples with different 
density in the CfA. 

We confronted then the data from the CfA with several estimations from 
theoretical models : Fry's one who derives the value of the n-point correlation amplitude 
from the BBGKY hierarchy, and Schaeffer's analytical expression deduced from a 
statistical model. Jensen and Szalay (1986) derived from the theory of biased galaxy 
formation a relation between unreduced n-point correlation functions versus two-point 
ones : 

1 + wLN )  = ( 1 + �v) N - 1  
This relation contradicts the scaling hypothesis . The analytical expressions for the 
V.P.F are compared with the data from the CfA catalog, showing best agreement for 
" hierarchical " models and particularly Schaeffer's one (Maurogordato and Lachieze
Rey 1987) . For testing more complex effects, comparing statistical indicators for 
subsamples of different intrinsical properties, size, location, it is fundamental to get 
rid of normalization effects (Maurogordato and Lachieze-Rey 1988) .There were shown 
to be drastic for correlation functions which directly depends on the mean density as: 
1 + E = C n - I, so an over-estimation of density should appear as a spurious under
clustering (Blanchard and Alimi 1988) . The representation x versus q = nV < E > has 
the advantage of not depending too much on normalization as n(l + E) is constant. 
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Recent litterature has inflated about the "spatial" variation of statistics . As 
Einasto et.al(1986) shown the correlation length to be proportionnal to the size of the 
sample,it was soon interpreted by Calzetti et.al (1987) as a fractal property. We tested 
this effect for bright galaxies of absolute magnitude M < �18 .5  and selected therefore 
four samples volume-limited respectively to 20, 25, 32, 40 h - 1  Mpc. When normalizing 
� by the intrinsic density of the sample, or by a mean theoretical density deduced 
by integration of the luminosity function in the distribution, this effect is reversed. 
However,in both cases of normalization, the scaling invariance previously shown for the 
V.P.F remains valid when changing the depth and location of the sample as shown in 
Fig . 1 .  

ScaHng wlth lhe •lz• orlhe 9Ubtornple ln t..., CtA 

', 

• M<- l&.5 ond 0<JUl1 Wpc 

o W<-18.5 and 0<25.12 Mpc 

O•n\l<f> 

{_ � ?; ' 
� 

-, i.  

Scollng .,lth lha tlu ol lhe tubtomple ln thft CIA 

, , 

D,!" D o 0 

• M<-11!.5 and O<JU11 t.IJIC 

o M<-1'1.5 and 0<25.12 Wpc 

Q .. n\l<f:> ""'""* 

Fig 1 : Scaling with the size of the subsLLmple in the Cf A: X versus q = n V < e > for two 

subsamples of the CfA involving bright ga.bxies with M < - 18.5 d istance- limited to 2 5 . 1 2  Mpc {circles) 

and 39.8 1  Mpc (stars) with both normalizations. 

One can test if statistical indicators variates with the luminosity class considered. 
Both normalizations are used again for calculating the correlation functions, showing 
once more different results. Different luminosity classes were tested in the same volume 
so that we can assume inhomogeneities will not affect them in a different way. The 
difficulty to use an external density comes from the bad accuracy on luminosity function 
under M=-17. Using the intrinsic density does not allow us to conclude on any 
segregation, alltough external one shows an over correlation for bright galaxies. In 
order to be free of these inhomogeneity problems, the V.P.F was calcu la.tecl for two 

subsamples in the same volume, with the same intrinsic dmsiti·. 011 Iv d i ffering by their 

luminosity class. It shows an over-clustering of brighter galaxies against fainter ones. 
This luminosity segregation can directly be explained bv the biased galaxy formation 

models. 

It is not a revelation to show a clustering segregation with morphological type as 
correlation functions calculated separatly for elliptical, lenticular, and spiral galaxies 
in the CfA limited to 40 Mpc and including magnitudes lower than -18 .5 ,  show 
unambiguously. The same effect is shown when expressing the V.P.F as a function of 
the mean number of particles. The real striking fact is that, in spite of their clustering 
differences, the representation x(q) is identical. The scaling relation resists then to the 
strong morphological effet. (F ig.2 ) 
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As tri-dimensionnal surveys are up to now, strongly affected by inhomogeneities 
as the nearby Virgo cluster, which infers normalization problems, the question is to 
know how much the conclusions an be extended to the whole real dietribution. Applying 
this method to a bi-dimensional deep survey (Slezak et.al 1988) magnitude-limited to 
m s = 18 allowed us to compare with the results obtained by Bouchet and Lachieze-Rey 
with the Cf A up to m s  = 14 .5 (Fig.3 ) .  The scaling invariance is there verified up to a 
depth of 182.5h- 1 Mpc (Maurogordato et.al 1988) .  

Sccil!ng wlth depth ln lhe bldl..,.n•lonnol cOM 

-0 5 0 0 � 
> c � � - H - � 

� 

0 
� �  � 

L 'i 

- 1 5 1 0  0 
O=nV<�> 

Fig 2 :Scaling with morphological type in the Cf A :  X versus q = n V < � > for two subsamples 

of the CfA involving bright galaxies with M < - 18.5 distance-limited to 30.81 Mpc differing by their 

morphological type:ellipticals and lenticulars (circles) rtnd spirals (stars). 

Fig 3 :  Scaling with depth in  bidimensionn::d surveys: X versus q = aw < w( 8) > for Cf A (stars} 

and SMBBF (circles). 

Conclusion 
The representation of the void probability function by the function x(q) was 

shown to be independant of the size and location of the sarnpls. a wl 0f the m0rph0logiral 
type of galaxies. Moreover it seems to hold with the depth nf o'lmple .  T h i s  result .  
joined to direct comparison to prediction from theoretic:ci I lTl')dels .  favours the so-ca l led 
" hierarchical models" . Luminosity effects shown by the V .I'.F need deeper surveys t o  be  
entangled from any non-fair sample effect. If confirmed , i t  wo11 l rl  he a great a rgument 
for biased galaxy formation scenarios. 
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ABSTRACT 

The observed decomposition of the lowest (N = 3, 4) N-point correlation functions in 
symmetrized ( N - 1) products of two-point correlation functions suggest the possibility that the 
Universe may obey a specific scale invariance, at least in some range. Assuming that this scale 
invariance is strictly verified for all N ,  some specific predictions concerning the void probability 
function P0 , and more generally the count probabilities PN, as well as the fractal dimensions of the 
system can be made (see Schaeffer, this volume) .  In this Progress Report, we investigate the possibility 
that the non-linear evolution in a CDM Universe indeed leads to such a scale invariance. First of all, 
we determine the count probabilities in a "galaxy" catalog generated with a P3M simulation code by 
Davis and Efstathiou l) .  We then proceed to check some of the expected scaling model predictions 
concerning the volume size and the count number dependence. Although still preliminary, our results 
are consistent with the the scale invariance predictions. We also compute some fractal properties 
of the sample. The distribution appears to be essentially a bifractal, with dimensions 0 and 3 - /,  
where I is  the index of the power-law which describes the two-point correlation function. This simply 
means that the number of objects either does not change with the size l of the sampled volume v ex  /3 
(dimension 0 corresponding to voids or field galaxies), or changes according to /3-'I (for galaxies in 
clusters). The other cases are not determinant for the global properties. The volume of field galaxies 
varies approximately as 1112 and the volume of cluster galaxies varies as 13-'I . 
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The statistical description of a system of N objects is complete if one knows, for instance, the 

(reduced) N-point correlation function JN(x1 , x2 ,  . . .  XN ), for all N S N. The function fN embodies 

the information concerning the clustering properties of N objects. The galaxy distribution has long 

been characterized by its two-point correlation function ((x) (€(lx1 - x2 1 )  = f2 (x1 , x2)), which was 

shown to be a power law of index 'Y � 1 .8  over a wide range of scales 2) .  The N-point correlation 

functions for N = 3, 4 have also been measured 3) ; they are compatible with a decomposition in an 

( N - 1) product (and not with an N product) suitably symmetrized of two-point correlation functions, 

in the regime where ( > 1, i.e. x :;;, 5Mpc). The existence of tight clusters of many galaxies indicates 

that correlations for much larger N may also be very strong. Since the determination of the fN is 

increasingly clifficult for larger N, such a complete description is unattainable, and alternatives might 

prove useful. 

Another description is provided by the functions PN( v) which are the probabilities of finding 

N objects in a volume v . The description is also complete if, again, the functions are known for all 

N S N. Nevertheless, at small N ,  the JN and PN provide complementary informations, as can be 

seen by considering P0(v), since White4l showed that for an homogeneous sample of mean density n 

Po( v) = ex<v> ,  " (-n)N 1 3 3 3 
X(v) = L, --1 - d X1d X2 . . .  d XN fN· N N. v 

(1)  

Thus Po at short scale is sensitive to the correlation functions at all orders (and x( v) = -nv if the 

sample is uncorrelated). Furthermore, this void probability function alone may also offer a complete 

statistical description, provided its dependence on the system density n is also known. One can then 

use Po( n, v) as a generating function, and the PN are obtained by successive derivatives with respect 

to the density 

PN(v) = (-n)N dNPo(n,v) 
dnN 

In practice though, the density dependence might prove hard to measure with sufficient accuracy. 

Let us now assume that the distribution possesses the following scale invariance 

JN(>.x1 , >.x2, . . .  >.xn) = ;..-�(N-I) JN(x1 , x2 , . . .  XN ) , for all N $ N. 

(2) 

(3) 

Balian and Schaeffer 5l showed that a( n, v ), which characterizes the departure of Po from the Poisson 

one (P0(n, v) = e-nva(n,v) ), then depends on a unique scaling variable Ne , which is the average 

number of clustered particles (above the mean) inside the volume v 

- - 1 d3x1 d3x2 a(n, v) = a(Ne), with Ne = nv( , and ( (v) = - -(( lx1 - x21 ) . 
v v v 

(4) 

For cubic volumes of side I (v = 13), � (I) = (I/lo)-�, with lo � 2.4x0, x0 being the correlation 

length defined by ((x0) = 1 .  THUS {(/) AND a(/) ALONE PROVIDE A COMPLETE 
DESCRIPTION OF SUCH A SCALE INVARIANT SYSTEM. By using Eq. 2, detailed 
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predictions concerning the statistical properties of the system can be made. These predictions depend 

on the specific scale invariance assumed, i.e. they depend on the fact that A in Eq. 3 is raised to the 

power N - 1, and not to the power N as in usual statistical systems. 

Before proceeding any further, let us note at this point that the sole dependence of a on Ne has 

already been checked in 2D galaxy catalogs 6•7l, and in 3D catalogs s,9) (see also Maurogordato, this 

volume) . When measured in different samples with different densities, a(n, v) does appear to be a 

universal function of the scaling variable Ne . For more detailed predictions, it becomes increasingly 

difficult to separate the effect of small number statistics, catalog incompleteness, and morphology and 

luminosity effects from a possible discrepancy with the scale invariant model. In this Progress Report., 

we investigate the possibility that the non-linear evolution in a Cold-Dark-Matter (CDM) Universe 

does generate such a short-scale invariance. 
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Figure 1 Figure 2 
The sample we analyze (Fig. 1) is the result of a numerical simulation I) using the P3 M 

technique to evolve 262,144 particles laid down according to CDM initial conditions. The force 

smoothing length f was 1/600'h of the simulation cube side L . The simulation was stopped when 

/ had approximately the right value, after an expansion factor of 8. This sets the length of the box 

at 64 Mpc (with H=50 km/s), and the particle's mass at 7 x 1010 M0 . We express in the following 

all lengths in units of L. One might picture this unbiased sample as a very complete galaxy catalog 

extending down to small galaxies. We note that in this simulation x0 � 10-t.25 (so lo � 10-0-9). 

Also, the slope I of the two-point correlation function is not quite constant: it varies from about 

1.6 for -2.4 < Log10 I < -2, to about 2.4 for -1 .8 < Log10 I < -1 .4 (Fig. 2). Unless otherwise 

specified, we used an average value I = 2. Nevertheless the slope variations are expected to lead 

to some discrepancies with the scale invariance predictions. Although this is a limitation of the 

simulations, they have the advantage of providing well-defined samples, devoid of the observational 

bias aforementioned. 
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We now turn to a brief description of some predictions of the scale invariance model. The full 

predictions are in Balian and Schaeffer 5 l .  First of all, one expects that a(Ne) be a simple power law 

of Ne 

a(Ne) <X N;w <X 1-(3--y)w, 0 :$ w :$ 1 , (5) 

at scales small enough that the scaling applies (roughly I < 10), but large enough when compared to 

the mean intracluster separation le (defined by Ne(le) = 1, i.e. le = 10(nl�)-1/(3--r) '°" 10-3.7 in our 

sample). At smaller scales I <  le (but < E '°" 10-2•8), one expects a Poisson behaviour (a =  1).  The 

value of the parameter w is not fixed by the theory. Nevertheless,  once w has been measured, the 

predictions for the count probabilities at I <  Iv (with Po(lv) = l/e) are 

if 1 :5 N < Ne(l ) ,  PN(I) = a(N) 13-(3--r)w, with a(N) ex N -z+w if 1 < N < Ne(l), (6) 

and if N ::}> Ne(I),  PN(I) ex �e-y,(N/N°l .  (7) 
Ne� 

A fit to the Abell clusters luminosity function suggests that y, should be of the order of 0 . 1 .  

Let us  now consider the fractal dimension a. such that the number of  objects N( l )  in  a box of 

size l scales as za . Since a. may not be everywhere the same, one needs to characterize the relative 

proportion Na of boxes which scales like a.. It is convenient to use the function /(a.) defined by 

Na <X 1-J(a) ,  s o  that /(a.) i s  the fractal dimension of the volume occupied b y  the population of 

dimension a.. This "spectrum" /(a.) is related to the PN by the following relations 

dr 8Ln C N 
/(a.) = a.q - T, a. = d' where r(q) = 8Ln /' and c.(I) <X z-3 L N"PN(l) .  (8) 

q N=I 

The assumption of scale invariance leads to the prediction that there should be two statistically 

significant populations: the isolated galaxies with a. = 0 and /(0) = (3 - 1' )w, and those in clusters 

with a. = 3 - 1' ,  and /(3 - 1') = 3 - 1'. In other words, the system should be essentially a bifractal. 

We start by computing the PN for 0 S N S 5, in the CDM sample and in a Poisson catalog 

with the same density (Fig. 3-a & 3-b ). This is done by laying down cubic grids of various mesh size 

l. We record the occupation numbers, and accumulate the results on grids offset by different amounts 

to improve the statistics. As expected, the void probability in the correlated CDM sample is much 

larger than in the random one. We can then obtain a = -LnP0 /nv as a function of l (Fig. 4). First 

of all, we verify (upper curve) that a is indeed unity for the Poisson catalog. Second we see that a 
behaves as predicted as a power law (lower curve), and we measure (3 - J')W '°" 0.45 � w (cf. Eq. 5), 

which is surprisingly close from the value (3 - 1' )w '°" 0.55 (but 1' = 1 .8) obtained by Bouchet and 

Lachieze-Rey 7l in the 2D CfA catalog. We can now check the l dependence (at l < lv '°" 10-1 .5) in Eq. 

6. We see in Fig. 3-a that the PN are described by power laws, with an index which is approximately 

constant with N, as expected. But the predicted value of the slope which is 3 - (3 - 1' )w '°' 2.55 

(dashed line) is accurately obeyed only by P1 at l < 10-2·2, where Ne '°' 25. Since this prediction 
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holds for N < Ne, this suggests that 2 cannot be considered small enough as compared to 25 for the 

quantitative prediction to be accurate (but 1 is fine). 
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In order to check the N-dependence of the count probabilities, we computed all the non-zero 

PN, for four different mesh sizes I (Fig. 5). For small N (Eq. 6), we expect the probability to vary 

as N-2+w in the range 1 < N < Ne(l) (and -2 + w � -1.55). The actual slope is quite steeper 

( � -2.5). This is nevertheless not too surprising, since the inequalities to satisfy are even stricter than 

for the I dependence. On the other hand we do see the predicted exponential decay at large N (Fig. 

6). Furthermore, all the measured slopes s(l) are described by the expression s(l) = -y,/ Ne, with 

a common value y, � 0.25. Although larger, the measured value is in the ballpark of the expected 

one (y, � .1 ). The sample thus exhibits a behavior that closely follows the expected one in the scale 

invariant model. Further studies will be required (using different sample densities and thus Ne) to 

determine if quantitative discrepancies are real or not. 
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Finally, we computed the f(a) after Eqs. 8 (a different approach may be found in Jones et 
al. 10l ). We start by computing the c.(1). At large N, the terms appearing in the c.(I) sums 
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behave as N•e-y, N/N, ,  which begins to decrease when N obeys y,N/Nc > q. Thus we cannot trust 

our calculations for values of q larger than y,Nmax(l)/Nc(l) , where Nmax(l) is the largest value for 

which we measured PN(l) . With our present number of iterations, this means that we cannot compute 

the c.(I) accurately for q ,::, 3. The spectrum we derive (for -6 < q by increment of 0.25) is shown 

in Fig. 7. Even though our estimated error bars are quite large, the results are consistent with an 

essentially bifractal behaviour, the J( a) spectrum exhibiting, as expected in the scale invariant model, 

two accumulation points around a = 0 and 1.5 ± 0.25 ( � 3 - 'Y ) , with appropriate amplitudes. 
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In conclusion, our results, though preliminary, lend support to the hypothesis that the non

linear evolution in a CDM Universe does yield a system whose behaviour is well predicted by the 

scale invariant model. In particular, the sample appears to be essentially a bifractal. In the future, it 

will be extremely interesting to assess the significance of the quantitative discrepancies we sometimes 

noticed. It is interesting to note that this specific scale invariance, if further confirmed, will single the 

gravitating system out of all other known statistical systems. 

This ongoing work is done in collaboration with R. Schaeffer (CEA-CEN Sa.clay), and M. Davis 
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ABSTRACT 

The mass multiplicity function (m.m.f.) in a Cold Dark Matter scenario is considered 
within the hierachical scenario for the origin of bound systems, from galaxies to groups and 
eventually to richer and richer clusters, for different statistical distributions of primordial den
sity perturbations. The resulting m.m.f. is compared with the original one derived by Press 
and Schechter for a primordial power law variance UAf oc M-(t/•+n/B) with the assumption 
of a constant value for the spectral index n. 

The evolutionary behaviour of the predicted multiplicity function is explored and the 
associated time scales are computed; the features of the rate of production and/or destruction 
of objects is considered in the source function. 

We test the predictions from our multiplicity function with the existing data on the 
optical luminosity function for groups and clusters of galaxies: this extends from 1010 7 
1014£0, even if it is not reliable especially in the group region. These data seem to require a 
primordial scale free spectrum with n ;S 1 and a considerable bias factor b "" 2: the possibility 
of non gaussian hierarchical statistics are not excluded. 

21 1 
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1 INTRODUCTION 

The clustering of galaxies could be extensively studied using the correlation functions (of 
higher and higher order) (Peebles 1980); an alternative analysis takes the hint to explore the 
statistical properties of the coagulation of the galaxian seeds into richer and richer aggregates: 
groups and clusters of galaxies. The latter approach goes on through the construction of a 
multiplicity function (Press and Schechter 197 4, Gott and Turner 1977) which is defined as 
the number density of independent collapsed systems with mass between M and M + dM. 

Once a multiplicity function has been obtained, the relative luminosity function can be 
derived, and its integrals, the counts and the redshift distributions, can be computed using 
standard relations {Weinberg 1972) .  

The assessment o f  a luminosity function depends not only o n  the statistical distribution 
of the mass perturbations but also on the physics of the considered systems. In fact , following 
Cavaliere and Colafrancesco {1988), in the case of the X-ray sources associated with clusters of 
galaxies, their luminosity function is obtained as a solution of a continuity equation (Cavaliere, 
Morrison and Wood 1971) 

8N = S - a(NL) 
at aL ' 

(1) 

while in the optical range the same quantity reflects the behaviour of the m.m.f. N(M, z) 
dM 

N(L, z) = N(M,z) aI" 

and the relation between M and L in the mass range 1013 + 1015 M0 is 

M (r;) � 100 + 300 

(2) 

(3) 

(see, e.g., Blumenthal et al. 1984) . At present we are interested in this latter case: the next 
step is the construction of a m.m.f. . 

2 THE MULTIPLICITY FUNCTION: A THEORETICAL APPROACH 

The comoving multiplicity function in its general form can be written down as (Lucchin 
and Matarrese 1988) 

N (M, z) = (1 + !) � I 
dP>;. 

I I 
drI(M, z) I M drI(M, z) dM , (4) 

where Pogr = Pcrlo is the background density of the universe and the factor f takes into 
account the infall of material induced by the growth of the perturbations: in the limit of 
complete infall f = 1. 

The statistical distribution of the initial overdensities, p( 8) , is considered through the 
quantity 

P>o. = ["' d8 p(8). 
'· 

(5) 

We first consider hierarchical statistics (see, e.g., Fry 1984) . The general form of P>o. is 

P>o. = {21r)-1t2"
8M C(8.)exp(-8; B(8.)/2,,L:) 

c 
(6) 
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and the following constraints hold C(8.) > 0, 0 < B(8.) < 1 ;  different hierarchical distribu
tions are characterized by different choices of the functions C(8,) and B(8,) (Lucchin and 
Matarrese 1988). 

For 8, we take into account values in the range 8, = 1 7 1. 7, depending on the presence 
of non-linear effects in the considered systems. 

Among non-hierarchical statistics we shall only consider the Peebles model (Peebles 
1983) for which 

1 52 52 dP>oo "" (2ir) - l/2 _ (1 + 4-d -l/<exp(-(1 + 42) 1/2/2) du UM UM UM 

approximately holds (Lucchin and Matarrese 1988). The variance 

c 1= u2(M, z) = (1 + z) -2 2ir2 0 dkk2+"T2(k)W2(kR) , 

(7) 

(8) 

normalized as u2(M, z)sMpo = 1/b2, where b is the biasing factor, contains all the informations 
on the time evolution of the m.m.f . .  

The primordial index n takes values i n  the range n ;:: 0 .5 t o  ensure the bottom-up be
haviour for the collapse of the fluctuations (Vittorio, Matarrese and Lucchin 1988). 

The primordial fluctuation spectrum in the adiabatic Cold Dark Matter scenario is as
sumed to be modified by a tranfer function (Davis et al. 1985) 

T(k) = 
1 

1 + ak + bk"/2 + ck2 ' (9) 

with a = l.7(00h2)-1Mpc, b = 9(00h2)-312Mpc312, c = (00h2) -2Mpc2. Cosmological 
parameters are h = H0/lOO km/s Mpc and 00 = 1 .  

A top-hat filtering 
3 W(x) = ;g(senx - xcosx) (10) 

(with x = kR) has been used. 
1n order to give prominence to the effects of the CDM scenario and to those of the 

statistics we explore the differences between the m.m.f. that we presently derive and the 
one firstly derived by Press and Schechter (1974) in its original and adapted form [simple 
Hierarchical Clustering Scenario (H.C.S.), see Cavaliere and Colafrancesco 1988] . The major 
differences appear in the source function, S(M, t) 

S(M, t) = dN(M,t) 
dt 

For hierarchical distributions the source function reads 

1 82 S(M,t) oc N(M,t) - [--f-B(8,) - 1] , t UM 

and a similar expression is obtained in non-hierarchical scenarios. 

(11) 

(12) 

As Fig.1 shows, the source term and the relative m.m.f. respectively for CDM spectrum 
and simple HCS differ drastically: this is essentially due to the use of a constant index 
n = 1 for the simple HCS. An effective index n,ff "" -1 7 - 1.5 is needed to recover an 
agreement between the two scenarios in the considered luminosity range (Lv/ L, � 0.01710): 
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Fig. 1 The source function and the relative multiplicity function in CDM and simple HCS; parameters 

are given on the right. 

this confirm the results previously founded by variuos authors (Kaiser 1986, Cavaliere and 
Colafrancesco 1988) . 

The use of power law spectra with u(M) � M-(l/Z+n/5 ) ,  correctly normalized to the 
observed variance (corresponding to the collapse of a mass M,(t0) "" 1015 M0, at the present 
epoch) , would reflect in the following situation: the collapse of higher mass systems is inhib
ited: their number density is lower than in the CDM case. 

If the real mass spectrum has a curvature, the Press - Schechter rendition could provide 
a good representation of the cosmogonic effects only with a choice of the effective index n , ff 
appropriate to the considered mass range: moreover, this balance results more and more 
difficult where the curvature of the spectrum is greater, i.e. , in the range 1013 -T 1015 M0 
on which we are particularly interested. Based on these considerations Cavaliere and Co
lafrancesco found a best value of n ,ff "" - 1.2. 

In the following we shall consider the full mass spectrum in attempting to derive the 
optical luminosity function (1.f.) of groups and clusters of galaxies. 

3 THE LUMINOSITY FUNCTION OF CLUSTERS OF GALAXIES 

The luminosity function for groups and clusters of galaxies can be now constructed. 
Generally speaking, the X-ray case requires the additional information on the Intra Cluster 
Plasma physics: this has been widely explored by Cavaliere and Colafrancesco ( 1988) and 
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Fig. 2 The local luminosity function for R ::0: 1 Abell clusters; data from Bahcall 1979. The fit is 

obtained with a b = 1.8 biasing factor 

Cavaliere, Colafrancesco, Lucchin and Matarrese (1988 in preparation). 
In the optical band the distribution of galaxies inside the systems is the only information 

as (M/ L) � canst. and the observed l.f. could provide a direct test for the models of the 
m.m.f . .  

In the construction of the l.f. our fiducial parameters are L , "" 1013 L0, corresponding 
to M,(t0) "" 1015 M0, when we adopt a value ( /f) � 100. 

Fig.2 shows that the local l.f. for Abell clusters is reproduced by our model with b "'  1.8 
and n "'  1. 

The extrapolation of this model to the Turner-Gott (1976) (hereafter T.G.) groups re
gion cannot fit the data: however, these data may suffer a number of uncertainties, namely : 
a) the possible relative normalization effects that could exist between the two different sur
veys, the Abell's one, that is distance limited, and the T.-G . one, that is magnitude limited; 
b) the identification procedure for the T.-G. groups, that is based on a purely statistical rule 
in which the contamination of the background galaxies could play a crucial role; 
c) due to this effect, the total luminosities for groups of galaxies may change by a considerable 
factor. Besides this, also the luminosities for rich Abell clusters could vary because of a lack 
of a tight correlation between Lv and the richness R. 

To these sources of uncertainties we must add, following Bahcall (1979), the presence of 
possible incompleteness effects as well as the data error estimates. 

Nevertheless, based on the fairly good fit to the rich cluster l.f., we may study the 
effects of cosmogonical parameters and of the statistics of the fluctuations on the observable 
distribution. Fig.3 shows the effect of different values of biasing on the same gaussian l.f.: the 
effects of non-gaussian hierarchical statistics reproduces at least qualitatively an anti-biasing 
behaviour that tends to flatten the l.f. at its bright end. 

A different normalization of the l.f. in non-gaussian scenarios could reproduce the T.-G. 
group distribution but not the sharp cutoff in the region of the Abell clusters, Lv ;:".; 1013 L0 
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and Hamilton 1984) and is given as an example of non-gaussian hierarchical statistic. 

(Fig.2) . 
The evolutionary behaviour of the l.f. is shown in Fig.4: note that in CDM scenarios 

the evolution of the l.f. is faster than that predicted by simple HCS, essentially due to the 
curvature of the fluctuation spectrum that allows smaller and smaller masses to collapse on 
shorter time scales 

Mc(t) ()( t2/3aoff ,  (13) 

where a,ff = (1/2 + n,Jf/6). The presence of biasing increases the evolutionary rate sim
ulating a "fast return to the past" , while non-gaussian hierarchical features slow down this 
rate. 

The evolutionary time scale for the m.m.f., r = N(M,t)/ I S(M,t) I ,  is shown in Fig.5: 
from this graph the dynamics of the present model for the hierarchical clustering is also easily 
recognized. 

4 CONCLUSIONS 

Based mostly on the present rich clusters luminosity function, our main conclusions are 
the following: 
i) the CDM scenario with a moderate biasing prescription b ;S 2 seems to reproduce the 
distribution of rich (R 2". 1) Abell Clusters; 
ii) the inclusion of a higher overdensity threshold ( 8c > L5) tends to increase the curvature 
of the bright end of the m.m.f., and for this reason, a lower bias factor is then required in 
order to match the observations; 
iii) the extension of the data about the local l.f. toward lower luminosities could provide strong 
constraints on the spectrum (np "" 0.5 7 1) and to the possible cosmogonical scenarios; 
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Fig. 4 Predicted luminosity function evolutions for a gaussian statistics with (dotted-continuous 

curve) and without biasing (dashed curves). 
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Fig. 5 The evolutionary time scale T s  of the multiplicity function v s  mass: t h e  presence o f  the 

asymptote identifies the characteristic mass Mc( t) which characterizes the assumed hierarchical clustering 

model. 

iv) the evolution into the look-back time of the m.m.f. would provide quite strong tests for 
biasing and for statistical effects. 
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According to our results, a better knowledge of the local luminosity function both in the 
optical and in the X-ray band (see Cavaliere and Colafrancesco 1988b in preparation) , would 
provide useful informations and tight constraints to cosmogonical and statistical effects. 
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QUASAR CLUSTERING AND COSMOLOGY : OBSERVATIONAL STATUS 

ABSTRACT 

Daniel K unth 

Institut d'Astrophysique de Paris, CNRS 

98bis, bd Arago F-75014 Paris 

The importance of quasars as probes to underline large-scale structures of the 
Universe is emphasized . Recent work on quasar clustering detection is discussed . The 
methods used to detect and characterize quasar clustering are analysed and compared 
within each other . The possible evolution with redshift of quasar clustering at small
scale separation is discussed and compared to other types of clustering at low and high 
redshift. Figures are given of typical survey sizes needed to significantely improve the 
present observational status. 
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INTRODUCTION 

The characterisation of large-scale structures in the Universe and the understand
ing of their evolution are of great interest for cosmology. This is relevant for the presence 
and composition of dark matter, in particular on scales at which fluctuations growth is 
still linear and brings interesting clues for the galaxy formation scenario. One of our 
hopes is to constrain the epoch at which galaxies are formed and decide whether large 
structures develop from isothermal or adiabatic fluctuations or any variation on these 
themes. Since quasars are by now, essentially the only so intrinsically bright objects to 
be seen beyond z=l and up to z larger than 4, they fill the gap between the universe as 
seen today and the early universe as observed from the microwave background radiation 
at z � 1500. If we thus consider quasars as good tracers of baryonic matter , one can 
use them over a large range in redshift to study large structures and their evolution 
over most of the universe lifetime . 

DETECTING QUASAR CLUSTERING 

The steep luminosity function of quasar and thier scarcity are the main observa
tional difficulties for quasar clustering detection. Indeed quasars brighter than 20 and 
21 have a surface density of only 8 and 20/ 2 respectively, whereas a typical super
cluster of few tens of Mpc will cover about 30 arcmin. on the sky at z=2 . Moreover to 
achieve a 3-dimensional analysis, redshifts must be obtained to better than li.z ,,,- 0.01 
since at z � 2 an 0.01 uncertainty in li.z corresponds to about 10 h- 1 Mpc. 

The first attempt to detect quasar clustering is due to Osmer (1981 ) and Webster 
(1982) who analysed complete samples but restricted to less than hundred objects. The 
low surface density of these samples hampered from drawing any concluding statement 
about quasar separation at small scales. On the other hand firmer limits have been set 
on correlations at scales larger than 100 h- 1 Mpc. Major surveys have been achieved 
these recent years, in particular an " avalanche" of papers have discussed at length two 
types of data sets. A first category deals with complete samples of typically 100 � 300 
objects down to limiting magnitudes close to 21 .  Second an attempt has been made to 
analyse general catalogues that are large (more than 3000 objects) but inhomogeneous 
by nature. A summary of the most recent papers devoted to the subject is given by 
Shaver (1988,a,b) . 

GHARACTERIZING QUASAR CLUSTERING 

The most widely used method to characterize quasar clustering is based on the 
derivation of the 2 points correlation function �(r) such that 
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Np = N(l + e(r) )  

where Np is the number of pairs of a given r separation in the sample under inves
tigation and N is the number of pairs of the same separation obtained from a random 
sample. It is required that random samples, generated by Monte-Carlo techniques be 
subject to the same selection effects than the observed sample. An alternative technique 
applied to the Veron catalogue was devised by Shaver ( 1984) to predominantly investi
gate small scales clustering and consists of considering pairs of small redshift differences 
separately from those of large differences. Kruszewski ( 1988a) using the same data 
corrected for inhomogeneities by assuming a particular parametric form of them. Both 
authors find that on scales from 0.1 to roughly 10 h-1 Mpc the correlation function was 
similar to the galaxy-galaxy correlation function at present epoch. Kruszewski further 
points out that e evolves with redshift in the sense that no clustering is seen beyond 
z=l.5 while it increases toward lower redshifts becoming almost as large as that of rich 
clusters of galaxies. Application of the scrambling technique to the Veron catalogue by 
Anderson, Kunth and Sargent ( 1988) gives consistent results with those of Shaver and 
Kruszewski . By adding up distinct homogeneous samples Iovino and Shaver ( 1988) 
detect clustering on comoving scales ::; 10 h-1 Mpc at 5 a level. A similar finding is 
tentatively reported by Shanks et al. ( 1988) who find QSO clustering at a stronger 
level than that expected for galaxies on a simple ' stable ' model for galaxy clustering 
evolution. When all the results are assembled, most studies do comfort the view that at 
small separations a positive signal comes from quasars of low redshift. This is illustrated 
in Figure 1 taken from Shaver (1987). As a function of redshift the amplitude of the 
quasar correlation function at 10 h- 1 Mpc increases rapidly with decreasing z,  more 
rapidly than that of galaxies assuming stable clustering and similar to that of present 
epoch of radio galaxies. However large uncertainties are still present, since very few 
pairs are contained in the lower separation bins. At larger scales Shanks et al. (1988) 
derive an observed correlation function close to zero consistent with an homogeneous 
Universe where QSOs well map the baryonic mass distribution . 

ANALYSIS OF QUASAR CLUSTERING DETECTION METHODS 

The scrambling technique : it is generally postulated that generated random sam
ples have the same global properties as the observed surveys but are known to be unclus
tered. Anderson et al. ( 1988) have examined the Veron Catalogue using a modification 
of the "scrambling" technique employed by Osmer ( 1981 ) .  This technique generates 
artificial quasar catalogues by randomly permuting redshift in the original catalogue. 
The underlying assumption is that selection effects in z are independent from a and 8. 
However Anderson et al. ( 1988) show that this assumption does not always hold and 
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of redshift taken from Shaver (1988a) from different studies as indicated . On the left 
axis are positioned the amplitudes of the correlation function at low redshift for galaxies 
( GG) ,clusters( CC) and radio galaxies (RR) . The two curves show the expected evolution 
for stable clustering. 
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leads to overestimate the correlation function E at all separations . Since the quasar 
distribution in a catalogue such as the Veron's cannot express as a product 

�(a, 8, z) = �(a, 8)�(z) (3) 
a situation such as the one sketched in Figure 2 may occur. In such an exam

ple, containing 2 disconnected regions, scrambling scatters points outside the observed 
domain. The density of the scrambling catalogue is therefore reduced , leading to over
estimating the correlation function. To reduce the magnitude of this effect Anderson et 
al. have divided the Veron catalogue into several shells in redshift and scrambled each 
shell separately. They find that quasars cluster on a scale of 9 h- 1 Mpc and 2.6±1.1 
times that among galaxies. Moreover in agreement with Shaver's results this effect oc
curs in the redshift interval 0.3 < z < 1 .4 and not at large z. However,by dividing the 
sample in smaller cells clustering is once again produced by a small number of pairs and 
yet possible systematic errors are not completely ruled out . More work is being done to 
demonstrate the validity of the scramble technique : we are applying the technique to 
the CFA galaxies and compare our results with those obtained by other method analysis 
( Moutarde et al.1988) 

Using homogeneous samples is in principle a far more secure procedure except for 
the small number of quasars involved . Table 1 summarizes results obtained by Iovino 
and Shaver (1988) by combining 3 independent data sets. Clustering is also dominant 

Table 1 : Homogeneous samples studied in Iovino and Shaver (1988) . The table il
lustrates the typical survey sizes that are used at present for quasar clustering studies. 
The total number of quasars is a strong fonction of the limiting magnitude. The to
tal number of pairs is indicated with 10 h-1 Mpc separation as well as the number of 
expected pairs. 

Authors ffilim Ilqao Ilpaira fl expected area 
( 0 2) 

Crampton 20.5 125 5.2 
et al (1987) 
Boyle (1986) 20.9 171 4 
Barbieri 19.5 80 10 
et al. (1988) 
Total = 376 19.2 

z < 1 .5 15 4.7 
z > 1.5 5 4 

(*) : references in Iovino and Shaver (1988) 
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Figure 2 : A example showing two disconnected regions in an (alpha,redshift) plane 
(2a) . Scrambling only redshifts while preserving the positions scatters points outside 
these regions and lowers the mean density of the scrambled catalogue ( 2b) . this results 
in an overestimation of the clustering. 
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on a scale of 10 h-1 Mpc-1 .  However their results are based on the detection on 
very few pairs : 15 are detected at z < 1.5 against 5 expected from Poisson statistics. 
Again a lack of clustering is noteworthy at z > 1 .5. Recent analysis from Iovino et 
al. (1988) and based on larger samples establishes beyond doubt clustering among the 
quasar population at a 5.5 a level . More work will now be devoted to investigate the 
evolution of such an effect and its dependence with other parameters such as quasar 
luminosity and/or radio properties. Caution must be made with respect to a possible 
contamination of lensed pairs the number of which should increase with redshift. 

WHAT DOES QUASAR CLUSTERING TELL US ? 

It is now widely accepted that quasars are associated with baryonic matter. Before 
discussing the significance of quasar clustering to the evolution of large structures in 
general one must elucidate the relationship between quasars and other objects and their 
interplay with their own environment. Recent IRAS studies suggest that ultraluminous 
objects have Seyfert spectra and that they evolve into classical optical quasars. Dis
tinction between different classes of AGN is predominantly related to the interstellar 
medium surrounding the source (Sanders et al. 1988) . At low redshift direct imaging 
has now shown that quasars are nested in the center of ordinary galaxies. Close associ
ation with galaxies - sometimes clearly interacting (Bothun et al.1982) - or clusters 
are numerous (Shaver 1987) . Yee (1987 and references therein) emphasizes that radio 
quasars tend to correlate with galaxies much stronger than radio quiet do consistently 
with the picture in which AGN are more numerous in clusters of high redshift (Dressler 
et al. 1985) . 

Less of such direct connections are available at high redshift. However quasar 
absorption lines permit to study the evolution of the correlation redshift much beyond 
where typical galaxies are directly observed. Heavy elements systems that contain strong 
lines due to H and heavier elements are shown to arise in a tenuous gas of near solar 
composition. Sargent and Steidel (1988) have shown that heavy elements redshift are 
strongly clustered on a scale from 200 to 600 km s- 1 .  Occasionaly studies of common 
heavy elements absorption redshift in pairs of quasars offer some indication of large 
scale distribution in the clustering of the absorbers (Sargent 1987) . Some views differ 
on how to interpret cases of common absorption systems in quasars. They could be due 
to either galaxies that are members of intervening clusters or superclusters or originate 
from extended halos of single galaxies. In either cases substantial masses on large scales 
are implied. The wide quasar pair Q1037-2704 and Q1038-2712 discovered by Jakobsen 
et al. (1986) has been discussed at length by many authors (Bohuski and Weedman 
1979, Sargent and Steidel 1987) . The most plausible explanation for the occurence of 
several common absorption redshifts in this quasar pair is that the two lines of sight 
traverse a large scale distribution of galaxies that belongs to a supercluster viewed from 
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a particular rare direction. Some doubts remain that common absorptions could simply 
arise from chance co"incidence (Cristiani et al. 1987, Robertson 1987) . 

The nature of the absorbers that give rise to the Lya forest is still a matter of 
debate . Some arguments have been given that they are associated with gas-rich dwarf 
galaxies that show less clustering than normal galaxies do . Carswell and Rees (1987) 
have argued that the flat correlation function of the Lya clouds implies that there is no 
evidence for voids such as the ones visible in the local distribution of galaxies . This 
suggestion has recently been strengthened and modelled by Iovino, Pierre and Shaver 
(1988). Webb and Carswell (1988) report weak clustering at z=2 with some indication 
for rapid evolution since no such clustering is detected at z=3. 

Clustering is revealed among a wide variety of objects . Many of them show stong 
redshift dependence in their overall properties but the observational data is not secure 
enough to allow any further comparison with theoretical predictions . 

�ONCLUSION AND PROSPECTS 

Oort (1981) has emphasized the reasons why superclusters should be detected at 
z=2.5 if they bear some resemblance with those known at present epoch. At z=O no 
quasar are known to be associated with optically found clusters or superclusters because 
quasar space density is far too low. Indeed at z=2.5 the situation differs markadly. 
Following Schmidt and Green (1983) models one finds about 2000 to 3000 quasars per 
Gpc3 brighter than -23.5 and -24.5 repectively . Assuming an overdensity of 10 in the 
matter distribution a supercluster of 100 h- 1 Mpc size (q0 =0.5) would nest about 10 
quasars per magnitude interval between -23 and -28. Superclusters should therefore 
be detected. I believe that not enough data has been accumulated for this purpose 
yet. Only chance discoveries or deep searches around known galaxies have provided us 
with few clear cases (Oort et al. 1981) .  Anderson et al. (1988) have estimated that 
magnitude limited samples should aim to B ::'.'. 21 to keep surveys of reasonable sizes 
and get enough quasars per single large supercluster. 

As a crude estimate, 60 square degrees must be surveyed down to a limiting magni
tude of 21 to obtain about 50 pairs with separations of less than 10 h- 1 Mpc. This figure 
is somewhat pessimistic because both clustering and density variations with redshift will 
increase the number of pairs. 
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THE EFFECTS OF BARYONIC INFALL ON THE HALO MASS DISTRIBUTION IN DISK 
GALAXIES 

ABSTRACT 
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13248 Marseille cedex 04 

France 

S imple numerical s imulations are used to study the effects of 
baryonic infall on the halo mass distribution in disk galaxies . Three 
populations are use d :  stars and gas , which are closely coupled through 
star formation , mass loss , cooling and heating , and a halo population 
which interacts only gravitationally . For several values of the star - gas 
coupling parameters and initial halo configurations we find final 
configurations with flat rotation curves . Some of them are maximum disk 
solutions with asymmetries suppressed (no m � 1 solutions ) ,  and some of 
them have such strong halos that bisymmetric disturbances are suppressed 
(no m � 2 solutions ) .  
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1 .  INFALL SCENARIO 

The observed rotation curves of spiral galaxies are flat or rising , and 

seem devoid of features which demarcate clearly the visible disk from 

the invisible halo contribution . This , as discussed by Bahcall and 

Casertano ( 1985 ) , argues for a conspiracy between these two components , 

and might be explained by considering their mutual gravitation 

interaction and settling down in a common gravitational potential during 

the formation process of a galaxy . 

In the framework of the infall scenario of galaxy formation , 

suggested initially by White and Rees ( 1 9 78 ) , the diss ipative material 

collapses in a pre - existing potential well formed by the halo material . 

Let us start with a protogalaxy composed of a homogeneous mixture of a 

fraction F of diss ipative baryons and a fraction 1 - F  of non diss ipative 

dark matter . As the dissipative material collapses , the non - dissipative 

material , which will be the dark halo , necessarily responds . Ryden and 

Gunn ( 1984 , 1 9 8 7 )  proposed a semianalytic model to calculate the halo 

respons e .  They assume that the dark matter is drawn inwards sufficiently 

slowly that the adiabatic invariants are conserved and that the disk 

does not respond to the change of mass distribution in the halo . However 

their results show a predominance of the halo in the central parts ( c f .  

their Fig . 1 3 - 15 ) . Blumenthal et al . ( 1 9 8 5 )  introduced one more 

assumption, namely that the orbits of the halo particles are circular or 

near c ircular , thereby permitting simple analytical solutions to the 

problem . We will hereafter refer to this as the c ircular adiabatic 

approximation. For the examples given in their Fig . 1 the final halo 

rotation curve is of the order o f ,  or exceeds , the disk rotation curve 

at every radius . 

The resulting models are thus in disagreement with the commonly 

accepted disk/halo decompos itions , which show a predominance of the 

baryonic mass in the central parts . Using constraints from the swing 

amplifier theory Athanassoula et al . ( 19 8 7 )  introduced two 

decompos itions : the 11no rn = l "  and the "no m = 2 11 •  If a disk has more 

mass than the "no m = l" solution it will allow the growth of m = 1 

components or asymmetries , while if it has less than the "no m = 2 "  it 
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will not allow two armed spirals . All maximum disk or "no m - l "  

decompos itions are dominated b y  the baryonic mass distribution i n  the 

central parts , and the halo and disk mass become equal at a radius which 

is of the order of the de Vaucouleurs radius (Athanassoula et al . ,  

1987) . Comparison of such decompositions with the adiabatic 

approximation models shows that the latter are not maximum disk or "no m 

- l "  solutions . Flores ( 1988)  concluded that the results of the infall 

scenario are incompatible with the standard maximum disk solutions . I 

will argue here that it is more correct to say that the assumptions of 

the circular adiabatic model are incompatible with the maximum disk 

h'ypothesis . 

Barnes ( 1986)  and van Albada and Sancisi (1986)  have used N body 

s imulations to follow the response of a halo to a slowly growing disk. 

Unfortunately in their simulations the disk is considered as rigid, 

which makes the conspiracy somewhat onesided .  Barnes ( 1986)  found that 

the orbits of the particles in his s imulations have large radial 

excursions . For such orbits one would expect lesser response than for 

circular ones and indeed Barnes shows that the analytical c ircular 

adiabatic model may overestimate the halo response by as much as a 

factor of 2 ,  compared to his s imulations . Furthermore , to particles on 

orbits reaching far out , the disk potential looks not far from spherical 

and thus the approximation used in the analytical approach of replacing 

the disk by the equivalent spherical mass distribution is more or less 

j ustified . 

2 .  NUMERICAL SIMULATIONS 

In order to follow the collapse of the baryons and its effects on the 

halo and test whether the maximum disk models can be compatible with the 

infall scenario , I ran numerical simulations , using a lD hydrodynamic 

scheme developped for a different proj ect in collaboration with K . H .  

Prendergast and S .  Morin . I n  many aspects i t  follows the scheme 

described by Chiang and Prendergast ( 1985 ) . I will give here only a very 

brief description of i t ,  more information being contained in a 

forthcoming paper . 

S ince the gas and the stars do not have the same behaviour , the 



234 

numerical s imulations of the infall and consequent halo contraction use 

three components ,  namely a halo population , stars and gas . The treatment 

is selfconsis tent and , when heating and cool ing are not included,  

conservative . Stars are formed out of gas according to a Schmidt- type 

law , and stars ej ect gas during their lifetime . The interstellar medium 

is heated from the ej ecta and cooled by radiation . The halo component 

contributes only to the total gravitational force . The final mass 

distribution is determined by the competition between cool ing and star 

formation. In real collapses angular momentum would be also o f  

importance . However this i s  not accounted for i n  the simulations , since 

a fully 3D problem is at present beyond the scope of our code . 

The protogalaxy is in all simulations a homogeneous mix,ture of a 

fraction F of gas and a fraction 1 - F  of non dissipative halo material 

within an isothermal sphere of core radius re . Its outer boundary is 

taken to be reflecting so that do not need to assume an outer radius 

for the halo . This configuration is in equilibrium even after 34 free 

fall times . 

One typical example is given in Fig . 1 .  This has F � 0 . 1 and 

initial re = 0 . 42 times the radial extent o f  the simulation . The inverse 

of its cooling rate is one third of the initial free fall time . Its 

heating rate is twice its cool ing rate and i ts mass loss rate a quarter 

of that . The star formation rate varies with time and position, since it 

is proportional to the gas dens ity .  At the beginning of the run the star 

formation rate is five times as high as the cooling rate at the center 

of the galaxy and half the cooling rate in the outer parts . 

Fig . 1 shows the " rotation curves "  of the three components for 

equally spaced times covering in total roughly 27  initial free fall 

times . The velocities are calculated simply from uj � )GMj ( r)/r where 

Mj ( r) the mass of a given component within a radius r ,  and j � 1 ,  2 or 

3 .  The upper panel corresponds to the stellar population . As s tars are 

formed from the gas the corresponding rotation curves rise monotonically 

with time to reach at the end of the simulation the short dashed line . 

The second panel corresponds to the gas . Its initial configuration is 

rather extended and has been plotted with a long dashed line . The gas 

collapses fast so that the maximum of the rotation curve moves sharply 

inwards . At the same time stars are formed out of the gas so that the 
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total mass in gas diminishes rapidly . At the end of the simulation 

roughly 95 % of the initial gas is in the form of stars . The third panel 

corresponds to the halo and shows clearly the inward contraction it has 

undergone . It is interesting to note that this is somewhat more rapid in 

the initial phases , where most of the baryonic mass is still in the form 

of rapidly collaps ing gas . It is thus not correct to distinguish an 

initial phase of rapid collapse of the gas followed by a more gradual 

phase of adiabatic infall of the halo material , s ince the two are 

simultaneous . It is clear that the stimulation has not reached 

stationarity , but evolution at the end is slow , so I stopped the 

s imulation. The lowermost panel gives the total rotation curve as a 

function of time . It is a very nice example of how, stating with a 

slowly rising rotation curve , one can end up with one which is flat .  The 

rotation curve stays flat a least till 1 6  rmax • where rrnax is the radius 

of the maximum of the stellar rotation curve . 

The relative contribution of each of the three components can be 

seen clearly in Fig . 2 .  The dot - dashed line gives the halo contribution, 

the long dashed line corresponds to the gaseous component and the short 

dashed line to the stars . The total rotation curve is given by a solid 

line . Note that within 2 . 5  rmax the disk material dominates , while 

further out the halo takes over . This is definitely a maximum disk 

solution , and shows that the latter is well compatible with the infall 

scenario . Furthermore this example is in no way unique , and maximum disk 

or "no m = 1 11 solutions have been found in many of the s imulations . 

These simulations have a large number of free parameters . Apart 

from the two describing the initial isothermal sphere ( e . g .  its central 

density p0 and its core radius re ) there is the fraction F of gas at the 

beginning of the run , the rates for star formation, gas loss , heating 

and cooling , and the exponent p for the Schmidt law. Other parameters 

could be introduced if more sophisticated heating , cooling, s tar 

formation and mass loss laws were introduced . For some combinations the 

end result was not at all a flat rotation curve , so that these would be 

dismissed as unphysical . I have made about 60 runs sofar , a number which 

does not permit to cover even superficially the whole parameter space 

but is big enough to give a feeling for the influence of some of the 

parameters . For example if the s tar formation rate was too low the final 
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Figure 1 (next page) : Rotation curves a)  due to the s tellar , b )  the 

gaseous , c )  the halo component and d) the total mass distribution at 9 
moments of the run . The rotation curves corresponding to the last moment 

of the run are plotted with a short dashed line , and the initial gaseous 

rotation curve with a long dashed line . 
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Figure 2 : Relative contribution of each of the three components to the 

total rotation curve . 



0
 

Al
!JO

Ut.
 

§ 

' l 

\ \ 

AU
J0

13i\
 

§ 

AU
J0

13il
 

0
 

� 
� 

0 
0

 
a:

 
le 

a:
 

0
 

§ 
!'=' 

AU
J013i\

 



238 

gas and star configuration could be described as one fat baryon in the 

center·. Amidst the s imulations whose final result was a flat rotation 

curve both maximum disk or 11no m = 1" solutions and "no m == 2 11 solutions 

could be found . 

The results of these simulations can be also used to check the 

accuracy of the circular adiabatic approximation , which overestimates 

the response of the halo . This , as could be expected, is more pronounced 

for high disk to halo mass ratios than for low ones , and for flat 

rotation curves compared to slowly rising ones . Within a few disk scale 

lengths from the center the differences between the halo rotation curve 

calculated from the simulation and that resulting from the circular 

adiabatic approximation may be as high as 30 - 40 % .  This leads to 

discrepancies of the corresponding halo masses of up to a factor of two , 

in good agreement with the results by Barnes ( 1986 ) . The differences of 

the slopes of the halo rotation curves can, however ,  be much higher than 

a factor of two , and may even have different signs . The same holds for 

the slopes of the total rotation curves . 
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From a stellar population model based on evolution theory we build a self consistent 
dynamical model of the Galaxy through the Boltzmann and Poisson equation. We show that 
comparisons of model predictions with general star counts give strong constraints on the 
dynamical mass density in the solar neighbourhood. A best fit solution is obtained with a 
model including a small unseen-mass disc of density .01 Mopc-3 and 600 pc scale height. 
The total dynamical mass density in the solar neighbourhood ranges between .09 and . 12 
M0pc-3. These values are well compatible with published estimation of the observed local 
mass. 

