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L'ensemble de ce l ivre est dedi€ a la m€moire de notre collegue et amie 

Beatrice M. Tinsley , professeur d'astrophysique a l'Universite de Yale, qui a 

contribue a l 'essor et aux progres de la plupart des sujets traites ici. 

Le souvenir de son enthousiasme et de ses qualit€s humaines exceptionnelles 

continuera a insp irer ceux qui ant eu la chance de la connaitre et de l ' est imer. 

Les Organisateurs 



PREFACE 

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

In the framework of the Rencontres de Moriond who gather since many years 
the elementary particle physicists and the biologists in a ski resort, about two 
dozens of astrophysicists have met to discuss very informally but also very dee
ply these problems which excite both ast rophysicists and e lementary particle phy
sisists communit ies .  These two communities had the chance to interact effectively 
during these rencontres since a whole day was devoted to joint discussions. There 
are obvious proofs of this interaction in these proceedings with the contribu

tions of R. Cowsik ,  J. Ellis and D .N .  Schramm for instance .  The astrophysicists 
present at Les Arcs have also considered other aspects of high enrgy astrophysics 
: then in a very friendly and cheerful atmosphere entertained by the very e ffec
tive organization of J. Tran Thanh Van who promoted these rencontres,  we have 
discussed topics as fundamental and various as the observation and the analysis 
of the very high energy cosmic rays ( Sect ion I ) ,  the implications of the Grand U
nification and the phase t ransition theories on the primordial evolution of the 
Universe ( Sect ion II) ,  the astrophysical consequences of the finite mass ( if any) 
of the neutrinos (Section III ) ,  the primordial nucleosynthesis ( Section IV) , the 
anisotropies of the 2. 7 K blackbody radiation ( Section V) and the search of "un
visible"  mass in the Universe (Section VI ) .  

Thanks t o  the efforts o f  the authors.of these excellent contributions whom I 
thank very cheerfully, we have been able to publish very quickly this book provi

ding an account of the recent progresses performed in very "burning" topics. I 
hope that this book will be useful to the two scient ific connnunities who met at 
Les Arcs. 

This informal gathering would not have been as fruitful and pleasant without 
the organizat ion and the hospitality of J. Tran Thanh Van and his wife ,  without 
the charming collaboration of Nicole Mathieu and the e ffective and friendly col
laboration with my three co-organizers Philippe Crane , Tom Geisser and Dennis 
Hegyi. I want to emphasize the fundamental role o f  Dennis in this enterprise . 
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During the meeting which is the first of a series that we wish to be as 
fruitful and successful than those of the biologists and the elementary particle 
physicists our conmuni ty underwent the immense loss of Beatrice M. Tinsley who 
was one of the most bri l lant, cheerful and productive members. had personnaly 
the chance to know her very we l l ,  to be one of  her friends and also to work very 
close ly with her on different problems related to the evolution of galaxies espe
cially in the writing of a review paper on this  topic. This co l laboration was in
deed for me one of the most pleasant and inspiring among those I undertook. At 
the end of this  preface I want to say all the good things that we all think about 
her not only professionally but also and e spec ially in our friendly relationship.  
I feel very sadly the decease of Beatrice who worked so hard in astrophysics and 
cosmology and that I consider as one of the most courageous and noble colleague . 

By her works and her memory, she wi ll continue to inspire this field who 
should allow us to pursue our meetings in the frame of these rencontres. 

Jean Audouze 



PREFACE 

Les as trophys iciens viennent de se rendre compte avec interet que la physi
que des particles e.1ementaires exerce une influence directe s ur I 'evol ution de 

l'Univers et en particulier s ur sa naissance. Les theories tentant d'unifier les 
interactions fondamentales ( l 'interaction forte , l'interaction faible et l 'inter
action nuc leaire ) determinent la fac;on dont 1 'Univers a pu prendre naissance et 
fixent egalement d'une certaine maniere son lointain futur en pre.disant une duree 
de vie finie pour le proton. 

Dans le cadre des rencontres de Moriond qui rassemblent depuis de nomhreuses 
annee s ,  dans une s tation de sports d'hiver ,  les physiciens des particules e1emen
taires et les biologis tes , une vingtaine d' as trophys iciens se sont reunis pour 
discuter de fa�on tres approfondie ces prob lemes qui interes sent a la fois la 
cormnunaute des as trophysiciens et celle des phys iciens des particules . Les deux 
communautes ont eu la chance d'interagir de fat;on e ffective aux Arcs puisqu'une 

journee entiere a ete consacree a des dis cus s ions communes . On en trouve des 
pre uves manifes tes dans ces comptes -rendus avec les contributions de R. Cowsik, 

J. El l is et D .N .  Schrannn. Les as trophys iciens rassemb les aux Arcs se sont egale
ment interess es a d'autres aspects de l 'as trophys ique des hautes energies : c'est 
ainsi que dans une atmosphere extremement agreable et amicale entretenue par 
!'organisation attentive de J. Tran Thanh Van, fondateur de ces rencontres , nous 
avons discute de sujets aussi  fondamentaux et varies que !'observation et !'ana

lyse du rayonnement cosmique de tres haute energie (Section I ) , !'implication des 
theories d' uni fication des interactions fondamentales et de ce l les fa�sant appe 1 
A des trans itions de phases s ur I 'evolution primordiale de 1 'Univers ( Section 
II) ,  les cons equences as trophysiques de la decouverte d'une masse finie pour les 
neutrinos ( Section III ) ,  la nucleosynthese primordiale ( Section IV) , l 'anisotro
pie du rayonnement a 2. 7 K ( Section V) et la recherche de la mass e  "invisible" 
dans l'Univers (Section VI) .  

Grace aux e fforts des auteurs de ces exce llentes contributions , que je tiens A 
remercier , nous sommes en mes ure de pub lier tres rapidement ce livre rendant 
compte des progres e ffectues clans des s ujets tres "brUlants "  et qui , je 1 'espere , 
sera utile  aux deux communautes qui se sont rencontrees aux Arcs . 

Cette rencontre informelle n'aurait pas ete aus s i  fructueuse et agreable 
sans 1 'organisation et I 'espr it d 'hospital ite de J. Tran Thanh Van et de son 
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epouse, sans la souriante col laboration de Nicole Mathieu et sans la col labora 
tion efficace et amicale de mes trois co-orgartisateurs, Phi lippe Crane, Tom 
Gaisser et Dennis Hegyi en soulignant le r61e fondamental de ce dernier. 

Au moment oU s'est tenue cette reunion qui inaugure une serie que nous sou
haitons aussi fructueuse que ce lles qui concernent les bio logistes et les physi
ciens des particules, notre connnunaute a subi la perte immense de 1 'un de ses 
membres les plus brillants , chaleureux et productifs en la personne de Beatrice 
M. Tinsley. J'ai eu personne llement la chance non seulement de la connaitre , mais 
surtout de travail ler de fa�on etroite avec e l le sur plusieurs problemes d'evolu
tion des galaxies et de co llaborer a la redaction d'un artic le de revue sur ce 
sujet. Cette col laboration a ete certainement l 'une des plus agreables et des 
plus fecondes ( tout au moins pour moi )  parmi celles que j'ai entreprises. Qu'il 
me soit permis de dire a la fin de cette preface tout le bien que nous pensions 
d'elle ,  non seulement sur le plan professionne l ,  mais aussi et surtout sur le 
plan de l'amiti e. Je ressens avec une profonde tristesse le deces de Beatrice qui 
a tant travai l le  pour 1' astrophysique et la cosmologie et qui restera pour moi 
l 'undes plus beaux exemples de courage et de noblesse . 

E l le continuera done 8 inspirer par ses travaux et sa memoire ce domaine qui 
devrait nous permettre de nous reunir encore souvent dans ces rencontres. 

Jean Audouze 
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ABSTRACT 

PROSPECTS FOR COSM I C  RAY PHYSICS P.ROUND 1015 evt 

T .  K. Gai sser 
Bartol Research Foundation of The Frankl in Institute 
University of Delaware , Newark , Delaware 19711 U . S . A .  

Knowledge of the chemical composition of primary cosmic ray nuc l ei is  a 
prerequisite to understanding the origin, acceleration and propagation of 
the cosmic rays . Detail s of composition up to 100 GeV/nucleon have been 
studied extensivel y for many years, and the subject is a mature one in this 
l ow energy region . At much higher energies the fl ux becomes so l ow that 
the primaries cannot be studied directly,  but can be observed only  through 
their secondary cascades in the atmosphere . In the air shower energy region 
from 1014 to 1020 eV the subject of cosmic ray composition is therefore stil l 
in its infancy . New air shower experiments now operating promise to give 
qual itatively new data on longitudinal development of individual , l arge 
showers (1017-1020 eV ) . New col l iding beam experiments wil l  soon give direct 
information on hadron-hadron col l isions at energies equivalent to 1014-1015 
eV in the l a b ,  which wil l enable significant progress in interpreting exist
ing data on sma l l  showers and other atmospheric cascade experiments . We 
review the situation , with emphasis on energies around 1015 eV . 
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I .  Introduction 

Because the pri mary cosmic ray beam extends at l east fi ve orders of mag

ni tude beyond 1015 eV , cosmic  ray experiments can in princ ip le  provide i nfor

mation both about compositi on of the primary beam and about high energy phy

sics well beyond accelerator energies . At energies above 1014 eV the primary 

flux i s ,  however, so_ l ow that only i ndirect measurements of cascades in the 

atmosphere have been poss i ble . Thus i n  practice ambiguities have so far made 

it difficu l t  to draw definit ive conc l usions from experiment : there are too 

many parameters to be determined from data that necessari l y  has significant 

systematic uncertainties (see Table 1). 

This situation should  change soon . On the one hand , new col l id i ng beam 

experi ments wi l l  provide di rect information about hadronic interactions around 

1014-1015 eV (see Tabl e 2). This shou l d  make it possible to determine at 

least the general features of primary composition in this energy range. Such 

a resul t  will be of consi derable interest for astrophys i cs because it i s  

already known1 that there i s  structure in  the energy spectrum just above 

1015 eV and there are hints2 of changes in composition a lso .  Table 3 ill us

trates the importance of knowl edge of the energy dependence of the primary 

compositi on around 1015 eV for understanding cosmic ray origin and propaga

tion. Keeping in mind that the thi ckness of the gal acti c d isc is about 300 
pc and that the sca l e  of l a rge magneti c irregul arities is � l pc , i t  is clea r,  

for exampl e ,  that the interpretation of  the change in the energy spectrum 

around 1015 eV 1 as wel l  as the increasi ng anisotropy beyond 1015 eV3 

depend crucial l y  on the compositi on .  ( Reca l l  that cascade measurements 

determine total energy per nucl eus rather than rigidity . )  

At higher energies ,  severa l new cosmic ray air shower experiments now 

measure l ongitudinal  devel opment of i nd iv idual a i r  showers , incl uding early  

portions of the shower before maximum. These incl ude the atmospheric Ceren

kov experiments of the Moscow State Universi ty4a and of the Universi ty of Dur

ham 4b groups , which operate around 1017 eV (IS� 20 TeV ) and the Fl y ' s  Eye 

experiment at Utah5 which now operates in the range 1018-1019 eV (IS� 100 
TeV ) .  Because these techniques reflect early  portions of shower development 

they are in a better position than conventional extensi ve air shower ( EAS ) 

experiments6 to determine simul taneously properties of partic le  interacti ons 

and of the primary beam. In particu l ar it should  be possibl e to measure both 

the rel ative fraction of heavy and l ight primary nuc l ei and the nucl eon-a i r  

cross section i n  an energy range that is signifi cantly higher than wil l be 

reached by machines in the foreseeable future . The technique for achieving 

this has been descri bed by Cassiday et al .5 and i s  d i scussed el sewhere by 



Table 1 .  Unknowns for high energy cosmic ray experiments 

(J 

K 

f ( x )  

I n t e r a c tion p r o per ties 

c r o ss sec t i on�how d oes i t  
d epend o n  ener g y ?  

inelasti c i t y---w h a t  f r a c tion 
of  ener g y  g o es into  p a r t i 
c l e  p r o d u c t i o n? 

i n c l usive c ross sec ti o ns�how 
d o  sh a pes c hange with i n t e r a c 
ti o n  ener gy 

<n> mu l ti p li ci t y  

c o r r e l a tions 

P T Tr ansverse m o m en t u m�jet s t r u c -

t u r e? 

P r i m a r y  b eam 

C h em i c a l  c o mp ositi o n  o f  
p r im a r y  n u c lei 

Energy s p ec t r a  of  c o m
p o nen t s  o f  p rim a r y  
b ea m .  

P o ssib i l i t y  o f  new o b 
j ec t s  a m o n g  hi gh ener g y  
p rim a ries . 

T ab l e  2 .  P l a nned h a d r o n  c o l l i d in g  b eam m a c hines 

M a c h i n e  Completion Date C of m Energy Equivalent Lab Energy 

C E RN 
-

1 9 8 1  5 4 0  GeV 1 .  5 x 1 0
1 4  

eV p p  

FNAL 
-

19 8 4  2 0 0 0  GeV 2 . 1  1 0 1 5 
eV p p  x 

I sab el l e  1 9 8 6  8 0 0  GeV 3 . 4  x 1 0
1 4  

eV 

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

Etotal
(eV) 10

15 
10

17 
1 019 

protons 0 . 3  30 3000 

iron nuclei 0 . 01 1 100 
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Gaisser et al.7, taking into account detailed effects of nuclear fragmentation 
on shower development. In the remainder of this paper I concentrate on the 
situation around 1015 eV. 

II. Present Situation Around 1015 eV 
Information about primary composition and properties of hadronic inter

actions in this energy range come at present from indirect observations of 
hadronic cascades in the atmosphere initiated by primary cosmic rays.8 Three 
types of experiments can be distinguished: a) energy and depth dependence of 
uncorrelated fluxes of hadrons, of muons and of y-rays;9b) fluxes and internal 
properties of y-ray families10•11 (jets of particles associated with a single 
primary but involving a cascade of hadronic interactions); and, c) properties 
of small EAS.12'13 There are two contrasting points of view about the impli
cations of this data: 

l) That hadronic scaling (limiting fragmentation in the form of radial 
scaling) is valid and that most observations can be understood by 
a suitable adjustment of the primary composition. In this case it 
is necessary to assume that the cross section rises with energy at 
the rate of about 15% per decade for a;�:;r.14,s 

2) That scaling cannot under any circumstances fit all the data, and 
that drastic changes in hadronic interactions are required.9•12•13 

Such changes should become significant already at beam energies of 
100 TeV in the lab and would have the property that produced parti
cles are relatively softer at high energies than at low; i.e. that 
interactions become more inelastic. 

Hillas14 has shown that all data on air showers (except the ratio of neu
tral/charged hadrons, but including Nµ/Ne data) can be fit by the picture with 
radial scaling and increasing cross section. Data on neutral/charge ratio con
flict with each other15 and in any case the non-scaling picture will probably 
also fail in this respect.16 On the other hand, Stamenov concludes that no 
combination of scaling, increasing cross section and composition can give 
agreement with the Nµ/Ne data. 

As for data on families, some properties of showers appear in agreement 
with scaling, while others, especially the calculated intensities, appear to 
be in strong disagreement.10,11 Sensitivity to composition has not, however, 
been completely studied here. 

Erlykin and Kuzina9 conclude that a scali'ng model, even with increasing 
cross section, cannot simultaneously account for fluxes of hadrons and of the 
electromagnetic component at various atmospheric depths. In contrast Astafiev 
and Mukchamedshin17 do find agreement with both. They also, however, find 



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

In view of these conflicting claims and results, it is clear that further 
progress requires removing some of the ambiguity in the first column of Table 
l. In the remainder of this paper I will therefore discuss to what extent 
proposed experiments at the pp collider20 will be able to determine properties 
of hadronic interactions necessary to make definitive conclusions about com
position around 1015 ev.21 

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

The diagram in Fig. l illustrates the physical basis in the quark picture 
for hadronic scaling. An incident hadron (nucleon in this example) considered 
as a bag of quarks strikes a target. The way in which the bag fragments into 
quarks is independent of the nature of the target and of the incident energy, 
but reflects only the momentum distribution of the quarks inside the incident 
hadron. (At this level, hadron fragmentation is like nuclear fragmentation, 
where fractional momenta of fragments reflect their Fermi momentum inside the 
incident nucleus.) Radiation processes during and after the collision, in 
which color is adjusted in accordance with confinement, are also assumed to 
scale as in the electromagnetic analog, leading to some form of Feynman 
scaling22 or limiting fragmentation23 for the overall process.24 (The sym
metric fragmentation of the target hadron and radiation in the pionization 
region are not shown in Fig. 1. ) 

p ) O=;��J,,.: I I I 
Fragmentation i Radiation 

I I I I I 

F i g. 1 Fragmentat ion of an inc i d en t  nucleon i n  t h e  quark 
p i cture. 

Detailed phenomenology of hadronic processes within this type of picture 
has been carried out by various authors.25,26,27 It is possible to account 
in detail for such features as quantum number ratios in various processes in 
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the fragmentation region. Although such analyses are not o f  the same theoret
ical status as those of hard scattering processes, where QCD can be used, the 
successful phenomenology gives strong confirmation of the underlying picture. 
We cannot, therefore, believe that hadronic scaling will suddenly disappear 
at cosmic ray energies. Moreover, if nucleon initiated collisions have a 
diffractive or leading component, then meson initiated processes must also. 

If hadronic scaling is broken, the cosmic ray data suggest that processes 
become more inelastic with increasing energy. One can imagine two ways this 
could happen within the quark picture described above: (1) all processes 
gradually become more inelastic (steeper Feynman x distributions for inclusive 
cross sections), perhaps with a logarithmic dependence on energy as in breaking 
of Bjorken scaling; and/or ( 2 )  a new very inelastic component becomes increas
ingly important at high energies. Such a component could be associated with 
the rising cross section10 and could conceivably even be associated with some 
completely new process (quark liberation, Centauros11, Long-Flying Component28, 
etc.). The main point I wish to make is that if either of these possibilities 
is realized presently planned experiments at the CERN pp collider will be 
able to measure and distinguish between them even if there are no associated 
exotic processes. 

Many features of cosmic ray cascades are determined by the overall ener
getics of hadronic collisions. Fast secondaries and fragments with lxl > 0. 1 
thus play a very important role. This region of phase. space may not be fully 
accessible to the earliest experiments at pp colliders, and this has led to 
some reservations about the extent to which these experiments will be able 
to remove the ambiguities in present interpretations of cosmic ray data. If, 
however, less energy is carried by particles with lxl > 0.1 then necessarily 
more must appear in the region lxl < 0. 1, and this can be detected. 

The detector of Ref. 20 will be able to measure the total hadronic 
energy emitted within the angular region 1° < e < 179° of the beam axis in 
interactions at IS= 540 GeV. This corresponds to x = 0. l at Pr= 500 MeV/c. 
The hadronic component and the electromagnetic component (from n° - decay) 
will be separately measured. As an example, I have evaluated the quantity 
<Fh> = J� ·1 x �� dx in several models now in use for cosmic ray calculations. 
Here Fh is approximately the fraction of energy within the visible angular 
range carried by hadrons, excluding neutral pions. Table 4 shows <Fh> in 
three representative models: scaling, modified scaling10, and scaling viola
tion9. Reference 10 is an example of a two component model in which the im
portance of the non-scaling component increases with energy, whereas Ref. 9 
is an example of a model in which scaling is broken in all interactions, 



the degree of breaking increasing rapidly with energy starting at Elab � 
TeV. 

Table 4. Average values of Fh in various models 

Interaction Modified Scaling Energy Scaling24 
(Lab in TeV) Scaling10 Violation9 

0 . 1  .12 . 1 2  .12 
1 00 .12 . 24 . 2 3  

I t  will also b e  possible and instructive t o  study the distribution of F 

for a sample of minimum bias events at the pp collider. Figure 2 shows schem
atically the resul ts expected in the three model s. If there is substantial 
violation of scaling between IS = 60 and IS= 540 GeV, this distribution 
might distinguish between a two component and a single component violation. 

# 

0.5 

Fig. 2 Schematic illustrations of distribution of F
h 

in three types 

of model. 

IV. Conclusion 
The essential point that I wish to make is that forthcoming experiments 

at pp colliders will be able to distinguish among various models of hadronic 
interactions in the energy range IS� 500 GeV (corresponding to l ab energies 
� 1 01 4  eV). This is true even if the experiments only detect secondaries 
with 1 °  .::_ ecm .::_ 1 79° , provided experiments are of calorimetric type as plan
ned.20,21 We can therefore expect substantial progress toward determining 
composition of primary cosmic rays in the energy range 1 01 4- 1 01 6  eV total 

I� 

1 9  



20 

total energy per nucleus. This region is of particular interest for astro
physics because of the known structure in the spectrum in this region.1 
Furthermore, because of the low flux, it is accessible at present only to 
indirect experiments which require a knowledge of hadronic interactions in 
order to unfold the atmospheric cascading. 
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COMPOSITION OF COSMIC RAYS AT HIGH ENERGIES 

G. B. Yodh 
Department of Physics and Astronomy 

University of Maryland 
College Park, Maryland, USA 20742  

Abstract: A critical analysis of experiments pertaining to the composition of 
primary cosmic rays from 102 to ioll GeV is presented. Experimental observations 
on time structure of hadrons near air shower cores, on multiple muons with energy 
in the several TeV range, on variation of muon number with electron number, on 
fluctuation of muon number in showers of fixed size, on energy variation of 
longitudinal development of showers and on isotropy of cosmic rays are examined 
assuming no drastic change in the nature of high energy interactions. One finds 
that the composition of cosmic rays is continually varying from being predomi
nantly light at 100 GeV to mostly heavy at about 106 GeV and reversing back to 
predominantly light above 108 GeV. The "nested leaky box" model of origin, pro
pagation and acceleration of cosmic rays, with a galactic cut off at a rigidity 
of 105 CV/nucleon and a dominant. extra-galactic component above 108 GeV per 
nucleus naturally predicts this behavior. 
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1 .  Introduction 

The cosmic ray all particle spectrum extends from energies of a few GeV up 

to 101 1  
GeV and spans about nineteen decades in intensity. Apart from a steep

ening at 107 
GeV and a flattening at 109 

GeV the spectrum is remarkably smooth 

(Sreekantan 197 9 ) .  As of now, there exists no satisfactory theory of origin, 

propagation and acceleration of cosmic rays over the whole energy span in spite 

of our thirty years of study. (Lingenfelter 1979 ).  

A t  energies below a hundred GeV per nucleon, modulation i n  the heliosphere 

and energy variation of path lengths modify the spectra of cosmic rays. It is 

generally believed that at still higher energies, where modulation effects be

come negligible and where the effective path length becomes a constant one may 

be able to measure the source spectra. There may exist a regime of energies, 

where galactic confinement and scattering allows one to study these source 

spectra by measuring high energy cosmic rays and differentiate between various 

models of cosmic rays. (Cesarsky 1980 ) . 