These values conflict with the large amount of unseen mass derived by Bahcall. So 
we reanalyze the density data he used, based on spectral type surveys by Upgren. We discuss 
the fit of Bahcall's density models on the original Upgren star count data through the 
classical Bok's m-log7t table. We show that, due to the poor statistics and non poissonian 
fluctuations of observed counts, mosJ Bahcall models are compatible with the data 
(including models without unseen mass as well as the ones with large amounts of missing 
mass). The m-log7t method is shown to provide estimates of the density that are significantly 
biased towards getting too much missing mass. 
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I- INTRODUCTION 

The determination of the mass density in the solar neighbourhood is one of the first 

tests about the existence and the composition of dark matter. Locally it is possible to 

measure the potential to which stars are submitted and then to dynamically determine the 

local mass density. On the other hand, assuming the contributions of all observed objects one 

gets the seen mass density. After the pioneering works of Oortl ,2) and Hill3) on the local 

stellar dynamics some evidence was found that the dynamical mass was larger than the 

observed one. 

The total observed mass density is composed as follows4) : 

- Interstellar matter (ISM): 0.04 M0 pc-3, which includes neutral hydrogen (.021), molecular 

hydrogen5) (0.007), helium (0.01) and interstellar dust6) (0.002). Sanders et aI.7) report a 

larger value (.05 M0 pc-3) for the total ISM density. The uncertainties in deriving the HII 

density from CO observations may be as large as a factor 2 and apply to the major 

contributor to the ISM mass density. Hence the adopted 0.04 M0 pc-3 should be considered 

as a low estimate. 

- Stars: We have recently synthesized stellar contributions in a global model. According to 

this model disc stars contribute to the local mass density for a value of .044 M0 pc-3. Halo 

stars make a negligible part. The synthetic model of the Galaxy is described below. 

Most determinations of the local dynamical mass density are based on the same 

method: A spectral type survey toward the galactic poles provides homogeneous star 

samples to be used as density tracers. Together with an estimation of their velocity 

distribution such samples give constraints to the Kz force. They give access to the local 

density, and to some extent to the z density distribution of the whole mass2,4,8,9,10). These 

approaches are limited by the size of the star samples and the difficulty of satisfying a proper 

"homogeneity" criteria. A detailed track of such works can be found in the successive reports 

of IAU commission 33 1 1 ). Estimations of the dynamical mass density obtained through this 

method range between 0.08 and .25. This leaves room to a large amount of missing mass as 

well as none. Most recently Hill et al.4) obtained . 14 Mo pc-3, and Bahcal19,10) obtained 

values ranging between . 18  and .23. These latter values imply that at least half the total mass 

density is not seen in the solar neighbourhood (the so-called missing mass. For comparison 

let us remind that the local density of the massive corona - the dark matter- imposed by the 

shape of the rotation curve is no more than .01 M0pc-3). Actually complete precision studies 

are seldom associated to these estimations. We show in Sect. 5 and in Creze et aJ.2) that 

errors are larger than usually emphasized. 

We describe here a new method to measure the vertical scale heights of the disc stars 

and therefore to constrain the vertical potential. The observational constraint is provided by 

general star counts of magnitude ranging between 6 and 22, towards various galactic 

directions. This method is shown to give strong constraints on the density and scale height of 

an hypothetical disc of missing mass. 
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We use a synthetic model of galactic stellar populations described in Robin and 

Crezel3). This model was based on three main ingredients: (a) a distribution of ages for the 

various stellar species in the solar neighbourhood, derived from considerations on star 

formation and galaxy evolution; (b) an age-velocity dispersion relation derived from 

kinematic studies; ( c) a velocity distribution/density law relation resulting from the Oort 

potential. In order to achieve dynamical consistency we now drop hypothesis (c) and do not 

impose any a priori shape of the galactic potential towards the galactic poles: the stellar mass 

density distributions generated by the population model are supplemented by interstellar 

matter and unseen mass contributions (including corona, bulge, and hypothetical unseen 

mass disc). All these mass components, entered into the Poisson equation, impose a 

potential. Corona and bulge parameters are adjusted until the potential produces an 

acceptable rotation curve. The new potential combined with the above quoted velocity 

dispersions in the Boltzmann equation, produces a modified density distribution for each 

stellar component. The process is iterated until the mass model stabilizes thus producing a 

self-consistent solution. 

A series of self-consistent mass models has been generated under different hypotheses 

on the unseen disc component. Two types of observational constraints are used in order to 

discriminate acceptable models: 

- Density distribution of all stellar components are used to predict general star counts. The 

predicted counts in magnitude and colour are then compared to observations over a wide 

range of magnitude (V from 6 to 22). The goodness of fit is estimated using a likelihood 

computation scheme. These comparisons mainly constrain the mass distribution 

perpendicular to the galactic plane. 

- The potentials generate rotation curves which are also compared with observations. This 

comparison mainly constrains the central bulge and the corona mass distribution. 

In Sect. 2 we summarize the philosophy and main ingredients of the stellar population 

model. In Sect. 3 we describe the mass model and the resolution of the equations to get 

dynamical self consistency. In Sect. 4 we show how general star counts strongly constrain 

the disc scale heights and consequently the potential and are consistent with no missing mass 

disc in the solar neighbourhood. In Sect. 5 we reexamine previous attempts to determine the 

Kz force, we compute the statistical errors and show that data used so far in such analysis in 

the magnitude range within which homogeneity and completeness can be assessed are 

unable to produce definitive conclusions on the existence or non existence of a local missing 

mass disc. 

2. THE MODEL OF POPULATION SYNTHESIS 

2.1 Mainsprings 

Any attempt to predict the apparent distribution of observable properties of stars in a 

given field of view is based on the equation Gf stellar statistics : 
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A.(m)= J cp (M) p (r) m r2 cir (1) 

A.(m) is the number of stars with apparent magnitude m in the solid angle m, M the absolute 

magnitude and r the heliocentric distance. Since the density p(r) as well as the luminosity 

function cp(M) may be extremely different depending on population, equation (1)  breaks in a 

sum of components with different p and cp. 

Equation ( 1 )  is commonly used as an integral equation for p(r). Solving this equation 

involves a number of numerical problems14,15). The synthetic approach consists in making 

assumptions on both p and cp for all components and then attempting to reproduce A.(m) by 

trial and errors. In order to reduce ambiguities, observations in various galactic fields, using 

different filters and combining different kinds of information (magnitudes, colours, proper 

/motions, radial velocities, etc.) are used. 

Our specific approach is based on outsets directly derived from current pictures of 

galactic evolution : stars born at the same epoch of galactic life have been formed out of 

similar interstellar medium, their space and velocity distributions reflect a common 

dynamical history, while their mass distribution at birth (Initial mass function) defines the 

way they have spread in the HR diagram. 

On these grounds, we first try to define a distribution $(Mbol. Teff, Age) of the 

number of stars per cubic parsec in a given cell of the HR diagram, with ages in a given 

range, near the Sun. cp, if perfectly known, would define the stellar content in the solar 

neighbourhood. Chemical composition is introduced in the same way through the relative 

frequency of stars with a given metal content Z, 'l'(Z, Age). 'I' is allowed to vary along a 

galactic radius. Since the age is a driving parameter of density distributions as well, it will 

govern the process of deriving how many stars of each kind are to be expected everywhere in 

the galaxy. 

Once the distribution of intrinsic properties of stars in the solar neighbourhood is 

specified, numbers of stars with similar properties throughout the galaxy can be obtained 

provided that the density p (r,l,b,Age) is known. 

N = 'I' cp p r2 cosb di db dr (2) 

The coordinates r, 1, b, and intrinsic properties of stars near this point being fixed, one can 

derive their contribution to observations from the earth in any specified pass band (assuming 

that necessary calibrations are available). It is worth noting that usual ambiguities in deriving 

intrinsic parameters from photometric measurements vanish here. Then a trivial integration 

along any specified line of sight can be performed using a step method. 

Extinction is taken into account by using a space distribution of the absorbing 

material scaled to a mean density of diffuse interstellar dust near the sun. Detected 

inhomogeneities can be introduced as well. 

2.2. Ingredients 

2.2. 1 .  Age distribution of disc stars 
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We have used the Rocca-Volmerange evolution mode116,17): A 3-slope Initial Mass 

Function, stellar birth rate proportional to the mass of gas, one zone with instantaneous 

recycling. Starting with a given mass of gas, stars are formed according to the stellar birth 

rate and they evolve along standard evolutionary tracks. After 10 billion years of evolution 

we get the number of stars in each bin of the 3 dimensional HR diagram. It produces the 

function cp(Mbol. LogTeff, Age) for the disc stars. 

The luminosity function derived by Wielenl 8,19) from the catalogues of Gliese20,21) 

is our most direct access to the luminosity distribution of stars in the solar neighbourhood. 

We use it as an overall marginal constraint to our function. The Michigan 

Catalogue22,23,24) is used to derive the absolute magnitude spectral type distribution of 

stars of magnitude -2 ::; Mv ::; 2. 

2.2.2. Spheroid 

The luminosity function has been adopted from the mean globular cluster luminosity 

function from Da Costa25) for stars brighter than Mv = 6. It includes the so called globular 

cluster feature (i.e. a significant dip between Mv = 2 and 4.5). It has been extended 

faintwards parallele to the Wielen luminosity function 0.21 bluer in B-V. Comparisons to 

remote star counts lead to give to the spheroid stars a 1 .4 10-4 stars pc-3 local density. 

2.2.3. Intermediate population 

The typical sequence used for this population is the one of the relatively metal rich 

globular cluster 47Tuc with a density normalization of 1 .6% of the disc. This value is not 

yet well constrained by star counts and could be change by a factor of 2. 

3. GETTING DYNAMICAL CONSISTENCY 

3.1 The mass model 

The model of stellar populations allows to build a mass model of the Galaxy as 

follows: we compute the contribution to the potential of the stellar components using 

standard mass-luminosity relation. To these components we add : 

- A disc of interstellar matter (ISM) with a double-exponential density law. The ISM radial 

distribution is assumed to be similar to that of the young disc with scale length 4500 pc. We 

adopt a local density 0.04 Mo pc-3 and scale height 140 pc, in agreement with Spitzer's 

determination26) (respectively 0.045 M0 pc -3 and 125 pc). 

- A central bulge modeled by a point mass. The precise shape of the bulge is poorly known 

and is usually deduced from Ill or CO rotation curve in the innermost part of the Galaxy: 
- A corona of matter (the "dark halo"). This component is needed to explain flat rotation 

curves at large radii in spiral galaxies27). Evidence for such a component is more indirect in 

the case of our own Galaxy (escape velocity of stars, velocity dispersion of spheroid 

material28,29) and uncertainties in modeling the mass and distribution of the unseen coronal 
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matter are accordingly larger. The core radius re and the central density Pc are constrained 

by the rotation curve. 

- An Unseen-Mass Disc (hereafter UMD) is added to take into account the unseen matter in 

the solar neighbourhood suggested by Oort. The adopted Pumd density law is a double 

exponential with scale length 4500 pc. The local density Pumd is allowed to vary between 0 

and 0.12 Mo pc-3 and the scale height h umd between 200 and 1000 pc. Dynamical models 

involving a wide range of UMD were tested. A set of representative models have been given 

in Table 2 of Bienayme et al30). Outside this range of parameters models give too massive a 

UMD incompatible with the rotation curve or/and are unable to match observed star counts 

(see Sect. 4). We have also tried different functional forms for the UMD. These latter forms 

do not play a critical role in potential computations. 

3.2 Dynamical constraints 

Each set of UMD parameters (Pumdfhumd) produces a different galactic mass model. 

For each model the remaining free parameters are set by dynamical constraints : (1) the 

observed rotation curve defines the bulge and corona characterics, (2) the first order moment 

of the collisionless Boltzmann equation defines the thicknesses of each of the stellar discs. 

3 .2.1 .  Constraints from the rotation curve 

In a first step we give numerical estimates for the unknown quantities MB, Pc. re 

(bulge and corona parameters), and disc thicknesses (i.e. eccentricities), and we adopt one of 

the UMD's from the set. We numerically solve the Poisson equation. We thus obtain a first 

guess of the potential <l>(r,z) and the radial force Kz (r, z). Data are taken from Caldwell et 

aI.3 1 )  assuming R0 = 8.5 kpc and a circular velocity at the solar radius V 0 = 220 kms-1  

Corona and bulge parameters are then determined by fitting the predicted rotation curve to 

the data. We obtain a new potential that satisfies the first dynamical constraint and use it in 

the Boltzmann equation. 

3.2.2 Constaints from the Boltzmann equation 

The first order moment of the collisionless Boltzmann equation for an isothermal 

stellar population with mass density p(r,z) and a mean velocity dispersion crw can be 

expressed as32) : 

- <I> (r,z) + <I>  (r,O) = crw 2 In (p (r,z) I p  (r,O)) (3) 

where we have neglected the cross terms < Yr Vz> assuming radial and vertical motions to 

be decoupled. This approximation limits the validity of Eq. (3) to z = ±1 kpc above the 

galactic plane for r = R0. Equation (3) is valid for each stellar disc component old enough for 

its velocity distribution to have achieved relaxation, to an isothermal state. For this reason 

the youngest stellar component (age<I09 yr) is not bound to satisfy Eq (3) and its axis ratio 

has been fixed to 0.014. We use an age - crw relation adapted from Mayor33). Playing with 

the disc thicknesses, we adjust the disc density distributions until Eq. (3) is accurately 

satisfied, at least within 1 kpc out of the galactic plane at the solar galactic radius. 
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Since we solve Poisson and Boltzmann equation separately we do not obtain a 

potential satisfying both constraints. So we come back to the rotation curve to fit again the 

bulge and corona parameters. We iterate the process (figure 1 )  until the potential and the 

parameter changes get small enough (less than 1 %). The process converges in two or three 

iterations. 

Density of 
Stellar discs 

Stellar discs 

Intermediate population 

Spheroid 

I Interstellar matter I I Bulge, Corona I � 
I Unseen Mass Disc (UMD) I I 

$" 
c: -� � 

(i='otentia1) 

i 

Rotation 
Curve 

/ 
Comparison predicted/observed star counts 

(maximum likelihood) 

Figure 1 :  Scheme of the method used to get a self consistent galaxy model constrained by 
the rotation curve and general star counts. 

4. CONSTRAINTS FROM GENERAL STAR COUNTS 

So far we have obtained a set of dynamically consistent models differing from each 

other by the density and thickness of the UMD and consequently by the shape of the old disc 

subcomponents, and by the corona. The star count predictions from different models will be 

different due to their scale heights and ellipticities. The resulting set of models is used to 

compute star counts. Comparison to observational data leads to reject unreliable models, i.e. 

unacceptable UMD hypotheses. 

4.1. Observational data 

Observations used to constrain the model cover a wide range of magnitude (from 6 to 

22 in V) and a set of directions at high and intermediate latitudes (galactic poles, Aquarius 

and Serpens ( l =  37°, b = ±  51°), SA68 (l = 1 1 1 °, b = 46°), SA94 (1 = 175.3°, b = 49.3°). 
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Data are from the data base of the Centre de Donnees Stellaires (CDS) for bright stars and 

various authors34,35,36,37,38,39,40) for stars fainter than 9. 

4.2. Method 

For each model we compute the likelihood of the whole set of data under the 

hypothesis that this model is correct. The maximum likelihood method is described in 

Appendix C of Bienayme et a130). It gives the best estimates and rejection limits. 

Considering all data the maximum likelihood is obtained with the model with a UMD 

of 0.01 local mass density and 600 pc scale height. The acceptable range lies between no 

UMD at all and a UMD density 0.03 Mo pc-3. Scale heights of the exponential unseen mass 

component range between 300 and 800 pc, its surface density between 0 and 24 M0 pc-2. 

Table 1 summarizes the mass density and surface density of all components in the 

case of the best fit model. The age-velocity dispersion relation is also given for the stellar 

discs. Details of the fitting procedure and comparison to star counts are extensively given in 

Bienayme et a130). 

Table 1 .  Mass density and surface density of all components of the best fit model in the solar 
neighbourhood (* indicates sum without the corona). 

Population Mass density Surface density Velocity dispersion 
Mo pc-3 Mo pc-2 km s-1 

Disc age (Cyr) 
0-0. 1 5  7.40 E-04 a.on 6. 
0.15-1 6.78 E-03 2.397 1 0. 

1 -2 3.93 E-03 2.261 14. 
2-3 4.47 E-03 3.7 10 1 8.5 
3-5 5.42 E-03 5.878 23. 
5-7 7.02 E-03 8.402 25. 

7-10 1 .52 E-02 1 8. 197 25. 
Total stellar disc 4.36 E-02 40.937 

Intermediate pop. 5.28 E-05 0.158 
Spheroid 5.28 E-06 0. 1 55 
Interstellar matter 4.00 E-02 1 1 .2 
Corona 7.90 E-03 

Unseen mass disc 0 - 0.03 0. - 24. 

TOTAL 0.092 - 0. 1 2  52.0 - 76.0* 
0.084 - 0.1 1 * 

5. UNCERTAINTIES ON BAHCALL DETERMINATION 

The result described above conflicts with the large amount of missing mass derived 

by Bahcal19,10) in a reinvestigation of density laws produced by Upgren41 ,42) for F dwarfs 
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and K giants on the basis of spectral type survey. We suspected that the discrepancy was due 

to a drastic overconfidence placed on the constraint imposed by Upgren star counts on the 

density law : Bahcall did not directly use star counts as constraints to his models, he used 

densities derived from smoothed counts by other investigators through the m-log7t table. He 

emphasized that Poisson fluctuations were negligible compared to systematic uncertainties. 

We show that, due to the poor statistics and non poissonian fluctuations of observed counts, 

most of Bahcall's models are compatible with the data (including models without unseen 

mass as well as the ones with large amounts of missing mass). 

5.1 The data 

The data under consideration come from a spectral survey on objective-prism spectra 

by Upgren4 l ,42) in the north galactic polar cap. The survey covers 134 square degrees for F 

dwarf sample and 396 for K giants. The shape of the density law of homogeneous sample 

towards the galactic poles is expected to provide a tracer of the potential. 

K giant samples offer several advantages: being intrinsically bright, they can be used 

to trace the potential away from the galactic plane. Furthermore being old on average, even a 

substantial age mixture does not alter drastically the velocity dispersion. However, beyond 

500 pc off the galactic plane, unrecognized Population II giants may contribute to the giant 

star counts. Other difficulties arise from the fact that the local giant density is so small that 

the zero point of the density law cannot be easily estimated, and that the absolute magnitude 

of KO to K5 giants is poorly known due to the difficulty of getting good parallaxes for a 

significant number of these stars. 

F dwarfs are more numerous locally and their calibration seems well established. 

However to get a better statistics we have to consider spectral types FS and F8 altogether 

although the density law of each type separately indicates that they have not exactely the 

same scale height4). The second point is that Bahcall used smoothed Upgren's data such that 

Poissonian uncertainties cannot be taken into account. 

Another independant K giant sample has been recently observed43) towards the south 

galactic pole within 81 square degrees. Although it is in a smaller area than Upgren's, and 

subject to the same contamination by population II stars, it is still worth using for a m-log7t 

determination of the density law. 

5.2 Bahcall densities versus Upgren counts 

Upgren derived the density law from his star counts assuming that the luminosity 

function is known. This is currently achieved through the classical m-log7t table44) after 

smoothing the A(m) curve. The method is equivalent to integrating numerically the equation 

of stellar statistics (eq. ( 1 )) in the case of an homogeneous sample. 

B ahcall fitted his model densities to Upgren's densities obtained by this method. In 

the following we reverse the process and introduce Bahcall density models in equation (1) so 

as to compute predicted counts. These counts are then directly compared to raw star counts. 

We also keep all Bahe.all's hypotheses concerning the luminosity function and the density 
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laws: each law corresponds to a potential derived under each assumed unseen mass disc 

proportional to the observed disc density. Models differ from each others through the 

proportionality factor P from P=O.O to P=2.0. The luminosity function is a gaussian defined 

by a mean magnitude and a dispersion. 

m-log7t tables allow to get the star counts A(m) deduced from Bahcall models with 

various missing mass. Detailed description of the method can be found in Creze et al 12). 

To compare model predictions with observed counts.we use the maximum likelihood 

method. We applied this method to derive F dwarf count predictions from 3 Bahcall models 

with missing mass parameters P= 0.0, 0.97 and 2.0 corresponding to a local mass density 

0.1 , 0.2 and 0.3 Mo pc-3 respectively. For K giants we only apply to models P=0.5 and 1 .5 

since density laws for others were not published by Bahcall. Bahcall decided to limit his fit 

to 200 pc for F dwarfs and 600 pc for K giants. He stated that beyond these limits the 

samples may be substantially contaminated by higher velocity stars. Consequently only stars 

brighter than B= 10 actually contribute to the fit. 

In the case of F dwarf sample we obtain high likelihood values for the models 0.0 and 

0.97 while the model P=2.0 is completely ruled out. On figure 2a, Upgren's raw data are 

compared with Bahcall model between magnitudes 6 and 10.Error bars on raw data are only 

1 sigma Poisson error. It shows that the only points that really constrain the fit are at 

magnitude B=9.5 and 1 0. 

In the case of K giants figure 2b show the comparison between Bahcall models and 

Upgren and McNeil samples respectively. Error bars are even larger and both Bahcall 

models with P=0.5 and P=l .5 are compatible with the data. 

F dwarfs � K Giants 
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Figure 2: Comparison of star counts with Bahcall models with various missing mass : (a) F 
dwarf data from Upgren and missing mass models P=O, 0.97 and 2. (b) K giant data from 
Upgren (plus signs) and McNeil (squares) and missing mass models P=0.5 and 1 .5. Error 
bars account for 1 sigma of Poisson statistics. 

To be able to put quantitative error bars on the estimation of the missing mass from 

those samples, we made a simulation to estimate the probability distribution of the actual 

parent density law given a star count sample. The detailed process is described in Creze et 
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al.12). The probability distribution has been found asymmetric such that the estimation of a 

best fit model is biased towards lower scale heights i.e. towards more missing mass. 

However the dispersion of this distribution is so large that any Bahcall model from no 

missing mass to 150 % of missing mass are compatible with the data. 

Another important lesson of these numerical experiments is that simulated counts, 

although based on realistic hypotheses and including random observation errors are far more 

regular than actual ones. This means that real samples are not just random achievements of 

the parent laws we · are trying to find. There are certainly selection effects and 

incompleteness effects and possibly failures in discriminating spectral classes or irregular 

systematic errors in the magnitude scale which make the result even more uncertain. 

Thus we conclude that there is very little information relevant to the mass density in 

the galactic plane available in this F dwarf sample and even less in the K giant ones. Finally 

there is no real conflict between Bahcall's results if we take into account the uncertainties 

and the much more severe constraints derived from general star counts, supporting the 

conclusion of little or no missing mass in the disc. 

6. CONCLUSION 

The quite small value of missing mass in the solar neighbourhood deduced from our 

galaxy model is well inside uncertainties on the observed mass density, specially on the 

interstellar matter. We have set an upper limit to the local density of any disc-like dark 

matter. Anyway it does not rule out hypotheses of any kind of dark matter in the galactic 

halo. Our model includes such a dark corona necessary to fit a flat rotation curve. The local 
density of this spherical corona is small (.008 M0pc-3). The effect produced by a small 

Unseen Mass Disc is similar to the one we would get from a flattened corona. 

Some new evolution models have been made recently by Larson45) among others to 

account for the large amount of missing mass claimed by Bahcall. This model creates dark 

matter in the form of very cool white dwarfs using a bimodal initial mass function with 

decreasing Star Formation Rate for the high mass mode and a fast white dwarf cooling time. 

Our result rules out this scenario. 
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The constraints on the universal energy density and cosmological constant from 
cosmochronological ages and the Hubble age are reviewed. Observational evidence for 
the galactic chemical evolution of the heavy-element chronometers is described in the 
context of numerical models. The viability of the recently discovered Th/Nd stellar 
chronometer is discussed, along with the suggestion that higl;i r-process abundances in 
metal-poor stars may have resulted from a primordial r-process, as may be required by 
some inhomogeneous cosmologies. 
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I. INTRODUCTION 

The evolution of heavy-element abundances is connected with the dark matter theme 

of this conference in two ways. On the one hand, the heavy-element abundances provide 

cosmochronological ages which when compared to the Hubble age yield an independent 

indicator of the value for present universal energy density, and hence t
,
he total amount 

of dark matter 1 l .  On the other hand, as we have already heard at this conference2l ,  

cosmological models i n  which the universe i s  presently closed by baryonic dark matter 

require that primordial nucleosynthesis occur in an inhomogeneous environment. In 

such environments,  the constraints from observed light elemental abundances can be 

satisfied, However, the preliminary results from these models seem to indicate that at 

least some heavy-element (r-process) nucleosynthesis is unavoidable. Regarding both of 

these points, considerable data has accumulated recently3-5l which significantly clarifies 

the history of the galactic abundances of heavy elements and even provides 7) for a new 

stellar nuclear cosmoclironometer. This paper discusses heavy element galactic cliemical 

evolution in the context of these data. 

II. NUCLEOCOSMOCHRONOLOGY AND DARK MATTER 

The connection between nucleocosmochronology and the universal energy density 

has recently been reviewed in detai!1 l .  The essential connection is simply obtained from 

the Friedman equation for the universal expansion rate (or inverse Hubble time, T0) in 

the present matter-dominated epoch, which we write as 

2 1 [ R] 2 s kc2 
Ho = n = R = 37rGpc(l1 + -A) - R2 (1 ) 

where Ho is the present value of the Hubble constant, R is the scale factor, Pc is the 

critical mass-energy density necessary to close the universe, fl is the ratio of the present 

baryon density to the critical density, A corresponds to a cosmological constant in units 

of the critical density, and k 0, ±1 is the curvature parameter, (For the purposes 
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of this discussion, we neglect speculation on any contribution from nonbaryonic dark 

matter.) 
Inflationary cosmology requires that n + .A  = 1, i .e.  k = 0. With this constraint, 

there are simple analytic relations1> between the ratio of elapsed time to Hubble time, 

t0/To , and r!: 

n < 1, .A > O; 

n > 1, .A < O; 

to/To = 2 
112 tanh-1 (l - r!)1f2 > 2/3 3( 1 - n) 

n = 1 ,  .A = O ;  to/To = 2/3 

to/To = 2 
112 tan-1 (r! - l)112 < 2/3 3(n - 1) 

(2a) 

(2b) 

(2c) 

Estimates of the age of the universe based on actinide chronometers range from 10 

to 20 Gyr8 •9) . The uncertainty in the chronometric age can be traced in large part 

to uncertainties in the nuclear binding energies, fission properties, and the beta-decay 

strength function for nuclei near the termination of the r-process path, as well as the 

uncertainty in the galactic chemical evolution parameters described here. 

As far as nuclear properties are concerned, we note that recent calculations8•10l 

which utilize a more consistent set of beta-decay strength functions and fission barriers 

favor a lower galactic age ( c.f. 1 1 .0 ± 1 .6 Gyr1> ; 13.5 ± 1.2 Gyr10>) . With a chronometric 

age for the universe of 10 - 15 Gyr and a Hubble constant of 58 ± 5 km sec-1 Mpc-1 

from SNI light curves1l , the ratio of chronometric time to Hubble time becomes t0H0 = 

t0/T0 = 0.6-0.9 for which 0 . 1  < n < 1.5 from Eqs. (2a-c) . Note, however, that other 

determinations of the Hubble constant from SNI's11 ) and SNII's12) , including SN1987 A, 

deduce a larger uncertainty, Ho = 60 ± 15 km sec-1 M pc-1 .  This larger uncertainty 

would imply a larger range for n. 
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III. Th/Nd COSMOCHRONOLOGY 

The lower limit to the present value of n is set by the upper limit to the galactic age. 

Therefore we were particularly intrigued by the recent observations of Butcher 7) of the 

Th/Nd line ratios in G-dwarfs. These data represent the first measurement of an actinide 

chronometer outside the solar system. They were interpreted in Butcher7) to represent 

an upper limit of 9.6 Gyr to the galactic age. However, that conclusion was obtained 

by assuming equal production functions for Th and Nd and a linear approximation 

to the variation of Th/Nd with time. We have reanalyzed these data in the context 

of numerical separable galactic chemical evolution models which explicitly take into 

account the different nucleosynthetic origins of Th (r-process) and Nd (50% s-process + 
50% r- process), as well as the loss of Th and Nd from the interstellar medium due to 

star formation and radioactive decay. We use the Miller-Scalo13) initial mass function 

and variable infall rates of extragalactic material depleted in heavy elements. Figure 1 

shows an example14) of numerical models for different galactic ages. Depending upon 

whether or not we include the secondary dependence of s-process Nd on the preexisting 

Fe abundance, we deduce 3a upper limits to the galactic age of 13 to 18 Gyr. Thus, the 

galactic age is not constrained by these data to be less than 10 Gyr nor is n required 

to be � 1 .  

IV. I S  THERE EVIDENCE FOR A PRIMORDIAL r-PROCESS? 

Finally, we consider the question of whether there is any evidence in observed abun

dances for a primordial r-process as suggested2•15) in recent studies of inhomogeneous 

cosmologies. Figure 2 shows the observed3-6) correlation of the Eu abundance with 

the Fe abundance for metal-poor stars in the halo. Since � 95%16-17) of the Eu in the 

solar system is of r-process origin, this correlation roughly corresponds to the behavior 

of pure r-process material relative to Fe over the history of the Galaxy. Also shown for 

comparison is a prediction of this correlation for an evolutionary model with a constant 
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star formation rate, no extragalactic infall, and an age of 15 Gyr. To estimate the Fe 

evolution, the rate of Type I supernovae is taken to be proportional to the accumulated 

total mass of C-0 white dwarf remnants. It is also assumed that SNII's have contributed 

to half of the solar system Fe abundance18) . The presence of significant primordial r

process material would correspond to a deviation of the data above the calculated line 

when the Fe abundance is small. If anything, the data tend to indicate a deviation 

below the line for [Fe/HJ � -2. This would seem to indicate that any pregalactic nucle

osynthesis of heavy elements probably did not produce an excess of r-process elements 

relative to Fe. 

V. CONCLUSIONS 

We have summarized the dependence of the present day value of !1 on the ratio 

of galactic age to Hubble age. We find that the present cosmochronometers, including 

stellar Th/Nd, are consistent with !1 � 0.1 - 1.5 in a universe with !1 + .\ = 1 .  Further

more, there is no evidence for a primordial enhancement of r-process elements relative 

to iron as predicted by some models of inhomogeneous cosmologies. 
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Abstract 

Speckle interferometric observations of the Population II astrometric binary 
star µ-Cassiopeiae have been made at four different epochs with a direct imaging 
CCD system. Using the available orbital data on the system, the masses of the 
stars have been found to be Mp = 0.728 ± 0.049 M0 and Ms = 0.171 ± 0.008 M0. 
Application of the theoretical mass-luminosity law to the primary yields a helium 
abundance of 0.23 ± 0.05 by mass for an assumed system age of 14 billion years. 
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Almost forty years ago, Gamow first considered the possibility that a hot big 

bang universe would synthesize an appreciable amount of helium. Twenty years 

later, Peebles carried out the first modern calculation of the primordial helium 

abundance, the amount of helium synthesized in the big bang. In addition, he 

calculated the production of deuterium and 3He. Since that time, many others 

have calculated the primordial helium abundance adding additional reactions to 

calculate the production of heavier elements, most notably 7Li, and by generally 

varying physical parameters in the calculation to test the sensitivity of the calculated 

helium abundance to the various uncertainties. From these studies, it has been 

found that Y p, the calculated helium abundance by mass, is sensitive only to the 

present baryon density and to the number of light neutrinos (or more generally to 

the relativistic energy density at the time of nucleosynthesis ) .  

From the point of view of the Moriond meeting on Dark Matter, any helium 

abundance measurement sets an upper limit on the primordial abundance; it is 

extremely difficult to destroy helium, though helium can be synthesized in stars. 

Thus, to determine the amount of dark matter in the universe, it is necessary 

to subtract the mass density in baryonic matter from the total energy density of 

the universe obtained from dynamical arguments (see, for example, Low and Spillar 

(1987)) or from some other method which can be used to determine the total energy 

density of the universe. 

While there have been many discussions of the primordial helium abundance in 

the literature and several reviews on the subject (Pagel 1982), there is no consensus 

on the best value of Y p .  At present, it is generally thought that the best estimates 

of Yp have been obtained from measurements of extragalactic HII regions since such 

measurements have impressively small random errors, but, the size of the systematic 

errors may be large. For example, Ferland ( 1986) has presented arguments based on 

collisional excitation of helium which he claims reduces a typical measured helium 



abundance obtained from an extragalactic HII region of Y p � 0.23, to as low as 

Yp � 0.19. This corresponds to !1baryon � 0.001 which is about a factor of ten 

lower than the lower limit on !1baryon obtained from X-ray observations which must 

be due to free-free transitions in baryonic matter. Thus, because of the importance 

of measurements of the primordial helium abundance it is quite desirable to obtain 

accurate measurements of Yp using a variety of methods to access the presence of 

unknown systematic errors. Unfortunately, it has been difficult to carry this out 

because there are •rery few approaches which appear to be capable of providing an 

accurate value for Yp. 

One approach, however, which holds promise and which we have been pursuing 

is the application of the theoretical stellar mass-luminosity law to an old Population 

II star. From this approach, the helium abundance of a star can be obtained from the 

star's luminosity, metal abundance, and mass. In order to determine a stellar mass, 

a star must be a member of a nearby binary system. In the near future, there is only 

one nearby Population II binary star to which this approach may be applied, namely, 

the astrometric binary µ-Cassiopeiae. Two separate orbits have been determined 

for the motion of the bright primary star about the center of mass of a two body 

system. In principle, ·one measurement which can resolve the faint comparison star 

so that the distance between the primary and secondary can be measured to high 

precision would yield the masses. The experimental problem has been that there 

is a large difference in intensity between the two components, l!.mv � 6.5, and the 

stars are close together with a separation ranging from � 0.3 - 1.5 arc seconds 

through the orbit. 

If earth-based telescopes were capable of achieving diffraction limited imaging, 

it would be relatively easy to resolve µ-Cassiopeiae. It is the inhomogeneities in the 

earth's atmosphere which distort incoming plane waves to the extent that typical 

stellar images have characteristic sizes of � 2 arc seconds which makes it difficult to 
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resolve the components. Consequently, we have used speckle interferometric tech

niques which make it possible to obtain information at the high spatial frequencies 

characteristic of diffraction images. We have used integration times of � 40 ms to 

resolve µ-Cassiopeiae. 

Our basic observational approach has been to correct for differential refrac

tion in the earth's atmosphere and to image an enlarged stellar image on a CCD. 

Considering the imaging system in more detail, light first enters a filter with a pass

band of about 1000 A centered at about 8000 A. At this wavelength the ratio of 

intensities between the components is more favorable, �msooo � 5. Then the light 

passes through a lens located one focal length below the first telescope focus so that 

parallel light exits the lens. Next, the light passes through two prisms set at 180° 

with respect to one another so that the total dispersion of the two prisms is zero. 

Rotating one prism with respect to the other leads to a net dispersion which is 

adjusted to compensate for the dispersion of the atmosphere. The reason the light 

was made parallel was to minimize the chromatic abberation of the prisms. The 

final element of the optical system is another lens which images the parallel light 

on a 64 X 64 pixel corner of an RCA 512 x 320 CCD nearest the readout amplifier 

to reduce the smearing due to multiple charge transfer. A magnification of three 

matched the diffraction scale of the McGraw-Hill 1 .3 m telescope operating at f/13.5 

to the 30µ x 30µ pixels of the CCD. 

Observations of µ-Cassiopeiae and several nearby single calibration stars were 

made at four epochs between 1983.71 and 1985.84 at 810 and 858 nm. The images 

were flatfielded using a twilight flatfield and the two dimensional power spectrum 

of each binary image and nearby calibration star image was computed. The power 

spectra for each image of the binary, and correspondingly, the calibration star, were 

added together to increase the signal to noise ratio of each object. 

It is worth understanding why adding the power spectrum of the images causes 



the signal to add coherently while adding the actual images is much less effective. 

To describe how a plane wave distorted by the inhomogeneities in the earth's at

mosphere is imaged, it is convenient to expand the distorted wavefront in terms of 

plane waves of different angular momenta. The image of a plane wave is a diffrac

tion pattern. Thus, plane waves of different angular momenta correspond to plane 

waves incident on the telescope from different directions so they form images in 

different places in the focal plane of the telescope. Thus, at one instant the image 

of the primary of µ-Cassiopeiae is a superposition of many diffraction patterns each 

of which is called a "speckle" . Next to each speckle of the primary star is a speckle 

due to the faint companion star with an angular separation corresponding to the 

angular separation of the components of the binary star. Because the two stars 

are close together, their light travels through almost the same atmospheric path so 

that images of the two stars suffer similar distortions; thus, the images of the two 

components of the binary star always maintain the same angular separation. 

Continuing with the reason for taking the power spectrum, we note that the 

Fourier transform of a speckle from the primary stellar component is the same as 

that for the corresponding image of the secondary star (the images have similar 

shapes) except for a phase factor due to the angular separation between the stars. 

On the other hand, different speckle pairs have different phase factors with respect 

to one another. By taking the power spectrum, the phase shift of the speckle pair 

is eliminated and the relative phase shift of the speckle of the primary star relative 

to the corresponding speckle of the secondary leads to an interference term with a 

frequency which is inversely proportional to the separation between the two stars. 

Consequently, by adding together the power spectrum of each frame, the informa

tion regarding the separation between the stellar components adds coherently. The 

reason for taking exposures of a nearby companion star is to determine the func

tional form of the factor which multiplies the inference term so that the frequency 
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of the inference term can be extracted more precisely. In terms of our data analysis, 

we have fit the average power spectrum of the nearby calibration single star with 

a 10 parameter fit which we have used as the starting point for· a 22 parameter 

fit to the average power spectrum of the binary star divided by the average power 

spectrum of the calibration star. 

To gain confidence with the imaging system and to develop the data analysis 

procedure, we observed several calibration binary star systems from McAlister and 

Hartkopf ( 1983). The average ratio of our separation to the observations of McAl

ister et al. ( 1987) is 1 .002 ± 0.015 and the average difference between our position 

angles is -0. 7° ± 0 .2° . The brightness ratio between the components of the cali

bration binaries ranged from om to l'.118 and the separations ranged from 0.694 to 

1 .458 arc seconds. 

The astrometric orbits of Lippincott ( 1981) and Russell and Gatewood ( 1984) 

when combined with our observations yielded inconsistent sets of masses for the 

components of µ-Cassiopeiae. The most significant difference between the two as

trometric orbits is the position of the periastron relative to the line of nodes, the 

angle w. The parameter w appears to be particularly sensitive to systematic errors. 

Consequently, we decided to fit the relative orbit data and separately, each of the two 

astrometric orbits using w and the semimajor axis of the relative orbit as fitting pa

rameters. For this procedure, the fit to Lippincott's orbit yielded a =  0.986 ± 0.025 

arc seconds and w = 332.1° ± 1 .9° ,  and the fit to Russell and Gatewood's orbit 

yielded a =  1.033±0.024 arc seconds and w = 332.3° ± 1 .7° . The values obtained for 

w are in excellent agreement while those obtained for a are in reasonable agreement. 

In addition, fitting any parameter of the astrometric orbit other than w makes it 

impossible to bring the orbits into agreement. With these values, Lippincott 's  data 

yielded masses Mp = 0.734 ± 0.063 M8 and Ms = 0.174 ± 0.010 M . .'l while Tinssell 

and Gatewood's data yielded Mp = 0.719 ± 0.077 M8 and Ms = 0.1G3 ± 0.015 M0. 



The weighted average of the masses of the components are Mp = 0.728 ± 0.049 M0 

and Ms = 0.171 ± 0.008 M0. 

The Helium Abundance 

The next step in the procedure to determine the helium abundance of the 

primary of µ-Cassiopeiae is to obtain its luminosity. Based on the data of Carney 

and Aaronson ( 1979), we find the star's bolometric magnitude to be 5.54 ± 0.02 

using Lippincott's parallax and 5.62 ± 0.06 using Russell and Gatewood's parallax. 

The last parameter which must be obtained to determine the helium abun

dance is the metal abundance of µ-Cassiopeiae. The two most recently determined 

metal abundances for µ-Cassiopeiae (Tomkin and Lambert 1980, Perrin et al. 1977) 

yielded an average metal abundance Z = 0.0021.± 0.0005. Using this metal abun

dance with the mass of the primary and luminosity obtained from each of the orbits 

and an interpolation formula fit to the models of VandenBerg ( 1985) and Vanden

Berg and Bell ( 1985), we have calculated the weighted average helium abundance of 

the primary for the two orbits for ages ranging between 14 and 20 billion years. For 

an age of 14 billion years, the helium abundance is 0.230 ± 0.052 and decreases to 

0.197 ± 0.055 for an age of 20 billion years. While the deduced helium abundance is 

consistent with big bang calculations (Yang et al. 1984), the errors are not as small 

as one might hope. It will be necessary to obtain more accurate orbital data before 

the errors in the measured helium abundance can be reduced. 

Nevertheless, one correction to the calculated helium abundance that is worth 

making, is correcting for the helium produced during galactic evolution which was 

injected into the gas from which µ-Cassiopeiae formed. Pagel, Terlevich and Melnick 

(1986) estimate the correction due to galactic enrichment to be Ll.Y = -5Z. For 

µ•Cassiopeiae, to the accuracy worth discussing, this reduces the deduced helium 

abundance by -0.01.  
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Regarding the subject of this Moriond conference, the dark matter content of 

the universe, the lCT upper limit on the primordial helium abundance, is 

Yprimordial :S 0.28 for a galactic age of 13 x 109 yr and for !1 = 1, and is not suffi

ciently low to require any dark matter. On the other hand, even without additional 

supporting evidence, the best estimate of the helium abundance is suggestive that 

there may be substantial amounts of dark matter. 

We would like to thank the AFOSR for their support for this research through 

Grant AFOSR-85-09120. 
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The lithium depletion due to rotation-induced turbulence is studied for halo stars 
in the frame of Zahn's theory of instabilities in rotating stars. The lithium abundance 

observed in these stars (� = 10-10) may be the primordial one, only if no depletion 

occurred during 15 billion years in these stars. This needs a fine tuning of turbulence 
under the outer convection zone. It is not excluded, but it is also not excluded that 
depletion occurred,so that the primordial abundance may lie between 10-10 and 10-9• 
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The lithium primordial abundance brings one of the most severe constraints on 

the parameters which govern the first minutes of the universe (see papers by Audouze 

and by Reeves, this conference) . This primordial abundance is still a subject of debate. 

The maximum lithium abundance observed in young galactic clusters is � = 10-9 

(e.g., Boesgaard and Tripicco 1986, Boesgaard, Budge and Ramsay 1988, Hobbs and 

Pilachowski, 1986a and b, Pilachowski, Booth and Hobbs 1988) . This result suggests 

that young stars were all born with this lithium abundance, and that it has been 

depleted in some of them. On the other hand Spite and Spite 1982 and Spite, Maillard 

and Spite 1984 observed that the maximum lithium abundance in halo stars was 
Li 
H 

= 10-10. This result has further been confirmed by several authors (Boesgaard 

1985, Rebolo, Molaro and Beckman 1988, Hobbs and Duncan 1987) . Most astronomers 

now refer to this value as the primordial lithium abundance, for the basic reason that 

it is remarkably constant in halo stars (except for depletion in the cool G stars) , while 

it seems at first sight that depletion effects would lead to a large dispersion. I will show 

in this paper that this is not always true: the nuclear destruction of lithium due to 

rotation-induced turbulence may lead to similar depletion in stars of different masses, 

provided that they have had. the same rotation history. 

As shown by Zahn 1983, 1984 and 1987a,b, the thermal imbalance induced by 

stellar rotation leads to meridional circulation and differential rotation which give rise 

to horizontal shear flow instabilities (the vertical ones being damped out by the density 

stratification) . The resulting 2-D turbulence decays into 3-D turbulence at small scales, 

which in turn leads to mixing. 

In the barotropic approximation and assuming a small diffential rotation, the 

turbulent diffusion coefficient takes the form : 

a2� L ( a2 ) Dr "' G2 (\7 ad - \7 rad) M3 
1 - 27rGp P2 (cosO) (1) 

where L and M are the stellar luminosity and mass, \7 ad and \7 rad the adiabatic and 

radiative gradient 
( �::�) in the stellar gas at radius r, P2 (cos 0) the usual Legendre 

polynomial, and a the angular rotational velocity. The negative term � comes from 21rGp 
the classical expression for the local energy density due to thermal imbalance. This term 

may become larger than one at low densities, where the centrifugal effects take over the 



gravitational ones in the stellar deviation from spherical symetry (Von Zeipel 1924) . 

It is always smaller than one under the outer convection zones of main-sequence halo 

stars. 

For a first approximation the lithium nuclear destruction is treated in a step model, 

lithium being completely destroyed at radius !NB and not destroyed above. With the 

W.K.B. approximation (see Baglin, Morel and Schatzman 1985) , the variation of the 

lithium abundance with time in the convection zone is supposed to vary as : 

N(Li) = N0(Li) e-At (2) 

assuming the negative term negligible in eq. (1) , and with averaged fl, Y' ad - Y' rad and 

P2 ( cosO) , >. comes out as : 

>. 
')'fl2 ( rNB ) 4 /34 L./L0 - 1  

= ( Y'  ad - Y' rad) ---;:;- (/32 - 1) 2 (M./M0)3 yr (3) 

with f3 = rcz/rNB where rcz is the radius at the bottom of the convection zone, 

and ')' is a factor of order 0.1. The variation of fl with time (rotational braking) is 

not introduced here. The interest of the present analytical formulation is to show 

the physics. The variation of >. with f3 is interesting to discuss. If /3 is close to one 

(deep convection zone) , >. is large and the lithium nuclear destruction is rapid in the 

convection zone. If /3 increases (going from G to F stars) >. decreases and the lithium 

nuclear destruction is less effective. However the slope of the variation of >. with f3 

also decreases, so that the change in the lithium abundance due to the regression of 

the convection zone is less and less pronounced. This result is simply due to the fact 

that the added radiative layer is mixed by turbulence in a time scale which is short 

compared to the layers underneath. This effect creates a "plateau" shape of the lithium 

abundances (Fig. 1) . 

Computations of lithium nuclear destruction have been done in halo stars using 

Van den Berg 1983 evolutionary tracks for 0.7 and 0.8 M0 with Y = 0.2 and Z = 10-4 .  

The extrapolation values given by Van den Berg have been used to  obtain parameters 

for evolutionary tracks with Ct = 1.9. Three model envelopes have been computed with 

these parameters for 0.7 M0 (ages 0.297, 4.047 and 13.481 billion years) and four for 0.8 

M0 (ages 0.197, 3 .187, 9.276 and 13.448 billion years) . The lithium nuclear destruction 
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has been deduced by interpolation in the two cases for 4, 9 and 15 billion years. The 

numerical factor in eq. (2) has been adjusted for a best fit with the observations at 15 

billion years, which leads to an average rotation velocity of 10 km s-1 • The rotation 

velocity of halo stars is not known from observations except for HD 13095 where it is 

only about 1.6 km s-1 (Noyes et al. 1984), but it may have been larger in the past. 

The interesting result here is that the lithium depletion is parallel along the two tracks. 

As already mentionned, a plateau appears naturally in this frame work because of the 

rapid increase of the turbulent diffusion coefficient with radius. The increase of �3 
for hotter stars balances the remaining effect. Also shown on Fig. 1 (arrow) is the 

effective temperature for stars in which lithium is completely destroyed (the bottom of 

the convection zone reaches the nuclear destruction layer in the zero age main sequence 

model) . This occurs for stars of about 0.6 M0. 
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FIGURE 1 .  - Lithium nuclear burning in Population II stars, computed in Van 
den Berg 1983 evolutionary tracks for 0. 70 and 0.80 solar masses, with a = 1.9 and 

an initial abundance ]f = 10-9• The stars show the computed lithium abundances 

after 4, 9 and 15 billion years. The arrow shows the effective temperature for which 
lithium is completely destroyed in the convection zone. The circles represent the 
theoretical values of the lithium abundance obtained by gravitational diffusion, in 
case of an initial abundance of 10- 10 and no turbulence under the convection zone. 
The points represent Spite and Spite 1982 and Rebelo, Molaro and Beckman 1987 
observations. 

These computations have been done with the hypothesis that all the stars had 

the same average rotation velocity, the same age and the same metallicity. These 

points have to be discussed. The weakest point of this theory is the strong constraint 

needed on the rotation velocity. The dispersion in the rotation velocity for G stars of 
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a given effective temperature must be less than 10%, for the dispersion in the lithium 

abundance not to exceed 20% as observed in the "plateau" (Spite and Spite, 1982 

and 1986). Recent measurements of rotation periods in G stars from the observations 

of activity show a remarkably low dispersion for a given spectral type (Duncan et al 

1984, Rebolo and Beckman 1987, Radick et al 1987). This leads to the idea of a self 

regulating braking mechanism, which would take place early in the stellar life (see also 

Enda! and Sofia 1981). 

Let us now discuss the problem of age and metallicity. Rebolo, Molaro and 
Li . . [Fe] Beckman 1988 have shown that the 
H 

abundance 1s constant for stars with 
H 

less than (- 1.0) while for larger metallicities its upper value increases, the dispersion 

becoming larger and larger. These characteristics would show quite a different behavior 

if plotted against time. The current observations of metallicity versus age in old stars 

show that the iron abundance has reached a value within a factor 10 of the present 

value in less than one billion year (e.g. Twarog 1980). Then [ �] increased somewhat 

linearly with time in the Galaxy. The constant Li abundance found by Rebolo, Molaro 

and Beckman between [ �] = -3.5 to -1.0 is due to a stretching of the scale. If 
plotted against time all these points would appear clustered at the same 

absissa. The fact that the lithium value appears as unique for halo stars while a 

dispersion is observed for young stars is due to the interval in effective temperature 

chosen by the authors to be represented on their figure 3 (Teff > 5500°K) . Due 

to opacity effects, the distance between the bottom of the convection zone and the 

nuclear burning layer is larger in low metallicity stars than in high metallicity stars of 

the same effective temperature. For T •/I larger than 5500 K low metallicity stars are 

in the "plateau" domain so that their G side depletion domain is not included. 

Now the question arises whether the opposite hypothesis, (namely that the pri

mordial lithium abundance is that of halo stars and that this abundance has remained 

unchanged during 15 billion years, except for the coolest ones) is possible. Compu

tations of lithium gravitational settling have been done along the same evolutionary 

tracks, with an initial lithium abundance of � = 10-10 and with the assumption of no 

turbulence under the convection zone. Results are given in Fig. 1: lithium should have 

been depleted by a factor 3 on the hot part of the plateau (see also Michaud, Fontaine 
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and Beaudet 1984). However, as shown by Vauclair et al 1978, a turbulent diffusion 

coefficient larger than 10 times the gravitational one would prevent this depletion. 

Here the gravitational diffusion coefficient is of order one cm2.s- 1 .  On the other hand, 

the turbulent diffusion coefficient needed to destroy lithium by a factor 10 (as in the 

preceding computations) is of order 104 at the bottom of the convection zone. For a 

lithium destruction of less than 10%, Dr must be smaller than 103• So it is possible 

that the lithium abundance has not evolved with time if the turbulent diffusion 

at the bottom of the convection zone has remained between 10 and 103 

cm2 .s- 1 .  Numerical computations of lithium destruction introduced in an evolution

ary sequence with a rotation braking law will help in getting further. The necessity of 

reproducing correctly the depletion domain on the cool side of the plateau will bring 

constraints on Dr. An observational test of the lithium primordial abundance could be 
6L · 

found in measurements of the � ratio. In case of no nuclear destruction we expect Be 
for this ratio the spallation value ("" 4.5) . For a 7Li destruction by a factor 10, 6Li 

would be depleted by more than 5 orders of magnitude while 9Be would be depleted by 

less than a factor 2. For a 7Li destruction smaller than 20% 6 Li could not be depleted 

by more than 70% (: !� :::: 1.3) . Unfortunately, while Be has been detected in some 

metal deficient stars with 1;; "" 10- 12 (Rebolo et al 1988) , only upper limits have yet 
6L · been found for 6Li (Maurice et al 1984) , leading to 9 B: � 5. More precise observations 

of these elements would be very interesting in that respect. 

References 

BAGLIN, A., MOREL, P.J., SCHATZMAN, E. 1985 Astr. Ap. 149, 309 

BOESGAARD, A.M. 1985, Pub!. A.S.P. 97, 784 

BoESGAARD, A.M., BUDGE, K.G., RAMSAY, M.E. 1988, preprint 
BOESGAARD, A.M., TRIPICCO, M.J. 1986, Ap. J. 303, 724 

DUNCAN, D.K., BALIUNAS, S.L., NOYES, R.W., VAUGHAN, A.H.,  FRAZER, J., LANNING, H.H. 

1984, Pub!. A.S.P. 96, 707 

ENDAL, A.S., SOFIA, S. 1981, Ap. J. 243, 625 

HOBBS, L.M., DUNCAN, D.K. 1987, Ap. J: 317, 796 

HOBBS, L.M., PILACHOWSKI, C.A. 1986a, Ap. J. 309, 117 

HOBBS, L.M., PILACHOWSKI, C.A. 1986b, Ap. J. 311, 137 

MAURICE, E., SPITE, F., SPITE, M. 1984, Astr. Ap. 132, 278 

MICHAUD, G., FONTAINE, G., BEAUDET, G. 1984, Ap. J. 282, 206 



NOYES,R.W., WEISS, N.O., VAUGHAN, A.H., 1984, Ap.J., 287, 769 
PILACHOWSKI, C.A., BOOTH, J., HOBBS, L.M. 1988, preprint 
RADICK, R.R., THOMPSON, D.T., LOCKWOOD, G.W., DUNCAN, D.K., BAGGETT, W.E. 1987, 

Ap. J. 321, 459 
REBOLO, R., BECKMAN, J.E. 1987, in IAU Symp. 132 The Impact of Very High S/N 

Spectroscopy on Stellar Physics, ed. G. Cayrel de Strobel and M. Spite 
REBOLO, R., MOLARO, P., ABIA, c., BECKMAN, J.E. 1988, Preprint 
REBOLO, R., MOLARO, P., BECKMAN, J.E. 1988, Astr. Ap., 192, 192 
SPITE, F., SPITE, M. 1982, Astr. Ap. 115, 357 
SPITE, F., SPITE, M. 1986, Astr. Ap. 163, 140 
SPITE, M., MAILLARD, J.P., SPITE, F. 1984, Astr. Ap. 141, 56 
TWAROG, B.A. 1980, Ap. J. 242, 242 
VANDENBERG, D.A. 1983, Ap. J. Suppl. 51, 29 
VAUCLAIR, S., VAUCLAIR, G., SCHATZMAN, E., MICHAUD, G. 1978, ApJ 223, 567 
VON ZEIPEL, H. 1924, M.N.R.A.S. 84, 665 
ZAHN, J.P. 1983, in Astrophys. Processes in Upper Main Sequence Stars, ed. 

A. Maeder and B. Hanek (pub!. Observatoire de Geneve) p. 253 
ZAHN ,  J.P. 1984, in Proc. 25th Liege Intern Astrophys. coll. (Puhl. Universite de 

Liege) p. 407 
ZAHN ,  J.P. 1987a, in The Internal Solar Angular Velocity, ed. B.R. Durney and 

S. Sofia, Reidel, Dordrecht, p. 201 
ZAHN, J.P. 1987b, Course given at the "Les Houches" summer school 
ZAPPALA, R.R. 1972, Ap. J. 172, 57 

275 





PRIMORDIAL NUCLEOSYNTHESIS AND PARTICLE PHYSICS 

Jean Audouze1 ,  Pascale Delbourgo-Salvador2 and Pierre Salati3 

1 - Institut d'Astrophysique de Paris, CNRS 
98bis, bd Arago F-75014 Paris 

2 - CEA Bruyeres-Le-Chatel, France 
3 - LAPP Annecy le Vieux, France 

and Department of Astronomy, Univ. of California, Berkeley USA 

ABSTRACT 

2n 

After the presentation of a brief review of the standard models of primordial nucle
osynthesis which reproduce quite well the abundances of the lightest elements (D, 3He, 
4He and 7Li) it is argued here that these nucleosynthetic processes can impose quite 
valuable constraints on several aspects of particle physics. 

These constraints concern (i) the number of neutrino (lepton) families which is basicaly limited by the primordial 
abundance of 4He. (ii) the mass and life time of non baryonic massive and unstable particles (neutrinos, 
gravitinos, photinos . . .  ) which would decay by producing large fluxes of energetic pho
tons able in turn to partly photodesintegrate the nuclei of the very light elements. (iii) the physics of the Quark-Hadron phase transition. As seen here, the primordial 
abundance of 7Li restricts quite drastically the density contrast resulting from this first 
order transition. Consequently valuable constraints on the temperature at which quarks 
transform into hadrons and the so-called quark bag constant can be deduced from the 
7Li abundance determination. 
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1. INTRODUCTION 

The cosmological relevance of the primordial Big Bang nucleosynthesis (BBN) and 
the overwhelming success of the standard simple models have been emphasized in many 
papers : see e.g. Audouze, (1987a and b) and Boesgaard and Steigman (1985) . It is 
well known that these models reproduce well the primordial abundances of D ,  3He, 4He 
and 7Li and provide interesting constraints on the baryonic density such that !1 8  � 0.1 
(i.e. the baryonic cosmological parameter being � 0.1 of the critical value) and on the 
maximum number of neutrino (lepton) families (3-4) .  A quick summary of the present 
situation regarding the abundances of the lightest elements and the standard models of 
primordial nucleosynthesis is provided in section 2. 

The purpose of this paper is to emphasize further constraints on some aspects of 
particle physics which can be deduced from the comparison between the abundance pre
dictions of these nucleosynthetic models and the "primordial" abundances of the lightest 
elements. Many attempts have indeed be made recently to reconcile the predictions of 
the primordial nucleosynthesis with some higher values of the baryonic density. 

These attempts belong to two" categories : either one assumes the existence of 
unstable massive particles which could decay into high energy photons. These photons 
would trigger the partial photodisintegration of 4He and 7Li which are overabundant 
in an !lb ::O: 1 universe into D and 3He which could be depleted. Several candidates 
have been considered massive neutrinos and gravitinos by Audouze et al. (1985) and 
photinos by Salati et al. (1987) . Section 3 outlines some of the conclusions of these two 
investigations. 

May be the most exciting attempt to reconcile a value of fib as large as 1 with the 
predictions regarding the abundances of the very light elements is to consider the effects 
of the Quark-Hadron phase transition on the homogeneity of the universe at the time 
of nucleosynthesis. As recalled in section 4 (see also Fuller, Mathews and Reeves, this 
book) , the 7Li abundance constitute a very severe constraint on such scenarios (section 
4 and conclusion) .  

2 .  THE STANDARD MODELS OF EARLY NUCLEOSYNTHESIS 

The standard BBN models have been reviewed recently many times. We will only 
recall here that they are simple in the sense that the following assumptions are made (i) 
the Universe was "born" from a very dense and hot phase (Big Bang) leading to a sta
tistical equilibrium between the existing particles (ii) the Universe is homogeneous and 
isotropic and its expansion is governed by General Relativity (GR) with a cosmological 
constant A=O ' (iii) the Universe is asymmetric (the matter density is much higher 

* Should A be > 0 during the time of nucleosynthesis the expansion would be more rapid inducing 

a larger production of 4He which seems to be infirmed by the present observations. There is still 

a possibility of constructing models of Universe with A # 0 which are compatible with the BBN 
requirements (Sato, 1988)" 
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than that of antimatter) and the baryon density parameter 11 10 = 1010 n8/n'Y lies 
between 1 and 10. The present baryonic density in the Universe is PB =6.64 10-32 
11 10 (T/2.7)3 g cm-3 .  T is the actual temperature of the background radiation, while 
the baryonic cosmological parameter !l B = p B /Pc (Pc being the critical density) ; !l B 
= 3.5 10-3 11 10 h-2 (T /2.7)3 with h = (Ho/100) , where the Hubble constant H0 is 
expressed in km s- 1 Mpc- 1 (iv) The leptons are not degenerate and the chemical 
potential of neutrinos is very small. 

The two crucial parameters which govern the outcome of nucleosynthesis are (i) 
the baryonic density of the Universe described in terms of the parameter 11 10 and (ii) 
the number of neutrino (lepton) flavors. From the comparison between the abundances 
evaluated from such models and those derived from the observations (see e.g. Audouze 
1987b who reviewed the possible values of the primordial abundances of the lightest 
elements) !lb � 0.1 and Nv � 3-4 (fig. 1) . We notice that the agreement between 
the primordial abundances of the light elements and the predictions coming from the 
standard BBN model requires some careful "fine tuning" . As shown in figure 1, adapted 
from Yang et al. (1984) and discussed at some length in Audouze (1987b) ,  the only 
value of 11= nB/n'Y consistent with X(4He)= Y < 0.25 and (D + 3He)/H :S 10-4 is 11= 
3 10� 10 corresponding to 0.01 :S !lB :S 0.04 (the width of this range is only due to the 
present uncertainty on the Hubble constant H0 : 50 :S H0 :S 100 km s- 1 Mpc- 1 .  
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Figure 1 .  Calculations of the light element. abundances made in the frame of the 

standard BBN model by Yang � {1984). The dashed domain indicates the '1 range 

('1 = n8 /n, i.e. the baryonic density relative to the photon density) compatible both with 

Y ,,=0.24±0.01 (Kunth, 1986) and with the Yang �� 1984 prescript.ion on D/H< 10-4. 
One sees that the resulting is quite narrow 17=3.2±0.2 making such comparison farily. 
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In the frame of the standard BBN model, and given the fact that Y P < 0.25 
(Kunth, 1986) the only way to enlarge the possible range of 1/ and therefore flb is to 
assume that (D + 3He)/Hprimordial can be larger than 10-4.  This implies that D is 
significantly destroyed during the galactic history. Our group (Delbourgo-Salvador et 
al., 1985, Vangioni-Flam and Audouze, 1988) have considered different possibilities to 
achieve that goal. There are (i) infall/outflow of processed material in the galactic disk, 
(ii) strong stellar mass losses occuring during the pre main sequence phase (Delbourgo
Salvador et al. 1985) , (iii) a promising model is the chemical evolution scheme in which 
the rate of star formation is assumed to be varying with time (Vangioni-Flam and 
Audouze 1988) .  In this last model the rate of star formation is assumed to be large 
during the first (0.5-2) 109 years of galactic evolution. This assumption leads not only 
to a large D destruction but also to a proper account of the galactic evolution of heavier 
elements such as N, 0, Fe and the s and r elements (Andreani et al. 1988). 

To sum up : standard models of primordial nucleosynthesis provide most inter
esting constraints on the baryonic density of the Universe and the number of neutrino 
families. Regarding the baryonic density we claim that D needs to be thoroughly de
pleted during the galactic evolution and our preferred models with time varying rate of 
star formation like those of Vangioni-Flam and Audouze (1988) are well suited for that 
goal. Concerning the maximum number of �eutrino families (3-4) it is interesti'ug to 
note that a similar conclusion can be reached from the analysis of the neutrino fluxes 
generated by SN 1987 A. 

3. HIGH ENERGY PHOTON DECAY OF NON-BARYONIC PARTICLES 

Standard models of primordial nucleosynthesis predict that flb � 0.1 while the 
dynamics of large scale structures of the Universe such as the current models of inflation 
imply much larger values for fl. If flb is very large the resulting D and 3He abundances 
are much too low while those of 4He and 7Li are too high. The first possibility to 
consider is to assume the existence of massive unstable particles which would decay 
into high energy photons which in turn would partly photodisintegrate the surplus of 
4He and 7Li into D and 3He. An important feature concerning the occurence of such 
processes has been established by Lindley (1985) . Such photodisintegration processes 
can only take place if the product EH.EBB < 1/50(MeV)2 where EH i s  the energy of 
the high energy photons and EBB the energy of the thermal photons. Given the fact 
that EH should be higher than 20-50 MeV to be able to induce such photodisintegration 
processes EBB <:; 4 10-4-10-3 MeV which means that t::C: 105-106 sec. 

As a consequence, particles like massive neutrinos and gravitinos with masses of a 
few hundred MeV and lifetimes of 105-106 sec might decay into energetic photons able 
to partly photodisintegrate 4He and 7Li (see e.g. Audouze et al., 1985) .  
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The possible influence of photinos on the early nucleosynthesis has been investigated 
by Salati et al., (1987) . Let us summarize the main conclusions of their study : 

(i) If photinos are stable, their mass has to be comprised between 5 and 8 GeV 
to lead to 11=1 .  If their mass is larger their contribution to the overall density of the 
Universe is negligible. If their mass is smaller, !1 would be much too large because their 
annihilation rate is so big that they would create too many fermion-antifermion pairs. 

(ii) The physical situation is especially interesting if photinos are unstable. Figure 
2 displays the constraints on their mass/lifetime coming from the early nucleosynthesis. 
Region II i.e. photinos massive enough with relatively low lifetime, corresponds to the 
physical conditions which respect the constraints coming from the early nucleosynthesis. 
Region I (light photinos with long lifetime) corresponds to the conditions which make 
photinos looking as another family of neutrinos, which would overproduce the 4He 
abundance. Regions III, IV and V correspond to physical conditions where photinos 
would decay in high energy photons which would affect significantly the abundances 
of D ,  3He and 4He. This is therefore forbidden by the astronomical observations.  In 
order to fulfill the conditions set up by the early nucleosynthesis, photinos have to be 
relatively massive and unstable. 
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Figure 2 Photino mass M; and lifetime r.:y domains defined by the nucleosynthesis 

constraints for 0= 1. Each domain is discu85ed in the text. The only allowed domain is 

domain II (low lifetime-high-mass) (£rom Salati tl_!!L, 1987). 
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When the different decay modes are envisaged for the photinos, these constraints on 
the lifetime induce further constraints on different parameters such as the supersymatric 
breaking scale, the mixing parameter describing the lepton number violation or the 
vacuum expectation value of SUSY particles (Salati et al., 1987). 

The decay into high energy photons of massive and unstable particles such as those 
predicted by the supersymmetry theories (see e.g. Fayet, 1984) can affect the outcome 
of the primordial nucleosynthesis. The observed abundances of the very light elements 
can be used to constrain the physical characteristics (mass, lifetime . . .  ) of such particles. 

More recently Dimopoulos et al., (1988a and b) have proposed a scenario involving 
the decay of some unstable massive non baryonic particles which would create large 
"hadron showers" . These showers would result in reproducing quite satisfactory the 
abundances of the light elements but also a quite large 6Li primordial abundance such 
that 6Li/7Li � 10. For many reasons based especially on the current abundance deter
minations of Li in the most metal poor stars, this model is found to be untenable in 
any reasonable model of galactic evolution (Audouze and Silk, 1988) . 

4. QUARK-HADRON PHASE TRANSITION AND EARLY 

NU CLEO SYNTHESIS 

The possible influence of quark-hadron phase transition on the early nucleosyn
thesis has been envisaged in many recent papers (Applegate et al . , 1987, Alcock et al., 
1987, Audouze et al., 1988, Fuller et al., 1988). Around a temperature of 100 MeV 
the quarks confine and transform themselves into hadrons. As in a first order phase 
transition, during this very short period where TBB � 100 MeV, there is the possibility 
of coexistence between the quark-gluon phase and the hadron phase. Because of the 
difference of the statistical weight between these two phases (the relativistic quarks have 
indeed a larger statistical weight than the non relativistic hadron) , a natural segrega
tion between a high density phase (the quark-gluon phase) and a low density phase (the 
hadron phase) takes place. 

The contrast of density R (between these two phases) is simply given by : 

nl ,fii3/2 ez 
R = - = -- --

n� 9 Z312 

with Z = mn/Tc , mn is the mass of the nucleon and Tc is the temperature at which 
the phase transition occurs. This temperature Tc is related to a term B called the 
"bag constant" which expresses the negative pressure term coming from the quark 
confinement. If Tc � 106 Me V, R = 120 (the phase density contrast is large for a small 
bag constant such as the one predicted by the MIT model) ;  if Tc= 240 MeV (large bag 
constant predicted by the chiral model) ,  R=3. 
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This quark-hadron phase transition induces therefore density inhomogeneities : the 
quark zone which is a baryon rich zone which will become a proton rich zone while the 
hadron zone which is a baryon poor zone will become a neutron rich zone. This is 
because the neutrons have a diffusion mean free path which is much larger than that of 
the protons : the neutron density is constant while the overall baryon density is large 
in the former quark zone. 

There are two basic parameters which fix the degree of inhomogeneity induced by 
this phase transition a) the baryon density contrast R and b) the fractional mass of 
the high density region fv such that !lr= fv!lq + ( 1-fv) !lH ,  where !lr, !lQ and !lH are 
respectively the baryon cosmological parameters of the whole universe, the quark rich 
zone and the hadron rich zone. In the case of a total neutron diffusion the resulting 
abundances Xe1 of the light elements are given by Audouze et al . , (1988) . 

1 R + Xn (R - l) (fv - 1) 2 
( f ) 1 + Xnfv(R - 1) 

X,e = X,efv 1 + fv(R - 1) 
+ Xee 1 - v 

1 + fv (R - 1) 

where Xn is  the n/p ratio when the weak interactions stop and "freeze" this ratio. 
x:1 and x;1 are the resulting abundances in the high density region (1 )  and the low 
density region (2). These abundances depend on their relative densities !l}, and !l� 
which are such that 

and 

!l}, = !lr R + Xn (R - l) (fv - 1) 
1 + fv(R - 1) 

!12 _ - !l 1 + Xn fv(R - 1) B - T 1 + fv (R - 1) 

For example, in the case of !lr= 0.01 and R = 10 if fv=0.2, !l}, =  0.035 and !11 =  0.005 
(60 % of the light elements come from the dense zone) and of fv= 0.8, !l},= 0.012 and 
!l� =  2.5 10-3 (98 % of the light elements come from the dense zone) . 

A first series of calculations have been reported by Audouze et al. ( 1988) . They 
clearly show that 7Li is significantly overproduced as soon as !l > 0.05 and R > 5. The 
abundance of D is also significantly decreased with respect to the standard case. All 
calculations performed so far in the frame of this model (Alcock et al . ,  1987, Applegate 
et al. , 1987, Fuller et al . , 1987, Malaney and Fowler, 1988, Salati et al . ,  1988) exhibit 
this conspicuous 7Li overabundance) (fig. 3) .  The basis of this explanation comes from 
the fact that 7Li is overproduced at lower densities by the T(a, 1)7Li reaction and at 
higher densities by the 3 H e(a, I) 7 Be reaction. 

As a result the 7Li abundance constitues the most stringent constraint against 
models where the contrast R is higher than 3-5 .  The inhomogeneity of the Universe 
due to the quark-hadron is strongly limited by this specific abundance. Consequently 
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the high values of the bag constant (250 MeV)4predicted by the chiral model should be 
favoured compared to the low values predicted by the MIT bag model. 
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Figure 3. Resulting abundances of the very light elements in the frame of the quark-hadron 

phase transition model (from Salati et al., 1988) .  The calculations have been made for OB = 1 and 

1o:;R:; 100. In all cases one can notice that X(7 Li) = 10-
7 

i.e. 200 times higher than its abundance 

in population II and 20 times higher than its highest stellar abundance. Many discrepancies arise also 

between the calculations and the observations for the other light elements. This clearly show that the 

contrast parameter R should be limited to its lowest values R <  3-5. 
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More recently an interesting proposal has been presented by Malaney and Fowler 
(1988) in an attempt to still reconcile fh= 1 with an inhomogeneous model taking into 
account this quark hadron phase transition. They argue that the neutrons can diffuse 
back from the neutron rich region to the proton rich one. In the proton rich region 
7Li is overproduced by the 3He(4He,')') 7Be reaction. The admixture of neutrons leads 
to the destruction of this 7Be through the 7Be(17 ,p)7Li(p,')')4He chain. With a fairly 
narrow choice of fv (fraction of mass in the dense region) values such that fv=0.1-0.12, 
Malaney and Fowler (1988) claim that if the fraction of neutrons which diffuse back to 
the high density region is > 10-4 times the fraction present in the low density region 
7Be is then sufficiently destroyed. According to these authors this would avoid the 7Li 
overproduction noticed in the other investigations . Nevertheless this optimistic view 
is challenged by two independent analyses performed by Terasawa and Sato (1988) and 
by Kurki-Suonio et al. (1988) . They both consider also the same back-diffusion effect 
but their calculations clearly show that it is almost impossible to reconcile the outcome 
of this nucleosynthesis occuring in an inhomogeneous and diffusive medium with the 
observations of all the light elements. 

5. SUMMARY 

From these above remarks it appears that the best BBN model able to reproduce 
the observed abundances of the lightest elements are the simplest ones. One is still forced 
today to adopt a BBN model where !18 :<:: 0.1 and where the degree of inhomogeneity 
is low leading to the determination of a lower limit of Tc and consequently a lower limit 
of the value of the quark bag constant. 

It is then pleasing to note that pure astronomical data like the primordial abun
dance of the light elements provide useful constraints on many parameters pertaining 
to the particle physics (number of families of leptons - mass and lifetime of some still 
hypothetical SUSY particles - physical characteristics of the quark confinement -
coexistence temperature of the quark-hadron phase transition. 

The research work reported here has been supported at least partly by CNRS and 
PICS n° 18. We are most grateful to Marie-Christine Pelletan for her help in the 
presentation of this paper. 
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LITHIUM AND THE NATURE OF DARK MATTER 

Hubert Reeves, Service d'Astrophysique IRF CEN Saclay. F91 19 1  Gif sur 
Yvette. Institut d'Astrophysique de Paris, F 75014, Paris. 

Abstract 

Limits on the value of critical temperature of the quark-hadron phase 
transition, evaluated by chiral perturbation calculations, are discussed in the frame 
of primordial nucleosynthesis. The yield of lithium is compatible with the Pop II 
data in approximately the same range as in the case of homogeneous baryonic 

density models ( QB between 0.01 and 0. 10). 

Taking into account various factors in the search for the initial abundance 
of the cosmological isotopes , it appears very likely that most of the baryonic 
matter is not luminous and that most of the dark matter is non-baryonic. However 
pushing all the uncertainties to their extremes, it seems also that we do not 
necessarily require baryonic dark matter and , 2) we do not necessarily require 
non-baryonic dark matter. The uncertainty in the value of the Hubble parameter 
remains one of the largest source of uncertainty in this analysis. 



288 

C hiral perturbation calculations and primordial lithium 

nucleosynthesis. 

The low temperature behaviour of the quark condensate has been 

investigated with chiral perturbation calculations. ( Gasser and Leutwyler 1987 

, 1988) (Leutwyler 1988). An expansion in power of the temperature , 

normalized to its T = 0 value, has been obtained . According to these authors, 

limits on the numerical value of the critical temperature of the chiral transition 

Tc (ch) can be estimated , even if the chiral perturbation calculations break down 

close to the transition temperature. The main justification is the fact that , in this 

temperature range , the partition function is dominated by the experimentally 

well-known properties of the pions. 

The following limits are obtained. Assuming massless quarks , including 

tree, one-loop and two-loops graphs, a lower limit of Tc (ch) > 1 80MeV is quoted . 

Assuming massive u, d, and s quarks , an upper limit of Tc (ch) < 220 MeV is 

quoted ( Gasser and Leutwyler 1988 and Leutwyler private communication). 

QCD network calculations reported by Satz (87) show that, at low baryon 

chemical potential, the confinement and the chiral transitions are simultaneous . 

Therefore , in the context of the cosmological model, these limits should also apply 

to the confinement transition Tc ( c) 

Previous estimations of this parameter had been given by various authors . 

Wagoner and Steigman (1 979) gave 170 < Tc < 360 MeV . Olive ( 1981)  gave 

200 < Tc < 600 from nuclear phenomenological data incorporated in a 

thermodynamic model . Satz ( 1985, 1987 ) from finite lattice calculations at zero 

baryonic number, quoted 150 < Tc < 200. 

In our previous work (Reeves 1986, Reeves et al 1988), in view of the large 

uncertainties on the value of TC' our strategy was to use Tc as a free parameter and 

to try to constrain its value from the quark-lithium connection It is now of 

interest, with the narrower Tc fork presented here , to rediscuss the subject 

differently. 
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Primordial lithium abundance. 

Let us first recall that 7 Li has been observed (fig 1) in Pop II stars (Spite 
and Spite 1983 a and b, Spite et al 1987, Hobbs and Duncan 1987, Rebolo, 

Beckman and Molaro,1987) which are presumed to represent an early stage of the 
life of our galaxy. As discussed in ( Reeves and Richer 1988 ) , both a stellar 
(Cayrel 1986,1988) and a galactic cosmic ray origin can be eliminated as major 
contributors to the POP II 7u abundance, leaving the BBN origin as the most 

likely source. 
The observed values of 7u I H = 1 to 2 x 10 -1 0  correspond to the 

bottom of the dip of the lithium yield curve as a function of baryonic density in the 
standard (density homogeneous ) model of Big Bang nucleosynthesis( BBN) 
(Beaudet and Reeves 1984, Yang et al 1984) . In the case of a multiphase universe 
possibly resulting from the quark-hadron phase transition ( Witten 1984, Applegate 
and Hogan 1984, Fuller et al 1987), the observed values lie the deepest part of the 
trench in the BBN lithium yield as a function of both the baryonic density and 
neutron to proton ratio . Because of this happy circumstance, 7u may be of great 
help in the study of the physics of the quark-hadron phase transition. 

The small dispersion of lithium in Pop II stars (a factor of two ) ( fig 1 and 
2) is the main argument in favor of the hypothesis that this lithium abundance has 
not suffered much depletion by processes associated with the stellar surfaces ( 
Michaud 1986) . Following the same logic, it appears reasonable to estimate that the 

fractional depletion should not be larger as the observed dispersion. In 
consequence we estimate an an initial value of 7u I H = 3.0 + 1 x 10-10. 

Vauclair (1987), studying the effect of rotational mixing on stellar lithium, 
has argued that the depletion may have been larger and that the primordial value 
may be the same as for the Pop 1 stars ( 7u I H = 1 .0 x 10-9) .  It remains to be seen 
if the theory will be able to reproduce the small abundance dispersion displayed in 
figure 1 .  More work is being done on this subject. 
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Baryon number contrast. 

Fuller et al (1987) and Kapusta and Olive (1988) have calculated, with 

standard thermodynamic techniques , the ratio of the baryon numbers, R (µeq) = 

( Ilb
h ) / ( Ilbq ) in the early hadronized (h) region and in quark sea (q) region 

for the case of chemical potential equilibrium ( µb 
q = µb 

h ; (3 µq = µb). Fuller et 

al treat the hadrons as free particles while Kapusta and Olive introduces a 

phenomenological hadronic potential. Their results are in agreement at low Tc 

value ( Tc < 150 MeV) predicting large contrast values ( R >> 10) . Above 160 MeV 

, however , the two calculations disagree. The contrast calculated by Fuller et al 

decreases gradually toward the value of one, and even below one . This last feature 

seems unphysical and justify the need for a more realistic treatment of the hadronic 

phase. 

The effect of the hadronic potential. is to level the contrast to values of 

seven to ten in the range 160 Me V < T < 250 Me V. More accurate estimation of the 

effect of the hadronic potentials will require more sophisticated computations. 

Baryon number equilibration. 

One unresolved question is the approach of chemical potential ( µ) 

equilibrium in the cosmic gas after the quark-hadron phase transition. We consider 

two possible cases . 

A) Assume that the µ equilibrium is reached between the phases at the 

moment of Big Bang Nucleosynthesis( BBN) . 

Let us treat first the low T range. As discussed in Reeves (1987) ,  the 

observed Pop stellar II lithium abundances restricts the baryonic density 

contrast R to be small . The possibility of early lithium depletion discussed in the 

last paragraph relaxes this constraint somewhat but not much . A lower limit of 150 

MeV < Tc is obtained , in agreement with the estimate from chiral perturbation 

calculations . 
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Can we reconcile the R values of seven to ten , obtained from the 

phenomenological hadronic potentials in the range 1 60 MeV < T < 250 MeV, with 

the 7Li observations in Pop II stars ? 

Excluding fined-tuned choices of the quark-hadron transition parameters , 

we find that , in the mean density range PB = 2.0 to 5 .0 x 10-3 1  g/cm3 ( Tl =  3.0 

to 8.0 x 10-10) ,  the BBN 7Li yield averaged over the two phases is 7Li /H = 3 

x lo- 1 0, somewhat higher than in Pop II stars . This can be reconcile with the 

observations if the initial lithium has been depleted by a factor of two or so by 

surface processes. As discussed before , such a depletion is not incompatible with 

the observed dispersion of the 7Li abundances in Pop II stars. 

Taking into account the analysis of the cosmic abundance· of D, 3He, and 
4He in the context of the effects of the quark-hadron phase transition ( Reeves 

1987 , 1988) we select PB = 2.0 to 5.0 x 10-3 1 g/cm3 as our best choice( Tl = 3.0 

to 8.0 x 10-10).  

B) Now we relax the assumption of general chemical potential equilibrium 

and assume that this equilibrium is reached in each phase but not between the 

phases ( µb 
q is not equal to µb 

h) . Since the ratio of ( m{f ) is very small ( µff 

) = 1 o-8 we can expand the baryon number density in ( µff ) : 

R = R ( µeq) ( µb 
q I µb 

h) 

According to Fuller et al ( 1 987) the degree of chemical potential 

equilibration depends upon the baryon transmission probability :Eh across the phase 

boundaries. For values of :Eh between 1 and 10-2 they find R = R ( µeq) , while 

R >> R ( meq) at :Eh < 10-3 . The fact that , in all cases, R > R ( µeq) shows that the 

lower limit 150 MeV < Tc is valid even if full chemical potential equilibrium is not 

reached. 

The strategy is now as follows . 1) Use the lithium data to find limits on R 

as discussed before. 2) Then use the chiral temperature limit calculations, 180 

MeV < Tc < 220 MeV to obtain information on the baryon number diffusion 

5 
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properties , as parametrized by the value of ( µb q I µb h) at nucleosynthesis. 

Without hadronic potentials we find 1 < ( µ b q I µ b 
h) < 10. The 

introduction of these potentials reduces this range to 1 < ( µb q I µb 
h) < 2 

The Hubble parameter and the nature of dark matter. 

The density of luminous matter in the universe is usually obtained in the 
following way. First integrate the average light emitted by galaxies . The value L 

= 1 .7 (+0.6) x 108 h L0 I (Mpc)3 is quoted by Tremaine and Binney in Galactic 

Dynamics. (1988) , where h is the Hubble parameter in units of 100 km I sec I 

Mpc ( 0.5 < h < 1) and L0 is the solar luminosity ( 4x 10 33 erg I sec). 

The average density of luminous matter PL is given by: PL = L x (MIL) 

where (MIL) is the mass to light ratio of luminous matter in solar units (MofL0) = 

0.5 g I erg/ sec. Numerically one finds: PL = 1 .2 h2 x 10-32 (MIL) g/ cm3 

In units of the critical density Pc =  1 .9 x 10-29 h2 g/ cm3 one gets : nL = 

6.1  x 10-4 (MIL) . 
The estimated value of (MIL) averaged over the stellar luminosity function 

depends somewhat on the rather uncertain low-luminosity stellar extrapolation. 
Scalo (1986) has recently given a thorough discussion of this extrapolation. A value 

of "" 5 (mostly from elliptical galaxies ) can be estimated (Rocca-Volmerange, 

private communication) from which we have OL (stars) :::::: 0.005. 

One should also consider the contribution from intergalactic gas emitting X 
rays in clusters . According to Sancisi (1988) the MIL ratio is appreciably larger 
(between 10 and 40) and the total contribution of this gas to universal density is 
rather poorly known. He quotes, for the sum of both contributions, a value 

QL(stars and Xray gas)"" 0.01 with an uncertainty of a factor of two. 

On the other hand, the density of clustered matter, required from different 
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dynamical considerations related to the motions of galaxies, has been established 

by various authors ( Lynden-Bell 19&8) to be in the range % = 0. 1 to 0.2 .The 

gap between the estimates of QL and % defines the problem of the nature of the 

dark matter which is the subject of this section. 
On the other hand , the success of standard BB nucleosynthesis gives an 

estimate of the baryonic density QB of a few percent. The allowed range is further 

slightly narrowed by the effects of the quark-hadron transition as discussed 
previously. 

Here, in the light of recent developments, I want to address two questions. 1) 
Could this dark matter be entirely non-baryonic ? 2) Could this dark matter be 
entirely baryonic? 

Is it still possible at this point to reconcile the luminous contribution with the 
baryonic contribution ? What is the strength of the case for the existence of large 
scale baryonic dark- matter? One important uncertainty arises from the fact that 

while the BB nucleosynthesis defines a range of allowed baryonic density Pb ,one 

needs the value of the Hubble parameter ( h = H0 in units of 100 km/sec/kpc) in 

order to compute nb the baryonic density in units of the critical density. The range 

of h is usually given as 0.5 < h < 1 .  . Since 'pc = 1 .9 x 10-29 h2 g/ cm3 , an 

uncertainty of factor of four is introduced by the range of h. In this work I shall use 
h = 75 and discuss the effect of using rather h = 0.5 or I 

Could the dark matter be entirely non-baryonic ? 

For the Hubble parameter h = 0.75, QL = 0.01 corresponds to PB = 

10-3 1 g/cm3 . At this density, the BB helium yield is Y = 0.23 quite in agreement 
with the observations. 

An analysis of the effect of the quark-hadron transition , inducing an 
inhomogeneous density universe at the time of nucleosynthesis, gives, at a mean 

density of PB = 10-3 1 g/cm3 , an 7Li/H yield "' 3 x 10-10 not in contradiction 
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with the observations if the Pop 1 1  have suffered a minor amount of depletion. the 

observations. (This yield can be lowered by a fine adjustement of the parameters 

of the quark-hadron transition, a possibility that we do not consider here ). 

The real problem come from D ( 3He is rather poorly observed). At PB = 

1 o-3 1  g/cm3 , the D/ H ratio is then 2.5 x 1 o-4, ten to twenty times larger than 

the early solar system value. What can we say about D destruction during galactic 

evolution? 

Such a decrease in the D abundance ratio implies that from ninety to ninety 

five percent of the present interstellar matter consists of processed matter which 

has been at least once astrated. 

Such a large astration rate in the past galactic life would in principle be 

presently identifyable in a number of channels in relation with the stellar activity 

responsible for the D destruction . First by the light emitted by the stars which are 

still alive . Second by heavy elements generated by stars which are already dead . 

Third by the depletion of other light elements such as lithium which would also 

have suffered the postulated large astration rate. Fourth by the production of 

spallation products if the depletion of D is postulated to come from high energy 

particles. 

Define d(t) as the ratio of the primordial D/H ratio to the ratio at time t. 

Simple-minded models of chemical evolution using conventional wisdom and 

generally accepted hypotheses about the time variation of the stellar creation rate 

and luminosity function do not deplete D by more than fifty to sixty percent ( d < 

3) (Audouze and Tinsley 1 976). For example the galactic evolution model of 

Rocca-Volmerange and Schaeffer(l 988) , where the latest data is used to modelize 

the abundance variation of C, 0 and Fe, gives d = 2. These hypotheses must be 

altered in some way to achieve larger D depletion. 

This can be done, for instance, by biasing the early Initial Mass Function 

(IMF) toward the high mass range (the so-called bimodal star formation , Silk and 

Wyse1 984). This results in a rather high yield of metals per unit gas returned in 

space ( fm = KZ I L'1 M ) and hence may result in an over-production of the heavy 

elements. 
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Alternatively one may consider an early increase in Star Formation Rate ( 

SFR) without changing the (IMF) (Viangoni-Flam and Audouze 1 987). 

Compared to the case discussed earlier, the metal overproduction problem is 

alleviated by the smaller average value of Cfm) coming from this distribution of 

stars . As a counterpart , small stars have a long life and many of them should still 

be visible in our sky. 

At the other extreme, one could consider an generation of very large ( and 

short-lived) objects processing a large amount of gas ,without generating much 

metals ( very low value of fm). 

Constraints 

There are a number of observations from which some constraints can be 

derived. 

l )The abundance of lithium in Pop II stars as a function of stellar 

metallicity puts some limits on the astration of galactic gas in the early days of the 

galaxy . 3 2) A comparison between solar system and present D and He abundance 

puts limits on the late rate of astration in the galactic gas. 

3) The present stellar metallicity and the present luminosity fonction , 

interpreted in the framework of a model of galactic evolution , give limits on the 

evolutionnary abundance curve of D throughout galactic life. 

4) The observed ratios of (D+3He) I 4He and (Li Be B)/ (C N 0) shows that 

the destruction of D by spallation reactions is negligible. 

A) From PopII lithium. Recent data summarized in Cayrel ( 1986) show 

that the abundance of lithium in Popll stars varies by less than a factor of two when 

the iron abundance in the corresponding stars increase from less than 1 0-3 to ten 

percent of the solar value (fig 1 )  . .  For stars with iron values from ten per cent to 

the solar value , lithium increases by a factor of ten. These observations gives 

information on the metal yield per unit mass of galactic matter returned to the gas 

in the early days of the galaxy ( fm > 0.2 ) . Although this limit appears 

rather weak in comparison with the numbers usually derived from standard stellar 

nucleosynthesis model , nevertheless it limits the possibility of massive stellar 

objets eliminating D and 7Li , for instance through strong stellar winds and later 

collapsing without metal formation . 
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(One alternative interpretation would invoke large fluxes of infalling 

matter on the galaxy in these early days, compensating the stellar lithium 

destruction. Needless to say , such an infalling material would also carry pristine D 

and make it even more difficult to reconcile the present D value, and a low 

baryonic density universe.) 

B) Deuterium and helium-3 observations . The data is summarized in 

Boesgaard and Steigman 1985 . Observations of interstellar clouds give a mean D/ 

H value between 0.8 and 2 x 10-5 .The indirect evaluation obtained from helium 

in the early solar system gives DI H between 1 .0 and 3 x 10-5 Within the 

uncertainties, the two values are in agreement . This suggest that the depletion of D 
has been modest during the last five billion years. In terms of galactic evolution, 

these numbers limit the outflow of processed matter in the galaxy during this 

period. 
C) From metal abundances and luminosity requirements. Vangioni-Flam 

and Audouze (1987) have investigated the possibility of obtaining large D depletion 

without overproducing the metals or overestimating the present galactic luminosity 

. Several recipes have been tested concerning the'over-all rate of stellar formation 

or the alteration of the creation function. Their best result , in this respect , is 

obtained by an unmodified IMF coupled to a strong increase in overall activity 

(SFR) during the first two billion-years. In their best case, the D/H ratio is 

decreased to five percent of its initial value ( d = 20) while the metal , early lithium 

and late D constraints are correctly met. 

The main problem comes the resulting stellar luminosity function of the 

galaxy . The standard parameter here is b ( T 0 ) : the ratio of the present stellar 

formation rate SFR to the time-averaged SFR (Scalo 1986) at T 0 the present 

age of the galaxy . From a summary of various observations, Scala quotes an 

extreme lower limit of 0.18 < b ( T 0 )  which, he writes, "comes from pushing 

all the uncertainties to their estimated limits". He personnaly favors the estimate 0.5 

< b ( T0 ). 

The model of Vangioni-Flam and Audouze (1987) quoted above results 

in an b ( T0 ) = 0.15 , even lower than the extreme lower limit of Scalo. 

Furthermore it must be remembered that this discussion was based on the 
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assumption of h = 0.7 5 . If h = 0.5 the requirement of D destruction amount to 99% 

of the initial value (d = 100) , certainly too large in view of the last discussion. 

There would also be real problem with overproduction of 7u while 4 He would be 

OK. If h = 1 .0 the required destruction correspond to a d = 8 still large but 

perhaps not in conflict with the b(T 0) parameter constraint. The 4He and 7 Li test 

would be OK. 

Including the effects of the quark-hadron transition on the four 

cosmological isotopes, estimating the initial lithium as discussed in Reeves and 

Richer (88) and limiting the deuterium destruction by the Scalo estimate of the 

present to average star formation rate, we obtain a lower limit to the baryonic 

density : Pb > 2 x 10-3 l g /cm3 , corresponding to Qb > 0.01 if h =
-0.75 . The 

upper limit QL < 0.02 quoted by Sancisi corresponds , for h = 0.75, to Pb > 4 x 

1 0-3 1 g /cm3 in the hypothesis that all the baryonic matter is luminous. At this 

baryonic density the BBN is OK. 

The conclusion is the following. The baryonic density obtained from BBN 

can still be reconciled with the luminous density but only by pushing some of the 

uncertainties to their extreme values ( QL = 0.02 or h = 1 or b(T 0 ) = 0. 1 5) . More 

reasonably, we may esimate that more than fifty percent of the baryonic matter is 

invisible. 

Do we require non-baryonic dark matter? 

The highest baryonic density compatible with BBN, including the effects of 

the quark-hadron phase transition, is 5 X 10 -3 1  g/cm3 , T] = 8 xlO - 10. This can 

only be reconciled with the lowest value of no = 0. 1 , if h = 1 . 

Conclusions 

The chiral perturbation calculations indicate that the quark-hadron phase 

transition takes place at a temperature for which a baryonic density contrast R 

between seven and ten can be expected at the moment of Big-Bang nucleosynthesis . 

This ·can be reconciled with the data of D, 3He, 4He and 7u in a range a 
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baryonic density of 2 to 5 x 10 -31  g I cm3 , corresponding to rt = 3 to 8 x 10  -10 

and Q (baryonic ) between O,Ql and 0,1. 

The agreement between the lower limit for critical temperature obtained 
from the lithium data and from the chiral calculations is interesting and could be 
considered as another successful test of the Big-Bang theory. 

The lithium data can be combined to the chiral perturbation calculation data 
to give information on the baryon number transmission probabilities across the 
density phases in the early universe. 

The value of H0 the Hubble parameter appears to play a crucial role in the 

determination of the nature of dark matter. At one hand of the range , if h =l ,  the 
need for non-luminous baryonic matter can marginally be alleviated. For this, one 
requires also that the galactic evolution parameters be properly selected to insure a 
large depletion of D without over-production of metals, without overdestruction 
of the early Li or late D and without overestimation of the present stellar 
luminosity. Detailed galactic models shows that these constraints can be met only 
at the price of pushing the uncertainties at their extreme values. 

At the other end of the range , for h = 0.5 , the density of clustered matter 

na can marginally be reconciled with the baryonic component required for BBN . 

Thus we have the same answer to the two questions: 1 )  Do we require 
baryonic dark matter? 2) Do we require non-baryonic dark matter? The common 
answer is: probably yes, but not absolutely necessarily. A narrowing of the 
allowed range of the Hubble parameter would have an important impact on our 
knowledge of the nature of dark matter. 

1987 
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Abstract 
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We present a model for the generation of isothermal baryon dens i ty 
fluctuat ions in the early un iverse assoc iated w i th the quark-hadron 
tran s i tion . The model i s  based on thermal nucleation theory for the creation 
of bubbles of the new phase and on entropy conservat ion d u r i ng the phase 
trans i t ion . We find that the baryon number transport characte r i s t i c s  together 
w i th the rap i d  mot ion of the phase boundary can resu l t  in baryon d en s i ty 
fluctuations w i th ampl i tudes cons iderably larger than the chemical equ i l i b r i um 
l im i t .  A l l  of these resul ts depend on uncerta in quan t i t ies associated w i th 
the under l y i ng QCD phy s i cs . We d i scuss how uncertai n t ies in these quant it ies 
translate i n to uncerta i n t i es i n  the fluctuat ion ampl itud e ,  shape , and mean 
separation . 
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I .  I NTRODUCTJON 

Recent work
l - l O ) has shown that i sothermal baryon number fluctuations 

created dur i ng a f i rst order phase trans i t ion associated w ith the quark-hadron 

tran s i t ion can l ead to pr imord ial nucleosynthesi s  wh ich i s  d i fferent than in 

the standard , homogeneous big bang . The detai ls of th i s  nucleosynthes i s  are 

st i l l  unc l ea r , though it  is c l ear that the l ight e lement abundances i n  these 

schemes depend on how neutron d i ffus ion i s  handled before and dur i ng 

nucl eosynthes i s  and on the detai led shape and spat ial d i st r i bu t i on of the 

fluctuat ions . This talk deals w i th the issue of fluctua t i on generat ion . The 

fol l ow ing ta l k  w i l l  desc r i be p r imord ial  nucleosynthes i s  cal c ulat ions based on 

the fluctuat ion shapes and separations d iscussed here . 

I n  the d i scus s i on of isothermal baryon number fluctuation generat ion to 

fol l ow ,  we w i l l  first br iefly descr i be the equation-of-state for each phase 

and ou tl ine a thermal nucleation model for the fluctuation s  before d e l v i ng 

i n to an expo s i t ion of fluc tuat ion generation . 

I I . EQUATION OF STATE 

I n  what fol lows we w i l l  adopt a non in teracting particle  equation of s ta te 

for both the unconfined quark-gluon phase and the confined hadron phas e .  We 

have d iscussed this  model in detail elsewhere7 )  so here we w i l l  only g iv e  the 

sal i ent resu l ts and comment on the appl i cabi l i ty of the mode l .  

For the deconfi ned quark-gluon plasma i n  the noni nterac t i ng model the 

thermodynam i c  potent ial is 

- V · T
4 7 n2 

ll qg 1 80 

2 
T

4 
-V jj- N 5 g 

+V B 

N N ( 1 + 1Q_ ('.'.g) 
c f 4 T 

7n 

2 µ 4 
_l2___ ( --9. ) + 4 T 
7n 

( 1 )  
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where V is the volume of the system, T the temperature , Nc the number of 

colors ( 3 ) ,  Nf the number of relat ivistic quark flavors ( 2 or 3 ) ,  Ng the 

number of gluons ( 8 ) , B the vacuum QCD energy , and µq = 1 /3 µb i s  the quark

baryon chemical poten t ia l . 

Note that for the early uni verse µb/T - 1 0-8 . In this d ilute baryon 

number l im i t  the baryon number densi ty is 

n q 
1 3 µ 
- N N T ( -b) 
9 c f T · ( 2 )  

For two rel a t i v i s t ic quark flavors the total statist ical weight in  quarks and 

gluons is gq z 37 and the contribution to the total pressure , energy densi ty ,  

and entropy dens i ty is 

p 1 4 
q z 3 gq aT - B 

E q z gq aT4 + B 

S z � g aT3 
q 3 q 

2 

( 3a )  

( 3b ) 

( 3c )  

where a = ;0 . The just i f i cat ion for the use of a noninteracting equation o f  

state in t h e  strong coupl ing QCD l im i t  i s  that the bag model o f  hadrons 

works1 2 l .  Another j us t i fication stems from deep inelast ic lepton scattering 

experiments wh ich indicate that quarks and gluons are relati v i s t i c 1 3 l .  Recent 
fin i te temperature lattice QCD calculations1 4 l bear out the most important 

aspect o f  this approximation for our wor k :  the baryon number concentra t i on 

closely follows a Stefan-Bol tzmann law . 

For the con f i ned,  or hadron i c ,  phase we again use a noninteracting model 

for the equa t i on o f  state and we sum over al l of the known mesoni c  and 

baryoni c  resonance s .  At l o w  temperatures (T < 1 20 HeV ) t h e  stat i s tical weight 
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is dominated by p ions , g
h 

" 3 ,  and useful approximations to our nume r i ca l  

resu l t s  for the pressure , energy den s i ty , and entropy dens ity for the confi n ed 

phase are 

Ph " } g
h 

aT
4 

c
h 

" g
h 

aT
4 

s
h 

" 1 g
h 

aT
3 

( 4a )  

( 4b )  

( 4c )  

At h igher temperatures i nteractions between hadrons are importan t .  These 

in teract ions tend to decrease the pressure and e ffective s tatist ica.l w e i gh t  of 

the hadron gas 1 5
_
) , w i th the resul t  that the chemical equ i l ibrium rat io o f  

baryon den s i t i es i n  the quark and hadron phases wh ich w e  present below i s  a 

lower l im i t  to the actual rat i o  includ ing interactions . 

A d i l ute baryon numbe r ,  low temperature l imit approximation to the baryon 

number concentration in the hadron phase i s  

n
h 

1 /2 µ 3/2 (�) T
3 (_ll_ ) ( !!!) e

-m/T 
' T T 

( 5 )  

where m i s  the mass o f  a nucleon . I f  separation o f  phases occurs i n  the early 

un iverse we expect that for some per iod ( of order a Hubble t ime ) the regions 

of d ifferent phase will be i n  thermodynami c  equ i l i b r ium ( nearly equal 

pressures and temperatures ) .  We w i l l  argue below that the processes which 

tran sport baryon number across the phase boundary may be rap id enough to 

produce local chemical equ i l ibrium at the boundary ( equal baryon chem i ca l  

potent ials ) .  I f  we define the ratio o f  the baryon den s i ty i n  the quark phase 

to the hadron phase as R ,  then in the chemical equi l ibrium l imit , 

n 
R = _g " 

n
h 
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Our calculation for the equ i l ibr ium rat i o ,  R ,  which includes a sum over all 

hadron ic resonances , i s  shown in Figure 1 .  
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Fig. l The chemical equilibr·ium baryon ratio, R, as a function of 
coexistence temperature , ... Tc . Curves are shown for 2 and 3 relativistic 
quark flavors . 

I I  I .  NUCLEAT ION 

A t  h i gh enough temperature the universe i s  filled w i th a deconfined 

quark-gluon plasma . As the universe expands the temperature drops unt il i t  

becomes favora b l e  to form bubbles o f  the new , confined phase . I f  a· bubble o f  

new phase w i th rad ius r0 appears i t  has free energy , 

w 4 n 3 2 3"" r
0 ( Pq - Ph ) + 4n a r

0 , ( 7 )  

where a i :;  the surface · energy parame ter .  I n  the theory of spontaneous thermal 

nucl eati on 1 0  the rate at which new phase appears is given by 



308 

P ( n )  4 - 1 6n c Tc exp {-3-
03 ---2) ' 

Tc Ln 

where Tc is the coexistence temperature, L is the latent hea t ,  C is a 

constant ,  and n is the supercool ing paramete r ,  

'1' - T · c  n = -T


c 

( Ba ) 

( 8b )  

We follow Kajan t i e  and Kurki-Suon io 1 7 ) and assume that a bubble o f  new 

phase is accompanied by the formation of a shock . This shock heats the 

universe as i t  moves out , effectively transmitting the bubbles ' latent heat to 

the outs ide medium of old phas e .  I f  the fraction o f  the volume o f  the 

universe w h i ch is unaffected by these shocks is f then we have shown that7 ) , 

f( t )  
tf 

exp { - J f 
t c 

( t ) p (T, ) �3 n v3 ( t  - t' ) 3 ( 1=- ) 3 d t } s T 
( 9 )  

where tc i s  the t ime when the universe first cools through coe x i stence , Vs i s  

the shock velocity ( wh ich w e  take to b e  the sound speed ) and tr is the � ime 
when the uni verse is  reheated to the coexistence temperature . 

Equat ion ( 8 ) can be sol ved to y ield the amount of supercool ing , 

n f 1 .  4 a 3 12 
T 1 /2 L 

c 
( 1 0)  

-3 -4 where nf • 1 0  or 1 0  for a reasonabl e  range o f  a and Tc . A n  integration of 
the product of p ( t )  and f( t )  y ields the total number o f  nucleated bubbles of 
new phase per un i t  volume, 

N n J f( t } p ( t )  dt  
t c 

( 1 1 )  



The mean separation between the centers of nucleated bubbles , or 

nucleation scale i s  i : N- l / 3  , n 

i 
312 t o_ �  0 . 3  1 /2 L Tc 
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( 1 2a) 

where t is the reheating t ime . Us ing the noninteracting equations of state 

presented in the last section we can show that 

6 3 312 
(2 x 1 0 m )  ( o/MeV ) 

( T/MeV ) 1 3/2 ( 1 2b )  

We d o  not know e ither o or Tc . A fa ir  est imate is that Tc z 1 00 to 300 MeV ,  

but o may be between O and s314 .  Th is means that i may l i e  between O and the 

horizon scale ( z 10 km) . 