Current models for the origin, acceleration and propagation of cosmic rays 

generally address relatively low energy region; below hundred GeV per nucleon. 

Sources of cosmic rays are assumed to be located within galaxies. The low en

ergy cosmic rays are supposed to arise from sources distributed in the disc of 

our own galaxy. Acceleration of cosmic rays to hundredS of GeV per nucleon is 

considered to be due to processes such as the Fermi mechanism, betatron acceler

ation and acceleration in pulsars. Isotropy of cosmic rays is considered to be 

a consequence of diffusive scattering by magnetic irregularities in the inter

stellar medium. Energy variation of ratio of secondary to primary elements in 

the cosmic ray beam implies an energy dependent path length for cosmic rays. 

There are at least two distinct ways to obtain the required path length varia

tion. One assumes that all variation takes place outside the sources and is due 

to an energy dependent leakage from a galactic leaky box. The other assumes 

that path length variation occurs in the sources themselves, the residence time 

in the neighborhood of the sources being longer for lower energy cosmic rays 

which can be more easily contained in the source region. In the first approach, 

augmented leakage from the galaxy must start at a relatively low rigidity 

(- 10 GV/nucleon), while for the second approach (Nested Leaky box) leakage from 

the galaxy need not occur till much higher rigidity, of about 105 GV/nucleon 

where galactic magnetic fields can no longer contain these energetic cosmic rays 

effectively. These models predict energy variation of spectra of cosmic ray 

nuclei which are in reasonable agreement with experimental data at low energies. 

However, they lead to quite different behaviour at high energies as regards the 

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



ideas can be found in the Proceedings of IAU-IUPAP Symposium on "The Origin of 

Cosmic Rays" held in Bologna, June 1980 ) .  The galactic leaky box model predicts 

either that all components will exhibit flat source spectra or that all spectra 

will become steep depending on whether path lengths become energy independent or 

continue their decrease indefinately, respectively. Such a scenario could lead 

to large anisotropies above 1000 CV/nucleon. The nested leaky box model, in 

contradistinction, would require all spectral indices to exhibit source proper

ties (an index of about -2.6) above 100 CV/nucleon which will continue up to a 

rididity where augmented galactic leakage sets in, all spectra steepening by the 

same power. This model predicts isotropy below the rigidity cut off. 

Any model .nust account for several features of cosmic rays observations at 

high energies. They must give (i) high degree of isotropy up to 105 
GeV, (ii) 

they knee bend at 107 
GeV, (iii) the increasing anisotropy with energy and (iv) 

the "ankle" bend at 109 
GeV. 

This paper examines the available data on cosmic rays at high energies and 

attempts to narrow down the allowed variation of elemental composition with en

ergy. It is shown that there is no "Normal" composition of cosmic rays. The 

composition varies from predominantly light to mainly heavy as one goes from 10 

to 106 
GeV, after which it appears to again become predominantly light by 108 

GeV. 

In order to set the stage for extension to higher energies, a short sullllTiary 

of direct measurements of cosmic rays is given in this introduction. 

Direct measurements of cosmic ray particles above the atmosphere have been 

done using a variety charged particle telescope carried aloft by balloons and 

satellites. Even after several decades of effort, limitations of weight and ex

posure times has prevented experimenters from obtaining direct information about 

elemental composition above energies a few hundred GeV per nucleon. 

At energies above 10 GeV/nucleon, particle energies have been measured by 

Cherenkov counters (Juliusson 1974 ; Lezniak and Webber, 1980 ; Caldwell, 1977 ; 

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

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

1972 , Ormes and Balasubrahmanyan 1973 , Schmidt et. al. 1976 , Grigorov et. al. 

1971 , Simon et. al. 1980) and in some experiments by suitable combinations of 

these elements. Recently, emulsion chambers of large area are being flown 

(JACEE collaboration 1979 ) to extend the knowledge of higher energies. 

In a set of pioneering experiments, Grigorov and his colleagues (Grigorov 

et. al. 1971) in series of PROTON satellites measured the spectrum of all parti

cles up to an energy per nucleus of almost 1015 
eV or 106 

GeV. The most impor

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

spectral index of 1.64 ± .0 1 from 100 to 105 
GeV per nucleus, (see figure 1). 
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Their measurement of proton spectrum, however, has been shown to be susceptible 

to systematic effects of backscatter (Ellsworth et. al. 1977 ).  Their all parti

cle spectrum is consistent with the sum of individual elemental spectra measured 

in other experiments up to about 2800 GeV per nucleus. 
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Figure 1 :  All particle spectrum a s  measured b y  the series o f  "PROTON" Satel
lites (Grigorov et. al. 1971). Data from different satellites was normalized 
to fit world data below 100 GeV. The curve can be fitted at a spectral index of 
1 . 64 ± .01  from 100 to 106 GeV per nucleus. 

At energies where elemental spectra have been directly measured one salient 

feature is that the observed spectral indices of different elements are different. 

Between 10 and 200 GeV per nucleon the spectral indices vary from being 2.75 ± .02 

for protons to 2 . 20 ± 0.2 for the iron component (Julisson 1974 , Ryan et. al. 

1972 , Ormes and Balasubrahmanyan 1973). These variations have been interpreted 

as due to variation of effective path lengths. A summary of world data on ele

mental spectra at high energies are shown in figure 2. (Ormes and Freier, 1978 

and Simon et. al. 1980) . An examination of these graphs show that better data 



are needed to clarify the situat ion and to determine whether all spectral indices 

become the same at h igh energies or they remain different . In particular, if all 

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

become about -2.3 or about -2.7. 
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Figure 2: Differential spectra of major e lemental component s of cosmic rays 
above 10 GeV per nucleon. The ordinate is mul t iplied by ,2.6 and proton points 
have been scaled down by a factor of ten . The fits  used in Models are super
pose d. 
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The data show a continuously varying composition between 1 and 200 GeV per 

nucleon, however, due to the dominance of light species the change in average 

atomic weight, <A>, is rather small. If the flat iron spectrum were to continue 

up to 106 GeV per nucleus than it is obvious that at such energies cosmic ray 

mix would become predominantly heavy and have a much larger <A> (see figure 15). 

Section outlines the essential procedure used in this analysis. Section 

3 discusses the experimental observations and draws conclusions from them re

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

2. Outline of the Method 

The method of analysis is to relate an assumed set of primary spectra with 

experiments listed below (3(a) and 3(e)) using a well defined particle inter

action model and keeping the number of free parameters of primary spectra to a 

minimum. The analysis is based upon the following requirements: 

(1) The cosmic ray spectra used in extrapolations to higher energies are anchored 

to direct measurements discussed in Section 1 at an energy where the quoted er

rors in elemental fluxes are less than or equal to twenty-five percent. (The 

flex values and energies used for normalization are given in Table I). 

(2) The extrapolated spectra must add up to give an all particle spectrum 

which agrees with PROTON satellite measurements up to 106 GeV and above that 

with the best estimate of the flux from air shower measurements. (Gaisser and 

Yodh 1980, Gaisser et. al. 1978, Hillas 1979a,b). The entire composite spectrum 

is shown in figure 3. 

(3) Compatibility with air shower experiments listed below: 

(a) Recent observations on time structure of hadrons near air shower cores 

(Goodman et. al. 1979). 

(b) Measurements of rates of high energy (>1000 GeV) multiple muons 

(Elbert, J. W., 1978). 

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

number of electrons, Ne' in a shower (Kalmykov et. al. 1975, and 

Elbert et. al. 1976). 
(d) Lateral structure of high energy muons in showers (Acharya et. al. 

1979). 

(e) Variation of shower maximum with energy (Thornton, Clay, 1980, Linsley 

1977 a,b, 1980 a,b 1981, Aguirre' et. al. 1973, Gaisser et. al. 1978). 

( 4) Extrapolation of total interaction cross sections and particle production 

distribution functions, according to current ideas of strong interactions 

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



TABLE I 

Normalization * 
Energy £0 < A > (dn/d£) £ 0 

GeV/n GeV/nucleus 

2000 2000 1 1 . 5  x 10-5 

300 1200 4 8 x lo-5 

250 3750 15 1 . 2  x 10-5 

75 1950 26 i. 7 3  x lo-4 

63 3528 56 9 x lo-5 

�
(dn/d£) £  is given in units of particles per (m

2
, s r ,  s ,  GeV/n) . The spectra 0 

are assumed to be of the form (dn/d£)A 
= Kr £

-YA and kr is adjusted for each 

value of y
A 

assumed , at energy E0• 
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Fi�ure 3 :  A composite integral energy spectrum of all particles from 10
11 

to 
10 0 eV. Shaded areas give a measure of uncertainties in the knowledge of the 
absolute f lux (taken from Gaisser and Yodh 1980) . 
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(5) Requirement that the above extrapolations o f  particle interactions and the 

assumed cosmic ray spectra one accounts for : 

(a) Uncorrelated hadron and muon fluxes in the atmosphere (Ellsworth et, al . 

198lc) and 

(b) Detailed features of C-jets and A-j ets from Japan-Brazil emulsion cham

ber experiment at Mt . Chacaltaya (Lattes et. al.  1973,  Fujimoto and 

Hasegawa 1978,  Lattes et al . 1980) . 

We therefore, use a high energy interaction model satisfying points (4) and 

(5) stated above , which incorporates ; (a) rising cross sections (Gaisser and 

Yodh 1980) , (b) an independent particle emission scaling model for particle pro

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

(xR = �* where E* is total energy of paritcle in C. M. and IS is the available 

energy in C. M. ) according to work of Ellsworth et . al . (Ellsworth et . al . 198la 

and b) , (c) a transverse momentum distribution of a two component form (Halzen 

and Luthe 1978) for which the non-exponential contribution become about 30 per

cent at 105 GeV (Ellsworth et. al. 198la) , (d) leading particle effects are con

tained in the model separately for nucleon and pion collisions and (e) which 

agrees with highest energy accelerator data. 

Hadron-nucleus collisions are treated as hadron-nucleon collisions. This 

simplification does not affect the results in any significant way because the 

steep cosmic ray spectra emphasize only large x processes for which this ap

proximation has been shown to be good (Busza et . al.  1975) . Collisions of pri

mary nuclei are treated usually as superposition of A independent cascades of 

energy E/A, E being the energy per nucleus . However , where it is important we 

have used fragmentation models based upon actual data to break up nuclei in the 

atmosphere (Freier and Waddington 1975) . 

To summarize,  we fix the interaction model, then s imulate (either by a full 

Monte-Carlo or by analytical calculations) the experimental observations , varying 

two to three parameters which quantify primary cosmic ray spectra until an ade

quate representation of the data is obtained . This restriction to a minimum set 

of parameters is imposed by the fact that experiments generally determine , inde

pendent ly ,  only two or three parameters of air showers (such as , N
µ 

and N
e 

or 

N
e 

and shower maximum (X
m) or trigger rate and rate of delayed hadrons or number 

of events with 1, 2 and 3 energetic parallel muons) , and because the resolution 

of the techniques is not sufficient to separate events from individual elements 

on an event by event basi s .  We also utilize the general belief that primary 

spectral indices should vary relatively slowly with A at least up to 107 GeV 

where the famous bend in all particle spectral index by 0 . 5  takes place. (See 

figure 3 ) .  



In the simulations to be discussed in the next section, three different mo

dels for primary cosmic ray spectra are considered below 107 GeV. 

Model I :  A two component model wherein it i s  assumed that P , a ,  CNO, and MH nu

clei have the same spectral index Yl and H component has a different spectral 

index Yz· For this model one must find mechanisms for origin, acceleration and 

propagation which preferentially treat iron (see for example the model for a 

"pulsar" bump by Wdowczyk and Wolfendale 1973 , see also , Elbert et . al . 1975) . 

Model II: Energy spectra determined by an acceleration mechanism which depends 

on Z, A or z2/A. For such a model the parameters are y0 and a where the spectral 

index for the species A is given by YA= y0 -a (A-1) .  

Model III: All spectra above 2000 GeV become flatter with a slope of y0 � 2 . 6  

and have a cut-off a t  a rigidity Rc volts/nucleon, after which the slope in

creases by 0 . 5 . The two parameters are y0 and R (Cowsik 1968) . 

We again emphasize here that all particle spectrum has a slope of 2 . 64 ± . 01 

below 106 GeV. However, slopes of the predominant components ,  P and a ,  at low 

energies, between 10 and 2000 GeV, are about 2 . 75 ,  hence to obtain the f latter 

all particle spectral index one should have some components with indices smaller 

than those for P and a or P and a index must decrease at high energie s .  The mo

dels considered have this flexibility and furthermore can represent most current 

theoretical ideas outlined in the introduction in a phenomenological way . 

3 .  Experimental Observations : 

Before giving the results of the analysis on composition of cosmic rays, 

the exper imental data to be explained are presented and their sensitivity to 

various components of the analysis discussed. Five different experiments are 

considered:  

a) Time structure of hadrons near air shower cores : 

The recent experiment of the University of Maryland group (Goodman et . al. 

1979 (a) (b) )  measured the arrival time distribution of energetic hadrons (E > 3 

GeV) with respect to the shower front . The trigger required was three fold: 

(i) a minimum shower particle density near the detector (> 18 p/m2 ) ,  (ii) a min

imum hadronic energy over an area of 4m2 (> 35 GeV in a calorimeter) and (iii) 

a minimum pulse height in the 0 . 5  m2 counter which measured the arrival t ime of 

hadrons (pions, nucleons or kaons) with respect to the shower counters (> 3 par

ticles) .  The basic data is shown in figure 4, which shows a s catter plot of 

pulse height of T3 (which is a measure of hadron energy) and its t ime structure .  

A total o f  21,700 triggers were obtained and the fraction o f  hadrons with delay 

> 15 ns was = 120 ± 10/21, 700 � 0 . 55 ± 0 . 05 % .  The philosophy of the analysis is 

to reproduce these two basic measurements ;  the trigger rate and the fraction de-

3 1  
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Figure 4 :  A scatter plot of time delay versus pulse height of hadrons in the 
University of Maryland delayed hadron experiment (Goodman e t .  al . 1979) . Energy 
of the hadron in GeV is approximately equal to the numerical value of pulse height. 
The plot contains a total of 21,700 events . 

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

in the scatter plot . 

The experiment detects the debris of an air shower , started by a cosmic ray 

particle of high energy, after about 8 interaction lengths . Trigger rates and 

shower Monte-Carlo calculations indicate that the events are being generated by 

primaries with energies above 104 GeV. Why should the experiment have any 

sensitivity to the nature of the primary? The qualitative explanation is that a 

particle density of 18 p/m2 and energy of 35 GeV in the calorimeter places the 

detector within few meters of the core . To acquire a significant delay the 

hadron must be a low energy nucleon. Low energy nucleons tend to be distributed 

at a sizable distance from the core . The lateral distribution of shower parti

cles initiated by an iron primary of the same total energy per nucleus as a pro

ton initiated event will be older and also flatter and hence trigger conditions 

can be satisfied further from the core for Fe events than for proton events .  

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

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

a delayed event than protons; Monte Carlo calculations give a ratio for effi

ciencies greater than 50! Simultaneously fitting trigger rate and delayed 

fraction allows one to determine two parameters.  The results require substantial 

increase of the heavy component by 106 GeV for all three models .  



The actual procedure is to use a four dimensional Monte-Carlo for the cas

cade to calculate the trigger effectiveness as a function of energy for each 

species , N
A

(E ) ,  where E = Energy per nucleon. As most of the low energy nucleons 

come not from the highest energy collisions but lower energy ones , the sensitivi

ty to details of very high energy collisions is not large . Physics of lower 

energy is fairly well known hence the calculation of N
A

(E)  is not very sensi

tive to extrapolations of the interaction model. The delayed particles contain 

leading nucleons , recoil nucleons and produced nucleons . In figure 5 are shown 

calculated curves for N
A 

(E) for protons and iron primaries . The steep rise is 

due to meeting the shower density criterion and the bend occurs when shower re

quirement is met every time . The function continues to increase slowly because 

multiplicity increases only slowly with energy. Trigger rate RA for each 

species is found by convoluting NA( E )  with (dn/d E )A and is a function of YA' the 

spectral index. The total trigger rate is then found by summing over A; 

R = E R
A

(y
A

) .  The same Monte-Carlo is used to find the delayed fraction for 

each species, f
A

, This quantity is a slowly increasing function of energy and 

relatively independent of y
A

' but rapidly varying with A. Thus we s imulate the 

two experimental numbers : the trigger rate, R, and number delayed, D = Ef
A

R
A

. 

For each model,  contours for fixed values of input parameters are drawn in R, 

D plane and compared with data points .  The results are displayed in figures 

6 (a) ,  (b) and (c) for the three models respectively . In generating these fig

ures , values of NA( E )  and f
A 

have been fixed at the best values given by the 

Monte-Carlo calculations. 

It is reasonable to ask how much can these values be changed by changing 

the model of high energy interactions within the constraints discussed in the 

previous section. We have found that it difficult to change N
A

(E)  by more than 

- 30% at a given energy. The delayed fraction is even less sensitive to change 

in the model. Propagating these systematics into the final determination of 

spectral parameters the results given in Table II are obtained for the three 

models . In order to indicate how good these fits are the predictions of these 

models at low energies , they are compared to data shown in figure 2 . Alterna

tively , the predictions of the ratio H/CNO are compared with data in figure 7 .  

Below 100 GeV/nucleon, all three model predictions are changed by the varia

tion of effective path lengths. All of them can be made to agree with the ob

served decrease in iron to CNO ratio with decreasing energy. 

To bet ter illustrate the significance of this analysis , the variation of 

percentage of iron in cosmic ray flux as a function of energy is shown in figure 

8. Most striking result is that these data on delayed particles demand a domin

ance of H component at 106 GeV . 
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the three model s :  (a) Model I - shows that YFE "' 2. 4 while Yp "' 2. 7 is required; 
(b) Model II - the best fit is Y = 2 . 67 - . 0045 (A-l) and (c) Model III - y = 2 . 6  
and E e  "' 105 GeV/nucleon gives reasonable agreement .  These curves show that de
layed fraction is affected much less than trigger rate when spectral indices are 
varied. Curves should be considered an illustration of what the procedure is , 
the fits used are given in Table II.  

TABLE II 

Model Parameters 

Model I :  Bimodal ,  dn/dE = K E-YA P (m
2

, a 
sr , s ,  GeV/n) , and E in GeV/n. 

Model I I :  Y
A

= Y
0 

- a (A-1) 

Model III : COMMON SPECTRAL INDEX AND RIGIDITY CUT OFF 

Model Parameters Elemental Group 

p a CNO 10 < z < 16 

I y 2 .  7 1  2 . 71 2 . 71  2 .  7 1  

K 12 , 27 1  390 36 14 

y 2 . 67 2 . 65 2 . 61 2 . 57 
II  K 10, 135 305 22 8 

III Rigidity CUT 

OFF at 105 GV 
for P 

y 2 . 5  2 . 6  2 . 6  2 . 6  

K 5 , 738 221 21 13 

26 � z � 30 

2 . 36 

1 . 3  

2 . 45 

1 .  89 

2 . 6  

4 . 4  
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Figure 7 :  Energy variation of ratio of rion group to the CNO group fluxes . 
The normalization of the models used with data at about 100 GeV/n is indicated . 

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

We note further that the trigger rate would be greatly exceeded if the pro

ton spectrum were to become flatter beyond 2, 000 GeV with a spectral index of 

2. 3 (source spectrum? ) .  It will also be difficult to account for the slope and 

flux of Grigorov' s  all particle spectrum. 

If all spectra were to acquire the same slope of 2 . 7  or greater beyond 500 
GeV/nucleon then again one obtains inconsistency with these data. The delayed 

fraction would be too small , the total trigger rate too low and all particle 

spectral index in disagreement with Grigorov. 

b) High Energy Multiple Muons 

Muon and neutrino detectors placed deep underground can study the frequency 

distribution of arrival of multiple muons with energy above a threshold set by 

the overburden of rock. This threshold is high generally around 103 GeV. The 

high energy muons come from decay of energetic pions and kaons high in the atmos

phere and their flux is sensitive to the nature of the first few interactions of 

primary cosmic rays in the atmosphere . In general one is dealing with hadronic 

interactions in 104 to 107 GeV range .  Fixing the high .energy physics model , one 

can study the sensitivity of multiple muon frequency to the nature of primary 

responsible for these events. As the probability for decay of pions and kaons 

is greater at higher altitudes, those species which can interact earlier will 

give rise to more multiple muons . 

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

Homestake Mine experiment (Deakyne et . al . 1978) and by the Baksan experiment in 



caucus mountains (Chudakov et . al . 1979 and Alexlyev, 1979) can be analyzed to 

determine the primary composition (Elbert 1978, Mason et . al . 197 5 ,  Lowe et . al.  

1976 , Elbert e t .  al. 1975 a , b ) . 

Careful analysis by Elbert (Elbert et . al.  1981) using a model similar to 

I show that the data require the composition given in Table II below 106 GeV 

which implies dominance of heavies at 105 to 106 GeV. The contribution to the 

mult iple muon flux, with multiplicity n, can be shown to be proportional to about 

the second power of atomic weight A (Elbert 1978) and so high multiplicities can 

be very sensitive to the fraction of heavies . For n = 10 and E
µ 

> 2 , 6 TeV the 

Homestake group (Deakyne et . al. 1978) obtain a ratio of "' 50 for the relative 

rates due to iron and proton components for Model I .  The average primary proton 

energy which give rise to doubles of E > 3 TeV is about 200 TeV, while average 

energy for tenfolds would be above a 1 , 000 TeV. In figure 9 the sensitivities to 

atomic weight of the primary of the multiple muon method and delayed hadron 

methods are compared. The curve for muons is  for the case of obtaining ten muons 

through detector . It is clear that with a large enough detector placed deep 

underground one obtains high sensitivity to A.  

Multiplel 
rruons -
n 2: 10 103 

A2-2 

10 100 
A 

Figure 9 :  Sensitivity to atomic weight of the primary initiating (i)  a tenfold 
or greater than tenfold multiple muon events with Eµ > 3 TeV and ( 2 )  a delayed 
hadron near air shower core. The primary energies involved are greater than 104 
GeV per nucleus. 
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Mason et . a l .  have shown that using an approach quite siniilar t o  the one 

used here the muon-pair rate can only be acc�unted fo' if the heavy component 

has a flatter slope up to the break in the primary spectrum, which they take to 

be about 3 x 106 GeV total energy. At 3 x 106 GeV they require 80% iron in the 

cosmic ray mix. 