I V .  BARYON NUMBER TRANSPORT 

A fter the u n i verse has nucleated bubbles of hadrons and reheated back to 

the coex istence temperature, further spontaneous nucleation is suppressed on 

the timesca l e  of the phase trans it ion s i nce the nucleation rate ( equation 8a ) 

is so smal l .  As the u n i verse continues to expan d ,  the hadron phase grows in 

volume a t  the expense of the quark phase , releasing latent heat at a rate 

wh ich keeps the temperature (and total entropy ) constant until  a l l  o f  the 

universe i s  converted to confined phas e .  We will fol l ow the transport of 

baryon numbet· during this constant temperature epoch . 

I f  A( t )  is the scal e factor for the universe then the E instein equa tion 
g i ves 

A 
Eh ( 1 - f ) + C f 1 /2 

X [ � Q V J  ( 1 3a ) 
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where fv is the fraction of the volume of the universe in the quark-phase and 

x is a QCD expansion t imescale7 , 

x 
1 

1 43µ  sec ( Tc I 1 00 MeV ) 2 

Energy ·momentum conservation provides another cons traint which ,  i f  the 

pressure . i s  constant ,  is equivalent to total entropy conservation, 

d 3 
d t [ A ( Sq fv + Sh ( 1 - fv ) ) ] 0 . 

( 1 3b )  

( 1 4 ) 

These equations can be solved to yield fv as a function of time ( Figure 

2a ) or , equ i valently , the rad ius , r, of a typical bubble as a function o f  time 

( F igure 2b } .  Note that 

v 
4 /3 n r3 Nn 

--2 v 
f = ' v v ,  3 0 1 - 4 /3 n r Nn -V 

f < l v 2 
1 fv � 2 

( 1 5 )  

where V0 i s  the · volume of the un iverse a t  the end o f  reheating and V i s the 

instan taneous. value . 

bubble of hirdrl'ms for 

gluon plasma "for f v < 

In figure 2b we interpret r as the radius of a growing 

fv � � and as the rad ius o f  a shrinking bubble o f  quark

�· The approximation of sphe r i cal bubbles clearly 

makes sense at the beginning and end of the phase tran s i tion when surface 

energy may dominate, but may be overly s impl ist i c  near percolation . 

Consider baryon· n umber transport across a .pha·se boundary , or wal l ,  

separa t i ng the quark phase from the hadron phase . I f  Nq and Nh are the 

comoving densiti es of baryon number in quarks and hadrons respectively the n ,  



5 . 0  1 0 . 0  1 5 . 0  

( � s e c )  
Fig. 2a The fraction of the volume of the universe , fv , left in the 
unconfined quark phase as a function of �ime , t ,  during the constant 
temperature coexistence epoch . Curves for three different temperatures 
are shown :r�l�OO.:,..;Me�V�,�1�2=0�M=e�V�,--=an=d::.,1=5=0=-=M=e=VT.���-,���y--��--, I .  0 
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Fig. 2b The quark volume fraction fv as a function of 

proper bubble oradius r .  
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N = n f V q q v 

Nh = nh ( 1  - fv } V 

( 1 6a )  

( 1 6b )  

where V i s  some proper volume. The rate a t  which baryon number i s  changing in 

each phase is given by 

f v ( 1 7a )  Nq = - Nq ).q + (,....-:--r-) Nh ).h v 

f v ( 1 7b }  N h  = Nq Aq - ( .,..-::-r-} Nh Ah v 

where \ q and \, are baryon number transport rates for quarks to hadrons and 

hadrons back to quarks respect ively . These transport rates have been 

estimated previously7 } based on the flux of particles h i tt ing the wal l  from 

each s id e . 

\ • ( 1 . 1 15 x 1 0 1 4 s- 1 ) ( MeV } ( c;}  e -9i8 MeV Eh ( 1 8a }  q T c c 

10 - 1  T 1 /2 c ( cm } ( 1 8b ) ). h • ( 3 . 00 x 10 s ) < 3 1 2 . 1  Mev > r Eh , 

where Lh w i l l  be defined presently . 

Note that in the l imi t where equi l i br ium is obtained ( Nq 0 ) , 

� h / ).q ( 1 8c )  

Deta i l ed bal ance i n  equi l ibr ium ( equation 18c }  can then be used to e l iminate 

one of the unknown cross-sections in the transport rates i n  terms of the 

othe r .  We have done t h i s  in  equations 1 8ab t o  l eave each rate proportional 

to Eh , the probabi l ity that when a nucleon h i ts the wall it tunnel s through to 



313 

evaporate into three quarks . Any attempt to est imate E
h 

i s  very model 

jependent7 > 
and therefore ,  not particularly believable : the largest it can be 

i s  unity ; in reference 7 we estimate that Eh � 1 0- 3  

Equations 1 7ab leave out the crucial point that baryon number is not 

uniformly distributed in each phase , but in fact can d iffuse toward or away 

from the bubble wal l s .  We note two simplifying points : first , the chemical 

equ i l ibrium timescale ( inverse coefficient of A
h

) is short compared to the 

speed of the wall ( r oughly 1/t) . Second, the speed of the wall is rapid 

compared to the baryon d iffusion rate in the hadrons . This latter point 

fol l ows by noting that the hadron di ffusion length in a Hubble time is only 

10-3 m and it is to be compared w i th 1 which may be 1 - 1000 m. The 

genera l i zation of equations 1 7ab to include di ffusion away from the wall i s ,  

Nq 

Nh 

1 2 2 2 ctr {-N
q Aq r/3 + Nh ' h r/3 + 4nr Dq v ( Nq /4nr ) }  

1 2 2 2 ctr {Nq Aq r/3 - Nh Ah r/3 + 4nr Dh 
V ( Nh/4nr ) }  

( 1 9a )  

( 1 9b )  

where d r  i s  the width of a zone, and Dq and Dh are the baryon number d iffusion 

constants for quarks and hadrons respect ivel y .  

I n  keeping with the two s implifying points given above w e  set Dh = 0 and 

in the solution to equation 1 9ab we demand that the ratio of the baryon number 

dens it ies on e i ther side of the phase boundary be R ,  the equ il ibrium rat io .  

We start the hadron bubbles at the end o f  reheating w i th the equ i l ibrium 

baryon number concentration, and then integrate equations 1 9ab . We set 

Eh
= 1 .  The relative baryon number densities ( n

h
/nq ( O ) , where nq ( O )  is the 

comoving un i form baryon number density at the beginning of the phase 

transition ) ,  are shown in figure 3a as a funct ion of f 1
13 for the beginn ing , 

v 

middle ( t= 1 5 µs) and end { t= 30µ s )  of the phase transit ion . The r 1 1 3 
v 
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1 06 T , = l O O MeV 

I 05 

1 01 30 "s e c  

1 03 

0 I 02 
� � 

= 
1 01 ..;-:; 

1 5  1 s e c  

= 
1 06 

1 0- l 

I 0-2 

1 o-3 0 . . 2  . 4  . 6 . 8 1 . 0 

f . 1/3 

Fig . 3a The ratio of the baryon number density in the hadron phase to the 
comoving uniform baryon number density in f?� quark phase at the beginning 
of the phase transition as a function of fv (a measure of comoving 
fluctuation radius ) .  Three t imes during the phase transition are shown : 
t=O , the end of nucleation; t=lSµs , midway in the transition, and where we 
interpret densities to the left of the peak as being in quarks , to the right 
in hadrons; t=30µsec the end of the transition. A coexistence temperature 
of 100 MeV is assumed . 

1 06 T ,  = 1 0 0  M e V  

1 05 

1 01 

1 03 

0 
;;:-- 1 02 

A 
= 

;;-- 1 0' 
A 

= 
1 00 

1 0-1 

1 0-2 

1 0-3 0 . . 2 . 4  . 6  . 8 1 .  0 

r , 113 

Fig . 3b Same as Fig . 3a but now the diffusion constant for quarks i s  
s e t  to zero . 
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parameter is essen t ially the comoving radius o f  a "Wigner-Se itz" cel l centered 

on a fluctuation . During the phase transi tion , the baryon number dens i t y  is 

in  the quark phase to the left of the wal l  and i s  in the hadron phase to the 

r i gh t .  W i th Tc = 1 00 MeV i n  this calculat ion the equi l ibr ium jump con d i tion 

at the wal l is R � 1 00 .  Baryon number is concentrated in  the shrink ing bubble 

of quark gluon p lasma because the surface area of the bubbles is going down 

rapidly and because the baryons can only, be transported out of the quarks w i th 

the equ i l i br i um ratio R .  Near the end o f  the phase transit ion this 

equ i l ibr ium approximation w i l l  break down , most l i kely when the speed of the 

wal l  becomes of order the sound travel t ime across the bubb l e .  A t  that 

po int 'q should d i verge and cap off the peak . This calculat ion used Dq = 4xlo9 
cm-2 s- 1 . 

F igure 3b is the same as f:i gure 3a except now Dq ,
= 0 .  In this l im i t ,  

baryon number p i les up a l ong the wal l in the quark phase t o  the l im i t  o f  the 

zon ing . The net resu l t  is a fluctuation of smal ler ampl itude . I t  has been 

c laimed that in the l im i t  of Uq = 0 and infinitely f i ne zoning that the 

fluctuation amp l i tude shou l d  be l imi ted9 ) t°' R .  We are currently 

invest igat ing th is. but rema in unconv inced because these claims are based on 

one-dimens ional pJ'ane para l lel calculations which adm i t  a steady-state 

so lution which does not ex i st in three d imensional geometry . 

I n  f'igure 3c we repeat the calculation in ( 3a ) but now reduo.e R to the 

value comensurate w i th Tc = 200 MeV in the noninteracting model ( R " 3;) . 

Al though the overall shape is relatively s imilar to that at Tc = 1 00 MeV , the 

ampl itude is r·educed by several orders of magn i tude ( but is st i l l  considerably 

larger than R ) .  F inal ly , reducing Ih has the effect of narrow ing and 

heightening the peaks .  
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Fig . 3c Same as in Fig. 3a but now T = 200 MeV . The times 
for the beginning (t=O) ,  middle (t=4µ� ) ,  and end (t=Bµsec) o f  
the phase transition are shown . 

V .  CON CL US J ON 

As we w i l l  see in the next tal k 1 1 l , the primord ial nucleosynthe s i s  

assoc iated w i th isothermal baryon number fluctuations may depend on the shape , 

ampl itude ,  and mean separation of these fluctuations . The mean sepa ration o f  

these fluctuations depends o n  the latent heat associated w i th the phase 

tran s i t i on and the unknown surface energy characte r i z ing the phase 

boundary , o .  The fluctuat ion ampl itude and shape depend on the equi l i br ium 

baryon number concen tration rat i o , R ,  the geometry of the bubbles , and the 

nucleon wa l l  penetration probab i l i ty ,  E
h

. I n  short there is a great deal of 

unknown phys ics associated with the characterization o f  fluctuat ions from the 

quark-hadron t rans i t ion . For some values of these quant i t i es the fluctuations 
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may be narrow and have ampl i tude cons iderably larger than the equi l i br ium 

concen trat ion rat i o ,  R .  
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THE EVOLUTION OF BARYON .NUMBER DENS I TY FLUCTUATIONS 
BEFOR E ,  DUR I NG AN O  AFTER PR IMORDIAL NUCLEOSYNTHE S LS 

G .  J .  Mathews , G .  M .  F u l l e r ,  C .  R .  A l coc k ,  and T .  ·,l<�j i no* 

U n i vers i ty of Ca l i forn i a  
Lawrence L i vermore Nat i ona l Laboratory 

1. U vermore, CA 94550 

ABSTRACT 

We d i scuss  the s i mu l taneous evo l u t i on of weak and nuc l ea r  rea c t i ons 
a l ong wi th ba ryon d i f f u s i on in i sotherma l f l uctua t i ons produced in the 

· ,quark -,hadron phase t ra n s i t.loo . We f i nd that the res u l t i ng l i ght -e l ement 
nuc leosynthe s i s  . i s  sens i t i ve to the sepa rat i on .d i stance between 
f l uctuaUon� • .  ,although sti l l  con s i s tent with  ob�e11ved l i ght-el ement 
abundances · fexcept · pos s i b l y  7 Li ) for a reasonabl e  raqge "of separa t i ons 
between f l uctuat i ons . The heavy-el ement n u c l eosynthesis '•hilS d>een 
computed for a l l  n uc l e i . · up to A =  28 . I t  appears that an r-�rocess 
11 seed 11 abundance wi l l  be formed with  a mas s  f ra c t i on of 1 0-l to l o-1 0 . 
I t  i s  not yet c l ea r  whether th i s  wi l l  l ead to an overprodu c t i on of 
r-process abundances rel a t i ve to that observed i n  metal -poor h a l o  stars . 
The evo l u t i on of the f l uctuat i ons after n u c l eosynthe s i s  i s  d i scus sed and 
it is con c l uded that these f l uctuat i ons a re not l i k e l y  to col l apse to 
form compact cold-da rk-matter remnants , but a re p roba b l y  smoothed by 
ba ryon d i ff.us i:on before recomb i na t ion . 

* Permanent Address , Depa rtmel'\t o f . Ahys i c s ,  Tokyo Metropol itan 
UrHvers i ty , Setagaya , Tokyo 1 58 Japan 
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We have d i scus sed i n  a p revious tal k l ) how a f i rst-order trans i t i on 

f rom quark-gl uon p l asma to con f i ned hadron i c  matter could  l ead to 

pronounced i sotherma l ba ryon number den s i ty f l uctuat i ons . In t h i s  t a l k  

w e  concentrate upon how such f l uctuations a f fect primord i a l  

nuc l eosynthes i s  and how they mi ght evo l ve through and a fter the epoch of 

n u c l eosynthes i s .  The s i mp l e  schema t i c  t reatment ut i l i zed in our earl i e r  

papers2 , 3 ) i nvolved s i mp l y  forc i ng t h e  neutron dens i ty t o  b e  homogeneous 

j ust before nuc l eosynthes i s  and negl ected any effects of baryon d i f fu s i on 

thereafte r .  Th i s  was a conveni ent s i mp l i f i ca t i on f o r  t h e  purposes of a 

g l obal pa rameter study . However , i t  has been poi nted out4 , 5) that baryon 

d i f fu s i on after the onset of primord i a l  n uc l eosynthe s i s  can be 

i mportant . In part i c u l a r ,  the i nc l us i on of baryon d i f f u s i on may to some 

extent4) avo i d  the prob l em of overproduced 7 L i . 

In the work reported here , . we s o l ve the baryon d i f f u s i on equat i on 

s i mu l taneou s l y  with the weak and nuc l ea r  reaction · rates f rom the t i me of 

the phase t ran s i t ion unt i l  after the epoch of n u c l eosynthes i s .  The rate 

of c hange of the den s i ty ,  n i , of a g i ven n uc l ea r  spec i es ,  i ,  can then be 

written 

an; 
at j�i {N

i 

Ni 
ni 
N

i
! 

N
k n

k 
N

k
! 

N
A 

<"ikv>
j 

1 j J N
A 

<" . . v> n .
N; n 

N .  } 
N:"Ttr.,. • . 

1 J k 

J
. 

+ V • ( D; V n
i

) 

where the s umma t i on i s  over a l l  rel evant n uc l ea r  and weak rea c t i ons of 

( 1 ) 
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the form: 

Ai 
Ai N

i ( Z i )  +- Nj ( Zj ) 
� Ak 

Al 
� Nk( Zk) +- Nl( Zl) 

The l as t  term i n  Eq . ( l ) i s  the dens i ty dependent d i f f u s i on equa t i on . 

For the work reported here i t  i s  s u f f i c i en t  to cons ider d i f f u s i on by 

ba ryons on l y  wh i l e  they appear as neutron s .  Hen c e ,  the d i ffus i on 

constants a re taken to be zero except for the neutron for wh i c h  

( 2 )  

0 -l ; 0 -l +- 0 -l 
n ne np ( 3 )  

where t h e  proper d i f fu s i on constants f o r  neutron -el ec t ron scatteri n g ,  

One , a n d  neutron-proton scatte r i n g ,  Dnp , a re taken f rom re f .  6 .  
Nume r i ca l l y ,  we have found that i t  i s  i mpera t i ve to sol ve Eq . ( 1 )  

i mp l i c i t l y .  The f i n i te d i fferenced vers i on of Eq . ( 1 ) appears as a 

nearly b l oc k  d i agonal matri x whose s ubma t ri c i es a re connected v i a  the 

d i f f u s i on mat r i x  e l ements . F i gure 1 shows an examp l e  of an e i ght zone 

d i sc ret i zed approx i ma t i on to our ca l c u l atedl ) ba ryon den s i ty f l uctuat ions 

as a function of comovi ng rad i a l  coord i nate . F i gure 2 shows how the 

neutron den s i ty in d i fferent zones va ries  as a func t i on of t i me when the 

average separa t i on between f l uctua t i on centers is 40 m . Weak react i on 

decoup l i ng oc c u rs after about 1 sec when the tempe rature i s  1 MeV .  As 

one can see f rom t h i s  f i g u re there is some ba ryon d i f f u s i on up to th i s  

t i me . However, after t � 1 s e c  when the neutrons a re no l onger rap i d l y  

converted i nto protons ,  t h e  outer zones a re a b l e  t o  approa c h  equ i l i br i um 

q u i c k l y  a fter about 1 0  sec . The outer zones then rema i n  i n  equi l i b r i um .  

A t  t-200 sec , t h e  onset o f  nucl eosynthes i s  causes a factor o f  2 d rop i n  

t h e  neutron den s i ty a s  t h e  ava i l a b l e  protons a re cons umed . Afterwards , 

the neutron den s i ty decreases more gradua l l y ,  and i s  essent i a l l y  g i ven by 
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F i g .  1 An e i ght zone approxima t i on ( h i stogram} to a c a l c u l ated ( smooth 
c u rve} ba ryon den s i ty f l uctua t i on ,  nb
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l ( s e r )  
F i g .  2 Comovi ng neutron den s i ty as  a func t i on of, t i me i n  d i f ferent zones 
for a f l uctua t i on s i mi l a r  to that shown in F i g ,  l '  The average 
separa t i on ,  t ,  between f l uctua t i ons was taken· to be 40 m for th i s  
c a l c u l at i on . 



the timesca le  for neutron decay i nto protons whi c h  i s  requi red for 

further nucl eosynthes i s .  
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The i nnermost zone appears to evol ve a lmost i ndependently from the 

outer zones . The dens i ty i n  thi s zone rema i ns h igh unt i l  t - 1 0  sec at 

wh ich  poi nt the nucl eosynthes i s  begins  and the neutron dens ity i s  quickly  

d imin i shed as baryons are converted i nto 4He .  The reason that th i s  zone 

does not eff i c i entl y communicate with the outer zones i s  due to i ts h igh 

baryon dens i ty .  The resu lt ing h igh neutron-proton scattering rate 

drasti ca l l y  shortens the baryon di ffus ion l ength.  

The f l ow of neutrons among the zones is  important for the resu lt ing 

nucl eosynthes i s .  The f l ow o f  neutrons i nto the i nner high-dens ity zone 

can reduce the overproducti on of l i th i um via the 7se ( n , p} 7Li ( p . �}4He 

reaction . 4} On the other hand , the loss  of neutrons from the outer l ow 

dens ity zones wi l l  d imi n i sh the deuterium production there . 

Gi ven our calculated f lu«tuation shapes and d i ffus i on constants , 

the amount ,of neutron f l ow i s  determined by the average separation 

between nucl eat ion s i tes . Fi gure 3 shows an example  of our calcu lated 

nucl eosynthet ic  yields  as a function of the separation between 

f l uctuati ons . The optimum separation di stance appears to be - 1 0-100 m 

at the time of . the1 · phase trans it ion ,  which  i s  comparable  to our earl ier 

estimates2 , 3 } 'ba:sed upon c l a s s i cal nuc l eation theory. For separat i ons 

wh i ch are too c l dse ,  <1 0 m,  4He and 7u .a !'"e overproduced . .  wh ile' 2H -and 3He 

are underproduced . Thi s i s  due to the flow of neutrons back i nto the 

h igh density zones after the onset of nuc l eosynthes i s .  For separations > 

1 00 m, there i s  not enough neutron d i f fus ion to produce s igni f i cant 2H i n  

the low dens i ty zones . For the optimal cond it ions , l-30m, 7L i  i s  

overproduced a t  about s i x  times the POP I Li abundance .  Th i s  i s  a 

reduction by about a factor of l to 5 from the Li overpr,oductiion i n  our 
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p revious  schemat i c  mode l  stud i es and ref l ects the i mportance of 7 ae 

destru c t i on during  nucl eosynthes i s . 4 )  

Al though o u r  7 L i  abundance exceeds t h e  observed P O P  I L i  abundance 

for c l usters < 5 Gyr old , it i s  not i ncon s i s tent wi th recent data 7 )  f rom 

the 1 0  Gyr o l d  Pop I c l uster,  NGC 1 88 ,  wh i c h  appea rs to s how enhanced Li . 
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A dec l i ne i n  the observed galactic  Li to a constant va l ue for the past 5 

Gyr could be eas i l y  understood as due to the combi ned effects of 

astration and i n fa l l  i n  a galactic chemi cal evol uti on mode1B} . We have 

a l so heard at this conference9 } that the apparent l ow va l ue for l ithium 

i n  POP II ha l o  stars may be attri butable  to gradual destruction from a 

much h igher in it ia l  Li abundance .  Because o f  these cons i derations i t  

appears t o  us that i t  wou l d  be premature t o  d i s regard cosmologies  i n  

which  the uni verse i s  c l osed b y  baryonic dark matter o n  the bas i s  of the 

pred i cted primordia l  l i th i um abundance .  

With regard to nucl eosynthes i s ,  we are a l so studying the 

suggestionl O} of heavy-el ement formation via a primord i a l  

rapid-neutron-capture ( r-} process wh ich  ma y  have taken place i n  the 

neutron-rich zones after the bui l dup of CN and O e l ements . We have now 

extended the ori g ina l  nuc l ear react ion network i n  the b ig  bang code to 

i nc l ude nuc l ear spec i es up to A = 28 ,  i n c l ud i ng neutron capture paths for 

unstabl e  el ements with �-decay l i fetimes > 1 ms . We are a l so in the 

process of connect i ng a c lass ica 1 l l } r-process to this  network to fol l ow 

the bui l dup to heavier nucl ei . What we have observed i n  the neutron rich 

zones i s  that a neutron capture f l ow path is quickly establ i shed wh ich 

l asts for up to - 1 000 sec after the onset of nucl eosynthes i s .  Th i s  path 

f l ows through neutron rich nuclei  wi th l i fetimes - 1 mi n ;  e . g .  

23Ne�25Na�27Mg . We see that seed material � i s  bu i l t u p  wi th a mass 

fraction of i o-1 2  - l o-10 depending upon our assumpt ions about the 

neutron capture c ross sect i ons ( i . e .  d i rect rad iat ive capture , 1 2 } or 

Hauser-Feshbach estimatesl 3} . Al though resu lts from our r-process 

network are not yet ava i l ab l e  we can ca lcu late the expected r-process 

mass fract ions , Xr , from our estimated seed abundances : 

Xr-Xseed x 2n ( 4) 
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where n i s  the number of fi s s i on cyc l es . 1 1 ) The number of f i ss ion cyc l es 

wi l l  be g i ven by the rati o  of the r-process time sca l e  ( - 1 000 sec from 

F i g .  2 )  to the sum of the P-decay l i fetimes a l ong the r-process path from 

A - l 00 - 300 . A long the neutron capture f low i n  our network , the 

p-decay l efetimes are - l min for nuc le i  wi th capture c ross sections 

- 10 mb . Assuming an average capture cross section - 1 00 mb for heavy 

nuc le i  the correspond i ng p l i fetime wi l l  be 1 0  sec . Th i s  imp l i es a cyc l e  

time sca l e  - 1 000 sec . Th i s  i s  a l ong timesca l e  for a true c l ass ica l  

r-process and ref l ects the somewhat l ower proper neutron-density (< 1 01 8  

cm-3 ) characteristic  o f  our mode l s .  Th i s: lower neutron dens ity i n  turn 

causes the f l ow path to fa l l  c l oser .to stabi l ity . Thus , we estimate that 

there wi l l  on ly  be - 1 f i s s i on cyc l e .  Th i s  means that the r-process mass 

fraction wi l l  on ly  be < l o-1 0 . Th i s  i s  important s i nce .ba lo  stars are 

observedl 4) with r-process mass fractions as l ow as Jo�J O .  Thu s ,  i f  

there were many f i ss i on ,c.yc.l es , the r-process cou ld  b e  used as a 

constra i nt on i nhomogeneous cosmo logi es . 

Fi nal l y ,  we consider the dark matter i ssue :  We woul d  l i ke to know 

whether or not the baryon ic  i nhomogenities pred i cted in this  model  cou ld  

ever ·col l apse .to form dark matter remnants themsel ve s .  It appears that 

th i s  is un l i ke l y .  I f  ·the 5epara;tion between nuc l eation s i tes i s  1 0  - 1 00 

m, then the total baryonic mass wittti n ,  a• f l uctuat ion i s  only  - 1 0 1 5  -

10 1 8 g .  Si nce the baryon i c  pressure i s  large <� nbkT ) such �jects cou ld  

not be  gravitationa·lly_. ·bound unti l we l l  past the epoch of l".l!.comb:irration .  

On  the other hand , as the photon and el ectron density decrea� e .  the 

proton d i f fus ion l ength wi l l  beg in· ·to• exceed6 , 1 5 ) the mean separation 

between nuc:.leat i on .  s•Hi!s; af,ter nucleosynthes i s  and wel l  before 

re comb i nation .  Therefore , the on,l y way that these f l uctuat ions mi ght 

form dark matter remnants is by a change in the. equation of state as the 

baryons are compressed to y,ery· h i gh density .  Unfortunatel y ,  the mass of 
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these f l uctuations 'ls too :low to balance the degeneracy pressure at 

nuc l ear  matter dens ities so that they cou ld  not fonn "ne.tron stars . "  

Even i f  these objects were C'llll]i>;resse.d to form strange-aatter quark 

nuggets , .as p;d g i na l l y  :pr,oposed by Wit;ten , 1 6 ) they wou ld  probably qu i ck ly  

evapora:te. :1 17\) rtt i s  a l so unl i kely  that these objects cou ld  be compressed 

.to black ho·l es .  Thi s  would  requ i re a di!ill'SU:y far i n  excess of nuc l ear 

matter d en s i ty .  Therefore , these f l uctuat ions are probably not a source 

of cold-dark-matter �emnants . 
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ON THE MAGNITUDE OF BARYON DENSITY FLUCTUATIONS IN THE QUARK-HADRON 
TRANSITION 

ABSTRACT 

Keith A. Olive 
School of Physics and Astronomy 

Universi ty of Minnesota 
Minneapolis , MN 55455 USA 

The baryon density contrast between the qua�k- gluon and hadron phases 
at the confinement trans ition is calculated. It is found that repuls ive 
interactions among the hadrons at high temperatures and densities plays an 
important role . Instead of falling with increased trans ition temperature 
( as is the case in the absence of hadronic interactions) the contrast 
remains roughly constant with ( nB) 0/(nB )H � 6 .  This result has strong 
implications for big bang nucleosynthesis . 
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It has been suspected for some time that isothermal density 
perturbations might be produced during the quark- gluon to hadron 
confinement trans itionl - lO) . Recently the effects of such perturbations 
on big bang nucleosynthesis have beJUl. exploited3 • 4 • 6 - ll) . Given a baryon 
density perturbation, differences. in the diffusion length$· between 
neutrons and pro.tons3 • 6 ) prior to. nµcleosynthes is lead to inhomogeneities 
in the neutron to proton ratio . These inhomogeneities lead to changes in 
the calculated abundance·s of the light nuclei3 • 4 • 6 • 7 ) . With exception of 
7 Li 9 )  calculated abundance&· can be made to agree with the observed 
abundances even for pB/pc - OB - 1 in contrast �o. standard big bang 
nucleosynthesi s  contraints12 )  0 . 01 S OB S 0 . 15 .  These effects have. heen 
discussed in detail in this meeting13 ) 

The basic idea for generating a baryon density perturbation is that 
during the confinement transition at T· � 200; MeV , quarks and gluons will 
condense , primarily into mesons ; ?r, K,, lh TJ etc . Baryons , and antibaryons 
will also be produced but their abundances are suppressed by a Boltzmann 
factor exp ( -m/Tc ) . Because the nucleon mass � > Tc baryons are difficult 
to produce . Assuming chemical equilibrium , it  is poss ible to calcualte2 )  

the net baryon density i n  both high density (Q) and low density (H) 
phases . For example , if one. cm15iders only the u and d quarks and 
neutrons and protons and a single quark chemical potential µQ and a hadron 
chemical µH then 3µQ - µH is our equilibrium condition . At very low net 
baryon dens ity , the dens ities are to a very good approximation linear in µ 
so that 

(nB)H = BµH (�T 3/2 
T 2,. ) e

-�/T 
( la) 

2 2 (nB) Q = g µHT ( lb ) 

assuming massless quarks . The baryon density contrast (°Jl)q/ ( nB) H  appears 
to be ( exponentially) sensitive to the transition temperature Tc ' 

(nB)O 
(nB)H 

(200 , 
5 , 

T c 
T c 

100 MeV 

200 MeV ( 2 )  

We may now ask what happens if w e  include additional baryonic states . 
It was found2 )  that including the first full baryon octet lowers the 
contrast to = 4 at Tc = 200 MeV . Furthermore including all the known 



baryon resonances
7)  

further lowers the contrast 

(nB)O _ (50 , 
(nB)

H 
3 , 

T 
c 

T 
c 

100 MeV 

200 ' MeV ( 3;� 

Indeed at higher temperatures , it appeal::s :·that the ccontrast :falls <below 

unity . 
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I t  is necessary at this point to ask whether or not the above 

approach is thermodynamically consistent . Namely can we consider 

resonance states at high densities while neglecting their interactions . 

The answer to this question is no . Consider the P - T  phase diagram in 

Figure 1 ,  showing the (kinetic) cpressure P/(�
2

/15 ) T
4 

(related to the 

number of degrees of freedom present) vs . temperature . The quark- gluon 

curve neglects Coulomb corrections which should be smal l .  The total 

pressure in the quark- gluon phase is 

P _ Pkinetic _ B (4) 

where B is the bag constant whose value determines T
c

' 
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kinetic (T ) _ p (T ) B - P
Q c H c ( 5 )  

The contribution of B i s  shown b y  the dashed curve where Bl/4 - 230 MeV 
and T - 160 MeV has been chosen. Consider first the curve labeled c 
hadrons without potentials . This includes the full spectrum of known 
hadrons . At low temperatures (T < Tc) ' PH > P

Q 
and one is in the hadron 

phase .  As we expect,  at Tc the curves cross and P
Q 

> PH 
indicating a 

transition to the deconfined phas e .  But as the temperature continues to 
increase to T = 260 MeV , we see a second transition where PH > P

Q 
indicating a return to the hadron phase .  (An exponential hadron mass 
spectrum would only aggrevate this situation . )  Clearly this description 
is not physical . 

The problem is that we have been treating hadrons as free point
particles , which they are not .  It was shown14) that the inclusion o f  
interactions i n  the form of mean field potentials can correct this errant 
thermodynamic behavior . Starting with a nucleon-nucleon potential such as 
the Reid potentiallS) , U(r) , integrating over all space leads to a 
potential energy per nucleon (= baryon) of the form14) 

U(n) - �n (6)  
where � - 680 MeVfm3 for the Reid potential . A meson-meson potential 
based on a �-� interaction derived from Weinberg' s  effective lagrangian16) 

can be put in the same form with a similar coefficient K - 663 MeVfm3 . A w 
baryon-meson interaction is not included.  We expect a modification of 
these potentials by the bag model for the higher mass resonaances17) 

2 U - Kn(m/�) ( 7) 
for masses m > � · 

The potential energy is included in the density of states as 
follows14) : The number density of hadrons is given by 

with 

n - � J dn l. qi 

dn - ( g . /2�2) [ exp (E /T) ± l ] -l 
q�dq . 

qi l. qi l. l. 

E - (q� + m . )112 
+ U(n) 

qi l. l. 

( 8 )  

(9a) 

( 9b) 
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where gi is the number of degrees of freedom of state with mi . Because of 
the dependence on n in dn , equation (8)  must be solved self-

qi 
consistently . Using the density of states in equation ( 9 ) , thermodynamic 

quantities such as the energy density , pressure and entropy can be 
calcualted14) . The pressure in the hadron phase with potentials is also 
shown in Figure 1 . As one can see , the inclusion of interactions 
precludes a second "phase transition" at higher temperatures .  At low 
temperatures , the effect of interactions is negligible because the 
densities are low enough so that U s  mi . 

To compute the baryon density contrast we must integrate over the 
density of states given by equation ( 8 )  and specify the chemical potential 
µ . .  We consider three independent chemical potentialsll) µ - µ , µ - µ L U C e µ 
- µT , µv - µv - µv and µd - µs - µu + µe - µv . We then compute a net 

e µ -r e 
number density for baryon number , lepton number and electric charge . A 
generic form for a net number density is given by 

µi 
<t.n> i  - gi <:r> 

3 

I d qi 1 
(2 ) 3  cosh(E /T) " qi 

± 1 

where again the approximation that µ << T is made so that t.n is 
proportional to µ .  

(10) 

The chemical potentials are solved for by using the constraints that 
t.n

q - 0 (no net electric charge) and 6� - t.nB assuming B-L conservation. 
The three chemical potentials are the solved for in terms of the net 
baryon dens ity t.nB . This procedure is done in both the high and low 
density phases . In Figure 2 , the ( approximate) baryon density contrast is 
shownll) as a function of critical temperature T for both hadrons with c 
and without potentials ( the ratio (A11)Q/(A11) H � (nB)Q/ (nB) H) . Clearly 
there is a marked difference between the two cases . Whereas for hadrons 
without potentials the contrast falls exponentially, the contrast for 
hadrons with potentials remains large , (�) Q/(nB) H � 6 for all values of 
Tc .  Physically this j ust means that a t  high temperatures even though 
there are many possible baryonic states and the Boltzmann suppression is 
reduced, the density is so large that finite size effects through 
repulsive interactions still make it difficult to produce a baryon. 
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The conclusion that we can draw from these results is clear . For 

perturbations formed'' during the confinement transition to have an effect 

on Big Bang nucleosynthesis the density contrast must be large and the 

distance scale of the perturbations must be large enough to avoid 

homogenization. through proton diffusion. If we knew the distance scale 

and it is large , then nucleosynthesis and in particular the 
7

Li abundance 

can be used as a ccmstraint
9 )  

on the baryon density contrast . Thus if the 

contrast falls with increasing T a constraint9 )  could be placed on T . 
c c 

However ,  I believe that because such a limit is only possible in the 

absence of hadron potentials which implies a nonsensical phase diagram, 

one cannot place a limit on T
c

. Instead if the density contrast is always 

relatively large , perhaps one can place a constraint on other details of 

the confinement trans ition. But because of. our lack of knowledge on the 

details of the transition, such a constraint may be quite difficult to 

obtain . 
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DARK MATIER AND GRAVITATIONAL LENSING 

Laurent Nottale 
Laboratoire d'Astrophysique Extragalactique et de CosmologieDAEC. 

Observatoire de Paris-Meudnn. F-92195 Meudnn Principal Cedex. 
France 

ABSTRACT. We consider two examples of gravitational lensing effects and their consequence 
for the nature and distribution of dark matter in the Universe. The first effect is variability by 
microlensing. The case of the OVV 0846+5 1Wl is recalled, with the conclusion that the sharp 
burst observed in its light curve may have been due to lensing by a compact object of the 
"Jupiter" mass in a foreground galaxy halo. The second effect is the creation of large 
gravitational arcs by the center of rich clusters of galaxies. We show how such structures may 
be eventually used to test General Relativity and to find extremely distant sources up to z� I 0. 
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1. Introduction. 

The various effects of gravitational lensing offer several methods to probe the distribution 
of matter in the Universe. Two physical contributions to the magnification of distant sources 
are to be considered: (i) the effects of shear due to masses exterior to a light beam; (ii) the effect 
of convergence of a light beam by matter interior to it. More generally one may 
demonstratel,2,3,4) that the matter term in the amplification formula yields the average effect of 
any distribution of mass. It depends on the surface density of matter foreground to a source and 
may be used in particular for comparison to statistical samples5,6,7,8). The shear effect depends 
directly on the mass of the lens. Only the latter is considered in the present contribution, under 
two of its possible manifestations: variability due to compact objects in the halos of galaxies 
and formation of giant arcs by the central region of rich clusters of galaxies. 

2. Microlensing and the mass of compact objects. 

It was long ago realized 2,9) that the main observable effect of lensing by stars or compact 
objects in galaxies or galaxy halos (the so-called microlensing) may be variability, due to the 
passage of the lens in front of the line of sight of a distant object. I have proposed 10,4) that the 
microlensed objects were to be searched among the Optically Violently Variable (OVV) 
extragalactic objects, and examplified this proposal by showing that all known properties of the 
QSO 0846+51 WI may be explained by this hypothesis 10). 

Arp et al. 1 1) report the following behaviour for this object of redshift 1.86: (i) It brightened 
in 1975 by =4 mag. in less than a month and then decreased by more than 1 mag. in two days. 
(ii) It lies only 12 arcs. south of a spiral galaxy of redshift 0.072, itself member of a group. 
(iii) The spectrum of this object is that of a BL Lac when brightest while broad QSO emission 
lines appear in its faintest phase. (iv) The optical spectral index vary with luminosity, the object 
being bluer at brightest level and redder at faintest level. 

In this case, partly because the galaxy is a nearby one, lensing by the galaxy as a whole 
may be neglected and one may consider the theory of lensing by a point mass on an extended 
source (when the potential of the galaxy cannot be neglected, one expects two-peaks maxima in 
the light curve, see Refs.9,12,13)). If the source line-of-sight comes close enough to the lens, 
the total maximal amplification, rather than being infinite as in the point source case, is directly 
related to the critical radius r0 (see Eq.3.4) and to the source radius R 10): 

Ampmax = 2 (rJR.) CDslDct), (2. 1 )  

so that a highly hierarchically structured object like a QSO (continuum emission region of 
extent =I0-4- I Q-3 pc, broad line region =0. 1 - 1  pc, narrow line region = 100 pc) will be 
subjected to differential amplification by a microlens. The value of the critical radius 

r0 = 2/3 I0-2 (MIM..)112 (2.2) 

implies that only the continuum emission will be amplified, but not the lines. Due to a contrast 
effect, the spectrum of a QSO is then expected to turn to that of a BL Lac when magnified. 
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One of the potentially most important consequence of this model is that it allows to 

detennine in a self-consistent way the mass of the compact object acting as a lens. Indeed a fit 
of the light curve yields a ratio of critical radius over relative line-of-sight velocity r0/v=50 to 

120 days. A reasonable range may be estimated for the velocity. Indeed the galaxy is an inclined 

spiral (axial ratio<0.5) and a lower value of the relative velocity of =300 km/s may be assumed. 

But the galaxy is member of a group, itself part of a larger structure, so that an upper value may 

be the maximal proper velocity of galaxies in clusters, of the order of 3000km/s. Using these 
values yields r0=10-4 to lQ-3pc and from Eq.(2.2) a lens mass M=l0-4 to lQ-2 Me- This is a 

typical mass for compact objects of the "Jupiter" type, which have already been suggested as 

being the basic constituents of galaxy halos (see the contribution by KM.Ashman in the present 

meeting). Moreover the assumption that a =1012 Me halo is made with these objects allows to 

predict an average rate of 1 large burst every 10 to 50 years, a value quite consistent with 

observations of this particular object 

All the other characteristics of 0846+5 l are accounted for by this hypothesis IO) as the 

colour variations (the red component might come from a host galaxy which is not amplified) or 

the rate of polarization, due to the differential amplification of a highly polarized region. 

More generally, one may suggest that candidates for microlensing are to be searched 

among OVVs turning from QSOs to BL Lacs, having shown sharp bursts typical of 

amplification by lensing (e.g. 3C345, 0846+5 1,  3C446), and/or which are known to lie behind 

foreground matter, thanks to observation of absorption lines (e.g. 0235+16, 0420-014, 
0735+178, 1308+326, 3C446), or better to direct imaging (0846+5 1,  0235+16, 
0735+178, ... ). Note that our suggestion is consistent with the fact that all these objects are 

indeed the most eruptive among OVVs, the full range of their variability ranging from 3.3 to 

more than 4 magnitudes. New results concerning observations and detailed modelling of some 

of these objects have been recently obtained and will be presented elsewhere. Note that our 

proposal is somewhat different from the one which was formulated at about the same date by 

Ostriker and Vietri14), who attempted to explain the BL Lac properties as due to lensing of 

already beamed OVVs and to errors in redshift determinations. 

3. Possible implications of gravitational arcs. 

3.1. Introduction. 

The large luminous arc in A370 was discovered in September 193515) and followed by 

the observation of a second arc in the cluster 2244-021 6) .  The gravitational lens 

interpretation17,18) allows to reproduce in details the observed configuration in A37018,19). It 

was recently definitively confirmed by the obtention of several spectra along the arc20), all of 

them yielding the same redshift 0. 724, nearly two times that of the cluster, z=0.374. Moreover, 

nearly a hundred galaxy redshifts are known for the cluster21), allowing a detailed comparison 

between the dynamical and "gravitational lensing mass". 
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Consider a virialized cluster of line-of-sight redshift dispersion CJ=CJvlc. Let M(r) be the 

mass included into a cylinder of radius r centered on the cluster and set: 
G M(r) c-2 r-1 o-2 = K. (3. 1 )  

W e  get K=3 in the case of a Hubble spatial density profile p(r)={ l +(r/r0)2}� with 13=-l .  More 
generally for 13 ;C-1 ,  CJ is a function of r and K is a slowly varying function of r, K(r), with most 

of the time K(r)::3 if virialization if assumed. 

In the case of a symmetric mass distribution, the scalar bending angle is22): 
a =  k G M(r) rl c-2, (3.2) 

where k=4 in General Relativity but would be =2 in Newtonian theory. The special interest of 

gravitational arcs is that, lying nearly on the Einstein ring, several lens parameters collapse into 

one. Indeed the arc radius is given by: 
r0 = a  D, (3.3) 

where D is the usual distance term, D=DctDct5ID,. We see from Eq.(3.2) that the arc radius is 

given by a generalisation of the usual point mass critical radius: 
r0 = {k G c-2 M(r0) D}ll2, 

Hence Eq.(3.5) may be solved for r0 or for M: 
r02jM(r0) = k G c-2 D. 

4 .2. A new test of General Relativity ? 

(3 .4) 

(3.5) 

Up to now one has not been able to use extragalactic gravitational lens effects to test 

Einstein's theory of gravitation, so that, while the value k=4 is now experimentally well 
established at the solar system scale, this is not the case for extragalactic distances. This is due 

to the fact that k appears in most expressions with G, M and r, and that masses and distances are 

often uncertain by a factor of 2 or more, and that no direct measurement of G is known at large 
distances. Gravitational arcs might constitute a unique tool in this respect. Indeed let <!>=<XDctslDs 
be the angular radius of a giant arc, combining equations (3. 1 )  and (3.2) yields: 

k = <)> K-1 cr-2 D,!Dds· (3.6) 

The remarkable result here is that G and H0 have disappeared from this expression, which 
depends on directly observable quantities like <)>, zd, z, and cr, and on dynamical analysis of the 

cluster (indeed the method relies on the assumption that the dynamical mass and the 
"gravitational lens" mass are identical). 

Let us attempt to apply this test to the arc in A370. Its observed angular radius is <!>=25±2 
arcsec; the lens redshift is Zct=0.374, the source redshift z,=0. 724, from which the ratio D,IDcts 
varies in the range 2.50-2.67 when q0=0 to 1. As well the density profile as the velocity_ 

dispersion profile (nearly independent from radius) are consistent with a Hubble law23) and one 

gets k in the following range: 

k=3.74-5.10 (3/K) (3.7) 

Hence the Newtonian prediction k=2 seems to be excluded, unless an unreasonable value K=6 

be adopted, while the expected value K=3 yields the GR prediction k=4, but at the scale of 
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"'200kpc. Our results are in agreement with the detailed gravitational lens model of refs. 19 and 
24 who find consistent dynamical and lens masses, Mo = ML(l±0.2) =3.1014 Mg. 

Gravitational arcs thus provide a unique tool to probe the amount and distribution of dark 
matter in rich clusters of galaxies. The agreement between the "gravitational lens mass" and 
dynamical mass in A370 corroborate the result that, in this cluster, dark matter is distributed 
mainly like galaxies with a MIL ratio of 60 to 1()()18-21). 
4.3. Critical lensing mass. 

Using the notations ofEq.(3.1) allows to write the mass able to create an arc as: 
Mc=c2 0-1 K2 a4 k D. (3.8) 

As has been stressed in refs.4,5,25, the distance term D may be written under the form: 
D = cfHo L(zd) { 1 - �(zd)/�(z,)} (3. 9) 

where the optical distance �(z) and the function L(z) have been defined by Nottale and 
Hammer5l. While the final term { 1-�(zd)/�(z8)} quickly tends to 1 when the source moves 
away, the function L(zd) reaches a maximum L,,,0.2 for a lens redshift zd"'°· 75. One finds : 

qo Zmax L 

0 "3- 1 = 0.73 113"3 = 0. 192 
112 7/9 = 0.78 33/27 = 0.210 
1 ( l+fil)/6= 0.77 0.221 

Finally the critical mass for "arching" writes: 
Mc = (c3/GH0) kLK2 a4 (3.10) 

With k=4, K"'3 and �0.2, the numerical parameter kLK2"'7.2, and the critical mass is 
expressed only in terms of the cluster redshift dispersion CJ and of the cosmological parameter 
(c3/GH0), which is nothing but the "mass of the Universe" (e.g. the mass observable up to 

z=+oo in an Einstein-de Sitter Universe (Qo=l/2) is M=4 c3/GHa). Numerically one finds: 
Mc = 3. 1Ql4 Me (cr/1500km/s)4 (K/3)2 h100-l (3. 1 1 )  

This mass should be included in the corresponding arc radius : 
r0= 150kpc (cr/1500km/s)2 (K/3) h100-l (3. 12) 

These numbers show that arcs may be created only by the richest "Coma like" clusters . 
3 .4. Arcs and the search for extremely distant objects. 

In the case of a symmetric mass distribution in the lens, an arc is formed from an extended 
source (of radius R) slightly excentred with respect to the center of mass. The amplification for 
an arc subtending an angle e is simply given by: 

Amp = 1/2 (rJR) (D/Dd) sin0/2, (3.13) 
D being the source angular diameter distance, D(z)=cHa-lq0-2{q0z+l-q0+(Qo-1)(1+2q0z)112}. 

We decide to focus only on the large arcs, because of their clear morphological signature. Let 
n=lfR= 1/sin0/2 be an index of the angle subtended by an arc (e.g. n=2:0=60°; n=3:0=40°). The 

average amplification for all configurations yielding indices larger than n is: 
<Amp> = (l/n) (r0/R) (D/Dd) (3. 14) 
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For example a cluster of the A370 type with a critical radius r0,,,200kpc would magnify a 
distant source of 2kpc radius by a factor of 100 (om,,,-5mag), a 20pc source by 104, i.e. -IO 
mag., and a QSO by -20 magnitudes. Thanks to the amplification, a source normally observable 
up to a luminosity distance L0 becomes now observable up to: 

L = L0 2 (1  +z)-2 ( l/n) (rJRDd) (3.15) 
since L=D( 1 +z)2. But the larger the amplification, the smaller the probability of alignment The 
final maximal distance up to which arcs may be expected to be observed results from a 
combination of these two opposite effects. 

Let us attempt to estimate the probability of chance alignment. We first define a "volume" 
distance d(z), such that the mass of the Universe contained in a sphere interior to redshift z be: 

M($z) = q0(c3/GH,,) d3(z) (3. 16) 
The expressions for d(z) are respectively (we assume a zero cocmological constant): 

q0,,,0: d3(z) = (3/2) {x ( l+x2)Ia _ Argshx} ; x=z ( l+z/2) I (i+z) 
q0=112: d3(z) = 8 { l-(l+z)-112}3 (3. 1 7) 
q0=l :  d3(z) = (3/2) { Arcsinx - x ( 1-x2)112 } ;  x=z I (l+z) 

The number surface density on the sky of a given population of objects of redhift s;z is then: 
L=L0 d3(z) (3. 1 8) 

Consider now a given line-of-sight (i.e. a point on the plane of the sky). The probability that the 
nearest object to that point be closer than an angular distance cp is: 

P1 = 1 - exp(-lt L0 d3 cp2 ) "' lt  L0 d3 R2 D-2 n2 (3. 1 9) 
Let N0 be the equivalent number of source objects which would lie in the range 

[z=0,z=0.l ]  with the same comoving density (for example, one gets for galaxies N0,,,IQ6). 

Let Ne be the total number of potential clusters capable of making arcs. It may be 
estimated by remembering that these clusters should be rich enough (Coma or A370-like, which 
are not more frequent than = 1 cluster in (IOOMpc )3) and should optimize the lensing function 
L(zd) (see refs.5, 25), so that Zct "'0.2 to 1. This yields Nc=l04. 

Finally the expected number of giant arcs observable on the 4lt sphere is: 
N "' 250 n2 N0 Nc d3 R2D-2 (3.20) 

The extremal source redshift and radius we are looking for may be now found by writing that at 
least N= l  such arc should be observable. We will ask ourselves up to which redshift a source 
which would normally be observable up to z=l becomes observable once lensed. To obtain our 
final result, let us specialize the Universe model. 

* q0,,,0: We have in that case L a  z(l+z/2), L0(z,,, l )=l .5, Dd(z"'0.75)"'0.33, D"'0.5 for 
z>l and d3,,,3z2/8. One finds: 

N = 2.5 1Q3 No Ne n3i2 rol/2 R3i2 (3.21 )  
This yields the following critical source redshift and radius: 

Zc = 1 8 [(L0/ 1.5).( N0/ 1 06).(  Ne/ IQ4)]116 (r0/200kpc)li2 (3.22) 
Re = 30pc [ (L0/ 1 .5).( N0/ 106).( Ne/ 104)]-213 (3/n) (r01200kpc)-113 (3.23) 



345 

The nice result here is the power 1/6 describing the dependence of the critical redshift on our 

less well defined parameters, N0 and Ne. Even if their product was 100 times smaller than 

assumed, would the maximal redshift of arcs still be z= 10. 

* q,,=112: In that case L=2z, Th=2/z, Dd=0.28, L0(z=l)= 1 . 17, d=D(l +z). One finds: 

N = 4. lQ3 N0 Ne [(n/3) (£0/1 . 17)]4!3 r0213 R413 (3.24) 

Zc = 19 (L0/ 1 . 17)1!3 [( N0/ 106).( Ne/ 104)] 114 (r0/200kpc)112 (3.25) 

Re = 30pc [( N0/ 106).( Ne/ 104)]-314 (3/n) ( 1 . l  7/L0) (r0/200kpc)-112 (3.26) 

The Einstein-de Sitter Universe is slightly less favorable than the open one, since N0.Nc is to 

the power 1/4 instead of 1/6. But if this product was decreased by a factor of 100, the maximal 

redshift would still be z=8, obtained for R= lkpc. 

35. Expected number of arcs. 

Equations (4.21) or (4.24) may also be used to estimate the total number of arcs formed 

from a source of a given size that one may expect to discover on the whole sky. It is given in 

the following table for our two choices ofN0.Nc and for q0=0 or =1/2. 

R No.Nc=lOlO N0.Nc= l08 

qo=O qo= l/2 qo=O q0= l/2 

30pc 1 1 

300pc 30 25 

600pc 90 54 1 

lkpc 150 100 2 1 

3kpc 1000 600 1 1  4 

lOkpc 5000 2000 70 22 

To conclude, one may expect to discover a large number of arcs formed from galaxies, 

detectable up to redshifts of the order of z=5. The total number found may be indicative of the 

cosmological model. Furthermore, if there existed at primeval epochs objects of the size of a 

galaxy stellar nucleus bright enough to be observable at Z= 1, at least one such object should be 

detectable as a gravitational arc up to z= 10. 

A last problem to be considered is that of surface brightness. The Etherington theorem26) 

specifies that B(l+z)4 is conserved in any Riemannian Universe. Thus the surface brightness 

of an object lying at reshift z is related to that of the same object at z= 1 ,  B0, by : 

B=B0 [ 2/(1 +z) ]4 (3.27) 

This corresponds to a 2 mag./arcs2 loss for z=2, 5 mag. for z=5 and 7 mag. for z=lO. If 

indeed the present surface brightness limit of detection is =32 mag./arcs2(private comm.), the 

hereabove numbers correspond respectively to objects with B=30, 27 and 25 mag./arcs2 at 

z=l. Hence a possible arc at z=lO should be detectable, but only at the extreme limit presently 

reached by the best detectors. 
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4. Discussion and conclusion. 

Two particular examples of the use of gravitational lensing to probe dark matter have been 

described here. They were chosen in order to stress the huge range of mass scales that one may 

reach by such methods. Variability by microlensing points towards compact objects of Jupiter's 

mass (�J0-3 M0) in galaxy halos, while giant arcs are made by 3.J014 M0 rich cluster centers. 

Both examples confirm the existence of dark matter, but in no larger amounts than given by 

dynamical methods (Q�O. l )  i.e. far from closing the Universe (see also the contribution on that 

subject by E. Turner in the present meeting). 

Our suggestion that some sub-class of OVVs is the result of microlensing, first applied to 

the BL Lac object 0846+5 1,  is now confirmed by observational studies and detailed modelling 

of similar objects, like 0235+1627) for which the same order of lens mass is found. 

We also note that the statistical calculation presented hereabove may still be an 

underestimation of the actual number of potential arcs. Indeed we considered only arcs formed 

from spherically symmetric lenses, while dissymmetric potential wells (in particular bimodal 

ones, see e.g. ref. 12) may be even more effective to create such shapes by merging of images. 

Now that we know that the richest clusters are just rich enough to produce shear effects as a 

whole, the systematic search for gravitational arcs seems very promising thanks to their clear 

morphological signature. However the confirmation that some extremely distant objects of 

z>>5 could be thus observable now depends on the difficult task of getting their spectra. The 

discovery of arcs reinforces our earlier suggestion5) that rich clusters of galaxies of redshift 

0.3- 1 .0 should be used as gravitational telescopes to scan the very distant Universe. 
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Recent results concerning four specific gravitational lens systems ( 2 0 1 6 + 1 1 2 , 
2237+0305, 1 635+267, and 2345+007) and two statistical gravitational lens null results 
are described with emphasis on the implications for dark mater. An attempt is made to state 
some of the general conclusions which can be drawn from the emerging field of gravitational 
lens studies of dark matter. 
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I. INTRODUCTION 

The potential importance of gravitational lens studies for obtaining information on the 

abu n d ance, distribution, and nature of dark matter is now widely appreciated 1. This paper 

will simply s u mmarize a n umber of recent studies in th is, as yet, only slightly explored area of 

investigation. The selection of specific results for d iscussion merely reflects an attempt to 

avoid duplication of Dr. Nottale's review elsewhere in this volume and my interests, familiar

ity, and j u dgements of importance; it is largely arbitrary. 

Before turning to more specific issues, a few general remarks are in order. Gravitational 

lens systems are particularly good for studying dark m atter because 1) the (gravitational) 

n at u re of the coupling makes them sensitive to all possible forms of dark matter, 2) they are 

potentially influenced by in homogeneities in the dark matter on a wide range of m ass scales 

ranging from that of m assive planets to that of galaxy su perclusters, and 3) they typically 

probe cosmological distance scales and thus automatically give "fair sample" measures. Unfor

t u n ately gravitational lens systems also have several severe d isadvantages: They are quite rare 

requiring substantial resources or exceHent luck just to be fou n d .  Moreover, it is often obser

vationally challenging (particularly in terms of resolution and synoptic study) to obtain the 

detailed information needed to exploit them. The lensing object's m ass distrib ution is often 

complex thus injecting undesirable model dependency into one's conclusions. Finally, there is 

the problem of contamination of samples of gravitational lens systems by p hysical pairs (or 

higher m u ltiples) of quasars or other sources with similar p roperties. This last problem is seen 

as particu larly p ressing2 at the moment and is given special attention in the remainder of this 

paper. 

Gravitational lens studies are of two basic types: detailed modeling of individ u al lens sys

tems and statistical analysis of large data sets in connection with the effects of many lensing 

events. Sections '.! through 4 discuss examples of the first type while sections 5 and 6 describe 

studies of the second type. Section 7 gives some general conclusions and comments. 
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2. THE DISTRIBUTION OF DARK MATTER IN THE 2016+112 LENS 

The 2016+112 system has been studied in great detail3•4•6•6 and is effectively certain to be 

a real incidence of gravitational lensing. The system contains three images of a redshift 3.273 

stellar radio source with an emission line spectrum resembling that of a typical quasar except 

that the lines are very narrow, unresolved in fact; two lensing galaxies including one with a 

measured redshift of 1.01; and two faint resolved emission line regions also at a redshift of 

3.273. In addition to information on these components, there are very sensitive limits on the 

presence of additional images of the radio source and reasonably good limits on the brightness 

of any additional lensing objects. 

Taken together this data makes detailed lens models of 2016+112 among the best con

strained of known candidate lens systems. The acute angle between the lines connecting the 

two brightest images with the faint image and the center-of-light of the pair of lensing galaxies 

provides a particularly important constraint. Detailed models7•8 and some moderately model 

independent inferences4 have been published. 

The implications of these models and inferences for dark matter can be stated in three 

points: F irst, the total required blue MIL ratio (H0 =100 kmlslMpc, q0 ='h) for the lensing 

galaxies is at least about 20 M@ IL@ with more typical values falling near 100 M@ IL@ , 

values similar to those derived from studies of galaxy clusters, groups, and binaries9. Second, 

the total mass distribution is not identical to the observed light distribution in the lensing 

galaxies, again not a surprising result in view of other information on galaxy massive halos. 

Third, and more surprisingly, the center-of-mass in the lens cannot coincide with the observed 

center-of-light of the galaxies suggesting that the total dark matter d istribution is not well 

described by a pure co-centric halo model. This last is an intriguing and novel result which 

deserves further investigation. 
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3. A UNIQUE LENS MODEL FOR 2237+0305 

The gravitational lens 2237+0305 is unique among known systems in that the lensing 

object is at such a low redshift (---0.04) that it can be studied in great detail directly. In fact, 

it was d iscovered serendipitously during the course of the Center for Astrophysics Redshift 

Survey from routine spectroscopy of the nucleus of an ordinary survey galaxy10. The galaxy's 

nuclear light was found to be heavily contaminated with the light of several images of a red

shift 1.69 quasar10·n. Like 2016+112, this system is on the short list of objects which can be 

said to be real gravitational lenses with virtual certainty. 

Optical images obtained under excellent seeing conditions of 2237+0305 have been exten

sively analyzed to derive the positions and brightnesses of four quasar images and to character

ize the surface brightness distribution of the lensing galaxy12·13. This observed surface bright

ness distribution has been used to construct a highly constrained detailed lensing model of the 

system which succeeds in explaining the positions and brightnesses of the images13. 

This essentially unique model is a first for gravitational lens studies and has a number of 

important implications. Those relevant to dark matter include a nuclear (inner 500 pc) blue 

M/L ratio of 9.4±2.0 M@ /L@ indicating that the central region of this galaxy is almost cer

tainly dominated by its visible stellar component being little affected by dark matter and the 

derivation of well determined microlensing optical depths which imply that the system should 

be almost ideally well suited to the study of this intriguing lensing phenomenon. Detection of 

microlensing even ts in this system would be an important first step toward realizing proposed 14 

gravitational lensing tests of the nature of the dark matter. 

4. THE CONTROVERSIAL LENS CANDIDATES 1635+267 AND 2345+007 

Although both 1635+267 and 2345+007 were in itially regarded as strong candidates for 

being gravitational lens systems15•16 on the basis of spectroscopic similarity, the absence of any 

detectable lensing objects has more recen tly led to their being regarded as probah lc •�amples of 

misidentified physical pairs2. Now, however, the weight of the evidence appear,., 10 he swinging 
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back toward supporting the lens hypothesis for both systems17•18. 

In the case of 2345+007, a recently published study17 of the system based on extremely 

high resolution images obtained on the CFHT at Mauna Kea has revealed that one of its two 

previously known components actually consists of at least two sub-components, one of which 

appears to be resolved. It is tempting to identify this uewly d iscovered object as either an 

additional image of the source or, perh aps more likely, as the lensing object. 

For the 1635+267 pair, a spectroscopic study18 has shown that the C III] and Mg II emis

sion lines have strengths, widths, and profile shapes which match very accurately in the two 

objects and that the excess red light in the bright component (relative to the faint one) resem

bles the continuum emission of a redshift r-.-0.57 galaxy. Again these results appear to consid

erably strengthen the gravitational lens interpretation . 

Both of these systems are quite interesting from the perspective of the dark matter prob

lem. Both had been suggested as possible examples of systems containing dark lensing objects 

with M/L ratios of several hundred or more required to explain the absence of a detected lens

ing galaxy, a conclusion based on lens brightness limits which apply only well away from the 

observed source images. Clearly there is a lesson for the importance of using high quality data 

to search for lenses against the "glare" of source images and for not too rapidly abandoning the 

lens hypothesis. In the case of 1635+267 where there is an indication of the lens redshift, it is 

possible to infer a blue M/L ratio of �18 M@ /L@ and a total mass in the vicinity of 1012M@ ; 

these numbers are more startling when the constraint that they must be projected onto the 

sky within a circle of radius 15 kpc is taken into account. 

5. GRAVITATIONAL DISTORTION OF BACKGROUND GALAXY IMAGES 

Tyson19 has pioneered a new technique for measuring the mean mass of galaxies out to 

substantial radii from the center. The idea is to look for the characteristic longitudinal 

stretching distortion of background galaxies produced by the gravitational field of foreground 

galaxies lying near the line-of-sight. The degree of this distortion depends directly upon 
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M( < r)/r of the foreground galaxy where M{ < r) is the mass enclosed within radius r. 

In a first application of this technique19, he has applied the technique statistically to a 

sample of 47,000 faint galaxies lying near some 12,000 bright galaxies and detected no such d is

tortion as a function of angular separation. By applying a complex model which allows for 

such th ings as contamination by physical pairs, distributions of d istances, K corrections, see

ing, et cetera, this null result can be translated into an upper bound on galaxy masses on the 

assumption that all bright galaxies have the same total masses. This 2a limit is quoted as 

2.6x1011M@ within a radius of 65 kpc. 

Although Tyson's analysis has been criticized20 and clearly deserves carefully scrutiny, it 

ts clearly a preliminary application of a potentially very important new technique which 

deserves further elaboration . It is worth noting that this preliminary result appears to be 

inconsistent with the predictions of the currently most popular theory of galaxy formation , 

00 =l biased cold dark matter models. Whether or not one takes this conflict seriously, it 

demonstrates the potential of the method in a striking way. 

6. A LIMIT ON POPULATIONS OF DARK MASSIVE OBJECTS 

It has long been realized that the absence of detectable multiple images of cosmologically 

distant sources could be used to limit the abundance of lensing objects in the universe21. The 

type of lensing objects subject to such tests are determined of course by observational sensitivi

ties, particularly resolution and dynamic range. Hewitt22 has recently carried out the first sys

tematic application of this technique to a data sample obtained for such a purpose. 

In this case a sample of carefully reduced VLA maps of uniform minimum quality were 

drawn from the first days of the VLA Lens Survey program23 and classified into one of three 

categories: point sources, classical double lobed sources, and all other sources. A careful 

numerical calcu lation of the detectable lensing event cross sections for point mass and isother

mal lensing objects was then made given the specific sensitivities of the VLA data. This 

allowed limits to be placed on putative lens populations given the assumption that only 
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sources in the third category could be the result of lensing. 

Hewitt's results can be expressed as a limit on the contribution of 1011  to 1012 M@ point 

masses to !10 of 0.4 and on the density of isothermal objects with velocity dispersions similar 

to those of bright galaxies of about 100 times that of observed galaxies. In my opinion, these 

are tremendously conservative limits since it is scarcely plausible that all observed radio struc

ture beyond double lobes is due to lensing even ts; both limits could be reduced by a factor of 
ten with little fear of contradiction. This is probably the most robust and definite contribu

tion of lens studies to date, namely that compact objects of roughly galaxy masses, however 

dark, cannot close the universe. This does not seem too surprising, but it is a hypothesis 

which could not otherwise be ruled out on empirical grounds. 

7. CONCLUSIONS AND COMMENTS 

It is probably too early in the gravitational lens study of dark matter to try to synthesize 

an integrated picture. Nevertheless, several important and intriguing results have emerged 

with varying degrees of certainty. These are enumerated below without further comment. 

1 ) Gravitational potential wells associated with visible objects (galaxies and galaxy clusters) are 

not greatly out numbered by those associated with any unknown (dark) class of objects of 

comparable masses and sizes. 

2) The M/L ratios of typical galaxies are neither much smaller nor much larger than those 

derived by dynamical studies of rotation curves, binaries, and small groups. 

3) The mass distribution in the neighborhood of bright galaxies does not closely follow the 

light (emissivity really) distribution on scales of ;:::; 10 kpc. 

4) The mass distribution in the regions of highest emissivity (galactic nuclei) is dominated by 

the luminous stellar component. 

Of course, in a sense, the most important result is that we have a new tool to study dark 

matter which should continue to provide useful new insights for some time to come. 
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PROBABILITY OF ELONGATED GALAXY IMAGES FROM CLUSTER LENSING 

ABSTRACT 

Robert J. Nemiroff and Avishai Dekel 
Racah Institute of Physics 

The Hebrew University of Jerusalem 
Jerusalem, 91904 

ISRAEL 

Gravitational lensing by .a cluster of galaxies can distort a background galaxy so that 
it appears unusually elongated. It is found that if the observer's detection thresholds 
for measuring an unusually elongated galaxy are axial ratio ;::: 5 and z � 1, then the 
probability of observation is about 1 in 50 clusters of velocity dispersion ;::: 1000 km/sec. 
It is also shown that such distorted galaxies are ;::: 10 times more likely than the currently 
observed giant arcs; the shorter the arc, the more probable it is to occur. Observation of 
these elongated galaxies could serve as a measure of the velocity dispersion of clusters of 
galaxies. 
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Large arcs near the centers of several clusters of galaxies have recently been reported. 
Probably the best documented case is that of A370, the first arc discovered t) . Since then, 
at least 5 other large arcs 2l have been seen, most of which have not been formally reported 
yet. 

Evidence is now mounting that the arc in A370 is an artifact of gravitational lensing. 
Spectra of the arc shows a spectral line that has been identified as the OII line 3) . If this 
identification is correct, the redshift of the arc is much greater than the redshift of the 
cluster - which leaves lensing as the only reasonable explanation 4 ) .  In this paper we show 
that less elongated galaxies should be much more likely than the giant arcs observed, and 
we estimate the probability of their observation. 

We assume that a cluster of galaxies is a smooth, spherical, isothermal lens acting 
alone. The character of the images of the known arcs is indicative of an isothermal dis
tribution with small core radius, so we feel that this is a reasonable approximation. Such 
a lens has simple qualities5l . The following analysis will concentrate on the single most 
luminous image produced. 
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Figure 1 :  Detection volume boundaries. 
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The observer-lens-source geometry is shown schematically in Figure 1. Here d repre

sents the angular-diameter distances to the source and x represents the distance from the 

source to the observer - lens axis. Two three-dimensional detection volumes are defined 

for a circular source of a given radius 6) . The cylindrical volume, with radius xe, is the 

space the source must fall into, behind the lens, so that the lens creates an image of it 

that covers a given fraction of a circle fl, or more. When the source is directly behind the 

lens, it is imaged into a complete circle. The conical volume, with radius XA, is the axial 

ratio detection volume: it defines the space the circular source must fall into behind the 

lens to be distorted into a image with axial ratio A (major axis / minor axis) or greater. 

The detection volumes do not extend past the lens infinitely. The limit Zm is defined by 

the ability of the observer to distinguish the objects from the background. 

In sum, the number of source galaxies in the source volume is given by f,oo f,DM 
N = dL IP (L) dD (z) [n(z) /n0] n2 

Lmi• 
Diuu 

where L is the luminosity of source galaxies in terms of L., Lmin is the minimum luminosity 

of galaxies considered (here = 0.1 L.) , below which the surface brightness is assumed to 

drop sharply 7l , w (L) is the Shechter luminosity function (of the form n0L-ae-L with 

a = 1.5 and n0 = 0.012) . D represents proper distance, n(z) is the number density of 

sources along the line of sight (assumed to vary as [1 + z]3) , and x represents the minimum 

proper radius of all the detection volumes being invoked. 

Curvature, evolution, and K-corrections have been included in the determination of 

the value of Zm 8) , and we assumed a cosmology with 0 = 1 ,  and H0 = 75 km sec-1  Mpc-1 •  

The results are summarized in Figure 2. Here 1/N represents how many clusters 

of galaxies of one-dimensional velocity dispersion u = 1000 km/sec the observer has to 

inspect to have a 65 % chance of observing a distorted galaxy with the above (A, fl/1f) or 

greater out to a redshift of Zm· 
For example, if an observer can see galaxies out to a redshift of Zm = 1, then Figure 2 

shows that the observer needs to observe on the average of 50 
·
clusters to find a distorted 

galaxy with A � 5 and fl � 1f / 10. 
One might take the 1/N estimates with some apprehension as a lot of assumptions 

went into them. They do, however, represent a fair guess of the parameters involved so we 

estimate this number to be correct to at least a factor of ten. The relative probability, 

however, is indisputable: smaller arcs are more probable than larger arcs. Figure 2 also 

shows that galaxies with (A, fl) = (5, 1f /10) are relatively much more likely that those like 

the giant arc in A370, with (A, fl) = (15, 1f/2) , by more than a factor of ten - and this is 

the main point we wish to stress here. 
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Figure 2: The probability of observing lensing. 

The shorter the arc, the more probable it is by numerical factors of sin2 (0/2) and A2• 
When arcs get short enough, they look like elongated galaxies. If only long arcs are found, 
this would be a reason to disbelieve that the arcs are caused by gravitational lensing. 

If large abundances of these elongated galaxies are found, they would be much more 
than a novel result of gravitational lensing: they could tell us the velocity dispersions of 
clusters of galaxies. By noting the redshifts of the cluster and the elongated galaxy, as well 
as the angular distance from the galaxy to the cluster center, one can directly calculate 
the one dimensional velocity dispersion. For example, using the known arc data for A370, 
it is straightforward to calculate that it's velocity dispersion is about 1400 km/sec. 
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ABSTRACT 

We have studied by means of numerical simulations the dynamical evolution of a network 
of cosmic strings, both in the radiation and matter era. Our basic conclusion is that a scaling 
solution exists, i.e. the string energy density evolves as t-2 . This means that the process by which 
long strings dump their energy into closed loops (which can gravitationally radiate away) is efficient 
enough to prevent the string domination over other forms of energy. This conclusion does not depend 
on the initial string energy density, nor on the various numerical parameters. On the other hand, 
the generated spectrum of loop sizes does depend on the value of our numerical lower cutoff (i.e. 
the minimum length of loop we allow to be chopped off the network). Furthermore, the network 
evolution is very different from what was assumed before 12), namely the creation of a few horizon 
sized loops per horizon volume and per bubble time, which subsequently fragment into about 10 
smaller "daughter" loops. Rather, many tiny loops are directly cut from the network of infinite 
strings, and it appears that the only fundamental scale (the horizon) has been lost. This is probably 
because a fundamental ingredient had been overlooked, namely the kinks. These kinks are created in 
pairs at each intercommutation, and very rapidly, the long strings appear to be very "kinky". Thus 
the number of long strings per horizon is still of the order of a few, but their total length is fairly large. 
Furthermore, a large number of kinks favors the formation of small loops, and their sizes might well be 
governed by the kink density along the long strings. Finally, we computed the two-point correlation 
function of the loops and found significant differences from the work of Turok 20> . 
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Cosmic Strings are topologically stable linear defects that form in many grand unified theories 

(GUT) during a symmetry breaking phase transition in the early Universe. They might also be 

fundamental string remnants of an earlier phase ( e.g, Piran, this volume). Contrary to monopoles 

and domain walls (the zero- and two-dimensional defects), they are not obviously a disaster for 

Cosmology. In fact, the ide.a that they might account for the formation of galaxies and large scale 

structure has recently generated a lot of interest .. If the string tension µ is at the GUT scale (i.e. 
µ � (l016GeV)2), they could provide appropriate seeds for the matter accretion in the matter 

era (or for the Ostriker-Thomson-Witten l) explosions, if they are superconducting). Furthermore 

they have interesting observable signatures, like a non-zero residual of the millisecond pulsar timing 

measurements 2l , or their gravitational lensing effects 3l, or the expected step-like discontinuities in 

the microwave background4l . For the value of µ aforementioned (corresponding to Gµ/c2 � 10-6, G 

being Newton's constant), these might soon be detectable. 

The physics of these objects is rather simple on a macroscopic scale. The equation of motion 

can be derived from the grand unified field theory, and is equivalent to the equations derived from 

the Nambu action (which is appropriate for fundamental strings), up to terms of the order of the 

transverse dimension of the string (typically 10-30 cm) divided by the local curvature radius (in the 

kiloparsec range for cosmological applications). In the following we use units such that c = 1 .  But 

we occasionally include the e's in order to make dimensions stand out more clearly, or to quote final 

results. In the Robertson-Walker metric ds2 = a2(dr2 - dx2) where a is the expansion factor, the 

equation is 5) 

x + 2  (D x(l - x2 ) = (D (�)' , ( 1 )  

in  the gauge where x · x'  = 0 ( i.e. the velocity i s  perpendkular to  the string). Dots denote derivatives 

with respect to conformal time r, primes denote partial derivatives with respect to the string length 

parameter u, and f = ,/x'2 / ( 1 - x2) ( E = µa J f du is thus the string energy). In the limit of zero 

expansion (a = 0), Eq. 1 simply describes the evolution of a usual oscillating string. The term due 

to the expansion of the metric damps these oscillations by redshifting the velocities, and is efficient 

for structures of size comparable to, or larger than the horizon. The characteristic velocity is of order 

unity. 

The only time when the Nambu equations are not sufficient to describe string evolution is when 

two strings interact, i.e. when they cross each other. This is the only time when the details of the 

fundamental field theory might play an important role. Numerical calculations 5,7) for the simplest 

string theories showed that in almost every case ( i.e. for almost all relative velocities and angles) 

strings intercommute rather than pass through each other. Furthermore, it is expected on theoretical 

grounds that the intercommuting probability P controls the rate of relaxation of the string system 

but has no bearing on the existence of a scaling solution (see below),  provided P is non zero. In the 

following we assumed P=l to speed up the numerical calculation. 
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Since the strings oscillate, they gravitationally radiate, and closed loops can thus completely 

disappear. Various estimates 8•9•10l showed that the decay rate seemed to depend only weakly on the 

loop shape, so E = µi � 50Gµ2, where I is the length of the loop. For Gµ � io-5, the loop lifetime 

is of the order of 1041. This effect should thus be negligible in studying the string system evolution at 

the horizon scale, and is not incorporated in our numerical modeling. 

Finally, at the time to of the phase transition, the Higgs field orientations cannot be correlated on 

scales larger than the horizon, and thus the relative orientation of string segments should accordingly 

be uncorrelated at scales larger than ct0 • One thus expects the string network at formation to be a 

collection of random walks with step size smaller than cto. Most of the string length ll) (� 753) is in 

the form of infinitely long strings, which cannot subsequently radiate away, and are thus expected to 

survive indefinitely. 

If one ignores the strings interaction, the evolution for the string energy per unit length f = di/ d<I 

is obtained from Eq. 1 i = -2 (a/a) d :2 , (2) 

and by integration E/ E = (a/a)(l - 2 < v2 > ) , where < v2 > is the velocity dispersion. Hence the 

evolution without interactions of the strings energy density Ps ex Ea-3 is 

Psf Ps = -2(a/a)(l+ < v2 >), and thus Ps ex a-2<1+<v2>J .  (3) 

Therefore ps behaves as radiation only if < v2 >= 1, while < v2 >= 1/2 in flat space, and is even 

smaller in the expanding case. A non-interacting string system would rapidly come to dominate the 

energy density of the Universe, altering the growth rate of the expansion factor, and among other 

things, would disrupt the usual nucleosynthesis. The "Standard" scenario 12) holds that there is a 

scaling solution, i.e. Ps ex t-2 , with a few length of rather straight strings per horizon volume, and 

horizon-size loops are produced at a rate of a few per horizon volume per Hubble time, this rate being 

large enough to insure a sufficient energy transfer onto loops. These "parent" loops then fragment 

into about ten daughter loops. 

Kibble 13) and Bennett 14•15) studied this process analytically, by modeling the energy transfer 

mechanisms in terms of loop production and destruction functions. This is difficult, because the 

efficiency of the inverse process, namely the loop reconnections onto the long string network depends 

on the size of the objects formed. Larger loops have a larger cross section, and are more likely to 

reconnect. On the other hand, if their self-intersection probability is large enough, they will rapidly 

fragment, and daughter loops will reconnect less efficiently, which enhances the energy transfer onto 

loops that can ultimately radiate away. Even though the fate of the string system cannot be decided on 

pure analytical grounds, one can show that the strings will either come to dominate, or will converge 

·toward•a scaling .. sohttion. Misleading transients are likely to occur only when the reconnection process 
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is important. Also, the formalism provides a framework to analyze numerical results. As a matter of 

fact,  by using this formalism, Bennett 14l showed that the simulation results of Albrecht and Turok 16) 
were inconsistent. 

Thus, although much work has already been devoted to the cosmological implications of the 

strings existence, most of it is on fairly uncertain grounds, since the existence of a scaling solution 

must be postulated, as well as its expected properties (e.g. the loop size spectrum). Unfortunately, 

galaxy formation scenarios are rather dependent on the detail of the strings distribution. One would 

thus like to devise an accurate numerical code enabling to check the existence of the scaling solution, 

and obtain its characteristics, in particular the size spectrum, the loops velocities, and their correlation 

properties. Obviously the ultimate goal is to build a self-consistent kinetic model describing properly 

the strings network's evolution. 

The numerical approach taken here is first to generate "reasonable" initial conditions, i.e. 

to create a string configuration which is a collection of random walks of given step-size {a in a 

box with periodic boundary conditions. To do so, we simply follow the procedure introduced by 

Vashaspati and Vilenkin n) for their numerical study of the phase transition. Nevertheless, the 

generated configurations do not have to be considered as faithful representations of the outcome 

of the phase transition. The procedure is rather a convenient device to generate initial conditions 

that embody the essential characteristics of a string configuration at any time, i.e. the absence of 

correlations on large scales, and the subsequent presence of infinite strings. Thus one should think of 

these conditions as out of equilibrium states used to study the possible relaxation toward a universal 

scaling solution. Indeed, this does not fix the horizon-size, which enables us to freely set the initial 

string energy density per horizon. The one improvement we made over the standard procedure was 

to round-off the corners (Fig. 1) in order to diminish the number of discontinuous derivatives the 

numerical program of evolution will have to cope with. 

To evolve the strings, we start by sampling the strings with points initially regularly spaced 

and linked by "upstring" and "downstring" pointers so that neighboring points can be determined. 

The string position anywhere is then obtained by linear interpolation between the sampling points (a 

higher order interpolation scheme would be inappropriate, since the strings are far from smooth due 

to the kinks generated at each intercommutation). We then proceed by discretizing the equation of 

motion (Eq. 1 ). The system is evolved in time by a modified leapfrog scheme and spatial derivatives 

at mid-points are obtained by finite differences. We also evolve independently (with a semi-implicit 

scheme) the local energy density £ according � Eq. 2. The accuracy of the calculations is then 

checked by comparison with direct estimates of £ using the computed :ic and x'. Each loop carries its 

own timestep satisfying the Courant condition, and our time-step halving routine preserves the 0(2) 
accuracy of the overall calculation. 
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To determine if two string segments crossed during the time step, we check the volume of the 

tetrahedron spanned by the four points on the two segments. If it changed sign during the step, 

the configuration is checked at the time the volume is zero, to see if a crossing did really occur (the 

positions of the points are extrapolated linearly between time steps). Also, the internal dynamics of 

loops is on a much smaller timescale than the displacement of complete loops. A given loop is thus 

checked for self-crossings at each of its individual timesteps, while the crossings between loops are 

checked only at each system timestep, when all loops are synchronized. When two segments have 

been determined to cross, we interchange partners, and average the positions and the velocities in the 

crossing region to help reduce the gauge condition violation. 

One of the simulations we did was in a box 36.fo on a side, with an initial horizon size 

Ho = 2cto = 14.fo. It was evolved for 3.2 expansion factors (more than a factor of 10 in physical 

time), so that the final horizon size was H = 45.fo. The total number of strings increased from about 

1000 at the beginning to about 16,500 at the end. The strings were sampled by about 350,000 points 

(which corresponds to 10 sampling points per initial correlation length fo), and the calculation took 

about 40 cpu hours on a Cray-2. The evolution of the energy density in long strings PLS (defined 

arbitrarily as being longer than 3.2ct) multiplied by ( ct)2 / µ is plotted in Fig. 2 as a function of the 

Horizon size in units of fo .  At first strings are merely stretched. Then the loop production starts 

off, and a plateau is rapidly reached after an expansion by less than two (a =  H/H0). Such a fast 

relaxation justifies a posteriori the omission of gravitational decay corrections. 
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A lot of information can already be gained simply by looking at a carved out volume of the 

previous simulation. Since the only meter stick available to an observer is the horizon, we chose 

to display a volume of side ct ( Fig. 3), which is thus an increasing fraction of the computational 

volume (i.e. from 0.7% initially to 23% finally ) . The snapshot presented is the final one when 

H = 2ct = 45.fo (L = 36.fo). One notices immediately that long strings do appear relatively straight 

on the horizon scale, which does not mean they are smooth. On the contrary, one can easily see their 
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extremely "kinky" nature. It is also apparent that the majority of energy (almost 753 actually) is 

in the form of very small loops. Since the initial state had very little energy in small loops, this is 

graphic evidence that loop production actually suceeds in transfering large amounts of energy from 

the longs strings to loops. Another striking feature is the total absence of horizon-sized loops; all the 

!Oops are much smaller than this .. 

In order to confirm the theoretical prediction that the scaling solution is stable, we thus evolved 

configurations with larger and smaller initial horizon-size H0, i.e. with different initial string energy 

densities. As is shown in Fig. 4, configurations with larger initial energy densities chop off many 

loops in order to lower the energy density in long strings PLs, while in string-poor configurations more 

string-stretching and· lower loop production rate yield an energy density increase. In other words, 

the scaling solution appears to be a stable point, and perturbed configurations quickly relax to a 

stationacy state 17 •18>·. 
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We checked the dependence of these results on our various numerical parameters, in particular 

the size of the computation box to check for boundary effects, the number of points per initial 

correlation length to determine possible sampling effects, as well as the time step requirements, or the 

value of our numerical lower cutoff. None of those but the last matters. This cutoff is implemented 

by requiring a minimal number of points for a loop to be allowed to chop off the network. We ran 

the simulation corresponding to the bottom curve of Fig. 4 (Ho = 8.7fo) with various cutoffs >. 
measured in units of the initial number of points per correlation length, i.e. per fo, since only their 

ratio is relevant. The results are shown in Fig. 5. Although the evolutions are different (after the 

first stretching period, the loop production burst is much more pronounced with a lower cutoff), it 

is reassuring to see the common trend toward larger energy densities appear. Since we checked that 

the energy in created loops is essentially independent of >., the variations. can be accounted for by 

the reconnection efficiency, which cannot indefinitely decrease. We therefm<1 conclude that a scaling; 

solution exists, and we can confirm the theoretical prediction that it is· stable, Howevl!I", there is 
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the posibility of significant systematic errors in our determination of PLs, so we allow generous error 

bars 19) PLS = (rad µ(ct)-2, with (rad = 20 ± 10. 

What does this imply in terms of energy transfer? Let us call PT the rate of net energy transfer 

from the long strings into loops. One can thus modify Eq. 3 to take into account the total effect of 

the interactions 

hs/PLS = -2(.i/a)( l+ < v2 >) - fJT/PLs, (4) 

and we know that the scaling is established in the radiation era when hs/ PLs = -4(.i/a) . Thus 

PTrad = µ(rad(l- < v2 >rad)t-3•  We measure < v2 >rad"=' 0.45, and the system thus transfers a 

length of about 11ct per ct3 and per expansion time t. 
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We performed a similar study of PLS in the matter era (see Fig. 6). In this case, the relaxation 

is extremely fast, and we estimate the density at scaling to be such that (mat = 3 .5 ± 1, which 

is nearly a factor of ten smaller than in the radiation era. Since the scaling is now established for 

hs/PLS = -3(a/a) , we have f1Tmat = (2/3)µ(mat(l-2 < v2 >mat)r3• We measure < v2 >mat"=' 0.40. 
The system thus only transfers a length of about 0.45ct per ct3 and per expansion time. Is this 

much lower energy density really surprising? Let us assume that the long string system may 

be characterized by a single scale L such that PLS = µL-2 , i.e. the long strings are typically 

separated by L, and their characteristic interaction time is of the order of L-1. One thus expects 

PTmatf PTrad = Lmat/ Lrad = ( (rad/(mat)112 . By comparison with our previous estimation, we get 

2 1 - 2 < V >mat (rad, 
2 )2 

(mat = (a 1- < v2 >rad 
(5) 

which yields (mat - 0.06(rad = 1.2 in reasonable agreement with our direct measurement. Although 

quite simple, the model demonstrates the ma.in difference between the scaling solutions in the matter 

and radiation eras: in the radiation era ( must be large so that loop production proceeds. al a rate 
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high enough for PLs � a-4 while in the matter era a much smaller ( and lower loop production rate 

are required. 

We now turn to the question of the loops distribution. What do we expect, once the scaling 

is established? Let us first assume that the network emits at time t; in the radiation era x loops 

of energy E = aµct; per ct� and per expansion time t;, i.e. dn(E, t;) = xcdt;f(ct;)4• At a later 

time t, comoving volumes have expanded by (t/t;)312 and the number density has been redshifted 

accordingly: dn(E, t)·= xa312(E/µ)-512(ct)-312d(E/µ). The cumulative energy distribution in loops 

larger than some cutoff Ee/ µct (corresponding to a length larger than some fixed fraction of ct) is 

then p(E > Ee, t) = J;: dE E dn(E, t)/dE. In fact, one expects that loops are created in a range of 

sizes, so that one has to take x = x( a), and integrate over a. Thus 

p(E > Ee, t) (ct)2 /µ = (rad + 7(Ee/µcW1!2 , with 'Y = 2 j x(a)a312da . (6) 

The energy density in Jong strings has been included in order to obtain the total cumulative energy 

density. 
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The time evolution of this cumulative energy distribution for the simulation corresponding to 

the lower curve of Fig. 4 is shown in Fig. 7. Times are labeled on the right by the current value of the 

horizon, and the bottom curve corresponds to the initial distribution, which is devoid by construction 

of loops smaller than 4fo, i.e. (Ee/µct0)-1!2 :e 1 since Ho = 2ct0 = 8.7fo. One can recover on this 

graph the growth of the long string energy density as well as the appearance of a gap (flat curves on 

the left) which only translates our visual impression of the absence of loops of size comparable to the 

horizon. One also notes that the loop number density is indeed proportional to E-512, as expected 

from Eq. 6. Nevertheless this is somewhat coincidental since our loop distribution is not yet in a true 

scaling regime. At smaller scales the straight lines turn over at the location of our cutoff (which is a 

decreasing fraction of the horizon since it requires a fixed number of points for a loop to be emitted). 
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Finally we note that on this graph the gravitational cutoff due to the finite lifetime of the loops would 

·appear at (Ee/ µct)-112 � 100. 

To investigate the effect of the cutoff, we consider the distributions in simulations with the 

same initial conditions (Ho = 8.7(0), but different cutoff A (the same simulations as in Fig. 5). The 

cumulative density distributions are compared at H � 30 in Fig. 8. It is apparent that the slope 'Y 
depends on A, although we might be close to cutoff independence since the slope variation seems to 

saturate for the lowest A. This dependence is expected since the cutoff affects the size distribution of 

loops at birth x( a), and thus 'Y. How can it be then that PLs is not affected more drastically? It turns 

out that the total energy dumped ( oc J x( a )da) is approximately constant. Everything happens as if, 

when the formation of small loops is forbidden, the network simply chops off larger loops in smaller 

number. If for instance the loop emission is controlled by the kinks (e.g. a piece of string chops off 

when it contains enough kinks to have a chance of looping back), then the kinks might travel a little 

further and cause the emission of a somewhat larger loop. Incidentally, two kinks are left over on the 

long string network, while more than two are taken away by the formed loop, thereby limiting the 

kink density on the long strings (but apparently at a rather high value). 

Even though we do see a spectrum of loop sizes at birth, it is interesting to see what is the 

characteristic energy of the loops we form as well as how numerous they are. (The size defined as 

the rms radius R of the loops is simply a fixed fraction of the loop energy E, i.e. E = {3µR, with 

{3 � 20.) Approximating x(a) by x(a) = xli(a - ii), then 'Y = 2xo312• Our present results suggest 

'Y < 3 (which implies v � 'Y / (3312 < 0.03 in the notation of Turok and Brandenberger 12>). By taking 

'Y = 3, and recalling that the net energy transferred times ( ct)2 / µ is xa = ((1- < v2 >) � 11 ,  we 

get a = ('Y/2((1- < v2 >))2 � 0.02 and x � 600, i.e. we generate many tiny loops in contrast to 

the "standard scenario" .  This is in qualitative agreement with our visual impression of Fig. 3 and 

the size gap in Fig. 8. Nevertheless the gap in Fig. 8 ends at (Ee/ µct)-112 � 4 whicli corresponds 

to a � 0.06. This discrepancy simply denotes the oversimplification in approximating the spectrum 

by a Ii function. One should also recall at this point that this cutoff study bears on simulations which 

have not yet reached the scaling regime and are thus still somewhat exploratory. 

Even though the results concerning the loop sizes are still quantitatively quite uncertain, it 

is interesting to look at their correlation properties since it has been claimed 20> that the scenario 

naturally accounts for the correlation of clusters of galaxies and their scaling with richness 21•22) . The 

richness scaling is such that the correlation functions ( are similar for different cluster classes when 

distances are measured in units of the mean separation between the objects considered. This inter

object distance increases for rarer richer clusters thus enhancing the correlations. While difficult to 

explain otherwise, this scaling is a natural byproduct of the existence of only one fundamental scale 

(the horizon), in the cosmic string scenario (apart from the horizon size at equal matter and radiation 

density). Indeed, the correlation function at scaling should be a constant when distances are expressed 
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in units of ct, while the number of loops of a given size per horizon (ct)3dn/dE should also be constant, 

which yields { = f(r/(dn/dE)-113). What is not obvious on the other hand is the nature of f(y), 

which should be � 0.27y-l.8 to agree with the observations (note that this slope is not well constrained 

by the data, and was fixed to 1.8 to agree with the galaxy correlation function slope). 

We have computed the correlation properties in the radiation era, and it turns out that the 

ma.in conclusions does not seem to be affected by our cutoff A. Our results are shown in figure 9 for 

the smallest cutoff simulation of Fig. 5 and 8. The open circles correspond to the correlation of loops 

at birth, i.e. their subsequent displacement was ignored. It follows quite closely the dash-dot line 

which corresponds to an y-2 fit to the cluster data and Turok's 20> results. If tiny loops are created 

along lines, dimensional analysis naturally yields the y-2 dependence. On the other hand, the match 

in amplitude came as a surprise, in accordance with Turok's 20> result. When we compute instead 

the correlations between all loops present at a given time in the simulation box, we obtain the curves 

labeled by squares (after 3.2 expansion factor) and filled circles (after 4.2 expansion factors), still in 

reasonable agreement with the observations. Nevertheless, when we extrapolated the loop positions 

to a = 6.5 by using their center of mass velocities, all correlations were pretty much washed out (filled 

triangles) .  This is because the loops have typically traveled further than their mean seperation. We 

also tried to lower the loop center of mass velocities by an arbitrary factor to test the dependence of 

this negative conclusion on the precise computed velocity values. The correlations still tended to be 

washed out even after we decrease the velocities by a factor as large as two. Furthermore, our loops 

are born tiny and do not fragment very much, thus it is unlikely that spurious fragmentations might 

result in anomalously Jarge velocities. 
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At this point, we might be tempted to conclude that the cosmic string model for galaxy 

formation does not do very well with the correlation functions for galaxies or Abell clusters. This 

would be premature, however, because most of the loops in our simulation are close enough to the 

lower cntofHn loop size so that they are artificially inhibited from fragmenting further. Thus, many 
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of these loops may be unphysical. When an attempt is made to use only the loops that are large 

enough so that they are probably physical, the correlation function does not seem to wash out quite so 

quickly, but the statistics are much worse. We also performed the same kind of analysis in the matter 

era (Fig. 10), and the results were slightly better (but the same caveat still applies). 

In conclusion, we have proven that a scaling solution exists both in the radiation and the 

matter era. The long string energy density is measured to be PLS = ((ct)2 /µ, with (rad = 20± 10, and 

(mat = 3.5 ± 1, and about llct of string length is transferred onto loops per ( ct)3 and per expansion 

time in the radiation era, this number being reduced to about 0.45ct in the matter era. Our results 

outline a scenario very different from the standard one: many tiny loops are directly chopped off the 

network with a dispersion of sizes. Correlations at birth are consistent with the observed ones in A bell's 

clusters. Nevertheless many issues remain to be resolved, in particular the effect of further lowering 

our numerical cutoff. Unfortunately, this cannot be done with our present algorithm, since at the 

end of a large simulation, we have only a few discretizing points per kink, which prevents any further 

reasonably accurate calculations. We are presently devising an improved algorithm to evolve the kinks 

analytically and later correct the evolution of the smooth component of the strings, hoping to be then 

able to settle the remaining questions. One might nevertheless speculate that this improvement will 

rather strengthen our present conclusions, since kinks will become even more prevalent . 

This work was supported in part by the Theoretical Astrophysics Center at the University 
of California at Berkeley, and under the auspices of the U.S. Department of Energy by Lawrence 
Livermore National Laboratory under contractNo. W-7405-Eng-48. 
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Neutrinos with a rest mass of order 30 eV may dominate the mass budget of the 
universe. There is  increasing evidence for a substantial extragalactic flux of ionizin� UV 
photons, which could be provided by neutrinos decaying with a lifetime of order 102 sec. 
Some emission due to decay of local galactic halo material might be detected by the Extreme 
Ultraviolet Explorer, due to be launched in 1991. Previous arguments against such neutrinos 
as dark matter candidates are questioned and found to be fallible. Preliminary results on 
structure formation with massive neutrinos and cosmic strings suggest this is  a promising 
model. Both hot and cold dark matter should be considered for direct detection. 
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I. INTRODUCTION 

In a standard hot big bang cosmology, neutrinos of each type populate the universe 

with a mean density of order 110 cm-3 ; this is independent of mass for small masses such 

as we shall consider here1l . A simple calculation shows that if one of the types of neutrinos 

had a mass of about 30 eV it  would provide the critical density, just enough to make a flat 

Friedmann-Robertson-Walker universe. Such a mass cannot presently be excluded for the 

muon or tau neutrinos, although it may be excluded for the electron neutrino. 

The formation of structure in a neutrino-dominated universe with ordinary density 

perturbations in the neutrinos proceeds from large to small. The free-streaming of the hot 

neutrinos damps out perturbations on small scales, leading to a well-known sharp cutoff in 

the power spectrum. Collapse of matter on such scales leads to a network of sheets and 

filaments, rather like that which has been observed on large scales2) . 

Such neutrinios could decay to a lighter neutrino and a UV photon. This would explain 

a number of puzzling indications that there is a substantial extraglactic UV flux3)  which 

cannot be explained by conventional sources. Futhermore, a particle physics model which 

predicts such a decay rate simultaneously solves other astro-particle physics probelms.4) 

II. NEUTRINO CLUSTERING WITH ADIABATIC PERTURBATIONS 

It is impossible to review the vast literature which has developed on neutrino cluster

ing. I want to disc11ss what are often perceiverl as the three major prohlems of a neutrino

dominated universe: galaxy halo formation, the redshift of galaxy formation, and the corre

lation amplitude problem. 

(a) It is generally assumed that there is a problem making galaxy halos, because the 

first dynamical event to take place in such a universe is the collapse of very long wavelength 

perturbations into sheets and filaments. The typical scale of such structures is that of a 

supercluster, 20-30 Mpc or so. An estimate of the velocity dispersion resulting from such 
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a collapse is 1000 km s-1 or more. Such particles would be too "hot" to ever clnst.er in 

a galaxy halo. Furthermore, one would expect the phase space density of the neutrinos to 

become "diluted" through phase-mixing. The success of the Tremaine-Gunn limit5l depends 

on preserving the primordial phase space density. 

A numerical study of neutrino clustering in pancaking6l showed that these global ap

proximations do not tell the whole story. One expects galaxies to form from the cooling of 

shocked gas in the center of the pancake. There is at this place after the collapse, a popula

tion of low-velocity neutrinos which have preserved their original phase-space density. The 

material is ideal for halo formation. The global average statements are true, but they do not 

apply to this crucial central region. 

(b) A so-called "timing problem" is often mentioned in connection with these models. 

The general impression in the community is that galaxy formation begins only at the last 

minute. A related problem is the use of linear perturbation theory to estimate such things 

as microwave background fluctuations. 

In Fig. 1, I show a graph from some recent work to illustrate this7l . In this simulation, 

which contains 262,144 particles and is scaled to be 128h-2 Mpc on a side (where h is the 

Hubble constant in units of 100 km s-1 Mpc-1 ) , I show the RMS density fluctuation inside 

the 643 cells (lower curve) and the maximum density anywhere in the simulation, plotted 

against redshift. The amplitude normalization is chosen so that the autocorrelation has a 

power-law slope 1 .8 at z = 0. 

Notice that (a) Even when the RMS fluctuation is < io- 1 , the upper curve breaks 

away, showing that non-gaussian behavior has begun for the peaks. (b) When the RMS 

fluctuations is about 0.2, the lower curve begins to grow faster than linear. This shows the 

danger in applying linear theory to these models. 

What are our requirements for galaxy formation? Quasars are the earliest known 

nonlinearities. They are known to exist past a redshift of 4, with a mean spacing of something 
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like 50 Mpc, or about one per supercluster.8> If we assume they have galactic masses, this 

is about one part in 3 X 104 • The inner parts of all galaxies, on the other hand, constitute 

about one part in 100 of the critical density. In Fig. 2 we see the number of cells whose 

density contrast has exceeded unity plotted as a function of z in the same simulation 7). We 

know from catastrophe theory9l that there are density singularities inside these cells. By a 

redshift of 5 we have enough to account for QSOs, and by a redshift of 3 enough to account 

for galaxies. Arguments deriving from a timing problem10l depend on collapsing entire cells 

(much more massive than galaxies) to zero volume. A comparison with -Fig. 1 will show that 

the abundance of these density peaks is non-Gaussian. There is not a "timing problem". 

( c) The last issue I wish to discuss here is the correlation length problem 10> , which can 

be characterized as follows: we observe that the two-point correlation function of galaxies 

can be fit rather well by a power-law 

( Ro )7 e = Ii ' ( 1 )  

where 'Y � 1 .8 and Ro � 5h-1Mpc. When we do a neutrino simulation, the initial power 

spectrum is not a pure power-law, but has a sharp cutoff at a wavelength which scales as 

(Oh2 )-1 • In nonlinear evolution, the slope of e changes and we find a unique moment when 

'Y � 1.8 At this time Ro � 4(0h2)- 1 Mpc. Requiring consistency with ( 1 ) ,  we conclude 

Oh � 0.8, which is uncomfortably high but perhaps not inconceivable. 

However, in the so-called "pancake theory"11 ) it is generally assumed that galaxies do 

not form everywhere, but only in the compressed areas. \oVhen the correlation function is 

calculated for this subset, the length Ro � 6(0h2 )-1 Mpc, implying Oh � 1 .25, which seems 

to be excluded by age considerations. Unlike problems (a) and (b), this is well-founded in 

nonlinear numerical simulations, and all agree, given these assumptions. Let us point out 

several possible loopholes: 

The simulations have included only dark matter. Assumptions have been made about 

galaxy formation. Three-dimensional numerical hydrodynamics with enough resolution to 
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follow the shocked gas from which galaxies form is at least one compnler gPnnat.ion away. 

There may be surprises in the baryon distribution. 

The dissipative processes involved in galaxy formation might give rise to explosions 

which could "smear out" the galaxy distribution.12) "Antibiasing" might exist, in the sense 

that galaxy formation is suppressed in high-density areas. 13) 

It must be remembered that the simulations measure a mass-mass correlation. If the 

mass per galaxy were even modestly larger in cluster centers, this would strongly reduce the 

galaxy-galaxy correlation, which is sensitive to pair counts. 

The correlation length in the simulations is rather stable, but there are signs that the 

observational value may reach 8 - 10h-1Mpc with increased sample size. 14- 16) Such values 

would drastically lower the estimate of O.h from the simulations. 

As we can see, there are numerous uncertainties associated with the correlation length 

problem. Since detailed comparison with nonlinear models eliminate the galaxy halo problem 

and the timing problem, I suggest that hot dark matter with adiabatic perturbations be 

carefully considered. After all, we know that neutrinos exist. Muon and tau neutrinos have 

only weak limits on their masses. 

III. NEUTRINO CLUSTERING WITH COSMIC STRING LOOPS 

Structure formation in a neutrino-dominated universe proceeds differently if we relax 

the assumption of adiabatic perturbations. If there are some "seeds" around to start galaxy 

formation which are not erased by neutrino free-streaming, they can trigger collapse of 

small-scale perturbations. One such possibility is cosmic string loops. 

Metric perturbations induced by the strings induce density perturbations in the other 

components. I will report on preliminary results of a numerical treatment of large-scale 

structure in such a universe.17> 

A distribution of loops of various masses is laid down with an r-2 correlation. These 

are given large random velocities. Their perturbations to the mean density grow according 
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to lin<'ar perturbation theory. This means that the Fourier compon<'nts of t.h""" isornrvatnre 

perturbations grow very little outside the horizon. We take account of the effect of loop 

decay and the change in the neutrino Jeans length with time. 

We also include a baryon contribution f!bh2 = 0.02. Baryon perturbations can grow 

after recombination, providing a "head start" for galaxy formation. Even if a loop decays, 

its baryon cloud may persist. As the neutrinos may only respond later, there is a natural 

separation of mass from light built in at the beginning. 

Linear perturbation theory carries the model forward until the first resolved nonlin

earity, when the PM code takes over. Given an assumed value of various string parameters 

such as the dimensionless Gµ, the present epoch is well-defined. We are able to match the 

values of -y and Ro with reasonable string parameters. 

In Figure 3 we see a slice of one of our numerical models. It displays interesting 

structure different from either CDM or HDM. The clusters are tighter and there are some 

isolated clusters not connected to the general network. The three-point correlation amplitude 

is much smaller than HDM. This model is much closer to the observed universe than strings 

+ CDM, and deserves further study. 

Figure 4 may provide some insight into the effect of non-Gaussian perturbations. I 

have taken the initial PM state of Fig. 3, and done a 3-dimensional Fourier analysis. Then, 

each component is multiplied by a random phase angle and an inverse transform done. This 

is evolved to become Fig. 4, which looks like other simulations with Gaussian p<'rturbat ions. 

We intend to continue work on this promising model, and will report on it in the near future. 
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maxi mum found i n  a ny ce l l . Note t he 

dev i a t i o n f rom Ga u s s i a n  beha v i or 
when the RMS i s  s t i l l  very smal l .  
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1: Introduction. 

Aharonov, Englert and Orloff1) have recently shown that when the temperature 
approaches the Planck scale, the entropy available from the degeneracy of high mass 
states inflates the strings to energies much larger than the temperature. This may lead 
to a phase transition by which a huge string filling the whole space with constant aver
age density is generated. The fact that such temperatures have probably been reached 
in the very early universe raises the interesting possibility that the macroscopic strings 
that form in this way "fundamental cosmic strings" may be responsible for seeding 
the large structure of the universe1•2l . Indeed we shall see that, under not unrea
sonable assumptions, this macroscopic strings provide seeds for galaxies and clusters. 
Their distribution in mass and in space is quite similar to those indicated by numerical 
simulations of the evolution of topological cosmic strings3l . However the mechanism 
yielding the seeds can be totally different in the two scenarios and further could select 
one scenario or reject both of them. 