Recently, data on multiple muons arriving from the vertical with E > 2 . 6  

TeV has been obtained a t  Homestake. The rates of double and triple muons of 

the same energy but from vertical and inclined directions can be compared with 

Monte-Carlo simulations. Again, the comparison shows the need of increasing 

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

c) Relations between total number of muons , N1, and total number of electrons , 

N8, in showers : 

The experimental data on average value of Nµ as a fucntion of average value 

N
e 

is shown in figure 10 • .  CKalmykov e t ,  al.  1975 , Olejniczak et . al. 1977) . 

Muons arise primarily from charged pion decay. This decay probability de

pends on pion energy . Number of electrons , on the other hand , are related to the 

energy going into the electromagnetic component via n°s.  It is reasonable to 

expect that the relation of Nµ to Ne should depend on energy per nucleon of the 

cosmic ray primary for any high energy model .  It is found from Monte-Carlo simu

lations (see for instance a review paper by Gaisser , Protheroe and Turver 1978) 

that A nuclei give more muons for a given electron size than protons . If scaling 

is assumed to be valid, the calculation requires a preponderance of A=56 nuclei 

to account for Nµ vs. Ne data in the energy range 105 to 107 GeV. (Shower sizes 

of 104 to 107 particles) .  If primary cosmic rays were mainly protons, then one 

would require gross violation of scaling and very high multiplicities . The 

energy range covered by these experiments corresponds to 105 to 107 GeV. 

� 105 • <.? 
Q A 
:l <':! 

Q'. 104 w al :::;: 
:::> 
z e KALMYKOV and 
z Kff'!ISTIANSEN g 103 097 I :::;: 105 106 107 IOS 

ELECTRON NUMBER 

Figure 10 : The variation of number of muons of energy > 10 GeV as a function of 

average electron shower size. 



Through a study of lateral distribution of muon above some minimum energy 

(say 2 GeV) one can determine Nµ for each shower of size Ne . If crµ is the vari

ance in N for fixed Ne then one studies variation crµ fNµ as a function of Ne • A 

summary of each measurements is shown in figure 1 1 .  

0.8 

'1. 0 6  
IZ 'b 04 

0 2  

- - - - - Standard Composition 
--- Pure Proton Primaries ... 90% V. H. Primories 

--

-
-

--==--.,,�t t --r-------
After Ebert et al (1976) 

Ne 
Figure 1 1 :  Relative dispersion of muon number in showers if fixed sea level 
electron size.  Note that standard composition corresponds to mainly proton 
initiated events .  A mix containing 20 or 30% protons and 70  or 80% heavies 
and medium heavies would give agreement with data. 

Shower size varies from 105 to 107 (corresponding to an E0 range : 2 x 105 

GeV to 2 x 107 GeV approximately) crµ /N is seen to lie between 0 . 4  and 0 . 6 .  

Monte-Carlo simulations by the Utah group (Elbert e t .  al. 1975) point out that 

it is not possible to account for these observations ( they assume a scaling modeD 

with either pure protons or pure iron. They conclude, however ,  that it is 

possible to explain the data with a preponderance of iron with a small but non

negligible fraction of protons. 

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

comes iron rich by 106 GeV. 

d) Lateral structure of high energy muons in showers generated by primaries of 

105 to 106 GeV. 

Using underground muon detectors in correlation with air shower array , the 

Tata Ins titute group has studied showers initiated by primaries of energy around 

105 GeV. (Acharya et . al . 1979) . The lateral distributions of muons with energy 

greater than 220 GeV are compared with that for muons with energy greater than 

1 GeV. 

Detailed Monte Carlo s imulations using models similar to the one considered 

here show that the data require the primary composition to be a mixed one. A 

composition like the one outlined here is needed , some 30% of the showers must 

be due to heavy component at 105 GeV. 

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

(1) Rapid longitudinal development of showers :  

From observations o f  zenith angle variation o f  shower size for fixed 

intensity of showers , it is possible to study the longitudinal development of 
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the nuclear-electromagnetic cascade in the atmosphere above 1014 e V .  Constant 
intensity restriction fixes the primary energy of cosmic rays initiating the 
shower , and chaRging the zenith angle varies the depth at which air shower is 
sampled. To illustrate the method we show , in figure 1 2 ,  observations by the 
BASJE experiment done at Mt . Chacaltaya, Bolivia, 5200 meters above sea level 
(Aguirre e t .  a l .  1973 ) . The position of the shower maximum Ymax can be easily 
shown to be related to the energy per nucleon by the relation 

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

Aeff = Fo exp [(C - ym (ob s ) ) /B] 

with B being the cascade length in air , 37 g/cm2 . Two sets of curves are shown , 
one for A=l and the other for A=56 , based upon detailed calculations based upon 
scaling model s .  The rapid rise in the cascade curves i s  again indicative of 
preponderance of iron nuclei. (Gaisser , Protheroe and Turver 197 8 ) .  

-- A =56 
- - - - A = /  

200 400 600 BOO 1000 
ATMOSPHERIC DEPTH (g. cni2 ) 

Figure 1 2 :  Longitudinal development of electron cascades initiated by primaries 
of the same energy (seven different groups of equal intensity curves are shown) 
compared with computations by Gaisser e t ,  a l ,  (1978 ) . The slanted line shows es
timated position of shower maximum for the different energy bins . 

(2) Variation of depth of shower maximum with energy : 
The depth of shower maximum for a pure EM cascade, initiated by a pri

mary of energy E0 is given by xl!1 = (tR/£n 2)£n(E0/c)  where radiation length, tR , 
is 37 g/cm2 and the critical energy , E , is 80 MeV in air . For a nuclear-electro
magnetic cascade, initiated by a primary of mass A one finds that dependence of 

� on E0, A  and interaction lengths can be described by � � x1 + tR (l-a)£n(E0 /A) 



+ B (Arr + AN) (Linsley 1977 ,  Hillas 1979 , also see Gaisser et . al.  1978) where a 
is a parameter that reflects the energy dependence of multiplicity and B is re

lated to inelas ticity in meson and nucleon interactions . If scaling holds in the 

fragmentation region then a = O .  

X m  
gm/cm2 

500 

10 105 1()6 107 
GeV/NUCLEUS 

IOB 109 1010 

Figure 1 3 :  Variation of X with energy compared with calculations based upon 
different assumptions discNssed in the text . 

Several points are to be noted about this relation: 

(a) If the primary composition is changing with energy , the rate of change of 

X with E will be affected . An increase in H component would slow down the 
m o 

growth of Xm and vice versa. 

(b) If  scaling is violated in the fragmentation region, a � 0, and as a is a 

positive number less than one ,  rate of growth of Xm is again reduced. 

(c)  It i s  known that inelastic cross sections increase with energy. This im-

plies that Arr and 

growth of Xm with 

(d) If scaling is 

AN decrease with energy . This again slows down the rate of 

E • 0 
valid, composition is constant and interaction lengths are 

energy independent one obtains the largest rate of growth of Xm with energy . 

Measurements of time structure of Cherenkov light from air showers have 

been used to find X
m 

as a function of energy (shown size) (Orf ond and Turver 

1976 , Hammond et . al.  1978 , Protheroe and Turver 1979 , Thornton and Clay 1980 , 

Efimov et . al.  1973 and Kalymkov e t .  al.  1979) . Shower maxima can also be de

duced from equal intensity curves (Aguirre e t .  al . 1973) and by making shower 

The variation of X 
m 

studies as a function of altitude (Antonov e t .  al.  1979) . 

with energy is shown in figure 13 in which recent corrected data of Thornton and 

Clay have been shown along with other data . (Linsley and Watson 1981) . 

Let us examine these data according to the method used by Linsley and Watson 

to derive information about primary composition at still higher energies , ener

gies above 106 GeV. First we "nail" down X by Monte-Carlo calculation at 10
2 

m 
GeV where particle physics is experimentally known. A value of 285 ± 15 g/cm2 

down from the top of the atmosphere is obtained (W. V. Jones 1978) . One notices 

that no s ingle straight line on this semi-logarithmic plot fits the data.  Such a 
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straight line would arise i f  a is a constant , A S 1  are energy independent and ef

fective A of primary beam is constant . 

We have pointed out in section 2 that up to 105 GeV, scaling holds in the 

fragmentation region and that cross sections are increasing . We calculate an 

energy variation of X
m 

by (i)  requiring the curve to pass through 285 g/cm2 at 

100 GeV and (ii) incrementing X
m 

by energy variation of A 7f  and A
N

' using � = 1. 5 ,  

while keeping the primary composition above 105 GeV, the same a s  that a t  low 

energies (dashed line) and for a composition changing according to Model III 

(solid line up to 106 GeV and its dotted continuation) and examine the resulting 

curve in figure 13 up to 1010 GeV. 

It is immediately clear that a constant composition won ' t  work! Model III 

fits the data up to 107 GeV quite well . 

Now between 5 x 106 and 5 x 108 GeV � is increasing from about 450 g/cm2 

to 700 g/cm
2 

an increase of 250 g/cm2 
in two decades of energy . Clearly some

thing is changing rapidly. 

One plausible explanation for this change is that in two decades the compo

sition changes back to predominantly light by 5 x 108 GeV, 

Violations of scaling in the fragmentation region would make a f  0 and cause 

a reduction in the rate of rise of X . Cross sections would have to start de-m 
creasing rapidly to mimic the increase of X

m
, in fac t ,  Arr + A N 

must change by 

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

seem implausible. 

102 
� " 

10 1 0 

� 10° <( 
.. 

101 I +  

-� : 10• --e--'-��-
103 All Particle Spectrum ·�� ........ ... _ Extra Galoct1c - - - - - - - - - �  _ 1---

Model ill t 
Sum Model ID and Extra Galactic 

104 105 106 ·1a7 108 109 1d0 
GeV/ Nucleus 

Figure 14 : (a) Predic
tions of Model III com
pared with all particle 
composite spectrum of fig
ure 3 .  The integral in
tensity has been multiplied 
by El . 6  where E is energy 
per nucleus , Above 107 

GeV Model III falls below 
the data indicating the 
need for a new component. 
An estimated extragalactic 
component is added to ac
count for the highest ener
gy cosmic rays . (b) Energy 
vartation of anisotropy 
measurements . The increase 
in anisotropy from less 
than 0 . 1  percent below 
105 GeV to several tens of 
percent by 1010 GeV is to 
be noted. The correlation 
is suggestive of the ex
istence of an extra galac
tic component . 



It is therefore reasonabl e  to conclude, in a manner similar to that of Lins

ley and Watson, that chemical composition of cosmic rays changes from iron dom

inant at 106 GeV to proton dominant at 109 GeV. It is harder to infer particle 

interaction features because a combination of decreasing cross sections and 

scale violations in fragmentation region could occur simultaneously to mimic 

the rate of increase of Xm with energy above 5 x 10
8 

GeV . 

How does one combine a new component , mostly protons with Model I I I .  The 

procedure used is shown in figure 14 . Above energies where cutoff ,allows parti

cles to leak out of the confinement region, the extragalactic component will 

become progressively more abundant with energy. Two decades above 105 GV this 

component must become comparable to the remaining galactic f lux. This component 

is required to have a slope of 2 . 6 , like all other components, and is able to 

account for the flux of air showers above lOlO GeV. The resultant spectrum is 

seen to agree with cosmic ray spectrum from 100 to 1010 GeV . 

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

shown in figure 13 by the solid curve. 

4 .  Discussion and Conclusions : 

Detailed analysis of available data from air shower studies above 104 GeV 

strongly suggests that the elemental composition of cosmic rays is continu

ously changing from 10 GeV to 1010 GeV. The analysis relies on anchoring 

extrapolations of spectra at about 100 GeV/nucleon, requires consistency with 

all particle spectra, uses particle physics model which is a reasonabl e  conser

vative extrapolation of accelerator data according to direct observations of 

interactions of cosmic ray hadrons around 104 GeV and with incorrelated hadron 

and muon fluxes at high energies . The analysis examines data on time structure 

of hadrons , multiple muons at high energies , comparisons of total muon and elec

tron components in showers and variation of depth of shower maximum with shower 

size or energy , in terms of several models of primary cosmic ray spectra. 

The f o llowing conclusions are obtained : 

A predominantly light composition, similar to that at lower energies can

not account for the data. It is necessary to have at least 40% H component at 

106 GeV. This can be achieved by several model s ,  we consider three. (I)  A bi

modal model , wherein the ' ligh t '  and heavy components have two different spec

tral indices; (II) a continuously changing spectral index model with H having 

the f lattest spectra; and (III)  a model with constant spectral indices but with 

a rigidity dependent cut off . 

The first two models must be modified above 10
6 

GeV to describe the b end in 

all particle spectrum. The third model has the change in slope built in at the 

outset. In this model , however , the composition must remain predominantly 
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heavy above the bend. I n  Models I and I I  one could preferentially cut o f f  the 

heavies with a mechanism that could leave protons and helium nuclei undisturbed. 

The variation of"' Xm with energy below 106 GeV is consistent with all of the 

model s .  The striking increase i n  X
m 

between 107 and 109 GeV could b e  accommo

dated in models I and II by choosing the cut off mechanism to eliminate Hs ' 

rapidly in two decades and recover proton dominance . If this is done for model 

I, where one must eliminate iron by changing its spectral index by one unit , the 

resulting composition at io10 GeV is proton dominant and the flux is in reason

able agreement with air shower data. 

If in model I I  we cut off the spectra in an A dependent way , such that the 

change in spectral index is greatest for iron and least for protons it could be 

possible to fit the flux and Xm curves above 108 GeV . Such a complex pattern 

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

difficult to construct .  

50 
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Figure 15:  Energy variation effective atomic weight and percentage of iron 
component for primary cosmic rays . 

In Model III,  however , there is a natural mechanism to derive the required 

variation by assuming the existence of an extra-galactic (or an extra-confine

ment region) component of very high energy cosmic rays , (Ginzburg and Syrovatsky 

1964, Peters 1960) . This new component wil l  become fully important at 10
7 

GeV , 

about two decades above the cut off of low energy galactic component . The 

variation of effective atomic weight , A, with energy in this model is shown in 

figure 15 . The agreement with energy spectra is shown in figure 14 and varia

tion with X
m 

in figure 13. Model I I I ,  in fact is the "nested leaky box" model 

(Cowsik and Wilson 1973 , 1975)  in which cosmic ray sources are distributed within 

galaxies . The low energy variations are explained by energy dependent residence 

time within the sources. The cut off at 10
5 

GV/nucleon rigidity is due to leak

age out of our galaxy. The extra-galactic component is always present but be

comes dominant at high energy only. Only one average source composition is 

needed to cover the full energy range. 



We conclude, therefore, that composition of cosmic rays at high energies 

is varying with energy ; from being light dominated below 104 GeV, to becoming 

heavy between 105 to 107 GeV and then again b ecoming light dominated at ex

tremely high energies . 

I want to thank Jordan Goodman, R. W. Ellsworth, J. Ormes ,  V. K. Balasub

rahmanyan, R. Protheroe ,  T .  K. Gaisser , R. Cowsik and John Linsley for many 
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National Science Foundation. 
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COSM I C  RAY AN I SOTROPY : 1 0 1 2  - 1 0 2 0 ev 

A . A .  Wa tson 
Depa r tmen t o f  Phys i cs ,  U n i vers i ty of Leed s ,  

Leeds LS2 9 J T ,  Eng l a n d .  

The resu l ts of expe r i men ts  des i gned t o  s tudy t h e  a r r i va l  d i rec t i on 
d i s t r i b u t i on of cosm i c  rays of energy 1 0 1 2  - 1 0 2 Dev a re rev i ewed . I t  i s  s hown 
tha t a t  a l l  energ i e s  there i s  e v i dence for an i sot ropy , the amp!  i tude of wh i ch 
ranges from 0 . 0 7 5 %  at the l owest energ i es to 90 ± 20% above 4 .  1 0 1 9ev . The 
i ncrease of a n i sotropy w i t h energy i s  not smoot h ,  show i ng fea t u res wh i ch occur 
at energ i es s i m i  J a r  to those at wh ich  fea t u res are observed i n  the cosm i c  ray 
energy s pect rum .  At l ea s t  up  to 2. 1 0 1 7ev i t  seems probab l e  tha t the 
acce l era t i on s i tes  I ie w i th i n  our Ga l axy , and i t  i s  ha rd to escape the 
conc l us i on  tha t part i c l es of energy > 1 0 1 9eV a re ext raga l act i c .  Sou rces o f  the 
h i ghest  energy pa r t i c l e s  (� 1 0 2 D ev )  must l i e  w i t h i n  200Mpc , and cons i derab l y  
c l oser i f ,  a s  seems l i ke l y ,  the i n terga l act i c  med i um i s  such a s  t o  preven t 
rect i l i nea r p ropaga t i on .  Between 2 . 1 0 1 7  a n d  1 0 1 9ev ti1e l oca t i on o f  the sources 
i s  l ess cer ta i n .  The a i m  of  future  a r r i va l  d i rect i on expe r i ments  shou l d  be to 
s tudy a n i sot ropy as a funct i on of p r i ma ry mas s  compos i t i o n .  
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1 .  I n t roduct i on 

Seventy yea rs after  the d i s covery of cosm i c  ray s ,  the ques t i on of the i r  

o r i g i n  rema i ns unso l ved . I n  the ea r l y  days of i nves t i ga t i on of the p ropert i es 

of the rad i a t i on , exper i men ters hoped to f i nd  that  some reg ions of the s ky 

we re b r i gh te r  than others when v i ewed i n  cos m i c  ray l i ght . I t  i s  now known 

tha t be l ow about 1 0 1 1 eV cosm i c  ray i n tens i t ies  a re s t ron g l y  i n f l uenced by the 

spat i a l  and  tempo r a l  changes in the magne t i c  f i e l ds of i n te r p l anetary s pace 

so tha t the G a l act i c  an i sot ropy cannot be determ i ned f rom the ea r t h .  At  h i gher 

energ i es ,  whe re so l a r  e ffects can be accounted for  o r  neg l ected , the 

amp I i tude of an i sot ropy is  found to be sma l I ,  b e i ng l ess  than 0 .  1%  up to 1 0 1 4eV . 

The h i gh deg ree of i so t ropy of l ow ene rgy cosm i c  rays was recogn i zed e a r l y  on , 
and  th i s  fact , cou p l ed w i th the l a rge dens i ty of cosm i c  rays ( 0 . 5eVcm- 3 at 1 0 9eV 

and 0 .  l eVcm- 3 a t  l 0 1 1eV) , was a s i gn i f i ca n t  c l ue ; n ea r l y  t h i n k i n g about the 

poss i b i  I i ty tha t our G a l axy m i g h t  conta i n  a weak but exten s i ve magnet i c  f i e l d . 

I t  i s  of course the Ga l a ct i c  magnet i c  f i e l d ,  at l east  a t  the l owes t energ i es , 

that thwa rts  a t tempts to l oca te cosm i c  ray sou rces i n  a man ner  ana l gous to 

tha t used to f i n d opt i ca l  or X- ray sou rces : the ' see i n g '  i s  spo i l ed for cos m i c  

r a y  te l escopes b ecause t h e  La rmer rad i us of charged part i c l e s  i s  ve ry sma l l  by 

compa r i son w i th G a l ac t i c  d i mens i ons  except at the h i ghest  ene rg i e s .  A t  l 0 1 4eV 

a p roton has a rad i us of gyra t i on of on l y  0 . 0 4pc  i n  a 3�G f i e l d ;  at 1 0 1 8ev the 

cor respon d i ng rad i us i s  370pc ,  ra the r l a rger  than the th i ckness of the Ga l a ct i c  

d i sc .  

I n  th i s  paper  I w i l I ou t l i ne the  detec t i on tech n i ques used to measu re 

cosm i c  ray a n i sotrop i e s , des c r i be the res u l ts ava i l a b l e  and  d i scuss  some 

ten ta t i ve i n te r p reta t i ons . I w i  1 1  show that  fea tures i n  the va r i a t i on of the 

cha racter of  the an i so t ropy w i t h  ene rgy a re 1 i n ked to fea tu res in the p r i ma ry 

ene rgy s pect rum. A fu l l  unders tand i ng of the mean i n g  of these l i n kages i s  no t 

yet c l ea r  because i nforma t i on about cosm i c  ray mass compos i t i on , pa rt i cu l a r l y  

a bove o, l Q 1 4eV,  i s  s t i l l  rud i mentary .  

2 .  P r i ma ry Ene rgy Spect rum and  Mass  Compos i t i on 

As a background to ou r d i scus s i on of cosm i c  ray a n i sot ropy i t  w i l l  be 
he l pfu l  to keep i n  m i nd our  p resen t know l edge of the cos m i c  ray energy 

spect rum and mas s  compos i t i o n .  F i gu re 1 shows a schema t i c  vers i on of  the 

ene rgy s pect rum. Th e i n te g r a l  i n tens i ty has been m u l t i p l i ed by E l . 5 (E is the 

p r i ma ry energy in eV) and is p l otted on the y-ax i s .  Th i s  p rocedure se rves 

to show c l e a r l y  the two p rom i ne n t  fea tu res in the s pect rum ,  name l y  the 1 knee 1 , 

nea r 1 0 1 5ev , and the �n k l e ' above 1 0 1 9ev . Both these fea tu res a re we l l  

estab l i s hed a l though the f l a tten i ng observed above l 0 1 9eV has been obse rved 
on l y  f rom the Northe rn Hem i sphere.  l ) I n te g ra l  s pect rum s l opes a re - 1 . 6 5 ,  



between 1 0 1 1  and  1 0 1 5ev , - 2 . 1 between 1 0 1 7 and 1 0 1 9ev and - 1 .  4 ± O .  1 above 

1 0 1 9ev. Between 1 0 1 5 and 1 0 1 7eV there is e v i dence2 ) that the s pectra l s l ope 
is s teeper than at h i gher  energ i es but  the expe r i menta l  s i t ua t i on i s  not yet 

c l ea r .  I t  shou l d  be borne in m i n d  tha t ,  because the observed pa r t i c l e  

dens i t i es a re g rea ter  and because the showe r max i mum i s  re l a t i ve l y  l owe r  i n  the 

a tmosphere , the p rope r t i es of  p r i ma r i e s  above 1 0 1 7eV (and at  l east  up  to 1 0 1 9eV) 

a re somewhat better  es tab l i s hed than the p rope r t i es of l owe r energy p r i ma r i es 

wh i ch p rod uce sma l l e r  s howe rs . 
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F i gu re 1 The cos m i c  ray ene rgy spect rum above 1 o l Dev. The detec t i on 
tech n i ques used i n  va r i ous ene rgy reg ions a re i nd i ca te d .  The dashed cu rve 
nea r 1 0 1 6ev ma rks an  ene rgy range i n  wh i ch the spec t ra l sha�J 

i s  unce r ta i n .  
The cu rve above 1 0 1)

9eV ma rked ' p re d i cted ' i s  the ca l cu l a t i on o f  the G re i sen
Zatse p i n  e ffec t4 • 5 . 