We first review the cosmological hypothesis of reference 1. We then use the initial 
string distribution in the universe and assuming the existence of dark matter, we sketch 
the predicted large scale structure of the universe2l . Confrontation with observation 
yields an estimate of µ, the mass per unit length of the string, which is quite small. µ 
is related to the Regge slope, cl : µ ""' a.1- 1, hence the required Regge slope is too large 
to be consistent with naive low energy phenomenology based on fundamental strings. 
This conclusion is strengthened by other more direct astrophysical observations quite 
independently of galaxy formation. Thus either our cosmological hypothesis is wrong 
or naive low energy phenomenology is ruled out. These issues are discussed at the end 
of the paper. 

2: The pre adiabatic era. 

String theories involving only weakly coupled closed strings exhibit a high tem
perature phase characterized by the condensation of an infinite string1l . This string 
takes up a finite average energy density and spans the space with a random walk of 
step size � a.1112 •  It was suggested that, in the cosmological context, this phase is the 
ancestor of the adiabatic era: the infinite string with internal temperature provides the 
necessary correlation over the whole universe to fix the initial thermal state. In the 
semi-classical limit, the pre-adiabatic phase could be described by an exponential infla
tion with a Hubble constant H determined from thermal equilibrium at the Hawking 
temperature of the de Sitter space: H/(2n:) = (301 •  Although a recent work of Turok4l 
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seems to corroborate this result , it is not clear whether the strong interaction with the 
gravitational background would not cause more dramatic quantum mechanical effects 
and invalidate a semi-classical description of the pre-adiabatic phase. We shall thus 
not commit ourselves to a detailed description of this phase. Our only tentative cos
mological assumption will be that the initial state of the adiabatic expansion is given 
by a thermal distribution of closed string excitations at temperature T = f3o - l  and 
critical density u0 marked by the disappearance of the infinite string. Possible out of 
equilibrium remnants of the pre-adiabatic phase will be considered later on. 

At T = {30 - l and u = u 0 ,  the equilibrium distribution is given by "microscopic 
strings" which we call the (massless) radiation gas and an asymptotically scale invari
ant network of brownian shaped closed macroscopic strings1l·2•5l . The scale invariant 
distribution of the macroscopic strings is2): 

where 

N(R)dR = 11� • dR 
R3 R 

II =  0.016 

(1) 

(2) 

It is remarkable that for the string theories the we have considered considered 11 is a 
universal constant which does not depend on the generic string theory used but only 
on the number of non compact space-time dimensions D ;::>: 4. Namely (1) , (2) are 
valid whether the internal degrees of freedom arise form a torus compactification of the 
bosonic string, of type II superstrings or of the heterotic string. 

3: Strings in the adiabatic era. 

We now turn to the cosmological evolution of the string network. Because of the 
expansion one expects decoupling of strings from the radiation gas in about one Hubble 
time. Therefore, we cannot dismiss a priori remnants of the pre-adiabatic phase in the 
form of infinite strings which would remain out of thermal equilibrium at the end of the 
transition to the adiabatic era: their disappearance depends on the detailed dynamics 
of the phase transition which we do not know. We therefore consider first the case of 
a system of fundamental strings which includes initially infinite strings. 

The cosmological evolution of this universe is quite similar to the evolution of 
a universe containing a network of topological cosmic strings #l which was studied 

#l This follows from the similarity of the classical equations of motion for strings in 
a Robertson-Walker background metric. 



384 

numerically3l . This evolution depends on p, the probability that two strings that cross 
each other intercommute. If p = 0 (no exchange of partners) the energy density of the 
infinite strings scales like matter and thus quickly dominates the energy density of the 
radiation filled universe. This catastrophe is avoided in the p = 1 case because infinite 
string cut themselves out, leaving about one segment of infinite string per horizon and 
forming closed strings of size comparable to the horizon size. In the radiation dominated 
era, the latter seem to be distributed in size (neglecting gravitational decay) according 
to 

N1 (R, t) = V 111R-sf2t-3/2 (3) 

where from numerical estimate3l 111 � 0.02. These are the seeds from which galaxies 
and clusters can be formed. Note that in the result (3) , the initial distribution of scale 
invariant closed string does not play a significant role. It is not clear whether the 
validity of (3) is contingent upon the hypothesis p � 1. Neither is it obvious that the 
closed strings formed in this way would not disappear by cutting themselves to very 
small rapidly decaying loops6l .  In any case, Eq. (3) can arise from infinite strings only 
as the result of a complicated dynamical process and the only informations we presently 
have rely heavily on numerical simulations. 

On the other hand, if the adiabatic era indeed starts in thermal equilibrium at the 
critical density a0, there will be no infinite strings at that time. Such initial conditions 
are impossible in the context of topological strings but are rather natural within the 
framework of fundamental strings. This leads immediately to the seed distribution (3) , 
quite independently of the value of p. Indeed strings larger than the horizon expand 
(their transverse size R grows like the Robertson-Walker scale factor a(t) � t 112 and 
stretch, their typical random walk step becoming of order t, the horizon size. Once 
they enter the horizon they stop expanding, oscillate and start decaying by emitting 
gravitational waves 7) . Neglecting gravitational decay (which can easily be taken into 
account) , we get in the radiation dominated era, from (1 ) :  

a3(R) 
N1 (R t) = N(R) -- = VvR-sf2t-3/2 ' a3(t) 

· (4) 

Remarkably enough, the analytic value (2) for 11 agrees with the numerical data used 
for 111 in (3) so that the seed distributions coincide in the two scenarios. However in 
equation (4) , self-intersections have been completely ignored. This would seem, at first 
sight to imply p = O, but in fact it is not difficult to verify analytically that because of 
the scarcity of large loops in (1) ,  the result (4) remains valid, up to factors of order 1 
for all values of p between zero and one, provided closed strings inside the horizon do 
not self-intersect significantly. 
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4: Structure formation and other astrophysical constraints. 

From t = R, the moment the closed string of size R entered the horizon, the 
scenario for structure formation follows the standard cosmic string scenario 7). In short, 
the string now begins to accrete dark matter while decaying; it eventually disappears, 
leaving a density contrast 8 p / p which starts growing significantly after teq , the time 
when the density of matter and radiation are equal. The density and size of the different 
structures formed in this way (galaxies and clusters of galaxies) reflect the distribution 
of the corresponding seeds (4) whose mass are of order µ,R. From the observed density 
and mass of Abell clusters and bright galaxies one deduces 8) (in Planck units) 

µ, "" 10 -6. (5) 

There is an uncertainty in this number by, say, an order of magnitude. However if µ, 
is too small, then strings would not lead to formation of any large scale structure and 
if µ, is too large, the resulting large scale structure would be quite different from the 
observed one (for instance cluster of galaxies would be much larger than they are) . 

Such a small value of µ, contradicts naive phenomenology as it would lead to a 
comparable value of squares of gauge coupling constants at energy scales of order µ, 1/2; 
this is much to small to cope with reasonable renormalization group estimates of low 
energy values 9). Can this value be increased if despite the occurrence of the phase 
transition something went wrong in the assumption leading to structure formation ? For 
instance, as already mentioned, every seed could disappear because of self intersections; 
or maybe there is no dark matter available to accrete at all. The answer is negative, 
as revealed by other astrophysical data, independent of galaxy formation, arising from 
gravitational interactions due to strings, namely gravitational radiation and various 
lensing effects. 

The potentially strongest direct limit on the string parameters is due to the lack 
of residual noise in the timing of the millisecond pulsar due to the stochastic emission of 
gravitational waves by decaying strings 10) . Upper limit to the noise in this pulsar sets 
a limit on µ, l/2;Sl0 -3(a/T) 4 where a is a numerical factor of order 2ir and T is the 
observation time in years. While this limit is presently consistent with the value (5), the 
bound on µ, is rapidly decreasing as the T increases. In fact if such random noise does 
not show up within a few years, the resulting limit would rule out any cosmic string 
mechanism for structure formation. Note that if string would disappear due to rapid self 
intersections, the decay to gravitational background could occur almost immediately 
after horizon crossing. The gravitational radiation is then redshifted by a factor of order 
µ, 1/2 and the constraint on µ, would be correspondingly weaker: µ,;SlO -3(a/T) 4 .  
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The strongest other limits on the string parameters arise from the homogeneity of 
the microwave background. Both lensing effects11)  and an interaction between the 
gravitational radiation field and the microwave radiation12) lead to fluctuation in the 
microwave background. Since such fluctuations are not observed these effects yield 
additional upper limits to the string tension µ;Sl0-4• Finally, a group of double images 
would both identify the location of a large string and measure its tension. A tentative 
identification of such a line has been made13) yielding results consistent with (5) but 
this identification is still uncertain at the moment. 

5: Conclusions. 

It is remarkable that the upper limits on µ obtained from the more direct astro
physical consideration are not very different from the actual parameters needed for the 
structure formation scenario. In any case µ � 0(1) is excluded even if the structure 
formation scenario by strings would fail . Thus in the event that string theory is correct 
or at least represent a reasonable first approximation to the Planck scale physics, we 
are confronted with the following alternative: either the phase transition of reference 
1 does not occur, or naive low energy phenomenology is wrong. We now examine the 
two issues. 

There are several ways by which the phase transition could be avoided. Firstly it 
may just be an artifact of the weak coupling approximation. Second, as suggested by 
Witten, macroscopic fundamental string may be confined to boundaries of axion domain 
walls if anomalous superconductivity develops along the string14) . Third, an inflation 
which would take place after the phase transition would eliminate heavy macroscopic 
strings. However if the phase transition does occur we must have µ;:;10-4 and funda
mental strings would be the most natural agent for structure formation in particular 
because of the simplicity and of the possible success of the scenario without infinite 
strings. In this case, naive phenomenology is untenable. This is not totally unex
pected. Naive phenomenological models rely on effective low energy lagrangians which 
relate directly the four dimensional gauge coupling e2 to a universal string coupling 
g2• This relation would be reasonable if the dilaton would be the only scalar field 
with non-vanishing expectation value. However "compactification" to four dimensions 
may introduce mixing with new scalars and unbounded potentials. In this case genuine 
string corrections are required for stability and gauge couplings can be very different 
from the naive value e2 ""' µ. 
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Recently there has been much interest in the possible effects of 
superconducting cosmic strings . Those effects which are of observational 
interest involve currents bin units where l'I � c � 1 )  of grand unified 
scale ( 101 5  GeV � 8 x 102 Amp s ) . We argue that in unified theories 
conducting strings of the fermionic type cannot achieve such currents 
because of scattering of current carriers via grand unified interactions . 
Currents are limited to be s ix to nine orders of magnitude lower than 
usually discussed.  
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Cosmic s tringsl )  are of peculiar theoretical interest because 

(unlike monopoles or domain wal l s )  they would always constitute , if the 

hypothes i s  of 11intercommutation11 is correct , a roughly fixed fraction of 

the mass dens ity of the universe and hence leave a permanent imprint of 

phys ics at very early times , and thus at very high energies . So even if 

formed when T - 101 5  GeV they would have important consequences at times 

relevant to galaxy formation (T - 1 eV) and at the present time (T -

· 1/4000 eV) . In 1985  Witten2 )  showed that such s trings can be 

superconducting and carry huge currents , thus opening up a whole range of 

possible , interes ting electromagnetic effects3 ) . 

There are two kinds 2 ) of superconducting strings : "bosonic "  and 

11 fermionic11 , referring to the nature of the current carriers . Our 

results4 )  apply only to fermionic s trings . In a string fermions can , 

because of topological " index theorems 11 , have s o - called 11Jackiw- Rossi 11 

zero modes5 ) , which propagate at the speed of l ight along the string . 

For a given species of particle these modes propagate only in one 

direction along the s tring , which depending on the form of its Yukawa 

coup l ing . Let us call the two directions the + and - directions , and say 

the ith species of particle travels in the ' i direction , ' i � + or In 

the s tring the fermions are effectively massless , while away from the 

string they have their normal , in vacuo masses . If a bound fermion 

acquires momentum exceeding its in vacuo mass it will have sufficient 

energy to escape the string . The current carried by the ith species is 

�; q
i

P
Fi 

where P
F 

is its ( one - dimens ional) Fermi momentum , usually 

assumed, for the reason j ust given,  to be less than or equal to mi . So 

J
max

( i ) � �; q
i 

m
i . If m .  - 10

1 5  
GeV then J - 10

14 
GeV - 10

2 0  
Amps . 1 max 

(n � c � 1 ) . In fac t ,  mos t  of the observationally interesting effects 3 )  

o f  conducting s trings involve such huge currents be ing achieve d .  



Let us consider a toy mode12 )  where d ,  a ,  e· and e+ move in the + 

direction and u ,  and u move in the - direction. A possible source of 

dissipation is  the charged weak interactions : e� + uL � vL + dL . 
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In the absence of scattering any applied emf ( such as caused by the 

s trings moving relativistically through a magnetic field) will produce a 

current in which PFi � qi ' i · (The lorentz force law says Pi - <i ( qi 

E) . )  One can show by s imple arithmetic that if the emf is  turned off 

weak inte�action scattering will not be able to reduce the current to 

zero4 ) because of the Pauli principle . If  we only took account of 

electroweak interactions these strings would indeed be superconducting 

with Jmax given roughly by the typ ical fermion mass mf . However , 4 > in 

grand unified models the unified gauge interactions lead to very severe 

limits on the currents attainable . In our toy model one can have the 

l bB I  - 1 processes e ·  + u � a + u and d + u � e+ + u mediated by charge 

4/3 gauge bosons . Now, s imple arithmetic shows that if the applied emf 

is turned off , these GUT scattering processes will reduce the current to 

zero . How rapidly? If the fermions are the usual light quarks and 

leptons the time scale is the proton lifetime ! However ,  in the cases of 

observational interest3 ) ,  where J and mf are superlarge the fluxes are 

also superlarge and it turns out that for the gauge boson mass Mx - 1016 

GeV and J and mf � 106 GeV then ' scat << t for all times for which T S 10 

eV . 

Given an applied emf arising from the s tring moving relativistically 

through a magnetic field B one finds that the current approaches a value 

Jcrit which is always less than or equal to ( for any fermion mass mf) 

Jmax - 106 GeV x C I B l /lo- 6G ) l/6 x (Mx/1016 GeV) 2/3 . c 106 GeV : 8 x loll 

Amps ) . To get currents of order 1014 GeV as required for mos t  of 

the observationally interesting effects3 )  discussed in the literature one 

would need 1 8 1  - 1042 Gauss ! For detailed calculations of scattering 
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rates and bounds on currents see ref.  4 .  

In general one only expects t o  have fermion species o f  superlarge 

mass in theories with new interactions at superlarge scales , for instance 

grand unified theories . Our l imits apply whenever there are gauge 

interactions corresponding to a group G J SU ( 5 ) , even if these occur at 

the Planck scale as in superstring models . 

We have implic itly assumed that all the fermions are of comparable 

mass , IDf . If that is not true the analys is can be much more subtle (see 

the second paper of ref . 4 ) . However ,  the qualitative conclusion is 

unaffected . 

Finally , our analysis depends on the anomaly condition 

� 
( q . )

2 
� � ( q . )

2 
be ing satisfied . However , any (global) s tring 

i�L i i�R i 
which fails to satisfy this will have a U ( l )  global x U ( l ) 2QED anomaly . 

If U ( l ) qED is unified with SU ( 3 )qcD as in all grand unified models , there 

will therefore be a U ( l ) global x SU ( 3 ) 2QCD anomaly as wel l .  This implies 

the formation of "axion" domain walls when T ;;; 200 MeV , and therefore 

that such s trings will not be important at later times anyway . 

It is fairly safe to conclude , then , that in essentially all 

interes t ing ferrnionic conducting strings the currents can never reach 

levels of observational interest because of scattering of charge carriers 

through unified gauge interactions . 
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Solito�enesis is the primordial origin of non topological solitons (NTS). 
NTS are a wide class of stable extended classical objects, characterized by the 
presence of a conserved additive charge (such as a number of particles). Their 
stability is then guaranteed only if the energy of the NTS is lower than that of a 
collection of free particles with the same additive charge. We discuss the 
formation of NTS (within a particular model) in a second-order phase transition 
in the early Universe. The abundance, mass and characteristics of the NTS are 
model dependent. Even if their contribution to the energy density of the 
Universe is not compelling, it may easily be large. NTS may constitute the dark 
matter or, in any case, be cosmologically and astrophysically relevant. 
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Non-topological solitons (NTS) are a very wide type of stable extended 
objects, so wide that precisely this characteristic may limit the usefulness of the 
concept, in the sense of lacking of predictivity. The abundance, mass and 
characteristics of BNTS are model dependent, what may not seem appealing. 
However, the. models in which NTS solutions appear are not rare and these 
solutions may have very characteristic properties, that may allow to distinguish 
them (as in the case of "soliton stars", for example). NTS can be cosmologically 
relevant, contributing a significant fraction of the present mass density of the 
Universe. To this last possibility refers this ta;lk, based on work done with J. 
Friemann, M. Gleiser and E. Kolb 1). The conclusion is that NTS may be relevant 
in cosmology and astrophysics and they open up an enormous variety of 
possibilities to be explored. 

NTS solutions were introduced twenty years ago 2,3,4) and reappeared 
recently as "quark nuggets" 5), "Q-balls" 6), "soliton stars" 7), "cosmic neutrino 
balls" 8>. Let us start by defining what a non-topological soliton is. A soliton is 
any spatially confined and non dispersive solution of a field theory, i.e. a 
solution which has a finite non zero rest mass confined in a infinite region in 
space at all times 9). A wavepacket, formed throught the superposition of 
planewaves does not remain confined for large times, i.e. is always dispersive 
and, therefore, is not a soliton. Historically, the name soliton referred at first to 
"indestructible solitons", such that their shape and velocity remain unchanged 
after a collision with another soliton 10) . The first was the "solitary wave" in 
hydrodynamics, that Scott Russel followed on horseback after it formed in the 
watter of a channel, in 1834. Indestructible solitons exist only in one space 
dimensions. In the wider sense of soliton used here, the indestructibility is not 
required and solitons appear in any number of space-dimensions. While the 
name "bound-state" applies historically to quantum systems, a "soliton" is 
actually a stable "bound state" that appears at a classical level. In order to have 
soliton solutions (in relativistic local field theories) there must be nonlinear 
couplings; otherwise the only solutions are plane waves. There are two types of 
solitons, according to the origin of their stability, topological and non-topological 
so!itons: 

i) Topological Solitons: the necessary condition for their exis.tence is that 
there must be degenerate vacuum states. The soliton solution has different 
vacua at the boundaries. Thus the boundary condition at infinity for a soliton 
state is topologically different from that of the physical vacuum state. The 
stability of the topological soliton against decay into plane waves is ensured 
because of the different boundary conditions. Some of these solitons are cosmic 
walls, cosmic strings and magnetic monopoles (in 1, 2 and 3-space dimensions 
respectively) 12); 
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ii) Non Topological Solitons: the boundary condition at infinity for NTS's 
are the same as that for the physical vacuum state (there is no need for 
degenerate vacuum states, then). The necessary condition for their existence is 
that there should be an additive conservation law. The simplest such conserved 
additive charge corresponds to a particle number N. Thus one needs at least a 
complex bosonic or fermionic field, cp or 'If, such that <p, or 'If, carry N=+l while 
qi+, or 'If+, carry N=-1, and N = dN/dt = 0, i.e. the number of particles is conserved. 
Let us consider a soliton with conserved charge N and a set of plane waves (free 
particles) with equal charge, N. The stability of the N.T.S. depends on which 
solution has lower energy. Only if the energy of the N.T.S. is lower than the 
energy of a set of free particles with the same charge, the N.T.S. is stable. The 
NTS solutions can also (as the topological solitons) exist in any space 
dimensions. 

Let us consider "soliton stars" 7>. The models, studied by T.D. Lee and 
collaborators, have a conserved particle number N carried either by a fel'mion or 
a boson field. This complex field is coupled to a bosonic real field c;. 'Jlhe real field 
has a potential, U(c;) = (V,)m2cr2 (l-c;/cr0)2 , with two degenerate vacua at cr=O and 
<J=<J0, which distinguish the outside and the inside of the NTS. An NTS is thus a 
bag with the c;0 vacuum and N particles confined inside, the cr=O vacuum outside 
and a wall where c; grows from 0 to c;0. The function of the c; field is simply to 
confine the N carrying particles inside the soliton. This is achieved if these 
particles have a CJ-dependent mass, in such a way that they are massless inside 
the soliton and massive outside. The presence of the N particles confined inside 
the soliton is essential for its stability. Let us take, as an example, the case of a 
complex bosonic field <p. The total energy of the soliton consists of two 
contributions: the kinetic energy of the N-particles confined inside, Ek = 7tN /R, 
where R is the radius of the soliton (consider it as spherical) and the energy 
contained in the walls, Ew = 47tsR2, where s is the mass of the wall per unit of 
area, s=m c;� /6. The minimum energy, M, is obtained by varying the radius R, 
(dE/dR) = 0, with E = Ek+Ew. It is easy to see that, at the minimum, M-N2/3. 
Since N free particles have an energy proportional to N, we see that for a large 
enough value of N, the energy M of the NTS is lower than that of a collection of 
free particles with equal N (i.e. the NTS is stable). A remarkable property of these 
NTS is their critical mass Mc, the mass necessary for the NTS to have the 
Schwarzschild radius, R = 2 G Mc, is of the order Mc = M� /m3 where Mp is the 
Planck mass, Mp :: 1019 GeV. As an example, with m :: 3 GeV, then Mc ::: 1018 Me 
(M® is a solar mass) with R = 10S1y. For masses larger than Mc the NTS forms a 
black hole. These values Mc should be compared with approximately 5 M@ the 
maximum Mc allowed for usual stellar bodies.NTS "stars" may be much larger 
than usual stars without becoming black holes7>. In the case the c; = cr0 vacuum 
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inside the soliton, has a positive vacuum energy density A with respect to the 
cr=O vacuum outside, a volume contribution to the energy, Ev = 4x AR3 /3, should 
be added to the total energy. If this term is dominant with respect to Ew as it is 
for sufficiently large N, the minimum energy is M - N3/4, and in this ca�e Mc -M�/VA. This is the case considered below. A non degeneracy of the vacua inside 
and outside, A>O below, is necessary to form these NTS in a second order phase 
transition in the early universe [1]. The universe as a whole goes, then, to the 
"true" vacuum (the vacuum outside the NTS) leaving islands of the "false 
vacuum" (the vacuum inside the NTS), that are stabilized due to the presence of 
a sufficiently large number N of <p particles confined inside. Let us consider, then, 
the potential 

A. 2 2 2 A. 3 U(l<pl,cr) = g1- (cr2 - cr� ) + h l<j>I (cr - cr0) + T (cr - 0"0) 0"0 + A  

The constant A is adjusted to have U=O at the absolute minimum of the 
potential. 

The formation of NTS in the early universe is, then, a problem of 
percolation of two vacua. As the temperature of the universe lowers below a 
critical temperature Tc, regions of space of characteristic size Vi; = 2 1;3, where I; is 
the correlation length, fall into one of the two a-minima, call them cr0 and cri (for 
"outside" and "inside"), with probablities p0 and Pi· Evidently, if the two minima 
were degenerate, these probabilities would be equal p0=pi=0.5. With A>O, cr0 starts 
to be favoured, thus p0>pi (always p0+pi=l, of course). Actually, the values of p0 
and Pi are not fixed at Tc, where the regions Vi; fluctuate rapidly between cr = cr0 
and cr = cri. The probabilities remain fixed only at the Ginsburg temperature, Tc, 
at which these fluctuations freeze out. At Tc 2': T 2': Tc the thermal transition rate 
of fluctuation of a volume Vi; between the two minima is proportional to 
exp(-FM/T), where FM = UM.Vi; is the free energy of the fluctuations from one of 
the vacua to the maximum of the potential, UM being the energy barrier that 
separates both vacua. As long as r is large, both vacua are in equilibrium and the 
relative population is given by the Boltzman formula, p/p0 = exp (-8F/T) where 
8F is the difference in free energy between a volume Vi; of the cr0-vacuum and 
the same volume of the cr;-vacuum, 8F = (U0-Ui) Vi;, (U0, Ui are the respective 
energy densities). For any temperature T<Tc = FM ,  the rate r becomes 
exponentially small and each Vi; remains in one of the two vacua definitively, 
with probability 

P/Po = exp(-M <Tc )  /Tc ) =  exp(-A/UM) 
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The last equality holds when U0 - Ui = A, approximating the potential at Tc by 
the T=O potential given above. 

Lattice simulations show that if the probability of occupation per cell, p, is 
larger than a critical value, Pc' then an infinite cluster of those cells forms, while 
for p<pc only finite clusters do 13>. In three space dimensions Pc = 0.2 to 0.3, 
having different values for different types of lattice. For example Pc=0.31 for a 
simple cubic lattice. When an infinite cluster forms it is said that the 
corresponding vacuum "percolates". Given the last value of Pc' the "false 
vacuum", cri, percolates whenever A/UM � 0.8, what occurs when "A.2/ "A.1 � 0.13. 
There are, then, two different scenarios, in one of them both vacua percolate, in 
the other only the "true vacuum", cr0, percolates. We consider only the cases 
with A>O. If A=O (h="A.2=0), the case of exact degeneracy, both vacua percolate, 
creating two infinite (and many finite) regions, with stable domain walls 
separating them. These walls soon dominate the energy density of the Universe, 
leading to contradictions with the observed isotropy of the cosmic background 
radiation (unless cr0 � lOMeV) 14). Even a small energy density difference A>O 
causes regions of false vacuum to shrink, leading to the disappearance of the wall 
system 12,15) with the Universe everywhere in the true vacuum (that we want 
to be cr0). There will still be isolated islands of the false vacuum, stabilized by the 
presence of a sufficiently large number N of <p-particles inside, that will be the 
NTS. This may happen in both scenarios. 

First consider the case where Pi<0.31. Since this is below percolation 
threshold, isolated bags of false vacuum are formed in the true vacuum "sea". If 
r is the number of false vacuum cells in a cluster (r:::(L/2s)3, where L is the cluster 
"diameter"), the density of r-clusters per lattice site is known 13) from Monte 
Carlo simulations to be f(r)=br-1.5exp(-cr). The cosntants b and c are not known 
but are expected to be b, c = 1 .  The number density of r-clusters produced at 
T = Tc is then simply n(r) = f(r)/Vi;. Thus, the typical size of a false vacuun 
bubble is L-2s, with larger bubbles exponentially suppressed. 

Once formed the bubbles will be acted upon by several forces: 1) a surface 
tension due to the domain walls which tends to straighten out curved walls; 2) a 
vacuum pressure Pvac = A, which acts to collapse regions of false vacuum; 3) a 
thermal pressure P<1> due to the massless <l>'s in the false cri (assuming these 
particles are confined) which tend to expand regions of this vacuum. The 
evolution of the system of domain walls and vacuum bubbles is quite 
complicated, and the dynamics depends upon ratios of coupling constants "A.1,"A.2; 
and h. To elucidate a scenario for production of NTSs, we will assume two 
conditions are satisfied: (i) Tc is smaller than the mass of <p particles in the cr0 
vacuum (h is not too small), so that <I> particles are trapped inside the cri domains 
at the Ginzburg temperature; (ii) P<1> = (x2 / 45)T i � Pvac = A, (i.e., "A.2 is not too 
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small) so that the thermal pressure due to the massless cp's in the domain is 
always smaller than the vacuum pressure. Of condition (ii) is not satisfied, the cri 
domain will grow and possibly percolate; for this case, see the discussion below.) 
Given (i) and (ii), cri domains formed in the transition with N�min will survive 
to form stable NTSs, while those with N::;Nmin will evaporate and disappear. 
Since large domains of cri vacuum are exponentially rare for Pi<Pc' to first 
approximation the only surviving domains have N=Nmin• Nmin' the minimum 
number of particles so that the NTS is stable, can be computed and with it, the 
present energy density of NTSs, caa be computedll. 

The typical number of relativistic cp particles inside an r-cluster is N(r) = 
rTJeffn<I> V �, where Tleff is the effective excess ratio of particles over anti-particles 
and at Tc, n<I> ::: �(3)T� /7c2. Setting N(rmin) = Nmin gives rmin = Nmin A. 13 l'Tleff· We 
find the ratio between the number density of NTSs with N(rmin) produced at the 
Ginbzburg temperature to the entropy density s = 2Jt2g .. T� /45 (with g .. = 100), and 
from it the present energy density of NTSs (with N=Nmin),pNTS = Mminn(Nmin) .  
I t  contributes a fraction of closure density 

fl h2 = 5x109b ( T]cff )3/2 N-3/4 (�)1/4 ex [-c N . A_3/T] ] NTS o A. mm 4 P mm I cff ' I TeV 
where h0 reflects the uncertainty in the Hubble constant(l� h0 �1 / 2). For 
example, if we set b = c = 1 and, take A.2/ A.1 = 0.15, then Nmin = 18 A.1 /h2 and the 
corresponding mass and radio are Mmin = 46( A.1 /h312) cr0, �in = 1.7h-v, cr�1 . We 
consider two possibilities: a) If the effective asymmetry is comparable to the 
baryon asymmetry (TJcff = 10-9) for the NTS density in the range 2x10-3 � Qh: �, 
we find the constraint 1.7x1 0-S� (A.12/h) � 2.5x10-S for cr0 = 1TeV, and 4.2x10-S � 
(A.( /h) � 4.6x10·S for a0 = 1012 TeV. The corresponding masses are MNTS = o.zh-1 
TeV and MNTS = 3x101 1h-1 TeV. b) If Tleff = 1, for the NTS density to lie in the 
above range requires 1.0 � (A.12/h) � 1.2 for cr0 = 1 TeV, and 1.6 � (A.(/h) � 1.7 for cr0 
= 1012 TeV. We note that since the density is exponentially sensitive to the ratio 
for fixed Tleff the range of parameter space for cosmologially significant NTSs is 
rather narrow. By the same token, the mass scale cr0 required to produce 
abundant NTSs is essentially unconstrained. 

Next we consider the case where both the vacua percolate, 0.31< Pi<0.69. 
The Universe will be composed primarily of two interlocking infinite domains 
of complicated topology. The typical distance between the walls (the volume to 
surface ratio), as well as the typical curvature radius, is initially L(t)z2s(Tc). 

We assume the early motion of the walls is dominated by the surface 
tension, which acts to rapidly (compared to the expansion time) increase the wall 
separation L(t), until the vacuum pressure becomes comparable to the surface 
pressure, when L(t) = L0. At this point, the vacuum pressure begins to accelerate 
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the walls into the false vacuum regions; since the curvature radius is of order the 
mean wall separation, the infinite cri domain will initially be pinched off into a 
series of finite cri bubbles of typical size L0. The trapped charge in a typical bubble 
is thus N(L0) :::(47t/3)L:n�(TG). It can be computed 1) that N(L0) will be larger 
than Nmin if hA(Tl ��� /A; � 160. From condition (i) h must not be too small. We 
also note that if h is much larger than At and A2, quantum corrections driven by 
the h I cj> 1 2 (cr -cr0)3 cr0 term might drastically change the form of the classical 
potential. To avoid this neither At nor Az can be much smaller than h, and it is 
unlikely that the charge inside a bubble of radius L0 will exceed Nmin· As in the 
"below percolation case" stable, NTS will most likely be formed from rare large 
clusters coinsisting of many cells. The only qualitative difference in above and 
below percolation is that the effective cell size above percolation is L0 larger that 
� and rmin' the minimum number of cells necessary for a cluster to have N�min 
is correspondingly smaller. 
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Abstract 

We investigate the evolution of main sequence stars which are embedded within a 

highly concentrated cloud of annihilating dark matter. Massive stars are not affected, 

but low mass stars are shifted to the red region of the Hertzsprung-Russell diagram. 

Stars inflate and become completely convective, moving upwards along the Hayashi 

track as if they were red giant stars, with their effective temperature dropping and their 

luminosity increasing. The required dark matter density is ;::=: 106 times that in the halo 

near the sun : such a high density could, and in certain models of galaxy formation 

should, be present in galactic nuclei. The formation of such nuclei in the early universe 

results in strongly enhanced baryonic dissipation : if the baryons fragment to form 

stars, the stellar collision cross-section is increased. The enhanced stellar collision rate 

means that formation of a central massive object, presumably a black hole, is likely to 

be inevitable. Independently of the mass of the dark matter particles, low mass stars 

can provide a unique probe of its degree of concentration. 
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1 .  INTRODUCTION 

Cold dark matter (CD M) denotes a generic species of weakly interacting particles that has 

been invoked to account for the matter density predicted by inflation. Inflationary cosmology 

predicts the spectrum of primordial density fluctuations. With CDM, these have provided 

a quantitative reconcilation of diverse observations of large scale structure, including the 

galaxy correlation function, the galaxy cluster distribution, the parameters of galaxy halos, 

galaxy peculiar velocities, and the isotropy of the microwave background. A direct test of 

the existence of CDM, and identification with a specific candidate particle, is therefore of 

considerable urgency. In what follows, we assume the CDM particles are massive relics of 

the early universe, and will not discuss the axion ( a low mass option for CDM ) : candidates 

·include the lightest SUSY particle (e.g. photino or higgsino) , massive neutrino, or more exotic 

relics from grand unification. These particles attain their present density via annihilation at 

very early epochs. Annihilations still occur today, albeit at a much slower rate, and the aim 

of this paper is to describe how CDM annihilation may modify stellar evolution in regions 

of high density CDM. 

To commence, we note that galaxy formation in a CDM-dominated universe most prob

ably results in production of a dense nucleus. We estimate the maximum density attainable 

in three ways. 

Firstly, we note that density fluctuation growth effectively commences at the epoch of 

equality of matter and radiation densities, 1 + Zeq = 4 · 104 !1h2• If non-linear seeds a.re 

present, such as expected in cosmic string or in isocurvature scenarios for galaxy formation, 

the collapse of the first shells of dark matter results in a density ::; 200 p(zeq) � 1.5 x 1011!14h8 

GeV cm-3. Cosmic string theory yields a dimension of 1�10 pc for the loops that seed 

typical massive galaxies : this therefore represents the scale on which collapse first occurred. 

Subsequent accretion may tend to dilute this central density, especially if mergers occur 

between different condensation sites. 

Secondly, we may note that collapse of sufficiently cold matter necessarily results m 
formation of a dense core. This is true for quasispherical collapse, and the final core density 

depends on the ratio of the initial thermal to potential energies T;fjW;j. According to 

numerical simulations by McGlynn (1984) , Pcore ex ('Zi/IW;l)-3. Since the final core satisfies 

T/IWI = � ' we infer that the core density enhancement is � 0.1 ('Zi/IW.l)-3. One might 

reasonably expect 'Zi/IW.I � 0.01, corresponding to v;/cr; � 0.1 or v; � 20 km s-1 for a 

protogalaxy, where v; is the initial thermal speed and er; the initial escape velocity. Numerical 

simulations of tidal interactions between aggregates of mass points in an expanding universe 

find that vm/cr; � 0.06, where Vm is the maximum rotational velocity. In general, we 

would expect vortical and shearing motions to be comparable, so that v; � Vm. Hence 

core enhancement by � 105 in density is not implausible for CDM collapse. With core 
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formation occurring at z :S 10, as expected in the standard CDM model, one obtains 

Pcore � 105 Pi with Pi :S 200p(z�lO), or Peare � 2.105flh2 GeV cm-3. The core radius 

is acore � 2(Ti/ IW.f )a;, where ai is the initial core radius : with ai � lO kpc, we obtain 
acore � 200pc. These parameters are consistent with the observed bulge of our galaxy : 

mass models yield a core density :S 200M0pc-3 � 8000GeV cm-3 within the � 150 pc 

core, and a substantial fraction of this density may be dark matter. Other galaxies with 

more luminous spheroids should have denser cores. 

Thirdly, one can estimate the maximum CDM density attainable, subject to the restric

tion that annihilation is only just being initiated by the present epoch. The annihilation 

rate is known once the cosmological density of CDM is specified : 

< O"V > = 10-26 fl;;:l cm3s-1 . ( 1 )  

This rate is  generic to any weakly interacting particle species. If  we require the annihilation 

time of particles of mass fix (in GeV) to exceed a Hubble time, we infer an upper bound on 

Px, namely 

Px :S fixHo < O"V >-1 � 3. 108fixh GeV cm-3 . (2) 

Hence with fix � 103 GeV, CDM densities of up to � 1011 GeV cm-3 are attainable 

within a parsec-size core. With fix in the :S 10 Ge V range that most current detection 

schemes require, a CDM density of ::::; 109 Ge V cm-3 is possible. Galaxy nucleus formation 

at z :S 30 suggests Px � 107 GeV cm-3. One may compare these estimates with the solar 

neighborhood halo density of � 0.3 GeV cm-3• Within our own galaxy, the paucity of 

low energy cosmic ray antiprotons suggests that fix 2". 6GeV, while the lack of a CDM 
associated galactic centre gamma ray flux argues that Px :S 103 Ge V cm-3 if fix :S 10 Ge V 
in the galactic bulge. 

Nevertheless, much higher densities of CDM are possible in other galaxies. For example in 

M 31, there is strong evidence, unlike the situation for our galactic centre, for a central mass 

concentration within the inner 2 pc. While a � 107 M0 black hole is one possible explanation, 

we will consider here the alternative that a central CDM cloud of densities � 106 M0 pc-3 or 

3. 107 GeV cm-3 is present. More extreme CDM densities are clearly possible in nuclei where 

higher central masses are indicated. If the central black holes believed to power active nuclei 

were present at an early epoch in the universe, as observations of quasars at z 2". 4 suggest, 

the dissipative matter from which they formed could plausibly have left behind a dense relic 

cloud of CDM. 

Our purpose (Salati and Silk, 1987) is to study the modification of stellar evolution 

within such dense clouds of slowly annihilating CDM. We shall show that stars catalyze 

the annihilation rate. This leads to observable consequences on the evolution of low mass 
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stars, as viewed in the cumulative light from distant galactic nuclei . Section 2 describes the 

evolution of a single star in the presence of an extreme concentration of CDM. In section 3, 

we describe a dynamical scenario for the evolution of a galactic nucleus containing stars and 

CDM. 

2. INTERACTION OF A STAR WITH A HIGH CONCENTRATION OF ANNIHILATING DARK 

MATTER 

In this section, we investigate the effects on main sequence stars of a large concentration 

of annihilating CDM. Our aim is to determine the evolution in the Hertzsprung-Russell 

diagram experienced by these stars. We approximate the structure of a main sequence star 

by a n = 3 polytropic model . In this scheme, once the mass of the star is fixed, all the 

relevant stellar quantities such as the central density Pc or the central temperature Tc only 

depend on the stellar radius. The stellar radius itself is not a free parameter since it is 

determined by the balance between the energy producing mechanisms and heat losses. 

A. Energy production 
The main source of energy for a star is obviously nuclear energy. For main sequence 

stars, both the pp chain and the CNO cycle come into play, and the energy production rate 

may be approximated by : 

( T ) 4 
( T ) ls 

fnuc = 0.6X}i. p 1 .5 107 K + 45lXHXCNO p 2 107 K 
erg g-1 s-1 · (3) 

The first term on the right hand side refers to the pp chain, the second one to the CNO 

cycle. The pp chain is dominant for low mass stars. However, due to the strong tempera

ture dependence, the CNO cycle overcomes the pp chain for massive stars. fnuc has to be 

integrated throughout the star in order to obtain the total nuclear luminosity : 

Lnuc = foR 47rr2p(r)E(r) dr ; (4) 

performing this integration for a n = 3 polytrope leads to : 

Lnuc = 8.2X}i.µ4(34 (!!__)
6 
(�)7 + 368XHXcN0µ1sf31s (!!__)

20 
(�)

21 . (5) L0 M0 R M0 R 
In this expression, µ is the mean molecular weight and f3 is the gas pressure to total pressure 

ratio which, for the n = 3 polytropic model, is assumed to be constant throughout the star. 

The second energy source for the star is provided by the annihilation of CDM in the 

stellar core. When a star is trapped inside a very dense cloud of dark matter, it continuously 

captures CDM which accumulates in the stellar core and subsequently annihilates. A steady 

state is soon reached and equating the capture rate : 

32 _1 ( Px ) (mp) (
300 km/s) ( M ) ( 

R ) fcapture = 10 
S l M0/¢ mx Vx M0 � X 
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x { l + 0.16 ( Vx )2 (M0) (_!!:___) } Min ( 1 , 17s !:!_ (J4i )2 ) (6) 300 km/s M J4i u0 M0 R 
to the annihilation rate leads to the cosmion energy production rate : 

Lx 
L0 4 10-5 ( Px ) (!:!__) (_!!:___) [ 1 + 0.16 (_!!:___) (

M0) ] x 1 M0/pC3 M0 J4i J4i M 

M ,  ( crs M (J4i) 2 ) x in 1 ,  -- - · u0 M0 R 
Here us is the scattering cross section of CDM particles off protons and u0 

(7) 

4.10-36 cm2 is 

the critical value of the cross section which corresponds in the case of the sun to a cosmion 

mean free path of the order of a solar radius. For large concentrations of cosmions, Lx turns 

out to be the dominant energy production luminosity. 

B .  Energy losses 
Most stars on the main sequence have a substantial part of their structure governed by 

radiative losses. The luminosity of a star is dominated by the energy transport inside the 

outermost radiative layers. The global radiative luminosity is given by : 

with 

and 

Lrad(total)-1 = Lrad(Kramers)-1 + Lrad(eledronic)-1 

Lrad(K ramers) 
L0 

0.57 (µ(3)7'5 ( �) 5·5 ( i) 0,5 
( 1 + XH ) {  z + 2.54 10-3 (1 

-
Z)} 

Lrad( eledronic) 
L0 

160 (µ(3)4 (�) 
3 

( 1  + XH ) 

(8) 

(9) 

(10) 
For low mass stars, the radiative luminosity is supplemented by convective losses from the 

surface. Assuming that the stellar surface has a low density, we have fitted the main sequence 

and obtained : 

� = 4.10-2 - -L ( M )
o.356 ( R ) i.2sg 

L0 M0 J4i ( 1 1 ) 

The energy production and loss rates reduce to functions of the stellar radius R which 

may be determined by solving the equation : 

Lnuc + Lx = Lrad + Lconv · ( 12) 

Once the radius R has been determined, the effective temperature, one of the observable 

parameters, is given by : 

T.n = 5796 K ( fJ 0·25 ( i) o.5 ( 13) 
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We have computed the luminosity and effective temperature of stars on the main se

quence, and we have studied the dependence of these quantities on the dark matter abun

dance p,,. The stellar masses which we have considered range from 0.05 M0 up to 100 
M0. We have varied the density of dark matter from 0 up to 106 M0.pc-3. Our results are 

displayed in the Hertzsprung-Russell diagram (Fig. I ) .  Depending on the concentration of 

cosmions, we may distinguish two regimes : 

- The standard situation is recovered for low concentrations of dark matter. In this case, 

the source of energy is provided by the nuclear reactions while the star loses energy through 

radiative transport. The stellar radius is obtained from : 

Lnuc = Lrad · ( 14) 

On the other hand, for large concentrations of dark matter, the annihilations of the 

cosmions trapped inside the core provide the star with a huge amount of heat. The star is 

unable to radiate away this additional energy and therefore inflates. As the stellar radius 

increases, the nuclear energy generation drops and vanishes as expected from the (R/ R,,, )-4 
( pp chain ) and (R/R,,,)-21 ( CNO cycle ) dependence. Moreover, the star becomes convec

tive. It stops inflating when the convective losses eventually overcome the CDM annihilation 

production of energy. In this regime, the stellar radius is given by : 

L,, = Lconv · (15) 

In the absence of dark matter, we recover the standard main sequence. However as soon as 

p,, is increased, the main sequence departs from its standard location in the HR diagram. 

As can be seen from Figure 1, only the low mass stars are affected and accumulate along 

a vertical path which is just the Hayashi track. For large concentrations of dark matter, 

relation (15) leads to : 

R 
R,,, 

which in turn implies that : 

1 . 1 10_3 (;;p,,) °'77
6 
(�)°'5 

Teff = 8750 K ( 170 
) 0·14 

O'sPx 

(16) 

( 17) 

Therefore, in this regime, the effective temperature does not depend on the stellar mass and 

only exhibits a weak dependence on the cosmion density p,,. 
- For p,, � 104 M0 pc-3, we find that the structure of stars less massive than � 0.5 M0 is 

significantly modified. These low mass stars gather along a vertical path in the HR diagram 

with a surface temperature � 2400 K and a luminosity enhancement of � 4. 
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- For Px � 106 M0 pc-3, the structure of stars up to a mass � 2 M0 is strongly modified. 

Their effective temperature drops to 1260 K and their luminosity is enhanced by � 200. 
3 .  ANNIHILATING DARK MATTER AND THE GALACTIC NUCLEUS 

A star embedded within a highly concentrated cloud of annihilating dark matter strongly 

reacts by shifting upwards along the Hayashi track and becoming convective. We analyze 

now the effects of a highly concentrated dark matter core on the nucleus of the galaxy itself. 

A. Stellar collisions. 

Such a core initially contains a non-negligible amount of baryons which presumably con

dense into stars. An alternative is dissipation and collapse to form a central black hole. 

We shall show that even if the baryon matter fragments into stars, as seems more likely, 

the same fate awaits them : black hole formation is inevitable. What are the reactions of 

stars which have been embedded inside the DM cloud since its formation ? We have already 

described the behaviour of an individual star but we would like to address now the more 

general problem of the evolution of an entire stellar population. 

To commence, we must determine the collision time tBHF of these stars among themselves. 

Such collisions would disrupt the stars and induce collapse of the gas to form a central black 

hole. Stars which have formed inside the DM cloud are strongly affected by the presence 

of annihilating dark matter and behave as described in section 2. In particular, their radii 

increase according to relation (16). Therefore, the probability that they collide with each 

other is much greater than in ordinary galactic nuclei, leading to a fairly short collision time : (a ) t.552 t BHF = 2.1010 a� M81/3P6-2.72 yr . ( 18) 

The mass of the core is estimated to be 107-108 M0 and is parametrized here by M8 108 M0, 
and P6 is the core density expressed in units of 106 M0pc-3. For simplicity, we have assumed 

that the stars of the galactic core contribute 1 % to its total mass ( our conclusions are 

independent of this assumption ) . The collision time is less than the age of the galaxy 

provided the dark matter density satisfies p6 � 1. Then, we must compare tBHF with the 

typical time tann associated with the annihilation of the dark matter core : 

10 ( mx ) ( 10-26cm38-I) _1 
t ann = 8.3 X 10 G V P6 yr · 1 e < aav > 

( 19) 

The previous relations show that tBHF depends much more sensitively than does tann on p6• 
In addition, for typical collision times less than the age of the universe, tann always is longer 

than tBHF· Therefore, we are led to distinguish two regimes, depending on the dark matter 

density : 

(1 )  - For P6 ::; 1 ,  stars embedded inside the dark matter core do not collide and have 

survived since their formation. As they formed, they accreted dark matter particles and 
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have until now been the seeds where CDM annihilation has been catalyzed. These objects 

have always been convective and appear today as red giant stars, located on a vertical path 

in the HR diagram. This is why they may provide us with a unique probe of the presence 

of annihilating dark matter at the centre of galaxies. We conclude that the observation of 

galactic cores and their luminosity to effective temperature relationship could provide us 

with an experimental test for the existence of annihilating dark matter. Note that this tests 

generic cold dark matter ( other than sneutrinos ) , regardless of the candidate particle mass. 

(2) - For p6 2'. 1 ,  stars borne in the galactic nucleus efficiently collide among themselves. 

The presence of such a high concentration of dark matter within the galactic core, by in

crea£.ing the stellar radii , greatly enhances the collision rate of low mass stars. Many models 

of massive black hole formation rely on a high collision rate between stars to initiate the 

dissipation of matter and accelerate the collapse process ( Shapiro and Teukolsky 1985 ) . 

However the initial density required of stars is unrealistically high. A dark matter concentra

tion in the early universe provides an alternative scheme for accelerating the stellar collision 

rate at a relatively modest density, similar to stellar densities in galactic nuclei and therefore 

not unexpected for any entrained dark matter component. Hence a high concentration of 

dark matter might trigger the formation of a black hole in the centres of galaxies. Despite 

its weak interaction with baryons, dark matter might therefore induce the formation of a 

giant black hole in galactic cores where the dark matter density exceeds the critical value 

p6 � 1 .  Hence, annihilating non-baryonic dark matter would not only account for the miss

ing mass in the universe, but could also provide a natural explanation of the massive black 

holes believed to power the intense activity of many galactic nuclei. 

B. Dynamical friction. 

We examine now the impact of a galactic core consisting of dark matter on the neigh

bouring stars. Is a star which crosses the galactic nucleus captured by the ambient dark 

matter ? Or, if the friction is not sufficient to trap the star, is the intruder at least affected 

by its travel inside the DM cloud and does it become convective ? To decide these questions, 

we must determine the typical time-scales that are relevant, namely the dynamical friction 

time t1 and the Kelvin time tf(, and compare them with the passing time tP through the 

galactic core. 

• The passing time tp which is necessary for the star to cross the core is very short : 

5140yr f passing time = � · 
Ps 

(20) 

• When a star travels across the galactic core and is surrounded by a high concentration 

of dark matter, it experiences a damping force due both to dynamical friction and direct 

capture. For very large values of Px up to p6 � 100, we find that the dynamical friction 



time associated with the damping experienced by the star is given by : 

5.1010 M0 tfriction � �M yr · P6 

41 1 

(21)  

The stopping time t f is  much larger than the crossing time tP. Since t f exceeds tP by seven 

orders of magnitude, any incoming star which crosses the galactic core just passes through 

as if the dark matter cloud was totally transparent. 

• While it crosses the galactic centre, the star continuously captures dark matter particles 

which concentrate in its core and annihilate. The equilibrium time t., necessary for the 

star to equate the amount of its internal CDM annihilations to the capture rate, may be 

approximated, for main sequence stars (Bouquet and Salati, 1987), by : 

. . . 
� 

109 (a0)
1/2 (

10-26 cma8-1 )
1/2 

(
�

)
o.6 

(
mP)

1;4 t equilibrium - 1/2 M P6 a, < O'annV > 0 mx yr . 

Equilibrium between capture and internal annihilation is therefore rapidly achieved. 

(22) 

• The energy produced by the annihilations is stored in the star which starts to move in 

the HR diagram. But in order to reach its new equilibrium state, the star must significantly 

increase its radius and has to wait for the annihilation energy to supplement the gravitational 

potential energy. The time scale for this process is the Kelvin time tK, and it takes the star : 

l 1 + o 16 
M0 R.; ) 

7.9 x 105 (a0) l R1 . M � t Kelvin � - og D. M R yr p6 a, "' 1 + 0 16 ___!2._L . M � 

(23) 

to increase its radius from R.; to R,. As tK exceeds tP by three orders of magnitude, it is not 

possible for a star which passes through the CDM galactic core to become convective and 

be displaced in the HR diagram. A much larger passage time would be necessary to perturb 

the stellar equilibrium and induce a significant change in the structure of the incoming star. 

We therefore conclude that the presence of a highly concentrated core of CDM does not 

perturb the host galaxy. Neighbouring stars just pass through the galactic centre as if they 

travelled in empty space. The CDM cloud is unable to capture them. However, as previously 

shown, the galactic centre is perturbed. Dark matter triggers the formation of a massive 

black hole at the galactic centre and/or changes the low mass stars into bright red giants. 

Observations of galactic nuclei and their activity could provide evidence for the presence of 

dense clouds of annihilating non-baryonic matter. 
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The main sequence is plotted in the Hertzsprung-Russell diagram. The CDM abundance is 

varied from Px = 0 to Px = 106 M0 pc-3. The low mass stars are shifted in the red region 

of the HR diagram and gather along a vertical path. The transversal dashed lines 

correspond to the evolution of stars of different mass ( 0.05 M0, 0.1  M0 , 0.5 M0 , 1 M0 
and 2 M0 ) depending on the concentration Px of dark matter. 
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ABSTRACT : We present the results of an analytic approximation to compute the effects 
ofWIMPs on stellar structures in a self-consistent way. We examine in particular the case 
of the Sun and of horizontal branch stars. 
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1- Dtark matter and the solar neutrino problem 
It was suggested 1-10] that dark matter could solve the long standing neutrino problem. The 

idea goes as follows : particles constituing the dark matter present l ll in the halo of our 

Galaxy may be trapped when they cross the Sun, and accumulate in the course of time. 

Their number remains quite small, less than one per 1010 nuclei, nevertheless they can 
carry enough energy out of the core to cool it. If the central temperature decreases by a few 

percent, the flux of neutrinos corning from the decay of 8B may go down by a factor 3 and 
agree� with the experimental results of Davis 12] and Karnioka 13]. To play this role, dark 

matter particles must have a mass mx larger than 4 GeV (otherwise they will quickly 

evaporate 8] from the Sun), and a large mean free path, of the size of the radius of the Sun, 

to be able to carry energy away from the core. Such a large mean free path means that the 
particles interact weakly (hence the acronym WIMP which stands for Weakly Interacting 

Massive Particle), with a cross-section cri on nuclei (i = H, He, ...  ) of the order of a few 

picobams (I0-36 cm2). Moreover, they must not annihilate by pairs, otherwise their 

density would be far too small 5] , and this rules out many candidates for dark matter, such 
as the photino or a heavy neutrino (unless there is a cosmic asymmetry preventing an equal 

number of particles and antiparticles 141). Such requirements are difficult to fulfil, and 
many authors constructed particle physics models for these WlMPs 15-17] . Once inside the 

Sun, WIMPs settle in the center, and their distribution is roughly barometric, that is : 

nx(r) = nx(O) exp(-r2/ro2} 

with a scale height ro : ( 3 k Tx J� ro = 2 7t G pcmx 

The energy that they carry away is : ( 10 J l .S( 2 

Ex (r) = 6 erg/g/s 
m� 1 :H

b J 

( 10 I 
0.04 Rsun 

m
�) 2 

2_ _ �  e · r / ro ( 2 ) 2 2 

2 r0 

which is comparable to the nuclear energy produced in the core (Enuclear = 10 erg/g/s). 

2- Effect on stellar structure 

(1) 

(2) 

(3) 

Since the energy carried out by WIMPs is nearly equal to the nuclear energy, the star must 

readjust its structure to take into account this energy drain. The best way to compute the 
effec1t of WIMPs on the stellar structure is to run a numerical code 7] .This easily takes into 
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account the complexities of the structure and of the time evolution of the star. However, it 

takes a very long time on a big computer, and the physics is often not easily understood. 

An analytic approximation 18] allows a fast study of many different stars, and a quick scan 

of the WIMP parameter domain (mass and cross-sections). However, only simple stellar 

structures can be studied, and there is no possibility to follow the time evolution. 

Our analytic approximation makes use of the exponential decrease of the density of WIMPs 

(Equ. 1) : only the central part of the star is affected. We start from a stellar structure 19] 

without WIMPs, with given density profile p0(r) and temperature profile T0(r), solutions 

of the equations of hydrostatic equilibrium : 

dP G M(r) p(r) 
dr 

= 

-
r2 

and radiative equilibrium : 

Lnuclear = Ly 
where 

Lnuclear = I 4it r2 p(r) enuclear dr 

64 1t O'Stefan T3 r2 dT 
L = - ----

y 3 K  p dr 

We add WIMPs as a small correction : 

p1 (r) = p0(r) + op(r) T1(r) = To(r) + oT(r) 

op(r) = ope . (smooth function of r) . exp( -r2/ro2) 

oT(r) = oTc . (smooth function ofr) . exp(-r2/ra2} 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

The equation of radiative equilibrium now takes into account the WIMPs luminosity Lx : 

Lnuclear = Ly+ Lx ( 1 1) 

Lx = f 4it r2 p(r) e/r) dr (12) 

The key parameter is actually the ratio X = Lx(O) I Ly(O) . We look for the new 
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equilibrium state of the star. Our results were first obtained for small X (i.e. X <I), but 
have been generalised since the Moriond meeting to any value of X 181 . When X increases, 
the X appearing in Eq.15  and 16 is replaced by an effective value Xeff < X ,  which remains 
small. For the core of the Sun : 

x = 14 c�� f5 Ccr:br (13) 

We can expand the solutions around the center : 

p(r) = pc ( 1 - A � 22 + .. . J 
T(r) = Tc ( 1 - B �22 + .. . J (14) 

We find that the temperature gradient is indeed lowered due to WIMP energy transport : 

B => B (1 - X) 
The central density increases, and the central temperature decreases : 

Ope r� OTc ope 
- = B - X  - =  
P R 2 Tc p c c 

(15) 

(16) 

Notice that it is not a homologous contraction of the stellar core. For the core of the Sun, 
these formulas lead to : 

oTc 
= 

_ ( 10 mP) 2·5 (_s:_J2 
Tc mx 1 pb 

This leads to a change in the total luminosity : 

oL 
= - 0.05 ( 10 �)4 (_5:_)2 

L mx 1 pb 

(17) 

( 18) 

The total luminosity of the Sun is well known, and if we require that it decreases by less 
than 1 %, we get a lower bound on the WIMP mass : 

mx > 15 mp} crH I 1 pb (18) 

But then the decrease of the solar neutrino flux is too small : due to the larger temperature 
dependence of the ppIII chain, this decrease is larger than the decrease of the total 
luminosity, but (within our approximations) it is about 20 times larger only. This ratio 
depends weakly on the WIMP properties, and if we take this result seriously, it means that 
we cannot solve the solar neutrino problem and decrease the neutrino flux by 70% without 
decreasing too much the total luminosity. 
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3- Horizontal branch stars 

Stars in the horizontal branch of the Hertzsprung-Russell diagram bum helium in their 

core, and hydrogen in a shell. In the helium core, the photon luminosity Ly is less than 

10% of the nuclear luminosity Luuclear , and the core is convective. Renzini 20] suggested 

that WIMPs could carry enough energy to stop convection. The amount of usable nuclear 

fuel is then lowered, because convection no longer brings fresh fuel to the center of the 

star, and the lifetime of the star on the horizontal branch is drastically reduced. Later, 

Spergel and Faulkner 21] argued that the WIMP luminosity Lx could never be larger than 

10% of the nuclear luminosity. However, we showed 22] that this affirmation rests on 

assumptions about the cross-sections on hydrogen and helium which are not necessarily 

true for many candidates (e.g. for the magnino 16] ), and on hypotheses on the halo density 

and velocity dispersion which are not necessarily true at different places of the Galaxy (e.g. 

at the center, the halo density is probably much larger than in the solar neighbourhood, and 

the WIMP accretion rate and their subsequent density in the core of stars is larger). It is 

therefore possible that WIMPs which are tailored to solve the solar neutrino problem also 

stop convection in HB stars. On the other hand, WIMPs may, here also, lead to a slight 

decrease of the central temperature of the HB star , which reduces the nuclear luminosity, 

and therefore the rate of fuel consumption : the lifetime may actually increase due to 

WIMPs ! 
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ABSTRACT 

We construct realistic models for the galactic halo. We vary parameters in 
these models and explore the effects on the estimates of detector event rates. There 
is at a factor 4 uncertainty in the number of WIMPs captured by the Sun due to our 
ignorance of the local halo velocity distribution function and ambiguity in the local 
density of dark matter. The halo velocity distribution function influences both the 
event rate and the amplitude of the annual modulation in the event rate in direct 
detection experiments. 
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If the "missing mass" of the universe is composed of WIMPs, then planned 

experiments may detect these particles. Several speakers at this conference have 

described efforts to detect the recoil of WIMPs off of nuclei in a laboratory exper

iments, while several other speakers have reported on the search for annihilation 

products of WIMPs captured into the Sun. All of these speakers have had to assume 

a halo density and velocity distribution. This talk will explore how the ambiguity in 

our knowledge of the halo in their assumption and estimate how these uncertainties 

affect the predicted rates in these detectors. A subsequent paper will include more 

detailed calculations 1 ) .  
In the first section of this talk, I describe the recipe for constructed spherical 

halo models. I will then discuss how varying the ingredients in the recipe alters 

( 1 )  the event rate in laboratory detectors, (2) the capture rate in the Sun, (3) the 

seasonal modulation in the event rate and (4) the average recoil energy. I will then 

discuss the effect of relaxing the assumption of spherical symmetry on the predicted 

rates . 

There are two ingredients needed to construct a spherical model for the galac

tic halo: ( 1 )  the density profile of the halo and (2) the velocity anisotropy of the 

halo as a function of radius. Measurements of the rotation velocity of gas in the 

disk is the major source of information about the density profile of our galactic halo. 

The galaxy's flat rotation requires constant mass in each shell, M(r) ex r. The disk 

and spheroid of our galaxy account for most of the mass in the central regions of 

our galaxy (inwards of 8 kpc) , the unseen halo is responsible for most of the mass 

outside the solar circle. Caldwell and Ostriker2l fit the halo density profile as: 

p ( r) = ____f'_!l_ ( 1 )  

with central density, p 0  = 0.014M0/pc3• and a core radius of  r c = 7 .8Kpc. Caldwell 
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and Ostriker2l estimate that there is a factor 2 uncertainty in local density of 

dark matter, p(r0 ) .  The halo density profile is truncated at a tidal radius, rt . 

Observations of motions of nearby dwarf galaxies3l and of high velocity stars in the 

solar neighborhood4l imply a minimum tidal radius of 30 kpc. 

While we can not yet directly observe or measure the components of the halo, 

we do know that its distribution function must be a solution of the collisionless 

Boltmann equation. (The galaxy is an equilibium system.) The only additional 

constraint on the halo comes from stability considerations5 l :  the inner regions of 

the halo can not be dominated by radial orbits. These two constraints, however, 

permit considerable freedom in our choice of velocity distribution function. We will 

see that this freedom is a major source of ambiguity in any estimate of detector 

rates. 

There are just two steps in the "Maximum Entropy" recipe6l : (1) calculate 

orbits in a logarithmic potential and (2) use a linear programming algorithm to 

populate the orbits with dark matter. This algorithm assures that the density 

profile satisfies equation ( 1 )  and maximizes a "profit" function, S. We use a profit 

function that rewards the maximum entropy solution: 

S = - f f(i, V) 1og[f(i, V) ] d3rd3v + ar 1�2 f(i, V)v; d3rd3v 

1r4 + at f(i, V)vf d3rd3v r, (2) 

f(i, V) is the orbital distribution function. By varying a. and at , we can encourage 

either large radial velocities, v., or large tangential velocities, Vt , at a given radius. 

We can also vary the rotation rate of the halo. By vary both the density profile (re 
and rt) and the velocity anisotropy (through a. and at ) , we explore the sensitivity 

of dark matter searches to astrophysical uncertainties. 

A promising place to look for dark matter is in the Sun. (Always look for 
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your keys under the lamppost first!) If the halo is composed of WIMPs, then the 

Sun can capture these particles through their elastic collisions with nuclei. Press 

and Spergel7l estimate the capture rate in the Sun of particles less massive than 40 

GeV: 

Ncapt = 8.8 x 1029 ( P ) ( 300km/ s ) 
10-2M0/pc3 < l/v > - 1 (...!!2___) min (-0 , 1) s- 1 

lGeV Ucrit . 
(3) 

u is the WIMP-nucleon scattering cross-section and Ucrit = 4 x 10-36cm2 . (See 

Gould8l for a discussion of capture of more massive particles in the Sun or capture of 

particles by the Earth.) Once captured, these particles can annihilate into neutrinos 

and other end products9l- l l ) . The neutrinos stream towards the Earth, where they 

can be detected in terrestial experiments. Several speakers at this conference have 

described how the non-detection of these neutrinos place limits on SUSY halo dark 

matter. 

Astrophysical uncertainties affect estimates of solar capture rates and weaken 

these limits. The local halo density is not well determined and the shape of the 

local velocity distribution function is unknown. We explore the influence of the 

velocity anisotropy on the capture rate by computing the geometric mean velocity 

in the frame of the Sun, 

I d3v 
< l/v >= -1 _ _  l f(v, r0) V - V0 

(4) 

for each halo model. While figure ( la) shows that this velocity is insensitive to r c 

and r 1,  figure (lb) reveals that our ignorance of the velocity anisotropy is a source 

of a factor 2 uncertainty in the capture rate. This uncertainty should be included 

in any analysis of limits on halo SUSY particles from their annihilation in the Sun. 
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Halo dark matter could also be detected directly in the laboratory1 2)- 1 3l . 

WIMPs could scatter off of nuclei and these ke V nuclear recoils could potentially 

be detected. Several speakers at this conference have described the exciting progress 

in developing laboratory experiments that could potentially see these recoils and 

find the dark matter. Both the rate of recoils and the energy of these recoils depend 

upon the local WIMP distribution function. We find that the largest astrophysical 

source of uncertainty is the factor 2 ambiguity in the estimate of halo density. 

The earth's motion around the Sun produces an annual modulation in detector 

event rate14) . This modulation is due to variation in the earth's velocity relative 

to the rest frame of the halo. The amplitude of the modulation sets the size of the 

detector needed to establish the existence of halo WIMPs: requiring a 3 a effect 

over a 2 year experiment fixes the detector mass for a given cross-section. 
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Figure 2 shows the minimum detector mass needed to see this 3cr effect in 

a threshold detector (a detector that records the number of events above a fixed 

threshold) . A detector with better energy resolution could be smaller; however, the 

astrophysical uncertainties would be similar. 

Our ignorance of the velocity distribution function is again the largest source of 

astrophysical uncertainty. Unfortunately, no astronomical observation can remove 

this ambiguity. We will have to wait for experiment to reveal the local velocity 

anisotropy or rely on theoretical arguments and N-body simulations. 

By assuming a spherical halo model, we ignored the possibility of a triaxial 

halo, the effect of the adiabatic growth of the disk on the halo15)- l6) and the 

interaction of dark matter with spiral arms and molecular clouds17) . All of these 

effects are likely to be beneficial to the experimentalist. They increase the local 

density of dark matter, which will enhance capture into the Sun and raise the event 

rate in laboratory experiments. Not all news is bad news! 
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The angular distribution of 19  events associated with SN1987A in the 
KAMIOKANDE and IMB detectors exhibits a forward peaking which appears to be 
inconsistent with their being due to neutrino interactions. The data could be explained 
by a new particle interacting coherently with the oxygen nucleus. 
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The energy spectrum, time interval, and number of events seen by 

KAMIOKANDE(l} and IMB(2) in association with SN1987 A appear to be in good 

agreement with the standard hypothesis that the data were due to neutrinos emitted 

from a blue giant supernova collapse. 

The neutrino flux at the source can be estimated using cross sections calculated 

from the standard model 0£ weak interactions in the energy range 10-50 MeV. These 

cross sections are shown in Fig. 1, calculated for 6800 tonnes of water in the IMB 

detector. (3) It can be seen from Fig. 1 that the "inverse beta" reaction De +p --t e+ + n 

dominates the relative cross sections in the energy range 10-40 MeV so that, assuming 

roughly equal numbers of the six known. neutrinos and anitneutrinos, the observed 

events will be dominated by the inverse beta reaction. Neutral-current interactions 

are invisible, and cl\.arged-current muon and tau reactions are below threshold at these 

energies. The total flux calculated under these assumptions is within a factor of 2 or 

3 of that expected. 

The energy-angle distribution of the 19 events is plotted in Fig. 2. It shows a 

tendency for the observed events (which appear to be electromagnetic showers) to 

peak in the direction away from the supernova. However, at most, one of the events 

is enough forward peaked to be due to scattering off electrons in the water. Angular 

errors due to multiple scattering and reconstruction are in the range of 10° - 20°. ( 1 .2•4) 

The events are also not very isotropic, as would be expected from the inverse beta 

reaction which has an angular distribution given by 1 + A  cos (}, with A =  .05 - . 15, 

increasing with energy, in the range 10-40 MeV. A Smirnov-Cramer-von Mises (SCM) 

test on the angular distribution of the 19 events shown in Fig. 3 gives a probability of 

only 5 x  10-3 that it could have been a fluctuation from a parent l+ .lcos (} distribution. 

It appears from Fig. 2 that there is a rather strong correlation of angle with 

energy. The IMB threshold was � 20 MeV (KAMIOKANDE's was 7.5 MeV) so that 
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one can make an independent investigation of the combined angular distribution above 

18 MeV. This is shown (shaded) in Fig. 3. An SCM test on that distribution gives a 

probability of 7 x 10-4 that it was a fluctuation from 1 + .2 cos 11(5) . If we attribute 

the most forward KAMIOKANDE event to v - e scattering then these probabilities 

for the remaining events, become 1 .3% and 0.2% respectively. 

These small probabilities prompt us to look for alternative explanations for the 

data in Fig. 2, perhaps one that gives some correlation of forward peaking with 

increasing energy. 

We note, first of all, that the answer does not seem to lie in the area of charged

current reactions off oxygen. These are considerably smaller than the inverse beta 

reactions (see Fig. 1) and, moreover, are expected to be backward peaked.(6) In fact 

there seems to be no viable explanation for Fig. 2 (aside from a rare fluctuation) that 

involves conventional particles scattering off water. 

In fact the energy-angle correlation seen in Fig. 2 is not unlike that which would be 

expected from particles scattering coherently off oxygen, in which the oxygen nucleus 

recoils in its ground state. Reactions of this type would be controlled by a form factor 

which we can characterize by exp(-q2R2), where q is the four-momentum transfer 

and R is a  typical oxygen radius. Since q2 � 4E2sin2�, where E = incoming beam 

energy (we assume E > >  m), such reactions can change from being nearly isotopic (at 

E << R-1) to being very forward (at E>R-1 ). 

A plot of exp(-q2R2),  for various E, and with R-1 = 40 MeV = (5f)-1, is shown 

in Fig. 4. A value of R = (5 ± l)f gives a reasonable fit to the data of Fig. 2, and, 

we note, is in rather remarkable agreement with standard electromagnetic and nuclear 

form factors for oxygen. This is the main point we want to make. 

The question then arises as to what particles could have scattered coherently off 

oxygen and become visible in the detectors. Neutrinos will scatter thus (see Fig. 5a) 
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but deposit virtually no energy. The outgoing particle( s) must produce something that 

looks like an electromagnetic shower in water. 

We can hypothesize a particle which is neutral, which has m<20 eV, and which 

interacts coherently off oxygen, giving an outgoing gamma ray. A Feynman diagram 

for such an interaction is shown in Fig. 5b. The exchange particle, Z', should normally 

be heavy (>  .1 GeV) so as not to make the reaction too forward peaked. However, 

Primakov-type process, with X0 --t "(/, might be a possibility. Another possibility, 

shown in Fig. 5c, would have the X0 couple to something like qq, one of which can 

then scatter coherently off oxygen via a strong interaction, e.g., 7r exchange. Such a 

particle could perhaps be a type of axion. (7) 

At this juncture we should perhaps remind the reader that there is no direct 

evidence that neutrinos were produced in SN1987 A. Presumably Ve were produced 

during the prompt deleptonization of the star but, at most, one or two of the observed 

events axe consistent with Ve interactions. Most of the observed events appear to have 

been caused by particles in the 10-40 MeV range which were emitted over a time period 

of � 10 sec from a "hot soup" composed of several different particle types in a sort 

of quasi-equilibrium. The conditions at the core of such an event are not unlike those 

that existed at an equivalent temperature after the Big Bang. Any particles that have 

masses less than a few tens of e V will be in the "soup". Their escape-depth and flux 

will depend on their cross section. 

Since there is independent evidence for the existence of some unknown form of 

dark matter which was presumably made in large quantities in the Big Bang, we 

should not be surprised if similar matter was made in the "little bang" of a supernova 

collapse, provided its mass is smaller than � 1 MeV. Indeed, if particles with cross 

sections of the same magnitude as neutrinos exist in the eV range, it becomes a matter 

of calculation to determine how many of what were emitted and how many of what 
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interacted in the detectors. 

Turning back to Figs. 2 and 4, it appears that all of the observed events could 

have been due to a new particle (X0) interacting coherently off oxygen (although some 

mixture of neutrinos is obviously allowed). If we assume that all were X0, we can 

estimate their cross section as follows. 

The total energy emitted we take as � 3 x 1053 ergs, giving 2 x 1058 X0 of 10 MeV 

each. This would give a flux at earth of 7 x 1010 / cm2. An event rate in oxygen of 10 

events/Ktonne then gives a cross section of 4 x 10-42 cm2 coherently on an oxygen 

nucleus, or Ux = 4 x 10-42 /256 = 1 .6 x 10-44 cm2 per nucleon. This can be compared 

with a standard neutral current cross section of � 3 x 10-42 cm2 at 10 MeV. Hence 

the X0 cross section for the reaction 

X0 + N ---> 'Y + N ( 1 )  

would b e  � .01 times standard weak neutral currents. 

Of course, based on this one experiment, one cannot draw any firm conclusions 

as to the existence of new particles. Nevertheless, the odds against neutrinos causing 

the angular distribution are disturbingly high, and the correlation of the shape with 

the oxygen form factor is rather striking. If such X0 particles do exist they will be 

difficult to produce and detect in the laboratory. They can perhaps be sought via their 

characteristic reaction (1 )  which is a dissipative neutral current. If relic X0 exist in 

large quantities in the galactic halo then one might see them as monoenergetic photons 

from the reaction (1 )  with energy "" equal to the X0 rest mass. The wave length of 

such photons could be anything longer than � 600A, corresponding to the upper limit 

on X0 mass of 20 eV derived from event arrival times in KAMIOKANDE and IMB 

detectors. 
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Time may (or may not) tell whether these speculations have any connection with 

reality. If large underground detectors are operating and record several hundred events 

from the next supernova in our galaxy, that should settle the question. Hopefully, we 

may not have to wait that long. 

I would like to thank my colleagues in the IMB collaboration for all the hard work 

that led to these results. I am indebted to several colleagues, especially Dave Schramm 

and Amon Dar, for helping me develop some of the ideas presented here. I am also 

grateful to the organizers of the conference, Jean Audouze and Tran Thanh Vanh, for 

the opportunity to attend and present these ideas. 
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ABSTRACT 

The neutrino observations of the supernova explosion SN 1987 A in the Large 

Magellanic Cloud by the KAMIOKANDE II and IMB detect.ors suggest new limits 

on the mass, lifrtime, electric charge, magnetic moment a.nd mixing of electron 

neutrinos. ThC'se new limits imply that neutrino decay, neutrino electric charge, 

neutrino magnetic: moment, neutrino mixing and the MSW effect apparently cannot 

solve the solar neutrino problem. 
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Although the neutrino observations of the type-II supernova explosion SN 

1987 A in the nearby Large Magellanic Cloud by the KAMIOKANDE II (Kil) 1 

and by the IMB 2 detectors are in good agreement with theoretical estimates ma.de 

prior to the discovery of the neutrino burst 3 ,  both the angular distribution and 

the time distribution of the events are somewhat puzzling: Too many events are 

point.ing in the direction from SN 1987 A, and there is a 9 seconds gap between 

event no. 9 and event no. 10 in Kil. (Events nos. 10 , 11 , 12  could be background 

events. However, if they were produced by SN 1987 A then the large time gap 

between events no. 9 and 10 could be real rather than a low probability statistical 

fluctuation.) Moreover, the Kil first events seem to suggest a complete neutron

ization burst of energetic Ve 's that preceeded thermal emissinn 1, while in the 

standard scenario of neutron star formation in type II supernovae explosinns5 the 

neut.ronization in the infall stage by electron capture on protons bound in atomic 

nuclei, c-p --+ nve, is only moderate and lasts only for a short time (ti.t � 10 ms) 
because of Pauli blocking by the trapped ve's. The mean neutrino energy and the 

total binding energy released in this neutroniza t.ion burst were predicted .i , fi  to be 

less than 15 MeV and 1051  ergs, respectively. 

In order to estimate the magnitude of the ncutronization burst and t.he effective 

temperatures of t.he neutrinos emitted by SN 1987 A we assumed that the neutron

ization burst was followed by thermal emission of neutrinos of all known flavours 

(ve, lie ,  v,, , v1, , vr, ilr) in roughly equal proportions, and that the time-integrated 

neutrino fluxes from the explosion had approximately Fermi-Dirac distributions: 

d</Jv. /dE = c;E2 /[1 + er-p(E/T;)] . ( 1 )  

We allowed different effective temperatures for the neutronization burst and for 
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the thermal emission and we assumed zero chemical potentials for the sake of 

simplicity. Using eq (1 )  and a maximum likelihood procedure 7 we analyzed the 

neutrino signals of both K-11 and IMB. Events were generated in the two detectors 

with probabilities proportional to p(E. ,  z)dEe dz, where z = cosO and 

p = L Nt .I dE (def>v/dE)11(Ee, z) d2rivt/dEe dz . (2) 

N1 is the numher of target partides of type t., 1/ is the detection efficiency, and the 

summation extends over all target part.ides and neut.rino flavours. The standard 

electroweak cross sections which were used for ve sea.Hering are listed in Table I. 

The cross sections for the charged current react.ions were approximated (energies 

in MeV) as follows : 

rI(VeP --+ e+ n) '.:::'. 8.86 x 10-44 E; '.:::'. 8.86 X 10-44 (E.,-, - 1.3)2 cm2 . (3) 

rI(ve0 1 6 --+ eF*16) '.:::'. 5 X 10-11E; '.:::'. 5 x 10-44(Ev, - 26)2 cm.2 . (4) 

rI(v.0 16 --+ e+ N*1 6 )  "" 5 x 10-14 E; '.:::'. 5 x 10-11 (E.,-, - 21)2 cm.2 . (5) 

The ve cross sections a.re sharply peaked forward 8 while the charged current reac

t.ions on p and on 016  9 are nearly isotropic. (We used the angular distributions 

given in Refs. 10 , 11  and the detect.ors efficiencies which were report.cd1 •2 by K-II 

and by IMB.) The results of the maximum likelihood search applied to the joint 

results nf K-II and IMB suggest the following: 

(a.) The neutrino bursts from SN l987A consisted of a. ncnt.ronization burst of 

(7 ± 4) x 1056 D�0 Ve 1s with average energy Ev, '.:::'. 3 . 15Tv, '.:::'. 3 3± 8 111 eV and tot.al 

energy Wv, '.:::'. (5 ± 3) x 1052 D�0 ergs, followed by a thermal emission of (7 ± 2) x 
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1056 Di0 Ve 1s with average energy Ev, � 3. 1 5Tv, � 15 .4±3. 7 Mc V and total energy 

Wv, � (2. ± 0.3) x 1052 D�0 ergs, where D50 = D /50 kpc, D being the distance 

t.o SN 1987 A rn Standard supernova theory5•6 predicts that most of I.he binding 

energy of the newly born neutron star is released by neutrino emission within the 

first. 10  seconds after core collapse, and that only a small fraction ( :<'. 1  %) is released 

in grnvit.a.t.ionnl waves and in kinetic and t.hermal energy of the expanding shell. 

Accordingly the energy released by SN 1987 A within I.he first. 12.6 seconds by the 

thermal burst. is given approximately by � 1 . 2  x (Nv/3) x 1053 Dia ergs, where 

Nv is the number of flavours of light. neutrinos (m.vc2 :<'. 10 llfcV) .  Accelern.tor 

experiments and cosmological and astrophysical considerations yield 3 :<'. N,, :<'. 4 .  

Consequently, I.he tot.al binding energy rP!eased in the neu t.roniza t.ion and thermal 

bursts is iv :<'. 2.4 x 1053 D�0 ergs. Hence I.he standard equations of state of nuclear 

matter 1 1  suggest. that. SN 1987 A produced a neutron star wit.h MNs :<'. l .4M0 and 

did not. produce a black hole. 

(h) The KII events suggest. a complete neutronizat.ion burst: A typical whit.e

dwarf like iron-core wit.h llfc :<'. 1 .4.ll10 has a lepton number Le � 7 x 1056. Conse

quently, lepton number conservation constrain a complete ncutronization burst. to 

cont.ain 7 x 1056 Ve 1s which is consistent with the number inforred from the KII 

results since1 0 D50 = 1 ± 0.15 . 

(c) The mass of the neutrino satisfies m.v, c2 :<'. 3.4 ± 1 . 1  eV if the first KII 

event was produced by Ve from the ncut.ronization burst: The difference bet.ween 

the flight. times of massive and massless ncut.rinos from a supernova explosion at a 

distance D to Eart.h in the limit mvc2 << Ev is given by 

L'>t = (D/2c) (mvc2/Ev)2 . (6) 
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This dispersion in arrival times of neutrinos of different energies can be used to 

measure the neutrino mass if one makes assumptions on the emission times 
12

. 

Various authors have assumed a smoothly varying function of time for the neutrino 

luminosity of SN 1987 A and deduced 1 3 a conservative upper bound m.,, < 15 e V. 
A lower limit can be derived from the assumption that the first KII event (t = 

0, Ee = 20± 2.9 1\JeV, Oe = 18° ± 18°) was produced by Ve from t.he neutronization 

burst4 as suggested by its small elect.ran recoil angle (if the time sequence of the 

events is included in the maximum likelihood analysis it yields that. the first. event. 

recorded by K-II is most. probably a Vee scattering event produced by a Ve from the 

neutronization bnrst) while the third event (t = 0.3 sec, Ee = 7 .5 ± 2.0 Mc V, Be = 

108° ± 32°), as evident. from its large electron recoile angle, is most probably a 

VeP -+ e+n interact.ion of a. slower moving lie which was emitted later in the 

thermal emission stage. Therefore, the difference between the flight times from 

SN 1987 A to Earth of t.he Ve and t.he Ve that produced events nos. 1 and 3 ,  
respectively, can only be shorter than the differPnce between their arrival times, at.  

KII ,  i .e .  (D/2c)(m..,c2)2(Ei,2 - E;;_2) :::; 0.3 sec . From conservation of energy and 

moment.inn i t. follows that. E.,, ?'. 20 ± 2.9 Me V and Ev, = 8.9 ± 2.0 Mel', which 

yields m..,, :::; 3 .4 ± 1 . 1  e V. Similiar bounds are obtained if one uses events no. 4 
or no. 5 instead of no. 3. This � 4 e V upper bound is significantly smaller than 

those deduced by other ant.hors 1 4 . It is also significantly smaller than the lower 

bound of 18 e V that has been deduced recently from new measurements 15 of the 

elect.ran spectrum near the end point in fJ decay of Tritium. 

(cl) The Ve has a life time r ?'.  1013m..,/ E., : The idea of an unstable neutrino was 

proposed many years ago 16 as a solution to the solar neutrino problem 1 7 .  If Ve 1s 

are unstable and have a lifetime r then the different.ial flux of Ve 1.s a.t. the detect.ors 
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should have been supressed by a factor e -mt/Er, where t is the neutrino flight time 

from SN 1987 A to earth. Assuming that the binding energy released by neutrinos 

from SN 1987 A did not exceed 5 x 1 053 ergs we obtained from the maximum 

likelihood analysis the above lower bound for the neutrino-lifetime. However it 

has been pointed out recentl/8 
that if llc's and vc's are unstable but admixed 

significantly with other neutrinos which are stable, then they could have produced 

the observed neutrino signals from SN 1987 A. This possibility is ruled out if Kii 
has observed a complete neutronization burst, i.e. the maximal burst allowed by 

lepton number conservation. 

(c) The neutrino electric charge satisfies qv, < 2 x 10- 17 e: If neutrinos have an 

electric charge q they a.re deflected by gala.die and intergalactic magnetic fields and 

their path lengths and flight times from a supernova exolosion to Earth depend 

on their energy. If they have a Boltzma.n energy distribution with temperature 

T(MeV) and if 5t is the dispersion in their arrival times after a flight. in a perpen

dicular magnetic field B(11.G) along a path D(lO kpc) then 

q/e < 3 x 10- 1 2(5t/t)1 12T/BD .  (7) 

Assuming a galactic magnetic field B=l11G over a 10 kpc path, one obtains 19 
from 

I.he energy spread and the dispersion in arrival times of the neutrinos from SN 

1987A that q(11c) < 2 x 10- 17e. 

(f) The neutrino magnetic moment satisfies /l·v, :S 10- 1 5p.8: An anomalous 

magnetic moment /l·v, '.:::'. 10- 1011.a ,  where /l·B is the Bohr magncton, has been 

suggested 20 as an explanation to the suppressed counting rate in the solar neutrino 

experiment and its apparent anticorrelation with the sun spot number 2 1 . However, 

a magnetic moment /l·v > 10-12/'B will cause neutrino escape from I.he hot interior 
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of the protoneutron star with energies much la.rger 22 than expected5•6. Moreover, 

if µ,, > 2 x 10-15µ8 then a magnetic field of the order B � 1012 Gauss believed to 

be present near the surface of the protoneutron star will induce VL <--+ VR precesion. 

Thus the observed numbers of vL's is only half the number of v's emitted by SN 

1987 A, and the inferred binding energy is twice that carried by the VL's. But the 

inferred number of Ve 's in the neutronization burst is the maximum number allowed 

by lepton number conservation (and the binding energy released by SN 1987 A that 

was estimated by the Kil group from their neutrino events is already about the 

maximum gravitational binding energy estimated for a neutron star) which imply 

that µ,,, < 10-15  /tn 23 • 

(g) Most of the MSW solutions24 to the solar neutrino problem are ruled out: 

Resonant matter oscilla tion occur if the mass difference between the eigenvalues of 

the neutrino mass matrix 6..m2 = mi - m� , satisfies cosW 6.m2 /2E,, = ../iGp ne 

where 0 is the mixing angle, Gp is the Fermi coupling constant and ne is the 

local elect.ran density. Resonant oscillat.ions inside the dense core require mass 

differences which are forbidden by reactor and accelerator experiments. Outside the 

core in the outer layers of the supergiant progenitor star, the neutrinos encounter 

densities that include the whole range of solar densities, and density gradients 

which are much more moderate. Consequently, the v, 1s from the neutronization 

of the core of SN 1987 A should have changed their flavours in the outer layers of 

the progenitor. If the first one or two events in K-II were generated by Ve 1s from 

a neutrnnizat.ion burst (it is very unlikely that they have been both gPnerated by 

v '.� from the thPrmal burst becua.se this would have required about 75 additional 

v,p --> e+n events during the 0 .107 sec between the first and second event.) then 

the v, ' .� from the neutronization burst did not flip their flavour in the mantle of 
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the progenitor. That is inconsistent with the MSW solut,ions to the solar neutrino 

problem, unless the Ve 1 s flipped their flavour in the mantle of the progenitor 

and reflipped it  back to Ve in Earth 25 (SN 1987 A is below the horizon at Kamioka .. 

However, significant flavour flip can take place in Earth only for mixing parameters 

that satisfy25 E,,/!':!m2 � 3 x 106 MeV/eV2 and sin220 2 2 x 10-2 .) 
(h )The absence of a I ray burst from SN 1987 A following the v bursts closed 

the window left by laboratory experiments and by astrophysical and cosmological 

ohservations26 for the existence of massive neutrinos ( m,,, > 1 .111 e V) that a.re 

mixed with ve: Mixing of a. vh with Ve induces muon-like decays Vh --> v.e+e - .  

The decay i s  a.ccompa.nien by internal and external bremsstrahlung photons. If such 

vh 's exist Supernovae should then produce approximately N,,, � B · N,," vh 1s, 

where B � 2 .8(m/T)312 e -m/T is the Boltzman factor a.nd T is the temperature at  

the neutrinosphere for v1, emission. Those vh 1 s that decay outside the surface of 

the progenitor star produce a I ra.y flux. From the fa.ct that no significant flux of 

1-ra.ys with energies from 100 KeV to a.bout 100 MeV a.hove background has been 

observed 27 from SN 1987 A since core collapse on Feb. 23.316 through April 9 we 

obtained 28 the lower bound r,,, 2 105 sec which closed the window for a significant 

mixing between Ve and vh. 

(i) The expected number of events due to the inferred neutrino fluxes from SN 

1987 A in the 90 tones Mont Blanc scintillator detector, in the 300 tones Baksan 

scintilla.tor detector and in the 615 tones Homestake solar neutrino detector, are 

� 1, � 3, < 1, respectively. 

(j) If the 5 events observed by the Mont Blanc scintilla.tor detector on February 

23, 2:52 :36:48 UT 29, i.e. a.bout 5 hours beforethe KII and IMB signals, wer� 

generated by a neutrino burst from SN 1987 A then the inferred neutrino flux 
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should have generated during the Mont Blanc signal 36 ± 12 events in K-II(taking 

into consideration the relative detect.ion efficiency as function of energy a.nd the 

fact tha.t K-11 contains 17 times more free protons) while no events were observed. 

Moreover, if the events observed by Mont Blanc were produced by neutrinos from 

SN 1987 A then the inferred (via maximum likelihood analysis) binding energy 

released by SN 1987 A in its "first bang" exceeded 2M0c2 . Such binding energy 

release is larger by more than an order of magnitude than the maximum binding 

energy released in I.he formation of a neutron star. Therfore it  must be concluded 

that SN 1987 A did not. bang twice 30 and the Mont Blanc signal could not have 

been produced by t.herrnal Ii, 's from SN 1987 A. 

Tu(J_c_l.:._Jil_1_1:;_Lic N_eu ttlwLCL'�'i!L·'i<'.<'_fj.<lLt_s_ 
da/<iU = (G}."nJ:,,/2") [A 1- B ( l - y)'j ; y = E,/E,, 
J/i A1 B; · / a ,/E,, ( i o - ·H cm2/l\J c1') 
11(! I {2xw · I- J ) '  4 :rfv 0.953 
j)c I 1xfv ( 2xw + 1 ) 2  I OAlJO u1,J ( Z:cw - 1 ) 2  1:rfl' /3 I O. l10 

ii1, , D, 1:rfl' /3 ( 2xw - 1 ) 2 I 0 .072 
----

G'}.- = 5 .29 x i o -· 1 1  cm2/l\fcV2 ; xiv = siu' Cc) w = 0 . 2: 12 
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ABSTRACT 
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We show that the Baksan data are consistent with the IMB and Kamiokande 
neutrino observations from SN1987a. All three data sets are compatible with a simple 
model for neutron star cooling. The gap in the Kamiokande data set is shown not to 
be statistically significant. 
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I: Imtroduction. 
The d1>tection of ninet1>en neutrinos from SN1987 A in the Kamiokande and IMB 

detectors [ l ,2 J  marked the beginning of the era of extra-solar neutrino Astronomy. The 

analysis and reanalysis of these two signals generated far more papers than neutrinos . 

Rather than review this large literature, we present only an incomplete (and probably 

bias<>d) list of references [3-7] and devote this paper to two outstanding questions: Is 

the Baksan data [8-10] compatible with the IMB and Kamiokande data? Is the gap 

in the arrival time in the Kamiokande data statistically significant? We will answer to 

the "yes" to the first question and "no" to the second question. 

2: The Baksan Data. 

Shortly after the announcement of the discovery of a burst of neutrinos signals 

from SN1987 A in both IMB and Kamiokande experiments. the Baksan collaboration 

reported [8] that they detected of three events. These three events, observed in a 5 .7  

second interval that begins at  7 h 36 m 06 s (±2 s ) ,  were within the timing errors of 

Kamiokande signal ( 1 1  events observed in 12 .4 second interval starting at 7 h 35 m ± 1  

minute) , but some 25 seconds after the IMB signal ( 8  events observed in a 5.5 second 

interval beginning at 7 h 35 m 41 s ±5 ms) .  

A revised inspection of the measurement in  Baksan detector ! 9-10] reveal that 

there were five observed events, beginning at 7 h 36 m 11 s (the event at 7 h 36 m 

06 s is believed to be noise) and lasting 9.1 seconds. In this analysis an error of up 

to -54 seconds was discovered in the Baksan time base. This error allows the Baksan 

data to be coincident with the IMB and Kamiokande detection. The efficiencies of the 

Baksan experiment is 8% at MeV, 50o/c at 10 MeV and 80% for E > 12 MeV [9-10] .  

This efficiencies are quite similar t o  those of Kamiokande . Is the detection of 5 events 

in a detector with 1 .9 x 1031 free prot.ons (Baksan ) compatible with the detection of 

only 1 1  events in Kamiokande, an experiment with 1 .5 , 1032 free protons? 

In order to resolve this question, we performed a combined analysis of the Baksan, 

IMB and Karniokande data. This analyo;is u;Pd the revised I\1B energies and detection 
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pffirPnries '2 1 .  We assume in this analysis that all the ev<>nts are antineutrino absorp-

tion. The fact that one or two of the events were probably neutrino scattering will not 

change our results in any significant way. We fit the observed data pairs (E; , ti) to a 

phenomenological model where the neutrino source is a black body (F ex T3) with an 

exponentially decaying temperature with a time scale r: 

F(t) = F0 exp( -3t /4r) 

T(t) = To exp( t/4r) 

Lv, the antineutrino luminosity and Ev, , thP antineutrino energy are: 

Lv, ?'1!._aaT4R2 4irD2F(3. l5T) 
4 

E- -� 1"" L dt v., v., 
0 

where R is the radius of the neutron star and D is the distance to the LMC. This 

analysis used maximum likelihood tee hnique to fit this simple cooling black body model 

to all three data sets. (See Spergel et al. 15 ]  for a discussion of the model and the 

statistical method). 

The "maximum likelihood" parameters obtained from the combined analysis of 

. all thrPe data sets differ only slightly from those obtained in our earlier analysis of the 

Kamiokande and IMB events (the results presented here are based on the revised IMB 

efficiences and energies ) :  

Table l . Maximum Likelihood Parameters (Cooling Black Body Model) 

T 
R 

Ev, 

Kam · IY!B + Bak 
4 . 1  t � \fp\" 
29': ! �  km. 
5.o� : � ser. 
7 .7" � � · 1052 ergs 

Kam + IMB 
4.3':1.;0 MeV 
24':!� km. 
4.5':� :� sec. 

5.9':�:� · 1052 ergs 
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Thi' main change is that the high flux that is ohserved in Baksan raises the total flux 

by ahout 40%. The other parameters ar!' almost unrhang1>d. Using these parameters, 

the model predicts 4.8 events in IMB, 14.0 ewnts in Kamiokande and 1 .6  events in 

Baksan due to the burst of supernova neutrinos. In a 20 second interval, we expect an 

additional 0.6 background events in the Baksan detector 19 ] .  The three data sets are 

consistent: five or more events should have be seen in Baksan at least 8% of the time. 

3: The gap in the time of arrival data. 

Probably the most puzzling feature of the SN1987 A neutrino signal is the ap

pearance of the 7 second gap in the Kamiokande neutrino signal: Eight events were 

observed in the 2 seconds prior to this gap and 3 events were observed in the subse

quent 3 .3  seconds. Several authors have argued that this gap is statistically significant 

and hav!' proposed models that explain its origin [ 1 1-12 ] .  The observation of 2 events 

in J\1B in the center of the gap in Kamiokande argues strongly against the existence 

of a gap in the actual neutrino pulse. Moreover, we will show that even if the IMB 

data is ignored, the gap in the Kamiokande data set is not very significant. 

We have produced some hundred thousand sets of simulated data from our best 

fit model for the neutrino pulse. Using this data we estimate the probability for a gap: 

In 11 % of the simulations , there was at least a 7 second gap. This may underest imate 

the significance of the gap, since in these simulations the gap was usually between the 

final two events. In only "" 1 % of the simulations, there is a gap of 7 'econd or longer 

between the third to last and second to last events. In only "" 0. 1 % of the simulations, 

there is a 7 second or longer gap between the fourth to last and the third to last events. 

Such simulations have been performed also by other groups. However. this statistic is, 

clearly ridiculously, a posterori. 

The K .S .  test is a standard non-parametric statistical tool used to test if an 

obs.•rvation differs in a statistically significant way from a model. The K .S .  measure 

is the maximum distance between two rnrves: the cumulative number of events as a 

function of time in the data and the cumulative number of events as a function of 
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time in the model. Standard stat ist ical techniques are used to assign a probability 

to the K .S .  measure as a function of the number of data points. (See [1 3] for an 

implementation) . Spergel et al. [ 5 1  used a two dimensional generalization of the K .S .  

test to  argue that the arrival times and energies of  the neutrino data i s  consistent with 

the simple cooling neutron star model. 

However, as Sato and Suzuki [7] have stressed, the K .S .  test is not a powerful 

statistic for detecting long gaps in the data: it does not distinguish between data in 

which the last event arrived 8 seconds after the first and data in which the last event 

arrived 80 seconds after the first. This weakness in the K .S .  test has motivated us 

to develop a new statistic more sensitive to long delays in the data: we define the 

area between the two curves as the "area measure" . We compare the area measure 

of t he Kamiokande data with the area measure obtained in several thousand simu

lations of synthetic data generated from the cooling neutron star model using the 

"maximum likelihood" parameters. In each simulation, we find the best fit parame

ters, calculate the area measure and then compare it to the area measure obtained for 

the Kamiokande data. In 4.4% of the simulations, the area between the curves for the 

simulated Kamiokande data exceeded the area between the curves for the real data. 

Since this test was designed a posterori to look for gaps, this is further evidence that 

the gap is not statistically significant. 

Our analysis used a model with exponential falling temperature and flux, if we 

had used a model with a power law fall off there would have been more events at late 

times. In models with power law tails, the probability for the gap would have increase. 

It does not seem necessary, however, to make even this mild modification of our simple 

model. 

4. Conclusions 

The Neutrino signal from SN1987 A was a unique event. We were fortunate to 

ohsPrve it: both Kamiokande and I'.\1B began operation in a mode that could capture 

these low energy neutrinos only a few month before the event. The signal itself was 
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ju't above the limiting sensitivity of these d!'tertors: WP would have missed this event 

had it occurred at twice the distance! 

We have seen only 24 events in 3 detectors. The observation of such a small 

number of events is prone to statistical fluctuations and should be treated with care. 

Too often statistical noise is interpreted as a physical signal and colorful theories are 

constructed to explain this noise. Scientists calculate the a priori probability of an 

observation, argue that this probability is small and then provide a physical explana

tion. The assigned a priori probability ought to be multiplied by the fraction of the 

event space that has equal or greater "strangeness" . What is this fac tor? Given that 

physicists' imagination is unbounded, and astrophysicists' is even larger, this factor is 

transfinite. 

\Ve have demonstrated that a simple modeL an exponentially cooling black body 

with a fixed radius, is compatible with the data. The observations are also compatible 

with t heoret ical predications obtained long before the supernova explosion [ 14 J .  It 

would have been exciting if these 24 neutrinos overturned Supernova t heory, but this 

does not seem to have happened. We will have to build bigger experiments and wait 

for the next supernova to undermine our theoretical assumptions! 
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The general features of neutrino transport models for Type II 
supernova are reviewed , distinguishing the conditions necessary for a prompt 
shock or for a delayed shock explosion mechanism. The arrival times and 
energies of Supernova 1987A are consistent with iron core collapse to a neu
tron star and with known properties of neutrinos . A massive star collapse 
in our Galaxy , whether or not accompanied by an optical display , would t es t  
particular theories for supernova dynamics and for weak interactions . 
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I .  IRON CORE COLLAPSE AND SUPERNOVA EXPLOSION DYNAMICS 
A. Late S tages of Stellar Evolution . All of the general features of the 
quasistatic evolution of a nondegenerate s tar of mass M and radius R are 
determined by the virial theorem relating the mean kinetic and potential 
energies : 

<2K> = - <V> - GM2/R, 1 2 E = 2 <v> - - GM /ZR.  
For a nondegenerate star of N baryons of mass mH, 

<K/N> = l <kT> _ GM mH _ M2 / 3  <p>l / 3  
2 --ii:--

where <p> is the mean density . Four immediate consequences are : 
(1 )  In order to contract gravitationally , any star must radiate energy . In 

late s tages of stellar evolution ( carbon burning and later), the neutrino 
radiation dominates that by photons . 

( 2 )  In nondegenerate s tars , this energy loss leads to temperature increas e .  
(lfondegenerate s tars show a negative heat capacity . )  I f  collapse contin
ues , this temperature increase ignites successively nuclear fuels 
H + He + C + 0-Ne-Mg + Si-S + Fe .  

( 3 )  Because o f  the temperature gradient between the center and surface , a 
star evolves an onion-skin s tructure with a l arge envelope of unburnt hy
drogen , surrounding a He shell ,  surrounding a 0-Ne-Mg shell . . .  all the way 
up to Fe, if the star is massive enough to continue contracting . 

( 4 )  Because nuclear burning rates increase rapidly with temperature ,  nonde
generate s tars are gravitationally s tab l e :  any density perturbation is 
immediately corrected by a change in nuclear burning rate and in pressure. 
A degenerate s tar has , however , lost this s tability : as long as it re
mains degenerate, its pressure is no t responsive to temperature ;  as soon 
as the temp erature rises enough to remove the degeneracy , the thermal 
pressure turns on explosively . The ignition temperature of each succes
s ive nuclear fuel increases with z2 . In low mass stars , a given fuel 
will ignite at low dens ity , non-degenerately ; this allows the star to 
evolve quiescently to the next stage of nuclear burning . 

For M < 8 M0, carbon ignition taking place while the electrons are 
degenerate ,  leads to nuclear explosion . For 8 MG < M < 12 M0 ( ? ) , carbon 
burns non-degenerately , but 0-Ne-Mg burning takes place explosively . For 
12 MG ( ? )  < M, all fuels burn nondegenerately and the core can evolve quies
cently all the way to Fe, the s tablest of nuclei . Only these massive stars 
(>12 M0) ,  ultimately producing type II supernove by Fe core collapse ,  will 
be considered in this article .  More particularly , w e  will concentrate on 
the collapse and explosion of this 1 . 2-2 . 0  M0 iron cor e ,  ignoring the 
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stellar mantle and envelope in which the supernova light is produced . 
Evolut ionary calculations ( !) show that a star of main-sequence mass 

MMs = 13 MQ evolves a helium core of M = 3 . 3  M� and an iron core of MF = 
� a " 10 -3 

e 
1 . 1 7  MG . At the c ente r ,  the density is pc = 3 x 10 g cm , the temperature 
is Tc = 0 . 78 Mev , and the electron-baryon ratio is Yee = 0 . 41 . During late 
stages of evolution , electron capture ( e- + p + Ve + n) during quasistatic 
evolution has already neutronized iron from Ye = 0 . 4 6  for Fe�� down to Ye 
= 0 . 41  for a mixture of neutrino-rich Fe-Ni . Analysis of the l ight curve 
of Supernova 1987A shows that its progenitor was somewhat more ma;siv e :  

MMs = (15-20)Me , MFe = ( 1 . 3-1 . 4 ) Me . 

B .  Core Collaps e .  Stripped o f  its surrounding onion-skins o f  lower mass 
elements , the iron core of the massive s tar would be a white dwarf . Al
though its mass exceeds the cold Chandrasekhar mass MCH = 5 . 7 5  Ye

2 M0 = 
1 . 01 MG ' the iron core is supported against gravity by the thermal pressure 
of its nuclei and by s emi-degenerate electrons . This heat content now re
verses the exothermic reactions that produced the iron core in the firs t 
place by nuclear fusion. Initiated by endothermic thermal dissociation of 
the iron nuclei , followed by accelerated electron capture , the reduction in 
both thermal and degeneracy pressure support drives the core into runaway 

1 2  - 3  collapse . Even after neutrinos are trapped at pTR = 10 g c m  , the cata-
clysmic collapse accelerates . The collapsing core separates into a sub
sonic inner core of mass MHC = 1 . 04 MFe (Y1/Yei) 2 , which collapses homo
logously , and a supersonic outer core of mass MOVER = MFe - MHc ' which lags 
behind . Here Y . is the initial electron fraction and Y = (Y f

4 / 3  + 21/ 3  
4 / 3  4 / 3  ei 1 e 

Y f ) is the effective lepton fraction of the trapped neutrinos and 
electrons . 

Nuclear incompressibility halts the homologous collapse of the core 
when the central density reaches Pb - ( 3-4)x (nuclear saturation density) -
9 x lo14 g cm3 The signal that the center has stopped propagates through 
the subsonic inner core,  but canno t reach b eyond the sonic point , outside 
of which the matter is falling faster than sound speed . Near this sonic 
point , which is just outside the edge of homology defined by the included 
mass MHC ' a pressure wave builds up that quickly s teepens into a shock wave . 
The original source of this shock energy is the compressional energy , 
E - 7 x 10 51 ergs , of the compressed nuclear matter . The shock is nou-comp 
rished by the energetic matter falling through it and s tarts to propagate 
outwards . 
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The precise location of the sonic point or of the edge of the homo
logy MHC depends on the deleptonization that has transpired from initial 
electron fraction Yei to lepton fractions Yef ' yvf at bounc e .  As the shock 
wave propagates through the mass overlay MOVER' it is depleted by neutrino 
radiation Erad � (2-4) x lo 51ergs and by nuclear dissociation Ed . = 8 . 5  V 51 1SS 
(MOVER/ 0. 5 Me) x 10 ergs . 