Exp l ana t i on s  for the two maj o r  featu res a re not yet ag ree d .  About  20  

yea rs ago  Pe ters p roposed that the  ' knee ' a t  1 0 1 Sev m i ght  ref l ec t  the  i nab i l i ty 

of o u r  Ga l axy to reta i n  cos m i c rays p roton s of t h i s  ene rgy ( La rmor rad i us 

o,Q . 4pc) . A p red i ct ion of th i s  hypothes i s  was that heavy n uc l e i  wou l d  beg i n  to 

dom i nate the p r i ma ry beam above 1 0 1 5eV . No con v i n c i ng ev i dence has been 

ob ta i ned to support  th i s  p red i ct i on and coun te r ev i dence has been offe red that 

Fe- n uc l e i  a re becom i n g  dom i n a n t  at energ i es l ess  than 1 0 1 5eV. 3 ) H i l l as 2 ) has 

rev i ewed the s i tua t i on and con c l uded that  compos i t i on and  s pect rum data cannot 

be recon c i l e d  w i th the Ga l a ct i c  l ea kage mode l .  He p roposes that the change i s  

i n duced i n  the spect rum by photon u c l ea r  o r  pa i r  p roduct i on react i ons  occu r i ng 
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n e a r  t o  the source.  The s pect ra l fea ture a t  1 0 1 5ev wou l d  t h u s  ref l ect  the 

rad i a t i on f i e l d  in the acce l e ra t i on reg ion . 

The ' an k l e '  fea ture above 1 0 1 9eV i s  even more puzz l i ng .  Fol l ow i ng the 

d i scove ry of  the 2.  7K  b l ack body rad i a t i on in 1 965 i t  was p re d i cted by G re i sen4 ) 

and  by Zatsep i n  and Kuzm i n 5 ) that i f  u l t ra h i gh e ne rgy cosm i c  rays we re 

p roduced on l y  i n  sou rces wh i ch were at cosmo l og i ca l  d i s tances (e . g .  quas a rs )  

then the i n tens i ty o f  cosm i c  rays above o,5 x 1 0 1 9eV wou l d  fa l l  so d rama t i ca l l y  

that no events of 1 o2 0ev wou l d  be obse rved w i th t h e  g i ant  a i r  s hower ar rays 

then b e i n g  b rought  i n to ope ra t i on .  Rea l i ty is d i fferen t .  The three Northern 

Hem i s phere i n s ta l l a t ions (Vo l cano Ranch (U . S . A . ) ,  Haverah Park ( U . K . )  and 

Yaku tsk (U . S . S . R . ) )  a l l f i n d  that the spec t rum is  f l a tter  above 1 0 1 9eV than a t  

l owe r energ i e s .  The tota l expos u re ach i eved a t  the h i ghes t energ i es i n  these 

expe r i ments is 0,300  km2 yr sr and at l eas t 7 even ts w i th energ i es above 1 02 0ev 
have been obse rved . U s i n g  the theo re t i ca l  p red i ct i ons  of St rong et  a i 6 ) about 

0 . 2  even ts wou l d  have been expected.  There i s  a consensus that th i s  res u l t  

i mp l i es that the age o f  the cos m i c  rays above about 3 x  1 0 1 9ev i s  l es s  than 

1 0 B y r  (e . g . Puget et  a 1 7 l ) .  The a r r i va l  d i rec t i on d i s t r i bu t i on of  these 

p a r t i c l es ,  wh i ch wi 1 1  be d i • cussed i n  deta i l  be l ow ,  i s  not that expected i f  the 

mos t energet i c  part i c l es we re p roduced w i th i n our Ga l axy . 

Fo r the pu rposes of i n te r p ret i n g  a r r i va l  d i rect i on i n forma t i on deta i l s  

abou t the mass compos i t i on o f  the p r i ma ry cosm i c  rays a re cruc i a l .  A t  ene rg i es 

l es s  than 1 0 1 3eV the a r r i va l  d i rec t i on d i s t r i b u t i ons  obse rved refer ma i n l y  to 

p rotons as the expe r i men ts wh i ch have been poss i b l e  are s e l ect i ve i n  the i r  

t r i gge r i ng and respon d dom i nan t l y  to muons p roduced by p roton p r i ma r i es .  At 

h i gher  ene rg i es the on l y  method of ge t t i ng i n forma t i on about p r i ma ry cosm i c  

rays i s  by s t udy i n g  fea t u res of the extens i ve a i r  showe rs wh i ch they p roduce 

(e l ectrons , muons , a i r-Ce renkov l i gh t ,  a i r-s c i n t i l l a t i on l i ght  etc ) . The 

p rob l em of extract i n g  the mas s  compos i t i on i s  part i cu l a r l y  d i ff i cu l t because 
the part i c l es cannot b e  obse rved d i rect l y  and b ecause the neces sa ry n u c l e a r  

phys i cs m u s t  be ext rapo l a ted f rom l owe r energ i e s .  Recen t l y  p rog res s h a s  been 

made by s tudy i n g the change of the depth i n  the a tmos phere at wh i ch the n umber 

of  e l ec t rons in the showe r reaches i ts max i mum. The va r i a t ion  o f  th i s  depth 
w i th ene rgy ( the e l onga t i on rate ) fo r a f i xed p r i mary compos i t i on depends 

p r i n c i pa l l y upon the mu l t i p l i c i ty of the p i ons  p roduced in  had ron i c  

i n te rac t i on s . 8 ) I f  i t  i s  ass umed that p-p cross- sect i ons  con t i n ue to r i se at  

the rate obse rved a t  acce l e rator energ i es then i t  appea rs that the p r i ma ry 

part i c l es a re very l i ght  (Tni\ = o+0 · 6 ) above 3 x  1 0 1 6eV and rather heavy 
) - 0  (Tni\ = 4 ± 2 )  nea r 1 0 1 5eV. 9 The rap i d  change of the depth of max i mum w i th 

energy between l 0 1 5eV and 3. 1 0 1 6eV expected on s uch a p i cture i s  i ndeed 



observed.  l O )  A deta i l ed s ummary of mass compos i t i on determ i na t i ons  i s  g i ven 

e l sewhere in these P rocee d i ngs by Yodh . A rev i ew of p rope r t i es of  the h i ghes t 

ene rgy cosm i c  rays has been g i ven by L i n s ley .  l l )  

3 .  A r r i v a l  D i rec t i on Data 

K i  ra l l y et  al  1 2 ) have rev i ewed a r r i va l  d i rect i on data at a l l energ i es 

wh i le more recen t l y  E l l i o t  ! 3 )  has d i s cussed the measu rements  ava i l ab l e  a t  

energ i es be l ow 1 D 1 4eV . The p resen t expe r i me n ta l s i tua t i on i s  s umma r i zed i n  

f i gure 2 .  What i s  p l otted ( f i g u re 2 (a ) )  i s  the amp l i t ude o f  the 1 s t  ha rmon i c  o f  

t h e  cosm i c r a y  an i sot ropy as  a funct i on of  energy.  A t  ene rg ies  l ess  than 

6. 1 0 1 6eV the f i rs t  ha rmon i c  i s  computed in s i de rea l t i me and  is an average over 

the range o f  dec l i n a t i on s  ( typ i ca l l y ±30 0 )  wh i ch l i e w i th i n  the recept i on cone 

of the detecto r  sys tem. A t  the h i g he r  energ i e s ,  whe re i n forma t i on on the energy 

and d i rec t i on o f  i n d i v i du a l  events  i s  ava i l a b l e ,  the f i rs t  h a rmon i c  i s  measu red 

in r i gh t  a s cens i on .  The da ta shown refer to a l l dec l i na t i on s  above -60 ; 
ana l yses i n  dec l i na t i on a re d i scussed b r i e f l y  be l ow .  The d i rect i ons o f  max imum 

amp l i tude ( the phase) a re s hown in f i gu re 2 (b ) . 
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F i gure 2 Summary of cosm i c  
ray an i sot ropy data , a fter ( l l ) .  
The top ha l f  o f  the d i ag ram 
( f i g u re 2a) shows the 
amp l i tudes measu red in va r i ous 
expe r i men t s .  The f i l l ed 
c i r c l es are  f rom refe rences 
( 1 4- 1 8 )  as  rev i ewed i n  ( 1 3 ) . 
The open c i rc l es are  f rom the 
comp i l a t j" on  of  L i n s l ey and 
Watson 1 9  wh i l e  the crosses 
a re f rom the H�verah Park 
exper i ment2 0  • 2 11. The l ower 
ha l f  of  the d i ag ram (f i gu re 
2 b )  shows the t i me of max i mum 
amp l i tude ( the phase ) . The 
e r ro r  bars corres pond to ± 1 
s tandard dev i a t i o n s ;  the upper 
l i m i ts are shown a t  the 9 5% 
con f i dence l eve l .  
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The  three po i n ts be l ow 1 Q l 3ev a re f rom measu rements  made i n  underg round 

l aborator i es 1 4 • 1 5 • 1 6 ) a t  depths between 40 and 507 m . w . e .  whe re muons from the 

decay of p i ons p roduced h i gh  in the atmos phere by the i ncom i ng p r i ma r i es are 

detected. The energy refers to the energy/n uc l eon of the p r i ma r i es wh i ch a re 

dom i na n t l y  p roton s .  The next two po i n ts (between 1 0 1 3 and 1 Q l 4ev ) are f rom the 
work of the Japanese1 7 )  and Hunga r i an 1 8 ) g roups who have meas u red the t i me 

va r i a t i on of the rates of s ma l l  a i r  showers p roduced a t  moun ta i n  a l t i tudes . 

Above 5. l 0 1 1 eV the t rajector i es of the pr i ma r i es a re re l a t i ve l y  l i t t l e  

i n f l uenced by the i n te r p l anetary magnet i c  f i e l d  (or the effect has been 

accura te l y  a l l owed fo r ) . The cons tancy of the amp l i tudes and d i rec t i ons between 

5 . 1 0 1 1  and 1 0 1 4eV i s  s t r i k i n g ,  and mu st  be cons i de red as we l l  estab l i shed.  

K i  ra l l y et  a l 1 2 ) in  a c l ea r  d i s cus s i on of  these data , have l i n ked the 

i n va r i ance of phase and amp I i tude to the pers i stence of the d i rec t i on of the 

l o ca l  i n terste l l a r  magnet i c  f i e l cl ou t  to d i s tances of  a few parsecs , the f i e l d  

d i rec t i on b e i n g  i n fe r red f rom the s teady f l ow o f  i n te r s te l l a r  gas i n  the reg ion  

j us t  outs i de the so lar  cav i ty .  K i  ra l l y et a l  a l so deduce that unde r these 

c i rcums tances fea t u res of  cos m i c  ray p ropaga t i on do not change ve ry much between 

1 01 1  and i o 1 4ev. 

Above 1 0 l 4ev a l  I measu remen ts are  der i ved f rom s t ud ies  of a i r  showe r s .  

Between 1 0 1 4 - l o 1 7eV (open c i rc l es )  the data have been taken f rom a 

comp i l at i on 1 9 ) of a l l ava i l ab l e  ev i dence recorded between 1 95 1  and 1 965 .  The 

res u l ts a re  based on 23 expe r i men ts i n  wh i ch the coun t i ng rate of sma l l a i r  

showe rs was recorded as a funct i on of  t i me .  The d i rect i ona l accuracy poss i b l e  

i n  these ea r l y  expe r i men ts was rather poor a s  i t  re l i ed upon a tmosphe r i c  

co l l i ma t i o n .  L i kew i se t h e  energy reso l u t i on was l i m i ted as ana l ys i s  o f  

i nd i v i dua l even ts w a s  n o t  pos s i b l e .  Nonethe l ess  there i s  ev i dence f o r  a n  

an i so t ropy wh i ch changes both i n  amp I i tude a n d  phase as t h e  ene rgy i n c reases 
Th e va l i d i ty of th i s  c l a i m  is s t reng thened by the fact that the amp l i tude of 

the f i rs t  of the o l de r  a i r  shower po i n ts ,  a t  3 . 1 0 1 4eV , i s  0 . 0 75 ± 0 . 020% ,  i n  

exce l l en t  ag reeme n t  w i th the mean amp l i tude o f  the 5 i ndependent measu rements  

made w i th EAS and muon techn i q ues in  more recen t expe r i ments  a t  l owe r ene rg i es .  

The d i ffe rence between the phase o f  the f i rst  o f  the o l de r  po i n ts and  that o f  

the l ower energy data i s  not part i c u l a r l y  d i s t u rb i n g  a s  the La rmor rad i us of 

a p roton of th i s  energy i s  �a . l p c  in the canon i ca l  f i e l d ,  and va r i a t ions i n  

magne t i c  f i e l d  and/or cos m i c  ray g rad ien t on t h i s  sca l e  may we l 1 occu r i n  

d i rec t i ons  away from the Ga l a c t i c  p l an e .  As the energy i n creases the 

amp l i tude of an i sot ropy starts  to r i se and the re i s  a s teady change in the 

phase of max i mum. 



Above abou t 6 . 1 o l6 eV the data shown i n  f i g u re 2 der i ve f rom the Have rah 
Park expe r i men t2 0 • 2 1. At the p resen t t i me these data a re the most  n ume rous 

ava i l a b l e ;  between 1 0 1 7 and 1 0 1 Bev the n umber of s howe rs recorded exceeds 

those f rom other expe r i men ts by roug h l y  an  order of  magn i tude ; between 1 0 1 8  and 

1 0 1 9eV the  Have rah Park data set  exceeds tha t of  Vo l cano Ranch2 2 )  by more than 

a factor of  5 wh i l e above 1 0 1 9eV the events ava i l ab l e  f rom Northern Hem i sphere 

expe r i me n t s  a re Yaku t s k2 3 ) (34) , Vo l cano Ranch24 ) (44 ) , Haverah Pa rk24 ) ( 1 44) . 

The d i scuss  ion  of da ta above 6 x 1 0 1 6eV wh i ch fo l  l ows concen t ra tes ma i n l y  on the 

Haverah Park resu l ts but where compa r i son has been pos s i b l e  the ag reeme n t  of 

these res u l ts w i th the broad fea tu res of other expe r i ments  is found to b e  good 

(see refe rence (20 )  for mo re deta i l s ) .  I n  the Haverah Pa rk expe r i me n t  the 

d i rec t i on o f  each even t is  known to w i th i n  1 0 -2 sr  and the ene rgy reso l ut i on i s  

better  than 40%. Part i t i on of the eve n ts i n to ene rgy b i n s  a facto r  of  2 w i de 
has been adopted.  

The data f rom the Yaku t s k ,  Vo l cano Ranch and Have rah Park cove r ma i n l y  

the sky reg i on above 8 = o D .  There are  I i m i  ted s ta t i s t i cs f rom Have rah Pa rk 

down 8 = - 6 0  and f rom Vol cano Ranch down to 8 = - 30 0 .  A maj or  expe r i men t has  been 

operated in the Southe rn Hem i s phere by the Un i ve rs i ty of Sydney2 5 l . Ana l ys i s 

i s  s t i l l  i n  p rog ress and the f i na l  resu l ts a r e  keen l y  awa i ted as the expos u re 

ach i eved i n  th i s  s i ng l e  expe r i men t was compa rab l e  to that  f rom the th ree 

No rthern Hem i s phere a r rays comb i ne d .  Part i cu l a r l y  a t  t h e  h i ghest  energ i e s  the 

absence of data f rom the Southe rn Hem i s phere seve re l y  hampe rs i n terpreta t i on 

of the mea s u remen ts wh i ch a re ava i l ab l e .  

The va r i a t ion o f  an i sot ropy w i th energy above 1 0 1 6ev wh i ch i s  s umma r i sed 

in  f i gure 2 is  ext reme l y  comp l ex .  Nea r 1 0 1 7eV there  appe a r  to be two 

s i gn i f i ca n t  amp I i tudes , i n  adj acent  ene rgy b i n s separa ted by a mean energy 

of a facto r 2 .  The d i rec t i on of  max i mum is  s i m i  Jar  i n  both b i n s  when the data 

a re exam i ned over a l l dec l i na t i on s ,  b u t  d i ffe rences i n  deta i l  a re revea l ed when 

i n d i v i dua l dee I i na t ion  s t r i p s a re exam i ned .  I n  the l owe r ene rgy b i n  ( E l , 

6 x  1 0 1 6  - 1 . 25 x 1 0 1 7eV ) the re i s  a s l i g h t  excess nea r 240 0RA i n  each b i n ,  

whereas b i n  E2 ( 1 . 25 - 2 . S x  1 0 1 7eV ) shows a n  excess  dom i nan t l y  i n  the s t r i p  

w i th 2 0 °  < 8 < 300 ( f i gu re 3 ) . I n  the sea rch for an i so t ropy2 ° )  1 00 s uch 

dec l i na t i on s t r i p s  we re exam i n e d ;  the chan ce of  f i n d i ng one s uch rema rkab l y  

an i sot rop i c  s t r i p  i s  compute d ,  tak i n g  i n to a ccount the n umbe r  o f  s t r i p s ,  a s  
8 x  1 0- 3 .  N o  data f rom othe r expe r i men ts a re ava i I ab l e  t o  check the rea l i ty 

o f  th i s  res u l t b u t  f i gu re 4 shows the phases and amp l i t udes f rom a l  I other 

expe r i men ts in wh i ch measuremen ts we re made nea r 1 0 1 7ev. The ag reeme n t  w i th 

the Have rah Park res u l ts ,  ave raged ove r a l l dec l i na t ions , i s  i mp ress i ve .  
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F i g u r e  3 R i g h t  a s cen s i on 
d i s t r i b u t i on s  i n  5 
de c l i n a t i on s t r i ps f o r  e n e r gy 
b i n s  E l  (6 x 1 0 1 6  - 1 . 25 x 1 0 1 7  
eV) a n d  E2 ( 1 . 25 - 2 . 5 _« l 017eV) 
of Haverah P a r k  data2 � The 
dashed hor i zo n ta l I i ne i n  
each h i s tog ram i s  the mean 
numb e r  for tha t i n te r va l ; the 
ve r t i ca l  das hed l i ne shows 
the phase of the f i rs t  
h a rmon i c  i n  r i gh t a s cens i o n .  

F i gu re 4 Compa r i son of da ta 
f rom a numb e r  of expe r i me n t s  
n e a r  l 0 17eV . T h e  c i r c l es 
i n d i ca te rms ) amp l i t u d e s .  
A ( C o r n e  1 1  26 , 1 9000 even ts , 
7 . 5  x 1 �1 6ev ) ; B (Have rah 
P a r k 2 D  ( 1 ,  1 3825 even ts 
6 x 1 0 1 6  - 1 .  25  x 1 0 1  7 eV ; 
2 ,  3 1 266 even ts , 1 . 2 5  -
2 . 5 x  i o l7eV) ) ;  c (othe r 
expe r i

)
me n t s , 1 1 059 even ts , 

see 2 0  for det a i l s ,  6 x 1 o l 6 -
5 x 1 0 1 7eV ) .  R i s  the 
res u l tan t vecto r .  



I n  the two energy b i ns i mmed i a te l y  above those j us t  d i scussed on l y  
uppe r l i m i ts can b e  set  to an an i sot ropy . The l i m i ts shown ( f i g u re 2 )  a re 

95%  conf i dence l i m i ts and i t  therefore appea rs tha t the amp I i tude of 

an i sot ropy may not i n crease as rap i d l y  w i th ene rgy beyond 2.  1 0 1 7ev as i t  

a pp ea rs to do between 1 0 1 5  and 1 0 1 7  eV . Note that  the phase of b i n  E3  

( 2 . 5  - 5 x 1 0 1 7eV ) is  unknown . By con t ras t b i n  E4 , aga i n  show i ng on l y  an uppe r  

l i m i t ,  h a s  a phase wh i ch can b e  e s t i ma ted a n d  i s  s i m i l a r  t o  that i n  the 

2 x 1 0 1 Bev reg i on (b i ns E5 and E6 ) whe re there is I i m i ted ev i dence fo r an 

a n i sot ropy in r i ght  ascens i on .  Th i s  res u l t  is s u pported (see f i g u re 5) by 

expe r i menta l ev i dence wh i ch i s  ava i l ab l e  f rom other wo rk2 2 • 2 5- z 9 ) ca r r i ed out 

nea r  1 o l Bev.  

1so·-- -

I VR 

90° 
I 

t2S°lo 

.... y 

F i gure 5 Compa r i son of  data 
f rom a number of expe r i me�ts  
nea r 1 0 I Bev . C (Corne l l 3 3 J ) ,  
M I T (M I T  g roup2 7 l ) ,  HP ( Have rah 
Park2 B ) ) ,  VR (Vo l cano Ranch2 2 ) ) ,  
Y (Yakuts k2 9 ) ) .  The va r i a t i on 
i n  amp l i tude be tween expe r i ments 
i s  l a rge but  the ag reement  i n  
phase i s  s t r i k i ng . 

At the ve ry h i ghes t  energ i es ( >4 . 1 0 1 9 eV) the re i s  accumu l a t i ng e v i dence 

for an excess  of even ts f rom h i gh Ga l act i c  l a t i tude s .  Such a poss i b i l i ty was 

f i rs t  noted in 1 9 73 30 ) and as further  even ts have been recorded the tendency 

for energe t i c  even ts to a r r i ve p referen t i a l l y  at  l a rge ang l es to the Ga l ac t i c  

p l ane has pers > s te d .  The c u r rent  s i tua t i on (for  o>Oo  and E>4 . 1 0 1 9eV) i s  

s umma r i s e d  i n  f i g u re 6 ;  the Vo l cano Ranch and Have rah Park events a re those 

l i s ted in the Wo r l d  Data Cen t re Cata l ogue24 ) w h i l e  the Yaku t s k  po i n ts we re 

reported by Kras i l n i kov2 3 l . The cut i n  ene rgy has been taken at 4 . 1 0 1 9eV so 

as  to  cor res pond w i th the h i ghe s t  energy band d i s cussed by Kras i l n i kov.  
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F i gu re 6 The a r r i va l  d i rect i ons  of the 45 mos t  energet i c  events 
(>4 x 1 019eV) obse rved at 6 >0 0 .  The p roject i on used i s  an  equa l a rea 
proj e c t i on ;  6=900 1 ies at the cen t re oJ' the c i rc l e  wh i ch has c i rcumfe ren ce , 
6=0 0 .  The open c i rc l es i n  the l eft  hand d i ag ram a re i den t i f i a b l e  i n  the 
r i ght  hand d i a g ram ( 1 3  f i l l ed c i rc l �s , Yaku tsk23 ) ; 7 crosses , Vo l cano Ran ch24 ) 
and  25 open c i rc l es ,  Haverah Park2 4 ! ) .  I n  the r i ght hand d i ag ram l i nes of 
Ga l ac t i c  l a t i tude , b"=60 0 ,  300 , o0 , - 30 0 , a re ma rked as  a re the d i rec t i ons  of 
s p i ra l - i n ,  the Ga l act i c  a n t i - ce n t re , the north Ga l act i c  po l e  and the cen t re 
of the V i rgo c l u s te r .  