C . Shock Propagation . The subsequent fate of the shock propagating through 
the overlay depends sensitively on neutrino radiation hydrodynamics and is 
s t i l l  problematical . If ( 1 )  the nuclear matter is compressible enough at 
high density Pb to make the original shock energy Ecomp large ; (2)  the in
fall deleptonization is small , so that MHC lies far out ; ( 3 )  the initial 
core mass is small , so that MOVER = MFe = MHC is tolerably small , then the 
shock will traverse to the edge of the compact iron core with sufficient 
energy to ej ect a superficial layer of iron with kinetic energy -3 x 10 51 

ergs , sufficient to power the optical display o f  the supernova envelop e .  
This direct ,  essentially hydrodynamic mechanism , i s  called the prompt 
mechanism because if it succeeds,  it operates on hydrodynamics t ime scales 
of tens of milliseconds . 

Otherwise,  the shock s talls at about 200-300 km . Because the ten
uous matter outside this large radius is weakly bound gravitationally , it  
may b e  ej ected, if the s talled shock is revived by neutrinos diffus ing out 
of the hot inner core b elow and by matter s till infalling from above . This 
mechanism is called the delayed or revived mechanism and operates on the 
time scale ( -1 second) for neutrinos to diffuse out of dense matter . 

Whether either the prompt or the delayed mechanism succeeds well 
enough to ej ect matter and power an optically visible supernova is still 
theoretically undecided . We will return to this question of neutrino ex
plosion dynamics in the s econd lecture . 

D .  Prospectus . The gravitational energy ultimately released when an ex
tended structure collapses down to a compact neutron star , is the neutron 
s tar binding energy of ( 3-5)  x lo 53ergs . At least 99%  of this energy 
emerges as neutrinos . Even if an optical supernova of l0

49 ergs is formed , 
this requires conversion of only 1% of the ( 3-5)  x lo53 ergs into ej ected 
kinetic energy , which subs equently converts into l ight with another 1% 
efficiency . The optical supernova, dramatic as it is , is only a superfi
cial phenomenon very sensitive to the neutrino-matter coupling at the edge 
of the iron core and the matter-light coupling in the surrounding stellar 
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envelope .  The huge neutrino signal is , o n  the other hand , relatively in
sensitive to details . 

What characterizes stellar collapse is this huge neutrino output in 
a few seconds . Indeed , Supernova l987A shows us how a supernova can be op
tically weak , so that the true collapse rate may be seriously underestimat
ed by the observed supernova rate . It also reminds us that massive s tars 
may collapse to neutron stars with little or no light emission and that 
some collapses into b lack holes may radiate neutrino pulses , b efore they 
are engulfed by the event horizon. 

If a neutron star remains , it must b e  very hot ( -100 Mev) and mus t 
cool rapidly by neutrino radiation . It is these neutrinos from the ho t nas
cent neutron star that were observed by Kamiokande II and IMB . We turn now 
to the analysis of the arrival times and energies of the 11 + 8 = 19 neu
trinos they observed . We will find that the sparse and uncertain neutrino 
signals from the cooling neutron star suffice to confirm remarkably the 
general features of the scenario we have j us t  describ ed ,  but not the details 
of any particular theoretical neutrino explosion mechanism . 

II . ANALYSIS OF THE NEUTRINOS FROM SN 1987A 
A .  Neutrino Arrival Times and Energies . In our ( 2 • 3 • 4 )  analysis of the 
Kamiokande II and IMB data we : (1)  considered indiscriminately the complete 
sample o f  19 neutrino s ;  (2) Ignored their angular distribution , which is 
consistent with isotropy . (Almos t  all the events captured in water would be 
expected to b e  v absorption (v + p + e+ + n) ; only about one event would e e 
be expected to be Ve + e- + Ve + e- . This might b e  the first forward-point-
ing event o f  Kamiokande II but , because we have no way o f  discriminating , 
we treated all 19 events as coming from the same Ve sample); ( 3 )  We s e t  the 
neutrino mass equal to zero . The signal direction is consistent with 
m < 17 eV, which is also the laboratory limi t . Ve 

We avoided the theorist s ' temptation to overinterpret these 19 
events and did not pretend to discriminate among the 19 neutrinos .  We as
sumed a thermal distribution of N0 ve with t emperature TS at time t = 0 at 
the source,  and folded in the individual detector thresholds , efficiencies 
and energies and their uncertainties . We fit the thermal source cooling to 
the cooling function 

T(t)  = Ts( l  + :t) -n ( 2 . 1) 

where, for each n ,  the three parameters T8 , a ,  N0 were determined from the 
data by maximum j oint likelihood analysis . Special cases o f  the above form 
are :  a = 0 ,  constant t emperature; n = 00 ,  exponential cooling a t  the 
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constant rate T = a ;  n < 00 ,  power law cooling , at the rate 

T ( t) - (dlnt/dt) -l = a-l 
+ t/n , 

fas t at the beginning, but protracted thereafter ; n = 1 / 2 ,  semi-degenerate 
Fermi gas whose heat content E ( t) cr T2 is b eing b lack-body radiated dE/dt = 
4rrR� aT4 from some neutrinosphere fixed at (average) radius Rv . 

Our bes t  maximum likelihood fits to the combined Kamiokande-IMB data 
ar e given in Tabl e  1 for each n, together with their (unnormalized) likeli
hoods . We see that : 

( 1 )  The cooling models for various n have comparabl e  likelihood . Any cool
ing source is 105 times more l ikely than a constant temperature source ra
diating for 1 2 . 4  seconds . 
( 2 )  Our exponential fit yielding a fluence of N = 4 . 6  x l057v with energy 

E = 6 .  7 52  ° ( 5 )  e 
x 10 ergs agrees with that of Spergel et al . 

( 3) Our n = 1 / 2  model (semidegenerate gas radiating from a black body of 
fixed radius) , T(t)  = T ( 1  + 

57- s 
� / 2  � 2at) , T3 = 4 . 1 Mev , a =  0 . 12 s 

N0 = 7 . 8 x 10 Ve ' E
0 

= 8 . 0  x lo 52ergs is three times more likely than the 
exponential model , for which there is no theoretical basis . 
(4)  Allowing for six neutrino flavors , the total energy radiated 6 E0 
(4-5) x l0 53 ergs , in good agreement with the binding energies of neutron 
stars of maximum mass calculated with various equations of state . 
(5)  Because of the power-law tail to its cooling curve,  the n = 1/2 model 

n a Eo Max (J) T
S '  NO 

(s -1) (Mev) (lo52 erg) <10 57v l e 
0 . 335 0 . 176 4 . 20 1 1 , 9  380 . 6  6 . 304 
0 . 35  0 . 167  4 . 19 1 0 . 9  4 1 . 4  6 . 3 76  
0 . 4 0 . 144 4 . 16  9 . 2 13 . 1  6 . 380 
0 . 5  0 . 116  4 . 08 8 . 0 7 . 8 5 . 940 
1 . 0  0 . 07 7  3 . 95 7 . 1 5 . 3 4 . 075  
2 . 0 0 . 063 3 . 88 6 . 9  4 . 9  3 . 066 

0 . 052 3 . 84 6 . 7  4 . 6  2 . 19 7  
0 3 . 3 3  5 . 7  3 . 4  10-5 

Table 1 .  Maximum j oint likelihood fit of our cooling models 
at -n T = Ts (k + t1 )  . Special cases : a =  0 ,  constant tempera-

ture,  n = 00, exponential ; n � s emidegenerate Fermi gas 
radiating as a black body . 
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gives E0 and a neutron star binding energy 20% higher than that given by 
exponential cooling . This large binding energy suggests a large mass ( 1 . 4  
M8) iron core and a soft nuclear equation o f  state .  
The probable errors in  each o f  our best fits were 10%  in  Ts , 30%  in  E 0  and 
in N0 , determined by running 7 50 Monte Carlo simulations of the two 
detectors . 

The goodness-of-fit b etween our b est fit n = 1 / 2  model and the s epa
rate Kamiokande II and IMB data s ets is shown in Fig . 1 .  The top two curves 
show the cumulative distribution in arrival times , the bottom two curves 
the cumulative distribution in energies for the 11 Kamiokande II events and 
for the 8 IMB events . In each figur e ,  the best fit is given by the c entral 
(dotted) curve ,  the 10 and 20 limits are shown by the surrounding pairs of 
long-dashed and short-dashed curves . Although Kamiokande seems to detec t  
f ewer and I MB  more events than our b e s t  f i t s  would have predicted , the ob
s ervations at each detector agree with our best j oint fit within lo.  All 
our models would show almost the same goodness-of-fit . 
B .  Other Conclusions . Kamiokande II knew the absolute t ime of their data 
train only within one minute .  We therefore estimated the time offset b e 
tween the Kamiokande I I  and I MB  data trains by Monte Carlo s imulations 
and found that Kamiokande II lagged IMB by 0 . 1  + 0 . 5  s .  Our analysis of 
the data thus s ets the Kamiokande clock within 0 . 5  s econds ! 

Besides the above continuous cooling model s ,  we also considered 
models in which , as theoretically expected , a short heating period preceded 
the cooling . We found that such heating period in the obs erved data had 
to b e  shorter than 0 . 4 s .  

By power spectrum analysis and by minimum residuals , we also showed 
that there were no s ignificant periods in the Kamiokande II data , on any 
time sca l e .  

The temperature of the v neutrinosphere i s  maintained b y  V and 
(0) diffusing out o f  the inner

e
core over a few s econds . The tota� energy \l, T _ -1 radiated , 6 E0 , and the ve number flux cooling time (3a) = ( 2 . 5-6) 

seconds we obtained, are consistent with neutrino diffusive cooling of a ho t 
neutron s tar of time-averaged radius 35 ± 10 km .  

The sparse and uncertain data from Kamiokande I I  and IMB are then 
cons istent with the diffus ive cooling of a hot neutron s tar remnant from 
the collapse of a 1 . 4  M6 iron core in a massive s tar . The observations are 
also consistent with laboratory bounds on the Ve mass and with cosmological 
bounds on axion coupling , but no neutrino mass , neutrino oscillations , exo
tic neutrino interactions or exotic particles can be demons trated from the 
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SN 1987A data . The data is also too sparse to show the detailed time struc
ture that would t es t  any particular neutrino explosion mechanism . 

III . PROSPECTS FOR STELLAR COLLAPSES WITHIN OUR GALAXY . 
Within our Galaxy , all stars more massive than 10 M9 die at a rate 

1 / 50 years , a value as small as 1 / 1 1  years b eing estimated by Bahcall and 
Piran. (6) These collapses may be to black holes as well as to remnant neu
tron stars or pulsars . Protracted mass accretion leading f inally to black 
hole formation might be expected to produce a neutrino signal similar to 
SN 1987A, whether or no t associated with optically visible supernova . 

Any s tellar collapse within our Galaxy, ten times closer than SN1987A 
in the Large Magellenic Cloud , would produce about 10 3 neutrinos in the 
existing Kamiokande-IMB detectors . With so many events,  important particle 
phys ics and supernova physics would be learned . 

A. Particle Phys ics . A sample of 103 supernova neutrinos would contain 
about 14  (v) whose masses could be determined from their time of fl ight 

µ ;r r -2 \ mv ( eV) J / D \ 
Lit =  L Ev (Mev) � kpc ) 0 . 2 5  seconds 

from dis tance D .  Indeed , if V have masses b elow the cosmological bound , µ , T 
their masses could be directly measured only over astronomical flight paths . 

B .  Supernova Phys ics . A pulse of 103 neutrinos would show time structure 
(prompt neutronization burst over milliseconds , accretion heating and dif
fusive cooling over s econds) diagnostic for different theoretical neutrino 
explosion mechanisms . In some models7 , the delayed explosion is preceded 
by gravitational oscillations of period 0 . 1 s econds , characteristic of the 
inner core density . If so , the same power spectrum analysis which revealed 
no periods in the 11 Kamiokande II events would reveal such 0 . 1  second 
periods provided their amplitude modulation � 10% . 

For these reason s ,  we look forward to the construction of dedicated 
supernova detectors and the coming Galactic supernova . Armed with the ex
perience and confidence gained from Supernova 1987A, the new cadre of neu
trino astrophysicists will be able to observe and analyze neutrino dynamics 
important to both supernova and particle physics . 

This work is partially supported by the DOE contract EY-76-D-02-
3071 . 
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F-91191 Gif-sur-Yvette cedex 

The SN 1987A event in the large magellanic cloud was very 
surprising. A few days after its occurence , it was obvious that the event 
should be classified as a type II supernova : Hydrogen was the dominant 
element , and the neutrino signal indicated the formation of a condensed 
object . The very likely explanation thus was that the event was due to the 
collapse of the iron core within a fairly heavy star , followed by an 
outward propagating shock. The surprises ( ESO workshop , 1987 ) ,  however,  
came from the magnitude of the luminous emission and the photospheric 
temperature that were pretty low for a typical SN event . Also, after a 
short underluminous plateau phase , the light emission started to be 
dominated by 5 6Ni decay as is usually the case for an SNI .  The pregenitor 
was neither a white dwarf no a red giant . Such strange an event , however ,  
had been considered (Schaeffer, Casse , Cahen 1987 , SCC87 ) before the 
occurence of SN 1987A . 

t Laboratoire de l ' Institut de Recherche Fondamentale du Commissariat a 
L ' energie Atomique 
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The faint light curve and the rapid decline of the temperature 
during the first days (Fig . 1  and 2 )  can be explained by the compactness of 
the SN 1987A progenitor. Indeed (SCC87 and Schaeffer , Casse ,  Machkovich, 
Cahen 1987 , SCMC87) the star is quite opaque under these conditions , and the 
luminous emission reduced. During its expansion , adiabatic cooling uses up 
all the available thermal energy that thus is not emitted in the form of 
light, but transformed into kinetic energy. Originally invoked for 
exploding Wolf-Rayet stars , this mechanism holds also for Sk 69202 . The 
latter is obviously not a Wolf-Rayet star, but presents some similarities 
with such stars : it is small , compact and blue due to strong mass loss in 
the presupernova stage . The major difference is that its estimated initial 
mass ( 15�-20�) is somewhat smaller than what is expected for Wolf- Rayet 
stars (-40 � or more) . The mass loss rate must have been fairly lower , 
since the outer layers were still hydrogen-dominated : at explosion the 
mass was still in the 10-15 � range . as is now commonly admitted (SCMC87 , 
Arnett 1987 , Woosley et al 1988) . The other difference is that Sk 69202 
probably went through a red giant phase (Maeder 1987) before becomming a 
blue star whereas Wolf-Rayet stars do not . Nevertheless ,  the similarities 
f..!_g__l_._, 

E a r l y  l i g h t  c u r v e  ( S C MC 8 7 ) .  
T h e  p l a t e a u  p h a s e  d u r i n g  t h e  f i r s t  
m o n t h  m u c h  f a i n t e r  t h a n  
e x p e c t e d  f o r  a t y p i c a l  S N I  o r  S N I I . 
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in origine ( a blue star that is small and compact because of mass loss ) 
as well in the properties of the light curve ( fainter, cooler) are 
striking, making both categories of explosion nearly the same. Due to the 
small fraction of the initial heat content that can be emitted as light, 
any late energy source will dominate the luminous emission after some time . 

The decay of 5 6Ni and 5 6eo is obviously of major importance . It was noted 
(SCc87 , SCMC87) that masses of 0 . 3Me would be overwhelmingly dominant ,  

whereas an amount as low as 0 . 1Me or even 0 . 05Me could be visible . This 
also is a common feature of Wolf-Rayet explosions and SN 1987A. Other late 
energy sources such as the recombination energy of the electrons may play a 
role, but only if the initial 5 6Ni content is lower than the above values . 
The SN 1987A light curve is compatible with 0 . 07Me of 5 6Ni (Woosley et al 
1988) as can be inferred from the tail of the light curve ( Fig. 3 )  and the 
observation of the �-ray line due .to the decay of 56co . Despite their 
similarities . the two kinds of events are usually classified into SNib for 
Wolf-Rayet explosions , because of the lack of hydrogen, and into a new 
subclass ,  SNIIb , for SN 1987A where hydrogen is present . Both kinds of 
events being due to massive stars are initiated by the collapse of the iron 
core of the progenitor and form a neutron star. It might thus be worthwile 
to consider the classification of Chevalier ( 1986) that, after the 
sugges tion ( Chevalier 1976 , Maeder and Lequeux 1982 , Wheeler and Levreault 
1985 , Cahen et al 1985 ) that Wolf-Rayet stars might explode and could be 
SNib ' s ,  introduced the new SNIII category to which SN 1987A may be 
rattached , the light curve as well as the explosion mechanism being 
similar . 

The SN 1987A thus is expected to explode via a core-collape . the 
formation of a neutron star and a subsequent outward propagating shock . 
This is the mechanism that is believed to hold (Brown , Bethe , Baym 1981)  
for the SNII events . This explanation , however ,  is still ques tioned since 
� 
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the numerical simulations do not produce an outward shock that is efficient 
enough to blow out the remainder of the progenitor ( Baron, Cooperstein, 
Kahana 1985) unless an more or less arbitrary change is made in the 
compressibility of nuclear mather .  Such a modification has received some 
justification (Brown and Osnes 1986) but is still criticized (Glendenning 
1986, Pines et al 1988) . We however follow the conclusion of the latter 
authors that consider the value obtained from nuclear excited states 
(Blaizot 1980) as still the more accurate determination of the 
compressibility. This value is close to the one to be used for supernovae . 
It is thus of primordial importance to note that the emergence of the shock 
is actually observed ( Fig. 3 )  in the SN 1987A event .  Without this shock , 
the bolometric light curve would be flat ( Arnett 1982 ) . During the first 
days , a preeminent peak is present ,  as expected for this type of explosion. 
The observations thus tell us that the shock is indeed strong enough to get 
to the star ' s  surface , and is very likely to be responsible for the 
explosion. 

Finally, the neutrino signal was observed signal a few hours before 
the optical . The energy involved prooves that a compact object was made at 
the ouset of the supernova event .  The signal , however was observed twice . 
First ,  the Mont-Blanc group reported an event , and five hours later the 
Kamioka , IMB and (marginally) the Baksan groups detected a neutrino 
si��al . Only one neutrino burst was expected . The energy implied by the 
Mont-Blanc event , however ,  exceeds by an order of magnitude {Schaeffer, 
Declais , Jullian 1987 ) the one expected from any reasonnable equation of 
state . This signal thus cannot be due to the formation of a neutron star . 
All groups having analysed the Kamioka and IMB events , on the other hand , 
find { Fig . 4 )  that this signal is compatible with a s tandard , 1 .  41%J, 
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neut,.on s tar made during the explosion . Together with the fact that the 
Mont-Blanc signal was not seen by the more sensitive Kamioka detector we 
are led to conclude that this signal was very likely not due to SN 1987A ( I  
disagree with the conclusions drawn by D e  Ruj ula, 1987 . that the detection 
by the Mont-Blanc and the non detection by Kamioka can be made compatible) . 
Possible mechanisms have been suggested to reconcile the theory with the 
observation of a double bust { Hillebrandt et al 1987 ) . Two possibili ties 
were considered . Firstly a phase transi tion within the neutron s tar after a 
period of metastability. To meet the energy requirements of the fi,.st bus t ,  
a neutron star mass well above the Oppenheimer-Volkov limit i s  needed . I t  
can be roughly estimated to b e  �51%J. For such masses , metastability may be 
present but during times that are typically miliseconds {Haensel and 
Schaeffer 198 1 )  , considerably shorter than the needed five hours delay . A 
second possibility considered by the former authors is a double system of 



475 

condensed stars , that due to dissipation collapses further five hours 
later . The excessive energy requirements of the Mont-Blanc neutrino 
detection make again this scenario very unlikely .  

The occurence o f  the S N  1987A event i s  thus consistent with the 
current theories of stellar evolution. It simply corresponds to a rather 
rare massive star explosion that could not have been recognised easily in 
outer galaxies . The observation of the neutrino signal , also , is consistent 
wuith the standard neutron star formation theories . This event provides the 
first confirmation of the core-collapse and shock mechanism for the 
explosion of the more massive stars . 
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We present a simulation of neutrino transport in supernovae, in which the neutrino gas 
and the scattering medium are treated as two fluids exchanging energy and momentum. 
The method covers the whole range between the optically thick and thin regimes. We 
present some tests of the method, including energy transfer between matter and neutrinos 
and thermalization. 
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I INTRODUCTION 

Neutrino transport plays a crucial role in Type II supernova theory. Due to the ex
istence of neutral currents, neutrinos can participate efficiently to the dynamics of the 
collapse (the equation of state is governed by the leptonic fraction Y1 ) and of the explo
sion (they provide an important energy store which may ultimately reinforce the stalled 
hydrodynamical shock I ) .  

The neutrino transport problem is easily handled i n  the optically thick (diffusive) 
regime or the optically thin (free-streaming) regime. But the accurate treatment of the 
intermediate semi-transparent regime is much more difficult. 

Neutrino trapping in a collapsing supernova core occurs at densities greater than 
p ""  101 2 g cm-3 . By definition, the onset of trapping requires a careful! treatment of the 
neutrino transport precisely in the semi-transparent regime. The situation is quite similar 
in the vicinity of the core bounce shock. It is therefore necessary to derive a technique able 
to deal with rapidly varying neutrino mean free path (both in time and space), in matter 
with complex motions, from free-streaming up to complete trapping. 

Previous numerical simulations have made extensive use of flux-limitters 2 J .3 J ,4) . The 
method pesented here avoids , by construction, such difficulties and can be considered as 
exact within numerical accuracy5 l .  

II Simulation of Neutrino Transport 

The neutrino mean free path in dense matter is dominated by elastic scattering on 
heavy nulei. In matter of density p, composed of nuclei of atomic number A and neutron 
number N, the mean free path of neutrinos of energy E is: 

>-v 9 A ( E ) -2 ( p ) - I  
-- = 4 10 - --1 cm N2 1 MeV 101 1 g cm-3 

(1) 

In order to avoid the numerical flaws which downgrade the resolution of the transfer 
differential equation, we keep close to the elementary physical processes which govern the 
problem. If we consider the diffusion on heavy nuclei, the neutrino gas behaves as a Lorentz 
gas. The properties of the flow are only governed by the differential macroscopic scattering 
cross section, proportional to E2 (1 + cosO ) ,  where 0 is the scattering angle. The evaluation 
of energy and momentum transfer between the neutrino flow and supernova matter requires 
a self-consistent treatment of neutrino source terms and diffusion processes. 

Source terms include neutrino production by electron capture both on free protons 
and heavy nuclei, and pair production in hot matter. Conversely, neutrinos are mainly 
absorbed by free neutrons. 

Neutrino diffusion is due to inelastic scattering on electrons and coherent or incoherent 
scattering on nuclei and nucleons. Beta-reactions and, in a less extent, inelastic neutrino
electron scattering mediate the energy transfer between the neutrino gas and matter, while 
the (coherent) elastic scattering on nuclei dominates the opacity of dense stellar matter 
and thus governs the transport properties and momentum transfer. 
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Since neutrinos in the high density cores of supernovae form a degenerate Fermi gas, 
Pauli blocking factors are included. 

The neutrino flow, distributed in a given number of energy bins (typically 10-30 en
ergy bins) , is streaming along a network of characteristics, with a large number of mesh 
points. Neutrino-matter interactions (elastic or inelastic scattering, neutrino emission 
and absorption) are regarded as source or sink terms operating along a given element of 
characteristic4 ) ,G) , 7). 

i) By construction, the method conserves the total number of neutrinos. 
i i )  The method can accomodate any value of the cross-section ( including u = O, 

i.e., free-streaming ) .  It treats equally well and on the same footing the thin and thick 
regimes, and therefore, the transition between these two limiting cases. Both the isotropic 
diffusion limit and the highly anisotropic free-streaming limit can be handled with the 
same technique and with perfectly similar accuracy. 

i i i )  D iscontinuities in the matter density and therefore in the macroscopic cross-section 
do not raise any special difficulties, as opposed to what is encountered in partial differential 
equations. Hence, there is no need whatsoever to introduce flux limitation. 

iv) The method is wel l  suited for ca lculating physical quantities which result from 
the elementary scattering processes, such as momentum transfer. The evaluation of the 
momentum balance, for instance, is directly available at ea.ch step. 

v) al l  the interactions are treated in the material cornoving frame, and translated in 
a coordinate frame fixed with respect to the star. 

Comparisons with Exact Solutions 

Our first concern has been to check the accuracy of the method in cases where analytic 
solutions are available for comparison. The,;e tests have been conclusive both in the case of 
vanishing cross section (free-streaming) and in the diffusive limiting regime in an infinite 
medium.  

A l l  calcu lations have been performed using units such that the neutrino velocity, 
the total extension and the total mass of the scattering medium are equal to 1. ln all 
compu tat ions r0ported here, we usPd 300 mesh points within Ro = 1 and to each mesh 
point is  assoc i ;i t.ed a set of 31 directions. 

Fig. l a ) represents th0 analytical solution for a. freely expanding neutrino gas. F ig .  lb) 
repr0sent.s t.lw simulation.  The initial neutrino distribution f(r, t = O,w) is uniform and 
isotropic with f 1 for r R,, , and f 0 for r R,,. . We plot the local total neutrino 
clrn,;it.y f'(r. t )  J\' f(r, t , w )dw a.s a function of the radius r for successive increasing 
values of t.he time I. At. a given radius r the set of curves correspond to increasing values 
of the t. irne In n6t as one goes from t h e t.op to t h e b o t t om of the figures. The time 
interval bet.ween each curve is 61 · �;; 0.0.'i.  

Comparison of Fig .  la) and l b ) ,;hows t h e  exce l lent. agreement. between the numerical 
and the analyt ica l  solution,;. This is a test of t.h e effic iency of t he  treatment. of unscattered 
neutrinos. 

At  the beginn ing of the simulation , the neutrino density at the boundary of the initial 
( i,;ot.ropic )  d istribution is reduced by " fact.or 2,  s inc e here, neutrinos which move in the 
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inward direction (half of their total number) are not replaced. This example shows that 
discontinuities in the neutrino distribution are correctly treated. 

Another important feature of the exact solution is the transport to the center, of 
the initial singularity in the neutrino density distribution (at t = 0, R = ! J ,  at the time 

t = � �c ! . After that time, the central regions are no more replenished by incoming 
neutrinos, travelling from the outer regions. 

At the center, the density suddenly drops from F(O, ! - c) = 1 to F(O, ! + c) = 0. 
where c « 1 as the time crosses t = � .  

During the time interval 0 -S t < � the neutrino density is uniform and equal to 1 
inside a spherical region of steadely decreasing radius r1 = R - ct. For t :'.". ! , a completely 
depleted region grows with radius r0 � c ( t  · * l · Neutrinos have completely leaved the 

region where they was initially confined at the time t = 2 �· = 1 .  

�: The analytical s·olution for free streaming neutrinos, for different. times. Neu· 
trinos a.re initially confined in a sphere of radius &, = 0.5 (arbitrary units), with a.n 
isotropic angular distribution. The total neutrino density is plotted on the vertical a.xis, 
normalised to its initial value. 

_E1&....1.h: The numerical solution for lhe same conditions as in Fig. la. 

\Ve turn now to the test of t.he dijfu8i1·e rcgrn1 e .  Jn t h is case. neutrinos are flowing 
along each cha racterist ic element of the networ k .  \\'e con s ider an init ia l neutrino density 
of the form 

f ( r .  I, uJ ) I 2 ( F( r.  t )  ' :L;.l ( r .  I ) )  ( 2 )  
where F(  r, I )  s i n  ( k r )  / kr r:rp( k2  De l )  i s  t h e  so l  1 1  t i  on o f  tlw diffusion equation in  spher
ical geometry and J (r ,  t) � - JJ\i F(r, t) is t hl' current d ensity. We show on Fig. 2) the 
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numerical evolution of the tota.I neutrino density: the  simulation reproduces accurately the 
analytical solution. More precisely, the effective diffusion coefficient is Def f = >./2.95. The 
actual Eddington value is  DEdd = >./3. This  1 .7% difference is  due to the finite neutrino 
mean free path actually used in the simulation (>.  .c R( �' l ) /200) . 

. . .  

i . .  J 

' · '  

. . . 
. . . ' · ' ' · '  . . ,  

f:Jg,_�: DirTu�i\'r rq�imr. Thr limr clrprntlcnt cvol11l.ion o f  the third cigcnmode o r  the 
difTu!';ion C'quation. 

The results presented in F ig .  2) are obtained us ing 31 discretized d irections, but the 
same r<'s1 1 l l.s a re obtained when this  numher is reduced to 7. 

F irn1 1ly. F igs .  3 a,h) i J.lustrate th e n e u t r i n o  now crossing a density j ump of a factor 
of •! , tor;<' t .her w i t h  the net transfer of momc n t H rn  from t he neutrino gas to the scattering 
m<-'dimn .  

I I I  EnPrgy Exchanges 

NeHtr i nos nrn locally gain or loss encrg1· 11 hen t h ey· i ntenict w i t h  e lec t ron s . nuc leons. 
or m1 c lc i wh ich an' infa l l ing or expa nd i n g  at r< ' i a t i 1· i s t i c  w lnc i t i es . Col l isions wit h nuclei 
are trcat<'d in  the comoving mater i a l fra m e .  Jn I h e  la bora l n r) frame. a t t M h ed t o  t h <> c e n t e r  

of  tlw s t a r. th<') res u l t  i n  a 1wt erwrgy t rn nsfrr l"rorn 111;1 t t Pr t o  t h e  neut rino gas ( pr/I-" 
work) . 
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Fjg_._;i_{t: Discontinuous d istribu t ion or t he sci\tlerin� rnedium. Since the neutrino 
mean frc(' path is im·t'fs<'ly rroportiona! to thC' dens ity or scat terers, this case corresponds 

to ).., - ! i11�idc th(' rnrC' (R .-:: 0.-t) and ,\,, - 1�, i n  l ht> inten·al OA S R :::_; 0.6. 
Neutr inos escapin� from t!u· con• ;ire caught i n  a waiti ng line inside the diffusive 

barrier. In itial ly, some neutrinos an· backsca! lcre<l lo the inner core whose depletion is 

slowed cl own . 

£ig�_=li?.: Net momentum tra nsfN from th!' n<'utrino gas to matter. 

Jl_lll()IU10' 

T h <' 1w 1 1 l r i n o  energy d i s t r i b u t ion function is o b t a ined in the rest frame as a function 
of the p o, i l i o 1 1  i n  t h e s t a r .  t h e d i rect ion of p ro p <igalion and t i me . It, is g i ven in terms of 

pro b a b i l i ty of o c rn p a t. i on fu f(r . l . ! l . t )  of q u a n t u m  sta tes in th e range d3rd3k ,  which 
is  a re l n t i v is t. i c  i n v a r i e.n t .  T t  i.0 rl e fl n e d  bv : 

dn (he )  " f, ,1r_i) ' . ' ) 
0 dwdr;> d\ , - de ; J -

w h ere /l u/c  is t h<' local  velocity of the scatter ing materia l ,  c 
qnan t i t.ics he v0 t h e i r  usn a l  rrlf'an i n g .  

(3) 

lick. an d where all other 

For prac t i c a l  p u rposes , on ly t h e  energy occnpat.ion f(r . 1 . c ) ,  in tegrated over angles,  i s  

rwedcd . 

As an i l l us t rat i ve exe m p l e, we prese n t  a s h or t sket c h  of t h e d i ffusion of n e u trinos in  

il co l l a ps i n g s t  Pi l a r  c ore . i n  the v i c i n i t .v of the t ri! p p i n g  dcns i t v- .  T h e  t o t a l  mass of the core 

is 1 AL. w i t h  ii u n iform dem; i t y  of p , ,  1 0 "  g . c m  Tlw i u fo l l i n g  m e t.er i a l  ( \\ i t h  an 

ad i a liat ic  <'X p o n e n t  -1 � ) is  s u p posed t o  c o l l a pse h o mo l ogonslv· ,  "' t h a t  t h e veloc ity fie ld  

is  l i r en. r  nnd g i vPn hy:  

t · ( r . 1 )  � \ 1  
l I i i  ( l )  

wlwr<' \ )  I lirr <;fl" ) � 1 1 22 -' 1 
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The in itia\  velocity at the edge of the infa l l ing core is vn "" � .  The neutrino gas is 

in i tia l ly prepar<>d as a zero temperature Ferm i gas u n iform and isotropic with a Fermi 

e n ergy ( ' r � 1 0  Me V )  over 90% of the core extenoion. We consider only elastic scattering 

in this example.  
Th0 evol u tion i n  space and time of t h e  neutrino distribution functions f (r, t ,  w ,  <) is  

fo llowed 1 1p  to a matter density p '� 2 1 0 1 2  g . crn - "  just prior to complete trapping. 

Alld!US•2. 60:i3!'._•06 CM Rad1us•'l. 9:i01E•06 c• 

.[jg�_4_a .. l>.!:: Th(' tint<' dependrnt evolution of thr probahility of occupation of neutrino 
states with ent>r�y E for three {EuleriHn) positions inside the collapsing core of a. 11upernova 
- assuming no sourrf' lt'rms. Thr vNl.iral axis rrpr('sf'nls the occupation index /(E). Since 

the distribution is not an equilihrium Oil('. t hf' occupation index is averaged over the 

azimuthal angl('s of the neutrino wave vector k,  w ith k ::::: .fc. f ::::: 1 for a completely 

d<'gf'nC'rat.r gas. On lhf' horizontal axis, enrrgi<'s are in units of 10 M�V . 
Tht> dip which d<>velops in the low <'n<'rg.v lail of the sp<>drum is due to the escape of 

low en<'rgy n<'ulrinos which have the largPst mPa.n frPe path. The high energy tail is fed by 
the rt>lativi!'it.ic (ompression of nPutri11os nf'ar lhP FNmi su rfac:-e. The initial infall velocity 

j5 ahoul. fl == 0.2 in the 011!.c-r rnr('. 

T h e  proba h i l ity of occupation f ( r ,  I , < )  is given for d i fferent posit.ions and times on 

F igs. cla-r ) . T h e  low en ergy part of the spPctrnm is steadily depleted because: 

i) low en ergy neu t rinos have the largest mean free path,  
i i ) down sc a ttering h as heen ignored . M rnrdi ng to the Lorentz gas approxima t ion. 

Col l is ions of neutrinos near the Fermi surface w i t h  relativistic nuclei feed the high 
energy t a i l  o f  the spec1.rum w i t h  a n  efTi r i e n r );  i nr rccs ing with I .he va l u e  of /) ,  a nd so with 

the r a d ius r .  As a ronsequen c v  of t h e h orno logy of I.he co l la pse . the loc a l  Fer m i  energy 

evol ves i r resrwc tivc of t he loc a tion a n d  is i n "'t»<'lv· p ro port io n a l  to lh0 ra d i us o f  t he star . 

Neut rino produr tinn n n d  absorplinn. 

A s  aln' a d v  s t a ted . 1 \ w em ission a n d  tlw a hsor p l ion of iwu i ri n os a r<' i rPa tNl in the 
s i m u l a t i on as source o r  sink terms which operate a long a ny neutr ino elementary path of 

the characteristic nctwork4 1 . 5 1 J' i . 71 .  
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Ineln.otic colli8ion.s. 

T h e  t .herm a l isat ion of the neu trino gas is pa rtly due t.o scattering on electrons. Fig.  
5) shows the therrnalisation of an i n i t i a l l y  fu l l y  degenerate (T ,-, 0) neutrino gas,  with a 
' F  1 0  J'vfr-V Fermi energy, interac t i n g  with  a Maxwe l l ian thermal  bath of light particles 
(m - m, ) at a constant temperature (T 20 MeF ) and density n = 1033 cm - 3 ,  which 
corresponds to V, "' 0.42 for p = 4 10" g cm - :; 

. 

In this  example,  both neutrino flow an d thermal isation are mediated by inelastic 
scattering upon light particles. 

Neutrinos arc at first scattered o u t  the Fermi surface w h i le t heir temperature, in itially 
zero, grad u a l ly increases and settles up to 20 1WeV . At. that time, due to the leakage of 
neutrinos, their chemical potential  is about l'F -, · 50 1'vfr \l and constantly decreases. 

D u ring the relaxation phase, the energy neu trino srwctrum can never be approximated, 
even c rudely. by a Ferm i-D irac st.a t .istics. 

0 . 8  

o . •  

o.o . o. t. 

R a d r u s =2 . 2854E+08 c m  

...'.:.: 
2. 3. 

�: Thermalisation of a neutrino 7.rro temperature Fermi gas by a 20 MeV 
Maxwellian gas of light particles. 

T h P  JnP1 hod o u t  l i nerl in t h  j,c.; papPr n l low� 1 IH' 0 c c 1 1  rri. ! P ca le 1 i l a t ion of l lf'll t ri 110 p rod n e 
t inn , a hf'nrp t ion a n d  t ra n s port d t 1 r i ng a n y p h ;1�(' of  r 1  ' [\p<' I I  0.. 1 1 J H'rTloYa ('X p lns i o n .  T h<' 
0n r'rgv a n d mnrnenturn transfN from ne 1 1 t r i n os l o  I hr' "l l !H'rnm·a ma t tPr is a d i rect outcome 
of t h e r a l rn l ii t io n .  a s  well a s  the emi>"ion .s 1wr l r;i of a l l neut r ino spec ies. 
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THEORETICAL MECHANISMS FOR TYPE II EXPLOSION DYNAMICS 

ABSTRACT 

S. A. Bludman1 
Department of Physics, University of Pennsylvania 

Philadelphia, PA. 19104 

USA 

The prompt and delayed mechanisms for Type II supernova explosions are explained. Even 
with a low mass iron core (1 . 17  M0) ,  a soft nuclear equation of state K0 (N = Z) = 180 MeV, 
an underestimated free proton fraction (W, = 36 Me V) and general relativity hydrodynamics, 
the prompt shock mechanism fails. This happens because, in a realistic description of neutrino 
transport, neutrino-electron downscattering leads to so much neutrino leakage (YLf -<; 0.37) 

that the shock forms so far inside the iron core, t it cannot traverse the large overlay mass, 
without being arrested by nuclear dissociation and neutrino radiation. To see whether the 
stalled shock may later be revived on the neutrino diffusion time scale, we developed an 
implicit general relativistic Lagrangian hydrodynamics on polar-sliced time. This assures 
maximal coordinate singularity avoidance and maximal coverage of material zones. 

1 Partially supported by DOE contract EY-76-D-02-3071 
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ll. PROBLEMS WITH THE PROMPT EXPLOSION MECHANISM 

A. Shock Formation in Stellar Collapse. Type II supernovae derive their energy from the 
gravitational collapse of the iron cores of massive (> 12M0) single stars with the ultimate 
release of ;?: (1 - 3) x 1053 ergs. Until nuclear densities are reached, these iron nuclei become 
moderately neutronized by electron capture (e- + p ---> v, + n) , the lepton fraction decreasing 
from Yei = 0.41 - 0.42 to YLf = 0.36 - 0.39, but do not dissociate appreciably. Consequently, 
the average entropy per baryon increases only moderately, until the nearly adiabatic and 
homologous collapse of the inner core is suddenly stopped at some transnuclear density Pb � 
9 x 1014 g cm-3. When the ordered infall kinetic energy is suddenly thermalized, a shock wave 
forms at the edge of homology MHc .  The energy of this standing shock derives originally 
from the compressional energy of the compressed nuclear matter. The initial shock energy 
will be a maximum, therefore, if neutron-rich nuclear matter is relatively compressible at high 
density (small incompressibility K0(N=2Z) ) ,  and if the bounce takes place at high density 
(general relativistic collapse nearly down to the event horizon for black hole formation) . 

The standing shock is fed by the continued accretion and thermalization of fast-infalling 
matter and begins to propagate outwards. While traversing the mass Mov ER = Mp, -MHc 
0.4 - 0.6M0 between the edge of homology and the edge of the iron core, the shock is 
dampened by neutrino radiation E�ad and by dissociating iron nuclei. In order to reach the 
edge of the iron core and eject matter with sufficient kinetic energy ( � 1051 ergs) to form 
an optical supernova in the stellar envelope, it is therefore necessary that: ( 1 )  Neutron-rich 
nuclear matter have a comparatively low incompressibility K0 at high density; (2) The infall 
deleptonization �YL = Y,; - YLf be small so that the edge of homology which, in non-

' 4 
relativistic approximation, lies at MHc = l .04Mp, (Y,J + 2 � Yv} ) % / Y,. , be far out; (3) The 
initial iron core mass Mp, be small so that the overlay mass Mov ER be small. 

B. Nuclear Equation of State. In order to see whether a prompt explosion could be ob
tained from stellar collapse under the apparently most favorable stellar conditions, Myra and 
Bludman (MB) (2,3) studied the relativistic collapse of a 1 . 17  M0 iron core (4) ,  assuming the 
low value K0 (N=Z) = 180 MeV for symmetric nuclear matter corresponding to K0 (N=2Z) 
= 140 MeV for neutron-rich nuclear matter. Both these assumptions may indeed be overly 
optimistic: Interpretationsl5) of the Supernova 1987 A light curve show that it came from 
a progenitor star of main sequence mass 15-20 M0 and iron core mass l .3-1 .4 M0 . Re
cent determinations of the incompressibility of symmetric nuclear matter, derived from giant 
monopole measurements, show(G) K0 (N - Z) = 290 ± 20 MeV, by the same Groningen group 
that had earlier reported K0 °= 210 ± 30 MeV. Glendenningl7) has adduced other arguments 
for K0 � 300 MeV, from nuclear masses and radii, from heavy-ion flow measurements, and 
from neutron star masses. Nevertheless, in order to compare with Baron et al. (BBBCK) (B) 
who had reported strong (1 - 2) x 1051 ergs prompt explosions, we joined them in these two 
optimistic assumptions and in using the Cooperstein(9) nuclear equations of state, with the 
Baron-Cooperstein-Kahana (BCK) (IO) extrapolation to densities above saturation density Po 
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(N=2Z) = 2.4 x 1014 g cm-3 ,  P = (K0p0/91) [ (p/p0p - 1] , 1  = 2.5. The Cooperstein equation 
of state also contains a bulk-symmetry coefficient W8 , which directly controls the difference 
between neutron and proton chemical potentials and, therefore, the free proton fraction and 
the infall deleptonization �YL · Cooperstein's code treats Ws as a free parameter, without 
compensating any change from Ws = 31.5 MeV in its calculation of the surface symmetry 
energy, so that for W8 > 31.5M eV , the proton fraction is underestimated. 

C. Neutrino Radiation Hydrodynamics. The collapse of an iron core to a cold remnant 
neutron star releases (3 - 5) x 1053 ergs of gravitational binding energy, of which only 1 % 

needs to be transferred to matter at the edge of the iron core in order to make a Type II 

supernova explosion. This makes the copious neutrino flux easy to estimate, but leaves the 
small neutrino-matter energy exchange as a delicate problem in neutrino radiation hydro
dynamics. The neutrino neutral current scattering off nucleons and nuclei is almost energy 
conserving, while emission-absorption by charged currents and neutrino-electron scattering 
by charged and neutral currents (NES) thermalizes the neutrinos by exchanging energy with 
nucleons and electrons. 

The crucial weak, energy-dependent neutrino-matter coupling transpires in a density 
regime where the neutrino transport is neither simply diffusive nor simply ballistic. Various 
approximations to the neutrino transport have been used: (1)  BCK and BBBCK describe 
the neutrino transport by a simple leakage scheme tuned to give average neutrino trapping at 
1.0 x 1012 g cm -3 ;  (2) MB use a multi-energy group flux-limited diffusion approximation in
cluding neutrino-electron scattering (NES) in a modified Focker-Planck approximation(11l; (3) 
Bruenn(12J applies a spherical harmonic approximation to the Boltzman transport equation. 

None of these approximations is completely satisfactory in describing the delicate neutrino
matter coupling responsible for deleptonization during the infall and for shock wave damp
ening and possible matter ejection after bounce. Our multi-group flux-limited diffusion ap
proximation is only approximately generally relativistic and becomes inaccurate in the low 
density regime where delayed shock revival is supposed to take place. Our Focker-Planck 
approximation to NES, adapted from Bowers and Wilson(13l, gives accurate values for the 
trapped lepton number, but may underestimate the energy transfer from downscattering neu
trinos to matter. Nevertheless, our transport and Bruenn's transport contain more physics 
than the BCK-BBBCK leakage scheme, which neglects NES and the energy-dependence of 
neutrino trapping. 

D.Generally Relativistic Explicit Hydrodynamics in Comoving Synchronous Gauge. All cal
culations of spherical collapse use Lagrangian hydrodynamics in which the coordinates comove 
locally with the matter. This (1)  allows the matt.er equations to be directly integrated into 
conservation laws for energy, momentum, entropy and baryon number along matter trajecto
ries; (2) Gives maximal matter coverage, because the comoving mass zones are concentrated 
where the matter is, not wasted where matter is absent or exceptionally diffuse. Of course, at 
shocks where the matter flow is discontinuous, Lagrangian coordinates become discontinuous. 
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These discontinuities are numerically smoothed out by introducing artificial viscosity. 
In the prompt shock calculations we report(2•3l , we used explicit hydrodynamics, in which 

numerical stability requires that the difference equations advance by time steps smaller than 
the Courant time for a sound wave to traverse a mass zone. We also used (May-White) 
"synchronous"comoving space-time coordinates, which become singular as soon as any mass 
zone reaches a general relativity trapped surface. 

E. Results. Table 1 presents BBBCK's and our results, using the same equation of state 
(K0 (N = Z) = 180 MeV; I =  2.5, except in model 82) and general relativistic hydrodynamics, 
and similar low mass initial iron core configurations. BBBCK omit electron capture on nuclei 
and NES and treat neutrino transport by their leakage scheme , tuned to give average trapping 
at 1 .0 x 1012 g cm-3. We treat neutrino transport by multi-group flux-limited diffusion 
approximation, including NES in Model 80 and nuclear capture in Model 79. In order to 
approximate the BBBCK trapping algorithm, we omit NES in our Models 77, 79, 8 1 ,  82 and 
omit electron capture on nuclei in Models 77, 8 1 ,  82. Except for BBBCK's Models 59, 63, 
W.. = 36 Me V, so that the free proton fraction and the amount of infall deleptonization is 
underestimated. 

F. Conclusions. ( 1 )  The fate of the prompt shock is already determined by the trapped 
lepton fraction YLJ at bounce: For YLJ > 0.37, the edge of homology where the shock forms 
is far out, the overlay mass is small, and a prompt explosion is obtained. For YLJ <; 0.37, 
either because of NES (Model 80) or because of a more reasonable higher proton fraction 
(Models 59) , the prompt shock stalls; (2) The infall deleptonization down to YLJ depends, of 
course, on NES downscatter (present only in our model 80) and on the number of free protons 
capable of capturing electrons (underestimated in all but Models 59, 63) . The Hashimoto
Nomoto presupernova configuration was given to us at a time when the electron-baryon ratio 
Y" o= 0.41 at the center, so that electron capture by nuclei is already suppressed by neutron 
shell blockage over the bulk of the inner core: consequently our models 79 and 77, with and 
without nuclear capture, give identical results; (3) A soft nuclear equation of state with general 
relativity hydrodynamics does create an initially energetic shock wave: For / = 2.5 ,  nuclear 
bounce took place at Pb � 9 x 1014 g cm-3; when we softened to / =  2, bounce took place at 
Pb = 14 x 1014 g cm-3 and, absent NES,a more energetic explosion took place; (4) If, to best 
approximate BBBCK (Model 62) , we omit NES from our neutrino transport (Model 77), we 
can obtain strong explosions of 2 x 1051 ergs, as do BBBCK. When NES is properly included, 
however, we find (Model 80) , even underestimating the free proton fraction, YLJ = 0.37 and a 
stalled shock; (5) NES is fatal to the prompt shock because it leads to infall deleptonization 
down to YLJ = 0.37. (Because our Focker-Planck approximation may underestimate neutrino 
downscatter in energy, NES may be even more harmful than we calculated.) After-bounce 
deleptonization down to YL <; 0.1 is principally caused by enhanced electron capture in 
shock heated matter and not by NES downscatter. If we artificailly stopped electron capture 
when YL reduced to 0.2, then, absent NES, we obtained a stronger shock. (6) The neutrino 
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radiation loss is always about (3.6-4.0) x 1061 ergs in our calculations, irrespective of the 
success or failure of the prompt explosion. Neutrino loss history is therefore a poor diagnostic 
of explosion dynamics. 

Even with a low mass iron core (1 .17M0) ,  a soft nuclear equation of state K0 (N = Z) 

= 180 MeV, an underestimated free proton fraction (Ws = 36 MeV) , and general relativity 
hydrodynamics, the prompt shock mechanism fails. This happens because, in a realistic 
description of neutrino transport, neutrino-electron downscattering leads to so much neutrino 
leakage (YLf � 0.37) that the shock forms so far inside the iron core, that it cannot traverse 
the large overlay mass, without being arrested by nuclear dissociation and neutrino radiation. 

II. PROSPECTS FOR LATER REVIVAL OF THE STALLED SHOCK 

A. Implicit Hydrodynamics. If the shock stalls on the hydrodynamic time scale (tens of 
milliseconds) , it may<14l still be revived by mass accretion and neutrino diffusive heating on 
a time scale (seconds) for neutrinos of all flavors to diffuse out of the hot core. In order 
to economically follow the core evolution through this quasistatic stage of shock revival and 
later neutrino cooling, we must take much longer numerical time steps than the Courant time 
step allowed in explicit hydrodynamics. 

Schinder<15l has written a May-White general relativity hydrodynamic code in which the 
equations are differenced implicitly (GRIMP) . An implicit code is always numerically sta
ble, but escapes the Courant time step restriction at the cost of solving a set of non-linear 
equations self-consistently at each time step. Because these large matrices of differential coef
ficients are anyway inverted numerically, we have followed Richard Bowers and Tom Oliphant 
at Los Alamos National Laboratory, in also calculating the many differential coefficients nu
merically. 

B. Improved General Relativity: Polar S licing of Space-Time. Almost all previous general 
relativistic hydrodynamic calculations have used the comoving "synchronous" coordinates of 
May and White, in which the radial coordinate is the areal radius R = (area/41f) L These 
coordinates become singular everywhere as soon as a horizon is reached anywhere. We want 
to study stellar core collapses right up to black hole formation, because these produce initial 
shocks of maximum energy. Besides collapses into remnant neutron stars, we also want 
to consider protracted collapses into a black hole, where the infalling matter lingers just 
outside the horizon, before relatively slowly accreting enough mass to be drawn across the 
horizon. If the lingering is protracted enough, before being swallowed up by the black hole, 
we expect some neutrino radiation to escape to infinity. Neutrino-signalled stellar collapses 
may therefore be more frequent than neutron-star formation. 

For these reasons, we have also shifted from the Schwarzschild areal radius coordinate R 
to a new comoving polar-sliced coordinate r(R, t) by the coordinate shift dR = R' dr + Rdt = 

R'(dr + /J'dt), where ' =  a/at , t  = ajar. In the two gauges 

ds2 = -or.2dt + (dR/f)2 + R2d02 = -(or.2 - /3,/3')dt2 + 2/3,drdt 

+(R' /f)2dr2 + R2 (r, t)d02 
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Both space-time coordinates are polar-sliced, meaning that the trace of the transverse part 
of the intrinsic curvature of the space-like surfaces vanishes. Schwarzschild coordinates are 
not co-moving but are Gaussian normal, meaning that the slicings (space-like surfaces t = 
constant) are everywhere normal to the velocity field of Eulerian observers. In our new 
comoving polar-sliced gauge, from one slicing to the next, the constant coordinate lines are 
shifted from the normal by Rdt = a.U dt, depending on the material velocity U as well as 
the lapse a. The lapse vanishes exponentially near the apparent horizon (outermost trapped 
surface) so that evolution freezes near the apparent horizon while continuing elsewhere, until 
as t -+ oo, matter everywhere reaches the apparent horizon. Our polar-sliced coordinates 
therefore avoid coordinate singularities while allowing maximum coverage of the domain of 
outer communication outside of the trapped surfaces. Because they are comoving, these 
coordinates also allow maximum coverage of material zones. 

Our polar-sliced comoving adiabatic hydrodynamic code (GRIPOS) has passed several 
critical tests(t5) and has been generalized by Schinder (t7) to include neutrino radiation trans
port. Even if black holes form ultimately, we are ready to pursue spherical stellar collapse for 
many time steps. We hope that the prompt shock that stalled in hydrodynamic time scales 
ultimately revives on the diffusive time scale. 
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