I n d i v i dua l energ i es have y e t  t o  be pub l i shed for t h e  Rus s i an data .  The f i rs t  

h a rmon i c  i n  r i gh t  ascens i on o f  these 45  even ts has an amp l i tude of 90  ± 20% 

(p robab i l i ty o f  a r i s i ng by chance f rom an i so t rop i c  d i s t r i b u t i on = 1 . 4 x  1 0- 4 )  

and a phase of  1 80 ± 1 40 RA .  I t  i s  a l so c l ea r  tha t there i s  n o  enhan cement 

towa rds the Ga l a ct i c  p l a n e  as p red i cted by Syrovatsky 3 1 l . The probab i I i  ty of 

a 2 :  1 enhanceme n t  i n  the reg i on of the p l ane w i th respect to the Po l e  

( l b" l < 30°  compare w i th l b" l > 3 0 0 )  can b e  s t ron g l y  rej ected , (p« l 0- 3 ) .  

An a l te rna t i ve way of p resen t i n g th i s  res u l t i s  to determ i n e  the 
dev i a t i on f rom expecta t i on of the mean Ga l act i c  l a t i tude of these data . I t  

has been poi n ted out before 1 ) that  the Haverah Pa rk data set  reve a l  an i nc rease 

of <s i n b"> , ove r the va l u e  expected for i sotropy ,  above the ene rgy at wh i ch 

the ene rgy s pect rum f l a t tens . A s i m i l a r ana l ys i s  has been made w i th the 
ava i l a b l e  s howe rs f rom Vo l cano Ran ch and Yakutsk  and i s  shown a l ongs i de the 

Have rah Pa rk res u l t i n  f i g u re 7. There is some support f rom these 

expe r i ments for a change in the Ga l a ct i c  l a t i tude d i s t r i b u t i on at the 

ene rgy in q ues t i on .  Above 4 . 1 0 1 9eV , <s i n  b"> fo r 48 events is 0 . 5 0 ± 0 . 0 7 

compa red w i th the i s ot rop i c  expecta t i on of 0 . 30 .  For 1 -2 x 1 0 1 9eV ( the othe r 

energy band for wh i ch Ya kutsk d i rect ions  a re ava i l a b l e )  <s i n b"> = 0 . 2 1 0 ± 0 . 045 

( i sotrop i c expecta t i on = 0 . 22 )  for  the showe rs recorded i n  the th ree 
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F i gu re 7 Va r i a t i on \lf <s i n b"> w i th energy . The l e f t  hand d i ag ram shows the 
Have rah Pa rk resu l ts 1 1  for < s i n b"> and the ene rgy spect rum. The r i ght  hand 
d i agram s hows the res u l ts der i ved for <s i n  b"> fo r the Vo l cano Ranch24 ) and 
the Yakuts k2 3 ) data sets . 

The reason , • a  p r i o r i  1 ,  fo r i nves t i ga t i ng the an i so t ropy above and 

be l ow  4 x  1 0 1 9eV is that above th i s  energy the s pect rum is f l a t t e r  than at 

l owe r ene rg i es whereas i f  the sources of  these mu l t i - Jou l e  pa rt i c l es 

a re at cosmo l og i ca l  d i s tances (quasars for examp l e ) , the s pectrum i s  

pred i cted to s teepen rap i d l y .  I have been unab l e  t o  th i n k  o f  any 

sys tema t i c  e r ro r  wh i ch ,  if i t  we re p resen t , wou l d  s i m u l taneous l y  

f l a t ten the  s pect rum and cause the s howe rs to a r r i ve w i th an anoma l ous 

i n tens i ty at h i gh Ga l a ct i c  l a t i tudes . The two effects comb i ne to p rov i de 

an i mportant c l ue as to the or i g i n  of the mos t  energe t i c  part i c l es .  
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F i g u re 8 D i s t r i b ut i on of h i gh 
ene rgy cosm i c  rays i n  Ga l act i c  
l a t i tude32 ). The uppe r d i ag ram shows 
the ra t i o  of the obse rved to expected 
n umbe r of  showe rs as  a funct ion of 
Ga l a ct i c  l a t i tude and energy . 
Showe rs a re g rouped i n  energy b i ns 
wh i ch ,  apart f rom E l O ,  a re a factor 2 
i n  w i dth .  ES encompasses 1 - 2  x 1 0 l Bev 
and E l O  con ta i n s  a l l showers w i th 
energy > 3 . 2 x 1 0 1 9eV. Note that E 7 ,  
E S  a n d  E 9  a re t reated as  a s i ng l e  
g roup and that there i s  a change i n  
the ve rt i ca l  sca l e  fo r E l O .  I n  the 
l owe r d i ag ram the g ra d i en t  of each of 
the uppe r g raphs is p l ot ted as  a 
funct i on of p r i ma ry energy.  The re i s  
a change o f  sca l e  above the dotted 
1 i ne wh i ch s hows the g ra d i en t  
expected fo r an i sotrop i c  d i s t r i bu t i on 
i n  G a l act i c  l a t i tude .  The Co rne l l 
data a re f rom re fe ren ce ( 33 ) .  

A more deta i l ed ana l y s i s  i n  Ga l act i c  l a t i tude h as recen t l y  been made by 
the Have rah Park g roup32 ) fo r showe rs w i th ene rg i es be l ow 4 . 1 0 1 9eV. The 9 x 1 04 

even ts w i th energ i es a bove 6 x  J O l6eV have been g rouped i n to factor of 2 b i ns i n  

energy . Fo r each ene rgy b i n  the ra t i os of the obs erved to the expected n umbe r 

of events have been ca l cu l ated as a funct i on of Ga l ac t i c  l at i tude and  a re shown 
i n  f i g ure 8. The s t a t i s t i cs a l  l ow on l y  a des c r i p t i on of the sys tema t i c  
dev i a t i ons f rom un i form i ty i n  Ga l act i c  l a t i t ude . The g rad i en t  of a 1 i ne a r  l east  



squares f i t  to the data of each energy b i n  i s  shown i n  the f i gure .  The res u l t 

for  b i n  E l O  i s  a res ta tement  of t�e res u l t j us t  d i scussed , that s howe rs above 

4 x  1 0 1 9eV a r r i ve p referen t i a l l y  f rom h i gh  Ga l ac t i c  l at i tude s .  The rema i n i ng 

ene rgy b i n s  s how a sys tema t i c  enhan ceme n t  at l ow Ga l act i c  l a t i t udes . A l though 

no ene rgy b i n  s hows a very s i gn i f i cant  enhanceme n t  on i ts own ,  a t rend of 

s teepe r g ra d i en ts at h i gher  ene rg i es i s  appa ren t when the f i t ted g rad i en ts a re 

p l ot ted as a fun c t i on of energy . D i rect compa r i s on i s  poss i b l e  on l y  w i th data 

f rom the Corne l l g roup 3 3 ) who have reported the co- o rd i nates of 1 6 6  events  

ha v i ng E> l 0 1 8eV . Th e g rad i en t  i s  compa rab l e  i n  magn i tude and  of the  same s i gn 

as those obta i ned w i th Have rah Park data .  Fo r the Haverah Park even ts a l one  

the  mean g rad i e n t  a t  energ i es l es s  than  3 . 2  x l 0 1 9eV i s  (- 3 . 1 ± 1 . 4 )  x 1 0- 3 ,  

s i gn i f i can t l y  d i ffere n t  f rom zero. 

4 .  D i s c us s i on and  I n te rpre ta t i on 

have a t tempted to s umma r i se the p resen t s ta te of know l edge about cosm i c  

rays i n  f i g u re 9 whe re the ene rgy dependence o f  the mean mas s , the i n teg ra l 

s l ope of t h e  ene rgy s pect rum and pa rame te rs assoc i a ted w i th the an i s o t ropy , a re 

d i s p l ayed . The b reaks i n  the va r i ous  pa ramete rs a re not ,  of cou rse , as sharp  

as i nd i ca ted b u t  are  s hown as  d i s con t i n u i t i es to h i gh l i gh t  the poss i b i l i ty that  

changes in  s pectra l  features appear  to co i nc i de w i th changes in  features o f  the 

H Y C integral) 
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F i g u re 9 Summary of  
expe r i menta l data on cosm i c  rays . 
TriA i s  the mean of the l oga r i thm 
of the p r i mary mass , A; y i s  the 
s l ope o f  the i nteg ra l ene rgy 
s pect rum; o i s  the amp l i tude o f  
t h e  1 s t  ha rmon i c  i n  s i de rea l t i me 
o r  r i gh t  a s cens i on and the b"  
g rad i en t  rat i o  i s  a s ummary of  
the data o f  f i g u re 8 .  The Larmor 
rad i us of  a p roton i n  a 3µ G 
magne t i c  f i e l d  i s  shown at two 
energ i es .  

an i sotropy . The two mos t c l ea r l y  es tab l i s hed changes i n  the s l ope of the 

ene rgy spect rum occur near 1 0 1 5ev and 3 x 1 0 1 9ev. Nea r the l owe r ene rgy the 
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amp l i tude of t h e  f i rs t  h a rmon i c  i n  r i gh t a s cens i on i s  obse rved to s ta r t  to 
i n c rease w i th energy ; a t  the h i gh e r  energy a tendency for p a r t i c l es to a r r i ve 
p re fe ren t i a l l y  f rom h i g h Ga l ac t i c  l a t i t udes i s  obse rved . There may be a l e s s  
p ronounced s pe c t r a l fea t u re nea r 1 0 1 7eV whe re t h e  an i s o t ropy amp l i t ude chan ges 
and where t h e  phase and dec l i n a t i on d i s t r i b u t i on behaves in a comp l i ca ted 
manne r ;  more meas u remen ts of the s pe c t rum a r e req u i red in th i s  reg i on .  

I t  i s  e v i den t f rom f i g u re 9 (and f i g u res 2 and 8) that cosm i c  rays a re 
a n i s o t rop i c  a t  a l l ene rg i es b e tween S. 1 0 1 1  a n d  1 0 2 0ev. There i s  s ugges t i ve 
e v i dence , de r i ved f rom a n a l y s i s  of the d i s t r i b u t i on of 1 0 0MeV y - rays , tha t 
cos m i c rays of 1 0 9 - 1 o l O ev have the i r o r i g i n  i n  ou r Ga l axy 34 ) . I t  i s  
con se rva t i ve a n d  unexcep t i ona b l e  to s uppose tha t cosm i c  rays u p  to a t  l eas t 
2 . 1 0 1 7eV a re a l s o of Ga l a c t i c  or i g i n .  The re l a t i ve l y  l a rge amp l i t udes , seve r a l 
pe rcen t ,  obse rved nea r 1 0 1 7ev a n d  the comp l ex d i s t r i b u t i on i n  de c l i n a t i on (see 
f i g u re 3) cou l d  h a rd l y  a r i s e  as a res u l t  of s ome an i s o t rop i c , ext raga l a c t i c ,  
d i s t r i b u t i on o f  s o u rces beca use d i f f us i on o f  the p a r t i c l es i n  i n te rga l a c t i c  
s pace i s  expected to render the i r d i s t r i bu t i on h i gh l y  i so t rop i c .  Rather one 
m i g h t  seek to i n te r p re t  t h e  obse rved p a t te r n s  a s  a r i s i n g f rom the convo l u t i on 
of t h e  magne t i c  f i e l d  s t r u c tu re w i t h i n  a few La rmor rad i i  of the e a r t h  w i t h a n  
an i s o t rop i c  d i s t r i b u t i on of Ga l a c t i c  objects wh i ch wou l d  acce l e r a te s u ch 
p a r t i c l es .  I n  t h i s  con text i t  i s  n o ted t h a t  the c u r ren t l y  a t t ra c t i ve s hock 
a c ce l e ra t i on mode l m i gh t  ope rate up to energ i es of 1 0 1 8ev 3 51 .  S u i tab l e  shocks 
m i g h t  be, o r  m i gh t  have been , a s s o c i ated w i th fea t u res s u ch a s  the He i l e s  
s upe r s h e l  l s 3 6 l .  Theo re t i c a l  s t ud i es o f  me thod s of acce l e r a t i on of l i g h t  
n u c l e i  i n  s u c h  s y s tems wou l d  be of eno rmous he l p  i n  i n te rp re t i n g t h e  d a t a .  

Exten s i ve efforts have been made i n  t h e  l a s t  1 0  yea rs to unde r s t a n d  the 
fact that cosm i c  rays of 1 0 2 0 ev a re obse rved at a rate ( 5 (:'.� : i lx 1 0- 1 6m- 2 s - 1 s r- 1 ) 
s i g n i f i ca n t l y  g re a t e r  than expected i f  the s o u r ces of s u ch p a r t i c l es l i e on l y  
a t  cosmo l og i ca l  d i s tance.  The po i n t  i s  that  p rotons o f  th i s  ene rgy i n teract 
very s t ron g l y  w i t h the 3K rad i a t i on ( p rod u c i n g  p i on s ) a n d  have an a t te n ua t i on 
l en g th of about 2 0 0Mpc at 1 0 2 0ev . Th us 1 0 2 0ev p rotons f rom the Coma c l u s te r  

wou l d  b e  reduced i n  i n tens i ty by �2 . 7 even i f  d i f f u s i on i n  i n te rga l a c t i c  s pace 
was neg l i g i b l e . I f  a l l  of the p r i ma r i es were i ron n u c l e i  ( i n  con t rad i c t i on to 
the l i m i ted expe r i men t a l  ev i dence ) photod i s i n te g r a t i on by the 3K photons wou l d  
b e  e f f e c t i ve i n dep l e t i n g  the i n tens i ty b y  a s i m i l a r  amo u n t 7 ) . The sou rces 
m u s t  t h u s  be re l a t i ve l y  l o ca l ,  ce r ta i n l y  l y i n g w i th i n  200Mp c .  

Ev i dence f o r  an i s o t ropy i n  t h e  a r r i va l  d i rec t i o n s  o f  t h e  h i ghes t energy 
eve n t s  ( f i g u re 7)  appea rs at v a r i a n ce w i t h any reasona b l e  mode l o f  Ga l ac t i c  
o r i g i n ,  an d i t  h a s  become popu l a r6 , 7 , 3 7- 3 9 ) to cons i de r  the pos s i b i l i t y t h a t  
h i ghes t ene rgy p a r t i c l es a re p roduced by sou rces w i th i n  the V i rgo c l u s t e r .  A 



maj o r  d rawback of th i s  hypothes i s  i s  tha t the ene rgy req u i rements  for  s uch 

sou rces a r e  ve ry l a rge .  To  ma i n ta i n  the obse rved l oca l ene rgy dens i ty of  

"' 1 0- 8eV cm- 3 t h roughout the  Loc a l  Supe r c l uster  when the 3 K- l i m i ted l i fe t i me i s  

'V 1 0 By req u i res an ene rgy i nput , i n to 1 0 2 0 ev p a r t i c l es and above , of 

"'5 x 1 04 1 e rg s- 1 .  Add i t iona l l y the sou rces wou l d  have to p ump vast quan t i t i es 

of ene rgy i n t o  l owe r ene rgy cosm i c rays , as much as 1 046erg s- 1 i n to cos m i c  rays 

> 1 GeV if the h i gh ene rgy s pect r a l  s ha pe (y = 1 . 3  ± 0 . 1 )  pers i s ts to l ower energ i e s .  

Such an  ene rgy output  i s  about 1 0 6  t i mes that  of ou r own Ga l axy i n  cosm i c  rays 

whe reas th e n umbe r of s i m i l a r ga l ax i e s  in the V i rgo c l us t e r  may on l y  be "'1 0 3 .  

A p a rt i cu l a r l y  i n teres t i n g  and deta i l ed d i scuss i on o f  t h i s  p rob l em has 

been g i ven by G i  ! e r  et a ] 4 0 ) in a deve l opme n t  of s ome ea r l i e r  i deas of Wdowczyk 

and  Wo l fenda l e4 1 l . They have made a deta i l ed s tudy of a mod e l  i n  wh i ch the 

sou rces of the part i c l es l i e  in the V i rgo c l uster  and in ne i ghbou r i ng c l us ters . 

Two d i ag rams f rom the i r  paper a re s hown i n  f i g u re 1 0 .  The s pectra l s ha pe a t  the 

h i ghes t ene rg i es can be rep roduced by the mu l t i -c l us te r  mode l w i th a l a rge 

d i ffus i on coeff i c i en t ( 3 x 1 0 3 5  E i 9 5 cm2 s- 1 )  though a better  des c r i pt i on of the 

a n i sot ropy data i s  p rov i ded by the mode l i n  wh i ch the V i rgo c l u s te r  con ta i n s  the 

most  s i gn i f i ca n t  sou rces . A tes t between the two mode l s  may be poss i b l e  when 
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F i gure 1 0  Res u l ts of ca l cu l a t i ons  of the V i rgo c l uster  and mu l t i - c l us t e r  
mode l s  of G i  ! er et  a J 4 0 ) ,  The l eft  h a n d  d i a g ram shows the f i t  t o  t h e  spec t ra l  
shape ach i eved w i th the m u l t i -c l us te r  mode l ( c l us ters w i th i n  1 00Mpc ) i n  wh i ch 
the d i ffus i on coeff i c i en t  i s  energy dependen t ,  D = 3 x 1 03 5  E 1 9 1 ·  5 cm2 s- 1 ( E  i n  
un i ts of 1 0 1 9eV ) . The r i ght  hand d i ag ram s hows the v a r i a t i on of <s i n  b"> 
p red i cted by mode l s : A, V i rgo c l uster  o n l y ,  D = S x  1 0 3 3  E 1 9 � cm2 s- 1 ;  
B ,  V i rgo c l us te r  a l on e ,  D = 1 . 58 x 1 0 34 E 1 9 cm2 s- 1 ;  
C ,  V i rgo p l us other c l u s te r s ,  D = 3 x  1 0 3 5 E 1 9 1 · 5 cm2 s- 1 .  The open c i rc l l's a re 
f rom1 l , the t r i ang l e  i s  a sma l ! e r  samp l e  of Yakutsk  data than that  of2 3 J  
wh i ch i s  s hown i n  f i gure 7. T h e  d i ag rams are  f i g u res 7 a n d  9 of  
reference ( 40 ) . 
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da ta on the spect ra and  an i so t ropy i n  the Southern Hem i s phe re ( 6 < 0 ° )  become 

ava i l a b l e .  On the V i rgo hypothes i s  i t  seems c l ea r  that a sma l l e r  an i so t ropy 

than seen i n  the Nor thern Hem i sphere wou l d  be expected together w i th a l ess  

pronounced f l a t ten i ng of  the spect rum. Th i s  a r i ses beca use of  the we l l - known 

concen t r a t i o n  of ga l ax i es i n  the northern Ga l act i c  hem i s phere42 ). Pred i c t ions 

based on the mu l t i - c l uster  mode l req u i re more deta i l ed know l edge of the 

pos i t i ons , s i zes  and d i s ta nces of Ga l act i c  c l usters  than a re presen t l y  

ava i l ab l e . 

A l though the mode l j u s t  desc r i bed successfu l l y exp l a i n s fea t u res 

assoc i a ted w i th the h i ghest energy cosm i c  rays i t  p red i cts that the d i rect ion 

of a n i sot ropy of 1 01 8 - 1 0 1 9ev pa r t i c l es shou l d  l i e above the Ga l act i c  p l ane 

( f i gu re 1 0 ) rather than b e l ow i t  as  is  found exper i menta l l y ( f i gu re 8) . The 

or i g i n  mod e l  can be reconc i l ed w i th observa t i ons  i f  the p r i ma r i es wh i ch reach 

us  f rom southern Ga l ac t i c  l at i tudes have unde rgone some p referen t i a l  

acce l era t i on , perhaps a s  a resu l t  of hav i ng spent a substa n t i a l  part  o f  the i r  

1 i ves w i t h i n  the Loca l G roup of ga l ax i e s ,  the centre of wh i ch 1 i es i n  a 

d i rect i on zz O b e l ow the Ga l a ct i c  p l ane .  The  poss i b i l i ty of  i n terga l ac t i c  

acce l e ra t ion , sugges ted or i g i na l l y b y  Coccon i 4 3 l , has been rev i ved more 

recen t l y  i n  the con text of shock acce l e ra t i on by B l andford and Os t r i ke r 35 ) . 

I t  i s  not b e i ng suggested here that  part i c l es rece i ve a l l  of the i r  energy 

in i n t e rga l a ct i c  space. Rather i t  i s  b e i n g  p roposed tha t the an i sot ropy a r i ses 

because par t i c l es rece i ve a boost  of  energ y ,  /I E ,  l ead i ng to an  a n i sot ropy of 
(y + 1 )  LIE , where y i s  the s l ope of  the i n tegra l energy spect rum. Ga l a ct i c  

E 
w i nds  and the mot i on of mas s i ve gas c l ouds , such as those of the Mage l l an i c  

s t ream44 ) , may genera te the necessary shocks i n  the med i um o f  the Loca l G roup . 

I f  a heavy mass compos i t i on i s  eventua l l y estab l i shed as b e i n g  more 

proba b l e  than the p roton dom i na ted compos i t i o n  supposed i n  the above d i scus s i on 

then the obse rva t i ons between 1 0 1 8  and 1 0 1 9eV cou l d  be recon c i l ed w i th a 

Ga l a c t i c  o r i g i n .  A cosm i c  ray g ra d i en t  caused by i neff i c i en t  trapp i n g  w i th i n  

the Ga l act i c  magnet i c  f i e l d  wou l d  resu l t  i n  a n  a n i sotropy i n  a d i rec t i on 

orthogona l to the l oca l magnet i c  f i e l d  and the g rad i en t .  The d i rect i on of the 

obse rved excess i s  con s i stent  w i th a f i e l d  d i rect ion  o f  £""-90 ° , b""'oO p rov i ded 

the sun l i es in the d i rec t i on towa rds the i nner  boundary of the l oca l sp i ra l  

a rm a s  i t  may do4 5 l . 

5 .  Summa ry and Future Exper i ments  
The  conc l us i ons  wh i ch have been reached above as  to the o r i g i n  of  cosm i c  

rays a re : -
1 .  1 0 1 2 - z . 1 0 1 7ev I t  i s  l i ke l y  that the majo r i ty of these part i c l es are 



acce l e ra ted i n  sou rces wh i ch l i e w i th i n  our  own Ga l axy . The l eve l s  of 

an i so t ropy obse rved f rom 1 0 1 5  to 2.  l O l 7eV a re much l a rger  than expected 

on any ext raga l a ct i c  theory of o r i g i n  a nd s i nce there is ev i dence f rom 

s t ud i es of y- ray data that 1 0 9  - 1 0 1 0ev cosm i c  rays a re G a l a ct i c  i t  wou l d  

b e  s u r p r i s i ng i f  pa r t i c l e s  o f  i n te rmed i ate ene rgy had a d i fferent o r i g i n .  

Furthe rmore a n umber o f  p l aus i b l e  Ga l act i c  mode l s  have been dev i sed4 6-4 9 ) 

wh i ch ,  though d i ffe r i ng i n  the i r  assump t i ons , l ead to p red i ct i ons  for the 

amp l i tude of  an i sot ropy in rough ag reemen t w i th expe r i men t .  

I t  s hou l d  b e  borne i n  m i n d ,  howeve r ,  tha t a m i xture  of a n  i sot rop i c  

extraga l a c t i c  component and a n  an i so t rop i c  Ga lact i c  component cou l d  be 

p resent a t  any energy.  For  examp l e  the observed an i sot ropy near 1 0 1 7eV 

m i ght  a r i se f rom a Ga l a c t i c  componen t wh i ch had a 1 00%  1 s t  ha rmon i c  

amp l i tude ( a  po i n t  sou rce p roduces a 200% amp l i tude) and a n  i so t rop i c  

ext raga l a ct i c  component wh i ch comp r i sed �98% o f  the to ta l i n tens i ty . 

2 .  2 . 1 017- i a19 eV : I t  i s  not c l ea r  at the p resen t t i me whethe r cos m i c  rays 

in t h i s  ene rgy band o r i g i nate  dom i nan t l y  f rom w i th i n  ou r Ga l axy or  out

s i de of i t .  I f  the maj o r  mass componen t i s  e s tab l i shed to b e  hyd rogen 

then i t  w i l l  be  hard to s u s ta i n  the v i ew that the maj o r i ty of the 

pa r t i c l es o r i g i na te w i th i n  ou r Ga l axy . 

3 .  > J O l 9eV : The ev i dence for an i sot ropy in  a d i rect i on nea r l y  norma l to the 

Ga l a c t i c  p l ane , cou p l ed w i th the d i f f i cu l ty of a cce l e ra t i ng part i c l es to 

t hese ene rg i e s  in any known s t ructure w i th i n  our G a l axy , makes i t  probab l e  

tha t the pa r t i c l e s  obse rved a re o f  Ga l a ct i c  or i g i n .  The con t i n u a t i on of 

the s pect rum to j u s t  beyond 1 02 0 ev, howeve r ,  requ i re s  that the sources 

l i e w i th i n  200Mpc and p robab l y  c l os e r .  

Wha t expe r i men ts  need t o  be unde r taken t o  tes t  these con c l us ions?  At  the 

h i g hest  ene rg i e s  the maj o r  needs a re for data f rom the Southe rn Hem i s phe re ,  

wh i ch s hou l d  come s ho r t l y  f rom the Sydney expe r i me n t 3 5 ) and fo r a t h ree- to

tenfo l d  i n c rease i n  s ta t i s t i cs wh i ch may be ach i eved by the Un i ve r s i ty of 
Utah ' s  F l y ' s  Eye expe r i men t50 l i n  the near  future .  I f  1 0 3 km2 of co l l ec t i ng 

a rea  cou l d  be mon i to red for 1 0  yea rs on l y  abo u t  5 even ts  w i th E > l 0 2 1 eV wou l d  

b e  expected f rom a n  ext rapo l a t i on of the known rate a t  1 02 0ev. Between 1 0 1 7  

and J O l 9eV h i gh stat i s t i cs expe r i ments  i n  wh i ch i t  i s  pos s i b l e  t o  measure the 

a r r i va l  d i rect ion pa ttern of i n d i v i dua l ma ss  components a re b e i ng d i s cussed 

and p re l i m i nary data of  th i s  type may come from the recen t l y  comm i ss i oned 

l a rge a r ray in Japa n 5 1 l . At l owe r energ i e s  the Nagoya g roup has p l an s  to 

extend the i r  h i gh  coun t i ng ra t e ,  sma l I a i r  shower expe r i ments  to energ i es 

above l 0 1 4ev52 ) wh i l e  between 1 0 1 5  and  l 0 1 7eV expe r i ments  curren t l y  run n i ng 

at Have rah Park enab l e  an i n terest i n g  reg i on to be su rveyed w i th c u r re n t  
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techno logy.  Be l ow l 0 1 7eV howeve r ,  the sma l l ness  of  the showe rs makes i t  

ha rd to see how mass a s s i gnments  can b e  made eff i c i e n t l y  for i n d i v i d u a l  

even t s .  

O f  i mmense benef i t  t o  t h e  i n terpretat i on o f  ex i s t i ng d a t a  wou l d  be 

theoret i ca l  effort a i med a t  p i nn i ng down 1 i ke l y  acce l e ra t i on reg i on s .  I n  

part i cu l a r  the enormous powe r req u i red to b e  i np u t  to h i gh ene rgy cosm i c  rays 

and the acce l e ra t i on of pa rt i c l e s  to 1 02 0ev pose cha l l eng i ng p rob l ems for 

ast rophys i c i s t s .  
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THE STUDY OF A I R  S HOWERS BY THE FLY '  s-EYE 

Jerome w. El bert 
Physics Department, Uni versi ty of Utah 

ABSTRACT 

The Fly ' s-Eye i s  an optical -el ectronic  system desi gned to detect sci nti l -
l ation and Cherenkov l i ght from ul tra-high-energy cosmic ray air  showers.  For 
about 9 months , 48 out of the total 67 mi rrors of the system have been operated. 
Ai r showers with greater than 10 1 7  eV are bei ng detected and reconstructed by the 
Uni versi ty of Utah Cosmic Ray Group .  The Fly ' s-Eye wi l l  al l ow the devel opment of 
i ndividual showers i n  the atmosphere to be studied and wi l l  be abl e to observe 
showers many k i l ometers away . Besi des observ i ng the s pectrum and ani sotropy of 
air showers from 10 1 7 to 102° eV cosmic ray nucl ei , the system may al so detect 
poi nt sources of 10 14  to 10 1 6  eV Y-ray s .  Prel imi nary data from a search for Y
rays from the vici n i ty of the Crab Pul sar are presented . 
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I .  I NTRODUCTION 

The Fly '  s-Eye i s  the fi rst apparatus designed to provi de truly remote de

tection of cosmic ray air  showers.  In thi s paper I wou l d  l i ke to describe the 

Fly ' s-Eye to astrophysi c i sts and physici sts who are not cosmi c ray spec i al i sts 

and to poi nt out the goal s of the air  shower work to be done by the Fly ' s-Eye.  

S i nce i t  i s  l ikely ,  or  at  l east poss i bl e ,  that cosmic rays are produced in  

supernova remnants , acti ve gal acti c nucl ei , and  quasars , 1-3] some cosmic ray 

studies can have impl ications outsi de the fiel d  of cosmic ray phenomena. For 

exampl e ,  model s of cosmic ray production have been proposed 3 , 4] i n  whi ch  a major 

part of the emitted energy of astronomi cal objects consi sts of cosmic rays or 

very high energy Y-rays whi c h  are observabl e by cosmic ray detectors . For the 

Fly ' s-Eye there are two general k i nds of observati ons which are of spec i al astro

physical i nterest. 

One k i nd of observati on i s  the study of cosmic rays withi n the energy range 

10 1 7  to 102 1  eV. Some astrophysi cal impl icati ons of these studies wi l l  be des

cri bed in Section V of thi s paper. Somewhere above 1020 eV, cosmic rays travel 

rel atively di rect paths to the earth , and l arge ani sotropi es are expected i n  

thei r arrival di rections.  In  thi s  extreme high energy l imit ,  cosmi c ray studi es 

resembl e other forms of astronomy , with nearly undefl ected charged parti cl es 

arri v i ng at the earth and givi ng i nformation about thei r sources . The study of 

the chemical composition of the ul tra-high-energy cosmi c ray nucl ei al so has 

astrophysical s ignifi cance.  

A second k i nd of observation of astrophysical i nterest is  the detection of 

primary Y-rays at hi gher energi es than have been studied so far .  In  thi s case 

the rel evant energy range is from about 10 14  eV to 10 16  eV. Prel imi nary resul ts 

of Y-ray observations from the v i c i ni ty of the Crab Nebul a are presented i n  

Section VI . 

I n  Section I I ,  the production of l i ght by air  showers and the basic i dea 

of the Fly ' s-Eye i s  described. I n  Secti on I l l ,  the i dea of the Fl y ' s-Eye i s  

descri bed. Sec t i  o n  IV  descri bes the Fly '  s-Eye i ts el f .  The ways i n  which the 

Fly ' s-Eye may contribute to knowledge of extremely high energy cosmic rays,  astro

physics ,  and particl e physics are descri bed in Secti on v. Section VI di scusses 

ul tra-hi gh-energy Y-ray detecti on by the Fly '  s-Eye. 

I I .  PRODU CTI ON O F  L IGHT FROM EXTENS I VE AIR  SHOWERS 

Extremely high energy primary cosmic rays {mostly protons and other nucl ei ) 

enter the earth ' s  atmosphere and col l i de with the nucl ei of air  atoms . Mesons 

are produced in these i nteractions.  The nucl eons and some of the mesons from the 



col l i s ions go on to col l i de wi th other a ir  nucl ei , produci ng more mesons . Si nce 

tens of mesons are produced in each such col l i sion and the atmosphere is about 

ten i nteraction l engths thi c k ,  the resu l t i ng cascades cons i st of many thousands 

of mesons , most of which  are TI mesons. Thi s is the hadronic part of the " a i r  

shower . "  

Unl ike  the charged TI mesons , which l i ve l ong enough ( i f  they are very ener

geti c )  to col l i de with nucl ei and produce other mesons , about a thi rd of the 

mesons are neutral and decay al most immedi ately i nto two Y-ray s .  The Y-rays 

produce el ectron-posi tron pai rs i n  col l i sions with air nucl ei . The el ectrons and 

posi trons produce more Y-rays by the bremsstrahl ung process . The atmosphere i s  

very "thi ck" compared to the typical amount o f  material needed for these proces

ses . The Y-rays from the decay of a si ngl e energetic neutral TI meson can resul t 

i n  an el ectromagnetic cascade consi sting of thousands or even m i l l i ons of el ec

trons , pos i trons ,  and l ower energy Y-ray s .  

Part of the shower energy i s  transferred to the el ectromagnetic cascade I n  

each generation o f  the hadronic cascade. By the time such a shower has reached 

the surface of the earth most of the shower energy has been shi fted from the 

hadronic to the el ectromagnetic cascade, and most of the charged particl es are 

positrons and el ectrons . At fi rst in the devel opment of such an " extensive a ir  

shower" the  numbers of el ectrons and  posi trons i ncrease. The el ectromagnetic 

cascade procedes until el ectron and posi tron energi es decrease to about 50 to 100 

MeV. At these energies ,  the el ectrons and positrons l ose about as much of thei r 

energy by i oni zation as by bremsstrahl ung , and the mul t i pl i cation process comes 

to an end .  

Because o f  the processes descri bed above, the number of charged particl es i n  

a n  extensive a i r  shower gradual ly i ncreases to a maximum val ue and then gradual l y  

decreases . The very hi ghest energy showers , however , have not reached thei r 

maximum number of particl es (or maximum " si ze" ) before the shower strikes the 

ground, i f  the shower i s  vertical . The cascade propagates i n  a straight l i ne at 

essential ly  the speed of l i ght . The wi dth of the cascade, about 100 meters, i s  

mai nly the resul t of mul ti pl e Coul omb scatteri ng o f  the l ow energy el ectrons and 

pos i trons . 

The Fly ' s-Eye detects 1 i  ght produced by energetic a ir  showers . The most 

important part of the 1 i ght detected by the Fly ' s-Eye is sci nti l l  ati on l i ght . 

Ionizi ng shower parti cl es produce exci ted ni trogen mol ecul es and ions.  Except at 

extremely high  al ti tudes , only a smal l fraction of the exci ted mol ecul es or ions 

emi t photons .  Most of the exci ted mol ecul es and ions l ose energy in col l i si ons 

with other a ir  mol ecules.  The number of exci ted mol ecul es or i ons is propor

ti onal to the a ir  pressure, whi l e  the probabi l i ty of emi tting a photon before a 

de-exc i ti ng col l i si on takes pl ace i s  i nversely proportional to the pressure •. As 
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a resul t o f  thi s ,  the number o f  emi tted sci nti l l ation photons per particl e per 

meter i s  roughly constant, i ndependent of the al ti tude. The l i ght i s  emitted 

i sotropical l y .  At fi xed pressure, the l i ght output is proportional to the ion

ization energy l oss of a parti cl e,  and amounts to about 4 photons per particl e 

per meter for mi nimum-i onizing parti cl es .  The sci nti l l ation l i ght occurs i n  

numerous bands i n  the near ul traviol et and viol et end o f  the spectrum. 

Cherenkov l i ght is al so produced by air  showers . Al l charged particl es 

travel i ng at greater than the speed of l i ght i n  a ir  produce thi s l i ght. Near 

sea l evel , a hi ghly rel ati v i stic particl e produces about 25-30 v i s i bl e  photons 

per meter in air .  These photons are emitted at  an angl e of  about 1 . 4° with res

pect to the parti cl e ' s  di recti on.  However, due to mul ti pl e Coul omb scattering 

and other effects,  shower parti cl es have average angl es of about 8° with respect 

to the di rection of propagation of the shower as a whol e .  Consequently,  thi s  

angl e dominates the angul ar di stri bution o f  Cherenkov l i ght. At sea l evel , only 

about hal f the shower parti cl es have vel oci ti es so close to c that they can 

produce Cherenkov l i ght .  At hi gher al titudes , a somewhat smal l er fraction of 

particl es can emi t Cherenkov l i ght, because the i ndex of refraction of the a ir  

i s  cl oser to  unity .  Al though the number of produced Cherenkov photons i s  greater 

than the number of scinti l l ation photons , the extreme di fference between the 

angul ar di stributions of the two l i ght components resul ts i n  the domi nance of 

scinti l l ation l i ght when showers are vi ewed at l arge angl es from the shower 

di rection. 

II  I .  THE IDEA OF THE FLY '  S-EYE 

The cl assical method of detecting air showers is by constructing a gri d of 

of particl e detectors and registeri ng events in which a number of adjacent 

detectors count parti cl es simul taneousl y .  

Such gri ds can cover areas o f  tens of 

square k i l ometers .5] These grids or 

a i r  shower arrays have gi ven us most of 

our present knowledge about the hi ghest 

energy air showers . Si nce the hi ghest 

energy cosmic rays are extremely rare, 

it is desi rabl e to extend the detection 

areas for cosmic ray air showers to the 

l argest feasi bl e  val ues . Optical detec

tion of remote air  showers al l ows the 

detection area to be i ncreased to the 

range of hundreds or perhaps thousands 

F'LY'S-EYE A I R  SHOWER DETECTOR 



of square k i l ometers . The basic  i dea of the Fly '  s-Eye (which we owe to Pro

fessor K .  Grei sen ) , 6J was to devel op an optical -el ectronic system to expl o i t  

thi s poss i b i l i ty .  

There i s  another major advantage of the use of remote detection o f  cosmic 

ray air  showers. Unl ike an array of parti cl e detectors, which measures the a ir  

shower " sizes" ( numbers of particl es l on ly  at the  surface of the earth , the 

remote detection of air showers al l ows the l ongi tudi nal devel opment of i ndividual 

air showers to be studi ed .  That i s ,  the number o f  shower parti cl es c a n  b e  ob

tai ned at many pos i ti ons along the air shower trac k .  Thi s i nformati on al l ows 

studies to be made of the chemical composition of the primary cosmic ray s ,  the 

i nteraction l ength of the extremely high  energy protons in air, and the " el on

gation rate" of showers ,  which  is dependent on the number of produced parti cl es 

in high energy col l i si ons .  These studi es wi l l  be di scussed in Section V. 

The ori gi n of the name, " Fly '  s-Eye, " i s  that the apparatus is somewhat 

anal ogous to the eye of an i n sect i n  whi ch  a l arge number of opti cal el ements are 

arranged i n  such a way that each el ement can detect the i ntensity of l i ght i n  a 

parti cul ar narrow angul ar range. An a ir  shower, as seen i n  the fi gure, produces 

a signal i n  optical el ements arranged on a great c i rcl e drawn on the imagi nary 

hemi sphere representi ng the fi el d of vi ew of the Fly '  s-Eye. I n  the Fly '  s-Eye 

there are 870 photomul t i pl i er tubes (PMTs l at the focal poi nts of 67 spherical 

mi rrors . Each of the PMTs vi ews a hexagonal -shaped aperture of about 2 . 7 °  hal f

angl e .  The pattern of PMTs which  see l i ght from a gi ven shower defines the  di rec

tions of a pl ane (the shower-detector pl ane l contai ning the Fly '  s-Eye and the 

l i near traj ectory of the ai r shower . The fact that the shower crosses the the sky 

at the speed of l i ght i s  used together with the measured times at whi ch the PMTs 

observe the s hower to obtai n the di stance of the shower and the angl e between the 

shower path and a horizontal l i ne in the shower-detector pl ane. Thi s compl etely 

determi nes the pos i tion and di rection of the shower trajectory. The i ntensi ty 

of the l i ght observed by the di fferent PMTs whi ch  v i ew the shower gives the number 

of parti cl es at numerous pos i tions al ong the shower traj ectory . Thu s ,  the Fly ' s

Eye obta i ns a great deal of i nformati on about each shower which i t  detects . 

The parti cul ar uses of the Fly ' s-Eye descri bed above are based on the detec

tion of sci nti l l ati on l i ght from air showers at di stances of about 1 km or more 

from the Fly ' s-Eye. There are al so very many l ower energy air showers which fal l 

wi thi n about 200 meters of the Fly '  s-Eye. For most of these showers the observed 

l i ght is predomi nantly Cherenkov l i ght emi tted withi n a few degrees of the di rec

tion of travel of the shower. The " i mage" of such a shower i "'  the Fly '  s-Eye i s  a 

bri ef l i ght fl ash i n  one or more PMTs . The i deal i zed geometry for such an event, 

cal l ed a " bl ast" is an i n stantaneous fl ash from a specific  di recti on.  I n  thi s 

case the s hower di rection  i s  nearly the di rection from which the l i ght i s  ob-
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served , and the time i ntegral o f  the l i ght pul se gi ves a l ower l imi t to (and an 

approximate val ue of )  the shower energy . These "bl asts" wi l l  be di scussed fur

ther in Section VI , i n  connection with the search for sources of ul tra-high

energy Y-rays .  

I V .  THE FLY ' S-EYE 

The Fly '  s-Eye is funded by the U .S .  Nati on al Sci ence Foundati on .  The pri n

ci  p l  e i nvestigator of the project i s  Professor George cassi day , of  the Uni vers i ty 

of Utah Physics Department. The l ocation of the Fly ' s-Eye i s  on the Dugway Army 

Provi ng Grounds, Utah,  U . S . A .  Thi s  l ocation i s  about 140 k m  southwest o f  Sal t 

Lake City .  The s i te i s  on a smal l mountain  which  i s  about 150 m above the 

surroundi ng country . The sparsely i nhabi ted l ocation is away from the l i ghts and 

a i r  pol l ution of l arge c i ti es .  The l ocation i s  al so desi rabl e because the sky i s  

free o f  cl ouds a l arge part o f  the time. 

The fi gure represents a mi rror unit of the 

Fly '  s-Eye. The 1 .6 m di ameter mi rror focuses 

l i ght (focal l ength 1 . 5  ml onto a c luster of 12 

or 14 hexagonal -faced l i ght col l ectors, each of 

which refl ects the l i ght onto the face of a PMT. 

The mi rrors are spherical and are made of al u

mi nized gl ass . The mi rrors are shaped by the 

Uni vers i ty of Utah Cosmic Ray Group by gravi ty-

sl umping of a ci rcul ar pi ece of or di  nary pl  ate 

gl ass onto a graphite mol d  i n  an el ectrical ly 

heated oven . Alumi num is evaporated onto the 

mi rrors in a very l arge vacuum chamber. The 

l i ght col l ectors are pl astic funnel -shaped de

vi ces whi ch  are al umi ni zed on the i nside surface. 

LIGHT RAY 

MIRROR 

t;yl i ndrical steel housi ngs shel ter the mi rrors . The mi rror is l ocated on 

the l ower l eft-hand s ide of the cyl i nder shown i n  the photograph. The housing 

i s  shown i n  pos i tion for viewi ng the sky . Duri ng the day the cyl i ndrical uni t i s  

rotated s o  that the open end faces the ground. If  the fiel ds of v i ew o f  al l the 

mi rror boundaries are projected onto a hemispherical dome, the resul ting mi rror 

boundaries are shown i n  the fol l owing fi gure. The mi rror units have been al i gned 

to agree with this pattern with an accuracy of 1/2 degree. The Fly ' s-Eye i s  

operated a t  ni ght when the moon i s  not up and the sky i s  cl oud-free. Because of 

these constrai nts, the Fly ' s-Eye operates about 10% of the time. There wi l l  be 

67 mi rrors uni ts in the complete Fly '  s-Eye. Duri ng the l ast 9 months 48 mi rror 

units have been i n  operation . Al l 67 uni ts wi l l  be operated l ater thi s year. 



The sensi tivity of the Fly ' s-Eye i s  

l imited by the noi se produced by fl uctu

ations in the background l i ght, produced 

by stars and chemical processes i n  the 

upper atmosphere. In order to optimize 

the sensitiv ity of the Fly ' s-Eye in the 

presence of the vary i ng background l i ght 

i ntensi ties,  the triggering rate of PMTs 

i n  each mi rror i s  monitored by our Digi tal 

Equi pment Corporati on PDP-1134 computer 

and the threshol ds are automatical ly  ad

justed to keep the counti ng rates wi thi n 

the desired range. A typical sens i ti v i ty 

N 

i s  such that the scinti l l ati on l i ght from a 10 1 7 eV a ir  shower i s  just detectabl e 

if the c l o sest poi nt of the shower trajectory i s  1 . 7  km from the Fly ' s-Eye. 

Showers whi ch are, for exampl e,  1 km from the Fly '  s-Eye pass through the 

fi el d of v i ew  of a PMT in a much shorter time ( ·  1/3 µ s )  than showers whi ch are 

20 km away (· 7 µ s ) .  The si gnal currents are i ntegrated over time periods fi xed 

by the el ectron i c s .  I t  i s  not optimal t o  i ntegrate data for 1 0  µ s  for nearby 

showers s i nce background fl uctuations woul d be i ncreased duri ng the more than 
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9 µ S  o f  excess i ntegration time. Thu s ,  some showers need to b e  i ntegrated for 

l ong peri ods , whi l e  other showers are best i ntegrated for short time peri ods . 

Thi s  probl em i s  treated by fanni ng out each PMT si gnal i nto 4 data channel s with 

i ntegration times spanni ng the range from 0 . 8  to 20 µs . In each shower, data are 

recorded i n  4 channel s for each tube which tri ggered. After the di stance of a 

gi ven shower i s  determi ned, the sel ection of data from the best data channel can 

be done for each PMT. 

Tri ggeri ng (deci d i ng that a possi bl e  event is present and that data shoul d 

be recorded l i s  accompl i shed i n  thi s system by a two-1 evel hi erarchy . Fi rst, a 

mi rror tri gger i s  formed when two PMTs i n  a gi ven mi rror pass over threshol d at 

nearly the same time. A system trigger occurs when two mi rrors tri gger at nearly 

the same time. By requi ri ng that these "coinci dences" be separated by a mi nimum 

i nterval , the triggering accepts cases i n  whi ch a shower crosses the fiel d  of 

v i ew of the Fly '  s-Eye, but rejects events in which the l f  ght arrives nearly 

simul taneously i n  al l PMTs.  The 1 atter events are the " bl as ts" mentioned pre

viously , which are only of i nterest when l ooki ng for y-ray sources . 

Duri ng normal operation,  about 10 track-l ike  events are observed per hour .  

There i s  n o  di ffi cul ty i n  di sti ngu i shi ng showers from the background noise be

cause real showers produce a very orderly sequence of pul ses i n  a l i ne across 

the sky . Data whi ch are stored for each event are the time at which the event 

occurred, the i dentiti es of al l PMTs which tri ggered i n  the event, the val ues of 

threshol ds at the time of the event, the rel ati ve times at whi ch di fferent PMTs 

tri ggered (accurate to 50 ns ) ,  and the pul se i ntegral s from the four data channel s 

of each PMT which tri ggered. FILE ,_ ,_ 2 

The reconstruction of the geometry 

of the shower i s  done i n  two stages. The 

fi rst i s  to fit  the shower-detector pl ane 

by analysis  of the di rections of tubes 

i n  which si gnal s were detected i n  a gi ven 

event. The fi gure shows the pattern of 

tubes which fi red in particular event. 

The vi ew is of a dome representing the 

sky , with x ' s  representing posi ti ons of 

tubes whi ch were part of the event. 

Ci rcl es represent tubes i n  which triggers 
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occurred but were i denti fied as noise tubes by the pattern recognition program . 

The dashed l i ne represents the hori zon . The great c i rcl e representi ng the fit  

to  the shower-detector pl ane is  drawn by the computer through the representati on 

of the data . There i s  l i ttl e di fficul ty i n  obtai ning the ori entation of thi s 

pl ane w i th very good accuracy. 



The next part of the fi t i s  done to 10 " 

the times at whi ch the PMTs tri ggered . 

The fol l owing fi gure shows a fi t of the 

times , t i , as a functi on of the angl es 

ei between the di rection of the shower 

and the di rection the l i ght traveled to 

the i -th PMT. The rel ati on between the 

vari abl es i s  gi ven by 

R 
t = t + _E. tan ( e  / 2 1  

i 0 c i 

w 
" 
;:: 4 

FILE 4 -7-2 
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Rp i s  the " impact parameter" (measured from the Fly ' s-Eye to the cl osest poi nt, 

P ,  on the shower trajectory ) and t0 is the time at whi ch the shower parti cl es 

reach poi nt P .  Si nce the ei depend o n  a choi ce o f  a n  angl e � between the shower 

di rection and a horizontal l i ne from the Fly ' s-Eye to the shower, the fi t i s  to 

the 3 parameters t0, Rp , and �. 
If a shower is v i ewed only at smal l val ues of ei then ei/2 � tan ( ei /2 1 and 

ti � t0 + Rp/c ( ei/2 ) .  Thi s is an equation for a straight l i ne rel ati ng the ti to 

the ei , and it does not contain  suffici ent i nformation to give the val ues of the 

3 unk nowns .  However , the tangent functi on i s  non-l i near and thi s curvature of 

the ti ( ei ) pl ot (whi ch is evident i n  the fi gure ) al l ows the shower to be recon

structed . In the shower shown here, the impact parameter Rp = 1 . 73 ± 0 . 10 km and 

the l i ght emi ssion angl es ei range from 12 to 122 degrees , with an uncertai nty 

of 2 degrees i n  these angl es . The angul ar uncertainties of showers range from 

about 1 degree up to i nf i n i ty ,  depending on the angul ar range i n  whi ch the 

showers are vi sibl e .  

After the di rection and  position of a shower are determi ned, the PMT si gnal s 

can be analyzed i n  order to i nfer the number of parti cl es present i n  the di ffer

ent regi ons of the shower. The determi nation of the number of parti cl es wi thi n 

the fi el d of v i ew of a gi ven PMT requi res the rel ati ve amount of l i ght expected 

from scinti l l ation and from Cherenkov emi ssion to be estimated. The procedures 

for thi s analysis  are bei ng devel oped and the devel opment of the cascades i n  the 

atmosphere shoul d be known soon .  

Arti ficial l i ght sources have been bui l t  i nto the mi rror units whi ch al l ow 

the l ong term variation of the refl ecti v i ty of the mi rrors and l i ght col l ectors 

or changes of the PMT gai ns to be measured. Procedures have been devel oped to 

equal ize  the sensitiviti es of al l PMTs in the system . An opti cal fl asher has 

been devel oped to produce artifi c i al " showers" to be detected by the Fly ' s-Eye. 

An i ntense pul se of col l imated l i ght was sent over the Fly ' s-Eye at " impact 

parameters"  of 1-3 km. The flasher unit  was accurately aimed to give a beam of 
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known di recti on .  Part of the beam was scattered by the ai r and was  received by 

the Fly ' s-Eye, as i n  a real shower. The beam di rection was cal cul ated from the 

Fly ' s-Eye data to check the reconstruction procedures . The detected l i ght i nten

s i ti es were studied to check the atmospheric scattering model . Both checks have 

gi ven us confi dence that the real s howers can be successfu l ly analyzed u s i ng the 

Fly '  s-Eye. 

V. THE GOALS OF  THE FLY ' S-EYE PRQJ E CT 

In order to i ntroduce the Fly ' s-Eye goal s ,  I woul d l i ke to draw a rough 

pi cture of the current knowl edge in thi s fi el d .  The figu re i l l ustrates the 

i nformation avai l abl e at vari ous energi es .  At the top of the figure, the energy 

domai n  i s  shown i n  which nucl ear emul sion techniques or other di rect measurements 

are poss i bl e.  These measurements are done in  space or at very high al ti tudes and 

requi re the cosmic ray to penetrate the apparatus so that di rect measurements 

can be made of the ioni zation rate and energy of the nuc l eu s .  Somewhere around 

3 x 10 1 4 to 1 0 1 5  eV these di rect methods 

become impractical as the i ntens ity of 

primary cosmic rays above thi s energy 

becomes l ess than about 0 . 1  parti cl e 

m-2 hr- 1 sr- 1 • Thi s  energy l i mit may 

be i ncreased i n  the future usi ng experi 

ments i n  space, but the primary spectrum 

fal l s  so rapi dly with i ncreasing  energy 

that it i s  di fficul t to produce major 

changes in the l imi t. 

Above the energi es of the di rect measurements of the primary cosmic rays the 

ground-l evel ai r shower arrays can be used to detect cascades resul ting from the 

primary cosmi c ray s .  Such techniques are i ndi rect, in that the characteri stics 

of the primary cosmic  rays need to be deduced from the cascades which they pro

duce. The gai n  i n  sensitivity by the ai r shower technique i s  enormous ,  however, 

s i nce i ndividual showers spread over areas of about 105-106 m 2, so that parti cl e 

detectors can be separated from each other by more than 100 m w i th a total gri d 

area covering tens of square k i l ometers . The a ir  shower arrays can measure total 

shower energies as wel l as the arri val di rections of the a i r  s howers . The a i r  

shower spectrum and ani sotropi es of arri val di recti ons have been measured up to 

about 102° ev. 5] Indi rect methods have been used to obtai n some i nformation about 

the pri mary composition in the a ir  shower energy region.7 , 8] Al though these 

i nvesti gati ons have gi ven i nteresti ng resul ts ,  it is too early to say that a 

consensus of opi nion has been reached on the composition problem. 



At energies above 1020 eV, the most promi s i ng measurement technique for 

study i ng the a ir  shower spectrum and the cosmic  ray chemical composition i s  

remote opti cal detecti on ,  a s  devel oped i n  the Fly ' s-Eye. In thi s case, showers 

with E0 > 1020  eV can probably be v i ewed at di stances of 20 km, y i el di ng a de

tection area of about 1200 km 2• Showers in about 3 steradi ans of sol i d  angl e 

may be detectabl e,  and the system woul d run about 10% of the time. Si nce the 

fl ux of such showers i s  about lQ -6 km-2 hr- 1 steradian - 1 ,  about 3 of them coul d 

be detected per cal endar year. A few years of operation woul d greatly i mprove 

the worl d ' s  stati stics on such ul tra-hi gh-energy showers .  

Above about 3 x 10 1 6 eV ,  the  Fly ' s-Eye can  detect a ir  showers by the  sc i n

ti l l ation l i ght which they produce.  It al so has the capabi l i ty ,  however, of 

detecti ng l ower energy showers by means of the Cherenkov l i ght whi ch they emi t .  

It  was mentioned earl i er that the Cherenkov l i ght from showers i s  very i ntense 

when , and only when , the l i ght has been emi tted at smal l angl es with respect to 

the di rection of propagation of the shower. As a resul t ,  l ower energy showers 

can be detected by Cherenkov l i ght, but only when the shower axes fal l wi thi n a 

few hundred meters of the Fly ' s-Eye. Al though thi s  impl i es a shower detection 

area of only about 105 m2,  the rate of such showers i s  very high ,  s i nce they can 

be observed down to energies of about 3 x 10 1 3  eV for whi ch  the fl ux is about 

2 per m2 per hour per steradi an.  

Hi stori cal l y ,  one  of  the important uses of cosmic ray studies has  been the 

poss i bi l i ty of expl ori ng nucl ear i nteractions at hi gher energies than accel era

tors can produce .  The fi gure al so i l l ustrates the rel ationshi i p  of the Fly ' s-Eye 

to present and future accel erator experiments . currently,  the hi ghest energy 

accel erator studies are at the Intersecting Storage Ri ngs ( IS R )  at the European 

Center of Nucl ear Research ( CERN ) i n  Geneva .  The peak !SR  energy is equi val ent 

to 200 GeV protons stri k i ng "stati onary" targets such as the earth ' s  atmosphere . 

Thi s year,  CERN may start operati ng col l i di ng proton-anti proton beams at an 

equi val ent stationary target energy of 1 . 5  x 1014  ev. In a few years , col l i di ng 

beams of protons and anti protons at Fermi l ab i n  the U . S .A .  wi l l  reach the equi 

val ent o f  2 x 10 1 5  e V  primary cosmi c ray s .  Thi s i s  sti l l  outsi de the energy range 

for which the Fly ' s-Eye was desi gned to study nucl ear i nteraction characteri sti c s .  

However, the i nteraction characteri sti cs observed a t  Fermi l ab a t  2 x 10 1 5  e V  woul d 

al l ow us to predict the characteri sti cs of 10 1 7  eV (56 x 2 x 1Q l 5  eV)  a i r  showers 

produced by i ron nucl ei qu ite accuratel y .  

One o f  the most difficul t probl ems i n  the i nterpretati on o f  ai r shower data 

is the uncertai nty about whether certai n somewhat surpri s i ng characteri sti cs of 

ai r showers are due to high energy i nteraction characteri sti cs unl ike  those seen 

at accel erators or that the characteri sti cs are due to a composition of the 

primary cosmic rays which i s  very di fferent from that which i s  seen at l ower en-
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ergies .  The probl em i s  i l l ustrated by the next figure. For some specific  model 

of the nucl ear i nteraction process one may obtain  the l ongi tudi nal devel opment 

curves chosen in the fi gure for 10 1 7 eV 

a ir  showers from primary cosmic rays 

whi ch  are protons and iron nuc l ei . If  

the  experimental curve is  l i k e  that 

l abel ed Fe , it may mean that the pri mary 

cosmic rays are mostly i ron nucl ei or 

that the correct i nteracti on model gi ves 

devel opment curves from primary protons 

which are i dentical i n  shape with the 

curve l abel ed Fe. 

300 500 700 900 1100 
ATMOSPHERIC SLANT DEPTH (i;·crn·2-) 

The sol u tion to th i s  probl em may come from accel erator experiments, where 

the proton-anti proton col l i si ons may be done at high enough energi es so that the 

expected shape of the Fe devel opment curve may be gi ven with reasonabl e certainty 

at 10 1 7 eV, as mentioned earl i er .  

However, i t  may be possi bl e t o  sol ve thi s ambi guity o f  composition vs . i nter

action model us ing Fly'  s-Eye data . Suppose we l ook at the very early part of the 

shower devel opment curves , where the shower size is rapi dly i ncreasing with depth 

and is only 1/4 the size it wi l l  be at maximum devel opment. The depth at whi ch 

thi s occurs is l ess dependent on the i n-

teracti on model than is the depth of the 

shower ' s  maximum size.  But thi s depth, 

cal l ed Xl/4• is strongly affected by the 

depth at which  the primary cosmic ray 

fi rst i nteracted. For exampl e, Professor 

T.K .  Gai sser has  cal cul ated the  di stri bu

tion of Xl /4 for monoenergetic air showers 

produced by a composition i n  which protons 

and vari ous other nucl ei were present. The 

fi gure shows the results ,  wi th the contr i bu

tion  due to  protons i ndi cated by shadi ng . 
''° 

x,,,lvtorn'I 

It can be seen that protons are very domi nant at the deeper (hi gher x1;4 ) .  

part o f  the di stri buti on.  I n  fact ,  when the same data are pl otted with a 

l ogari thmic scal e ,  as i n  the fol l owing fi gure, the di stri bution gives the 

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

protons in the cal cul ation .  I f  only Fe  nuc l e i  were present the  di stri buti on 

wou l d  fal l off more rapi dly at l arge depths and the fl uctuati ons i n  x1;4 woul d 

be much smal l er.  Thi s  k i nd of observation can give the proton-air i nel astic 



cross section at very high energies and i t  can 

give an estimate of the fracti on of protons 

among the primary cosmic rays at high energies.  

The cross section measurement i s  of i nterest 

to h igh energy nucl ear physici sts and the 

fraction of  protons in the primary compos ition  

i s  of astrophysi cal i nterest.  The  abi l i ty to 

i denti fy certain  showers as proton showers 

wou l d  mak e the impl i cations of the depth of the 

maximum of the showers l ess ambi guou s .  Know

l edge of the composition woul d  make the nucl ear 

physics impl i ca ti ans of other cosmi c ray experi -

ments cl earer, as wel l .  

100 +++ 
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There may be surpri s i ng showers wai ting to be discovered by the Fly ' s-Eye. 

Si nce the Fly '  s-Eye wi l l  be the fi rst i nstrument to obtain  reasonably detai l ed 

i nformati on about the l ongi tudi nal devel opment of l arge numbers of showers above 

10 1 7  eV, certain rare i nteractions mi ght be observed. For exampl e,  if i nterac

ti ans of the " Centauro" type occur in very high energy air showers ,  some showers 

might start very deep i n  the atmosphere and then devel op very quickly. 

Another exampl e of a poss i bl e exotic event wou l d  be a ir  showers produced 

by i nteractions of u l tra-hi gh-energy neutri nos . These woul d be i denti fiable  

because they woul d i nteract and produce showers at great depths i n  nearly hori 

zontal or u pward-goi ng trajectories through the atmosphere. Other presently 

unknown particl es mi ght be produced far away in nearly horizontal showers and 

then i nteract or decay near the Fly ' s-Eye to produce showers that are cl  early at 

an abnormal ly  l arge atmospheri c depth. 

Two ki nds of resul ts whi ch have astrophysi cal impl i cations are the ul tra

hi gh-energy spectrum and the ani sotropy of the arrival di recti ons . There is a 

l ack of i sotropy i n  the hi ghest energy cosmic rays whi ch are observed. 5] The 

excess showers are not observed i n  the gal acti c pl ane, so they do not appear to 

be of gal actic ori g i n .  Thei r i nteraction with the uni versal bl ack-body radi a

tion puts an u pper l imi t on the distances which they are l ik ely to have travel ed . 

This i nteraction woul d  produce a l arge attenuation of showers with E0 > 1020 eV 

travel i ng di stances much more than 50 Mpc , with much  l ess attenuation at s i gni f i 

cantly l ower energies .  The observed spectrum shows some fl attening i n  thi s 

energy range whi ch i s  the opposi te of the effect expected from the attenuati on .  

Thi s  impl i es that the  l i kely ori g i n  of these particl es i s  i n  rel atively l ocal 

cl u sters of  gal axies. S i nce  the degree of ani sotropy appears to i ncrease with 

energy , the observati on of showers i n  the 1020  eV region is of great i nterest. 
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One o f  the goal s o f  the Fly '  s-Eye work i s  to add to the worl d supply o f  a i r  

showers i n  thi s energy range. 

An acti vity which  has recently been started with the Fly ' s-Eye is the search 

for 10 1 4  to 10 1 6  eY y-ray sources u s i ng the Fly '  s-Eye. Our i nterest in this 

search has been stimul ated by the observations of Dzikowsk i et al .9] and by our 

resul ts which are described i n  the next secti on.  

YI . POSS I BLE GAMMA-RAY DETE CTION BY THE FL Y ' S-EYE 

There are a number of reasons why the search for 10 1 4  to 10 1 6  eY y-ray 

sources is appeal i ng to our research grou p .  The possibi l i ty of such searches 

represents a capabi l i ty of the Fly '  s-Eye that has emerged wi thout bei ng speci fi -

cal ly " desi gned i nto" the system. The producti on of such gamma rays is by very 

high energy particl es .  Thi s impl i es that sources of energetic y-rays are l i kely 

to be cosmic ray sources as wel l .  However, the search for the y-ray sources i s  

more di rect than attempts to determi ne the sources o f  the cosmic rays because 

the y-rays poi nt di rectly to the sources rather than bei ng defl ected by magnetic 

f iel ds . The y-rays from pul sars are especi al ly i nteresting because the di rec

ti ons of l i k ely sources are k nown and the radiation may be pul sed with the 

previously measured period of the pul sar.  The search for sources with these 

particul ar characteri stics can be quite sens i ti v e .  

Our i nterest was al so stimul ated by the work o f  a cosmic ray group a t  the 

Uni versity of Lodz . Using an a i r  shower array with a muon detector, Ozikowski 

et a1 . 9]  saw a 3 . 6cr  excess of showers from the di rection of the Crab Pul sar com

pared to di rections di fferi ng by 90 , 180 and 270 degrees of ri ght ascension from 

the Crab di rection . For these showers, the numbers of muons was smal l er by a 

factor of 0 . 60 ± 0 . 12 than i n  the compari son di recti ons.  Thi s i s  consi stent with 

a fraction of the showers bei ng produced by primary y-rays,  si nce the number of 

muons expected i n  showers from y-rays is much l ower than in ordi nary showers . 

The angul ar resol ution of the array was poor, and data were taken for showers 

wi thi n 15°  of the di rection of the Crab Pul sar. The data were taken between 1975 

and 1979 . The estimated y-ray fl ux was 3 ± 2 x 10- 1 3  cm-2 s- 1 for E0 > 10 1 6  eV. 

The Fly ' s-Eye has a number of advantages for searching for y-rays compared 

to the array described above.  The col l ection area is  roughly 105  m 2  rather than 

103 m2•  The angul ar resol ution is  about 3° or 4° . Al so , the. Fly ' s-Eye i s  at 

l east as sensiti ve to y-rays as to cosmic rays of a gi ven energy,  whi l e  an ai r 

shower array tak i ng data i n  thi s energy range at sea l evel and at zeni th angl es 

greater than about 30° wou l d  tend to di scrimi nate agai nst y-rays .  These c i rcum

stances al l owed a prel imi nary compari son to be made to the Pol i sh grou p ' s  resu l ts 

i n  a few ni ght ' s  runn i ng time of the Fly ' s-Ey e .  



Spec i al tri ggeri ng conditions were set up for the Fly ' s-Eye to search for y
rays.  Events were accepted i n  whi ch only one mi rror detected l i ght. For showers 

i n  the energy range 1 0 1 5  to 10 1 6  eV, the sensitiv ity of the system needs to be 

reduced to keep the l arge si gnal s from Cherenkov l i ght from saturating the el ec

tronics .  

The dashed l i ne in  the  second fi gure 

in Section IV represents the traj ectory 

which the Crab Pul sar fol l owed through the 

f iel d-of-v i ew of the Fly ' s-Eye .  Data were 

col l ected from the di fferent mi rrors which 

v i ewed the entire region of right ascension 

between 4 . 5  and 6 . 5  hours . The di stri buti on 

of showers from the fi rst ni ght of y-ray 

search data i s  shown i n  the next figure. 

Duri ng thi s run very few showers above 

1 0 1 6  eV were observed, but the 10 1 s  eV data 

show an excess of weak stati sti cal s i gni 

fi cance near the right ascension of the Crab 

Pul sar. 

DECEMBER 9 ,  1980 
Ord! Scan Throu17h Crab Pulsar Rer;ron E !! 10'5 ev 

< � 40 

RIGHT ASCENSION !�ours) 

Duri ng five of the eight ni ghts from February 1-7 , data were taken aga i n .  

W ith t h i s  l onger runni ng time a si gni ficant number of showers were obtai ned at 

E0 > 1 0 1 6  eV. In  thi s  case, no excess was observed near the Crab Pul sar di rec

tion ( see the fi gure ) .  During thi s period the data at 1 0 1 5  eV were mostly bel ow 

threshol d because the ru nni ng condi tions were set up di fferently than duri ng the 

December run.  

At present the Fly ' s-Eye cl ock i s  

only accurate to about 1 second duri ng a 

night ' s  data run .  There i s  a pul sar near 

the Crab Pul sar wi th a period of 3 . 7454 

seconds . The December 9 ,  1980 data were 

checked to see if there was an i ndica

tion of thi s period bei ng associ ated with 

the excess of events seen on that ni ght 

from near the Crab Pul sar. The ctata were 

analyzed at this period and the resul ts 

are shown in the next figure.  There i s  

an excess of events occurri ng duri ng about 

2 5  FEBRUARY 1 - 7,  1981 

20 

� 1 5 

� � 10 

Dnfl Scan Through Crab Pvlsor Region E ;:;  /016 eV 

4 5  5 0  55 6.0 6 5  RIGHT ASCENSION (hours) 

1 second out of each period.  The probabi l i ty of thi s excess 

is - 3%.  The data shown are for an energy of about 101s  eV. 

occurri ng by chance 

The excess of 

events is about 1 5 ,  simi l ar to the excess of events near the di rection of the 

Crab Pul sar in the same data . 
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The stati sti cal s i gni fi cance o f  the 

pos i ti ve effects shown here is not over

whel mi ng . However, more observations 

ought to be made in thi s energy region.  

The l ast fi gure compares resul ts for y-

rays from the Crab Pul sar (or i ts v icin-

i ty i n  the case of the 3 hi ghest energy 

observati ons ) .  The dashed l i ne i s  an 

extrapol ation from measurements in the 

GeV regi on .  The u pper l imi ts and obser

vations represented by the paral l el ogram, 10] 

were made by detecting atmospheric Cherenkov 

l i ght, as with the poi nts D and F from the 

Fly '  s-Eye December and February data . The 

Pol i sh grou p ' s  data are i denti fied by Dz .  

Doto Near Crab Pulsar 
r : 3 7454 Seconds 

!DECEMBER 9, 1980 dolo) 

:L o• 90° 1so0 270° 360' 
larb11rary O"l 

The dotted l i ne i s  a possi bl e trend of the high energy posi tive observati ons . 

Our February data di sagree with the Dzikowski et al . observation by a l arge 

factor . However, the production of high energy y-rays from these pul sars i s  

thought t o  b e  vari abl e,  s o  there i s  not a contradi ction between the two resu l ts .  

our weak , prel imi nary resul ts do 

not prove that measurabl e fl uxes of y

rays are present i n  thi s energy range, 

but they suggest that more observati ons 

shou l d  be made. A cl ock that is accur

ate to about 1 ms over a 2 week monthly 

runni ng time wou l d  be a worthwhi l e  

improvement to the Fly '  s-Eye because i t  

woul d  al l ow a more sensitive search to 

be made for showers occurri ng with the 

peri odi c i ty of various pul sars. 
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Many active galaxies contain large fluxes of relativistic electrons and a rather 

accurate estimate of the energy they contain can be obtained from the observation 

of the radio emission
! )

. These electrons process the galactic matter they encoun

ter and may lead to abnormal abundances . In particular the more abundant elements 

such as Carbon may be transformed into Li , Be,  B by a spallation process quite 

similar to the one that builds up
2 )  

the latter elements in the galaxy , except 

that now the active agents are electrons , and not protons . The relevant cross

sections have been estimated recently and are large enough so as to lead to non

negligible astrophysical consequences
3)

. The spal lation of a nucleus by electrons , 

such as e + C + e + p + B ,  is at first guess due to the knock-out of a proton by an 

electron. It is then quite similar to the proton spal lation process p + C .-+ p + p + B, 

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

cross-section is thus reduced by roughly a factor a
2

� 1 0
-4

, a being the fine 

structure constant . The accurate calculation made in ref . 
3) 

leads to a /a � 3.3 10-4 
e p 

for the 
1 2

c + 
1 1

B reaction, with a threshold for the electron energy near E � 20 
e 

MeV . This is the process currently measured
4 )  

in electron scattering experiments , 

and the a /a ratio calculated
3) 

is consistent with these experiments . There are , e p 
however ,  besides the Coulomb interaction also the so-called "transverse" excita-

tions that are negligible at the scattering angles where the measurements are 

currently made, but that become extremely large at small electron deflection an

gles . This process excites almost only the giant dipole resonance that in turn 

decays by particle emission . Its magnitude can be obtained by well-known sum rules . 

For the C + B  reaction one gets ae � 0 . 2  mb , that is a /a � 4 1 0-3
, which is quite 

e p 
larger than the Coulomb proces s .  There is however an important difference : pro-

ton spallation, as well as electron spallation by the Coulomb interaction produce 

B, Be and Li with nearly equal abundances . The giant dipole resonance ,  on the 

other hand , decays to the B ground state only, so l ittle Be and Li is produced. 

Since this process dominates the spallation by electrons , we should retain that 

the spallation of C by electrons produces B ,  but no Be nor L i ,  in contrast to 

spallation by protons . The B production cross-section is about 200 times smal ler 

for electrons than for protons . There is  however still  another factor of enhence

ment in dense media , due to the high energy y rays produced from the electrons 

by Bremstrahlung. These y rays also excite the giant dipole resonance ,  so one can 

simply add the two processes so as to obtain an effective spallation cross-section 

for B production (0 . 2  + 8 . 6  n (�) R) mb 

8 . 8  mb 

n (H)R < \ 
n(H)R > \ 

where n(H) is the hydrogen density, R the thickness of the gas and 1' � 3 1 025 

part/cm
2 

the radiation length . Note the important increase of aeff as soon as 



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

Li production. 

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

are valid for any nucleus , are given ref .
3) 

for the electro and photo-spallation 

cross-sections as well as for the excitation of other nuclear states besides the 

giant dipole resonanc e .  

Let u s  now consider the radio-sources where a n  upper l imit of the ratio 

n (B) /n(C) � 1 /20 for the relative Boron to Carbon abundance has been determined
5)  

from the search for some of the B atomic y-ray l ines . From this  upper l imit , the

se authors conclude that the observed gas cannot be emitted by the very central 

region since there would be too much B present . Also , assuming the observed gas 

is within a radius of 30 pc of the active center , they get a l imit on the proton 

flux present there (E < 4 1 0
53 

erg) . Using the same model , but considering now 
p 

the spallation by electrons , we get a l imit on the electron flux present : 

E < 1 0
56 

erg. Such a value can be directly compared to the value of E deduced 
e e 

from the radio-data . 

The observations of Baldwin et al were made in a medium where l ittle y ' s  are pro

duced (n(H)R << \) , but in more dense media where the 20 MeV photons induce the 

spallation an interesting comparison can also be made between the observed high 

energy y emission and the Boron abundances . As well as the radio emi s s ion, the 

observation of the y flux gives the instantaneous electron flux, whereas the B 

abundance would lead to the time-integrated flux . The y emission, however,  depends 

on the density of the galactic medium, whereas the radio emission does not . A 

detailed s tudy of these emissions will thus provide an useful information on the 

density of the emitting matter as well as the time of irradiation of this matter 

by the electrons . 

l )  G . R .  BURBRIDGE et al . ,  Astrophys . J . , 1 9 3 ,  p . 43 ( 1 974) . 
2) H .  REEVE S ,  Ann . Rev . Astrophys . 1 2 ,  p . 437  ( 1 974) . 
3) R. SCHAEFFER, H .  REEVES and H .  ORLAND , to be pub lished . 
4) J .  MOUGEY et al . ,  Nuc l .  Phys . A 2 6 2 ,  p . 4 6 1  ( 1 9 76) . 
5) J .  BALDWIN et al . ,  Astron. Astrophys . 6 1 ,  p . 1 65 ( 1 9 7 7 ) . 

8 7  





ABSTRACT : 

A GUT-ED TOUR THROUGH THE EARLY UNIVERSE 

D . V .  Nanopoulos 
CERN , Geneva 

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

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

the evolution of the Universe, from t = t
Planck

� 1 0- 4 3 sec up to t =  t
0 

'\I 10 1 0 

years , as most of us imagine that it happened . Part II contains a new mechanism 

of Baryon creation , through the use of superheavy fermions , and some discussion 

of other competing mechanisms of Baryon p roduction . I am going to assume , that 

the reader is familiar with the standard Big-Bang model and the basics of Grand 

Unified theories
( ! ) 

, at least at the leve l ,  discussed by John Ellis at the 

parallel meeting on Particle Physics . 

I . EVOLUTION OF THE UNIVERSE : A PI CTURE . SQUE APPROACH . 

Picture 1 

It seems that it all started at least ten to twenty billion years ago with a big 

exp losion , very appropriately called the Big-Ban g ,  under conditions which are 

beyond our current understanding but perhaps not hopelessly away from our grasp . 

Extrapolating back in time , our "classical11 laws of physics , entail , that it is 

difficult, if not impossibl e ,  to avoid an initial singular ity . Some of us feel 

unhappy with such a situat ion and hope that Quantum Gravity or some other yet 

unthinkable way will p revent such a disaster . Another "Col lapse disaster" springs 

to mind , the Rutherford atom. It remains to be seen , if, Quantum Theory is going 

to save us again . 

Anyway , we plead full ignorence at least for now, and start our scientific discussion 

from temperatures b e low the Planck temperature (� 10 1 9  GeV) ,  where it is not 

inappropriate to ignore quantum gravitational e ffects . 

Picture 2 : THE SMOOTHING ERA ( 10 1 5  GeV < T < 1 0 1 9  GeV) 

We assume now, that we are given an expanding baby-Universe with matter and 

radiation in equilibrium, and where the laws of Physics are known to us , are 

applicable . In the era under discussion , Grand Un if ied Interactions play an 

important role : they smooth things out
( Z) 

At some stage during this era, Grand Unified Interactions come to equilibrium, 

and so through their Baryon number violating component wipe out any huge (local 

or global) excess of b aryons or vice-versa. 

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

try free from initial conditions . At the same time , Grand Unified interactions , 



through the so called Grand Unified viscosity , provide some hel�2)  in homogeni-
zing and isotropizing a possibly initial inhomogeneous and anisotropic universe . 
It seems , that after a violent explosion and a few subsequent drastic st rong 
gravitational effects , the Universe needs some t ime to relax and smooth things 
out . Grand Unified interact ions seem to play an important role in this smoothing 
era. 

Let ' s take for granted,  that the Universe has been brought in a state , where it 
is almost homogeneous and isotropic and that any baryon asymmetry has been 
erased . 
Around T � 10 1 5  GeV � Mx• i . e  the mass of superheavy gauge bosons that mediate 
Grand Unified Interactions , according to the usual lore of thinking in gauge 
theories a kind of phase transition occurs. We p as s ,  from a phase where the 
group G that unifies all interactions is unbroken to a phase where G is broken 
down to S U( 3) x SU( 2) x U( l) , the "observeble" well-known group (s) , that des
cribe the usual strong and electro-weak interactions . 
The quest ion, that naturally emerges is , what kind of phase transit ion takes place , 
namely of the first or of second order ? This is still ,  an unanswered question , 
and at the s ame t ime a very fundamental one . There are some interesting features 
related to a first order phase transition . S ince , the Universe is  going to stay for 
some t ime in the false vacuum, the standard phenomenon o f supercooling occurs , 

9 1  

which, i f  i t  i s  o f  the right s ize (T 1/Tf .  1 � 10-28 ! )  may solve ( 3) s imul-supercoo ina 
taneously , the horizon , asymptotic flatness and abundance of monopoles , problems 
(3) . S ome people think though , that the price to pay may be too high , because once 
trapped in the false vacuum, a graceful exit may be impossib l e .  Anyway , let ' s 
assume that the phase t ransition , of whatever order ended successfully . 
Next thing in the row , is the creation of the baryon asymmetry . Grand unified 
theories contain all the necessary ingredients ( 4) 

( B ,  C ,  CP violation) , and 
the existence of an expanding Universe helps in get t ing things out of equili
brium, so that a net baryon creat ion is possible ( s) . We should not be suprised 
with the smallness of the effect , because remember that it has to involve higher 
orders so that CF-violation be act ive . 
A super-naive estimate indeed gives 

( 1) 
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where aG is a typical "fine GUT st ructure constant" ("' 1 / 50) , and E some CP

violation parameter (may be E 10- 3 ( ?) ) . The experimental fact that 

indicates that ( 1) is a rather succesfull predict ion of GUTS . (For a more 
detailed discussion see part II) . 
It should not escape our notice the fact that , GUTS , in st rictly Robertson
Walker-Friedman (R-W-F) Universe , predict only adiabatic (or iso entropic) 
fluctuations . This is readily seen from eq ( ! ) , where the specific entropy per 
baryon ( SB) is expressed in terms of microscopic physics parameters , i . e  SB 
is a space-time independent constant . 
As is well-know , the type of fluctuations adiabatic or isothermal , is very crucial 
in the theory of galaxy formation . If recent observation<6 ) on cosmic background 
radiation and their theoretical interpretation are correct , then it seems that 
we n eed also isothermal fluctuation< 7) . The easiest way to marry the GUT program 
with isothermal fluctuations is to allow the very early Universe to deviate from 

a strictly R-W-F form by adding say inhomogeneous shear( B� Then things work out 
O . K .  Let me not go further on this very important subj ect s ince other part icipants 
in this meeting will discuss it in great detail . 
Finally, it should be ment ioned the severe constrain t s ,  that one puts on the form 
and properties of interact ions and particles that "wake up" after the baryosynthesis 
has occured . They better not wipe-out any baryon asymmetry, if  at the same t ime 
are important in creating any new baryon asymmetry . Such situation , occur some 
t imes in theories where new interactions are introduced at intermediate scales 
between 100 GeV and 1 0 1 5 GeV· These kinds of interact ions usually violate baryon 

numbers , but while they manage to keep the proton stable enough , they come to 
equilibrium at some scale much lower than say 1 0 1 5 GeV , so that they wipe out 
everything without being able to build in a new asymmetry .  
Moral : watch out " funny intermediate scale" interact ions , that intend t o  bloom 
the desert or  to create oases , they may as well be mirages 
Ways out from this p roblem will be discussed is part II . 

In the most convent ional picture , during this long-long period NOTHING HAPPENS 
(the desert hypothesis) . The Universe j ust expands easy and tranquile . In part I I  

o f  this talk, we will t ry to provide some possible excitement occuring in this 



era in an effo rt to make it less dul l .  

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

our painstaking created baryon asymmetry will be unacceptably diluted . Even 
worse , at these "low energies" there is no potential agent to employ for the 
creat ion o f  the baryon asymmetry . Things are not arbitrary as they look at first 
s ight . Fo r  example,  the aesthet ically appealing and maybe technically necessary , 
for solving the gauge hierarchy problem, Coleman-E .Weinberg mechanism (9) , i . e  
a radiatively triggered spontaneous breakdown o f  the electroweak group 
SU(2)  x U ( l ) , may be in grave trouble.  John Ellis in his talk ( lO) at this 
meetin g ,  discussed the limits on the d ilution factor, that a GUT-created nB /n

y 
may suffer, by using a recently dis covered ( l l) amusing connection , between the 
electric dipole of the neutron and nB/n

y 
the dilution factor should be at least 

less than say 0 ( 1 000) . 

Around T rv 1 GeV the st rong interact ions are really "strong" , such that quarks 
glue together and create the so highly desired baryons . Three quarks for Muster 
Mark . 

One of the most startling successes of the standard Big-Bang cosmo logy , is 
indeed the predict ion of the � 25 % (by massY He abundance . There are three 
basic tacit assumpt ions involved in these calculat ions : 

i) There are no more that 3 or 4 species of neutrinos . GUTS constrain the number 
o f  species o f  neut rinos , through the succesful predict ion ( 19) o f  the b quark 
mass in terms of the T-lepton mass (or vis-versa ! )  

m 
b 

m T 
2 . 5-3 ( 3 )  

9 3  



9 4 

More than 3-4 species of neutrinos , or equivallently more than 6-8 quark flavours 
will undo the succesful eq (3) . 

ii) The neutrinos are almost mass less (Inv <<lMeV) . Grand Unified theories predict 
that ( l) , if  neutrinos have some mas s ,  then it is of the order o f  

m v ( 4) 

where m and M are scales related to "low energy" and "super�high energy" physics 
respectively .  

iii) There is n o  neutrino degeneracy [(nv- nV ) /n
y 

"-' 1] 
But , one of the main characterist ics of GUts is the democratic handling of quarks 
and lepton s ,  which in this case imply( l 3) (modulo b izarre occassious) 

n n -n-� rv � rv  1 0- s 
n n 

y y 

GU1s indeed help indirectly nucleosynthesis . 

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

( 5) 

There are two main characteristics of this epo�h . First , there is a transition 
from a Radiation dominated era to a �1atter dominated era ( 'l radiat ion becomes 
smaller than p matter),. Second , recombination occurs . The photons have no 

more enough energy to ionize the continously forming atoms out of protons , 
neutrons and electrons . Matter and radiation cannot be anymore in equilibrium, 
they decouple . 
Needless to stress the importance of this splitting . From now on , radiation 
cannot smooth out any preexisted density fluctuat ion , which may now GROW. O.early 
enough , the presently observed homogeneous and isotropic cosmic background 
radiation, red-shifted from the decoupling t ime , provides very useful infor
mation on the history of the Universe at the decoupling t ime . 

Picture 9 : GALAX'{ FORMATION ( 10-2 eV < T < 1 eV) 

Here , the situation is obviously more complicated . S till,  GUTS may help in 
providing the form of perturbation adiab atic and/or isothermal) , plus some 
possible ways to create such perturbations during phase t ransit ions and even calculate 



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

Picture 10 

The story from now on is rather well-known . Heavy elements are created in the 
cores of the stars and diffused around by supernova� explosions . Later on , the 
first molecules are formed, eventually macromolecules are created and after that 
we are left in the capable hands of Watson and Crick. AND HERE WE ARE 

If  GUTS are right , and pro tons do indeed decays , then even Woody Allen figured 
out in his "Stardust Memories" , that our future is rather dark, because we will 
dissolve to the primer part s ,  that we all have been constructed o f f .  

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

9 5  

One o f  the b iggest successes o f  Grand Unified theories , i s  the quantitat ive under
s tanding of the observed baryon asymmetry in the Universe . S ince by now, this is 
a rather well-known subj ect CS) , I will j us t  review quikly here the basic 
ingredients , in order to make easier the connection with the new proposed mecha
nism. Grand Unified interactiors contain normally and naturally baryon number, 
CP and C violating components . Also , the expansion o f  the Universe make it easy 
for the abovementioned interact ions ,  to go out from equilibrium . But then, we 
have all the necessary and sufficient conditions(4) to create a net baryon num
ber . 
What we believe that happened is someting like the following( S) : some super-
heavy part icles (the Myrtons (A) of ref .  5) have been kept in a large number 
(proport ional to ny) at temperatures below their masses 

( 6 )  
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Clearly, at some temperature TA their decay rate will become equal or  bigger 
than the expansion rate of the Universe. At that momen t ,  they will decay l ike 
mad , but , the decay products because o f  the Boltzmann supress ion factor 
exp (-MA/ TA) <<l , ( remenber TA << �) ,  will be unable to  form back their parents . 
S o ,  we almost have free decay of equal number of myrtons (A) and anti-myrtons 
(A) . (and actually � n ) which as we all know from our basic particle physics 

y 
course ,may create a baryon asymmetry given all the needed "violat ing" interaction s .  
Numerous calculations ( S) have shown , that the most likely candidate t o  be iden
tified with the myrtons (A-particles) are the superheavy Higgs bosons (H) . In 
this case , it is easy to see that eq . ( 6) is satisfied, if  

TA � 0 ( 1 0 1 4 GeV) 

and in the "standard" 2 2 of Higgs S U ( S) model on gets ( 14) 

� 10-2 . (AB) H • 10-2 . (GF .m2 ) E 
b 

( 7 )  

(8 )  

where (6B)H is the GP-violating asymmetry in the decays of H and H ,  m • 2 GeV 
b 

(the mass of the b quark at 10 1 5 GeV) , GF . m� • lG- 5 the usual Fermi constant 
and E is a CF-violation parameter . We inunediately see that e q .  (8) is compatible 
and pretty close to the observed experimental number, as given by eq(2) . 
All these are fine . Though , some people way have hard t ime to swallow the fact 
that , all our existence depends on (superheavy) Higgs bosons, while even the 
low energy Higgsons seem to be trouble-makers ( gauge hierarchy problem) , and 
they have indeed very elusive properties . Some other people, may have difficul-
ties to believe , that such an extremely early created baryon asymmetry ,  has 
not been erased by one way or the other, before coming down say to 1 GeV . For 
example , as discussed in Part I ,  the existence of intermediate interactions which 
violate Baryon number (and any global symmetry involving baryon number) , make 
difficult the conservation o f  the already created baryon asymmetry . 
May b e ,  all such thoughts are too pessimistic,and everything at the end will 
turn out to be O .K ,  i . e  there are no problems to have Higgsons around , and s imply 
there are no intermediate scale , B-violating interact ions around , but , let ' s 
keep an open mind and look for alternatives . 
The most obvious candidate is o f  course the superheavy gauge bosons . Though, 



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

through superheavy gauge boson decays t o  n8/n
y 

is 

(8 ' )  

T he factor i n  square parentheses in eq(8 ' )  represents the suppression effect s 

of 2++2 interactions which tend to dilute the asymmetry generated by gauge boson 

decays and inverse decays . The factor (�B) G 
is the CF-violat ing asymmetry in the 

decays of gauge particles and ant iparticles . The parenthesized suppression fac-

tor in eq ( 8 ' )  is quite fierce if MG�6 . 101 4  GeV as expected in minimal SU(5) . 

Also in s imple models , (�B) G of eq ( 8 ' )  turns out to be one order higher in a
G 

than (�B) H of eq(8) . Moreover eq( 8) does not involve any suppression factor,  at 

least for a physically interes ting range of mass and coupling parameters . S imply, 

superheavy gauge bosons seem to be a disfavorite candidate for the creat ion of 

baryon s .  

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

to discuss some work ( 15) that R .  Barbieri ,  A. Masiero and myself have being 

doing at CERN ,  concerning a possible mechanism to create baryons through super

heavy fermion decays . Grand Unified theories , except the minimal SU(5) model , 

contain naturally superheavy fermions . Even the minimal SU( 5) model ,  may be 

trivially extended to include superheavy fermions . After all , if there are low 

and superheavy mass gauge bosons , low and superheavy mass Higgs bosons , why not 

low and superheavy mass fermions ? 

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

decay mainly to three light fermion s ,  through the exchange of a superheavy Higgs 

boson . The reader may envisage it , as a kind of µ + eve V 
µ 

decay with the only 

difference that the W-boson is replaced by a Higgs boson . In this case the width 

is given by . 

r =('2 ) z x 
F µM 

(9) 

in an. obvious notation , where A indicates an average universal Higgs coupling,  

m
F 

is the mass of the superheavy fermion and "\J � 10 1 5  GeV is the mass of  the 

exchanged superheavy Higgs boson . 

Then we dist inguish the following s tages in the history of the superheavy fer-

mion s ,  during the cooling of the early Universe : 

9 7  
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In general , the two body interact ions mediated by superheavy bosons with rates 
z a� T5/M4 ,  ;ill remain in equilibrium up to a temperature 

T '  0 

where the expansion rate of the Universe 

H ( 1 . 6) T2 N !/2 

�j 

10 1 5 GeV ( 10) 

( 1 1 )  

becomes dominant . Here , N � 10- 100 is the suitably weighted number of  a l l  par
ticles with masses <T� , and M � 10 1 5 GeV is a typical Grand Unified mass scale . 
S ince some of these interactions will in general be B-violating, one expects 
no net baryon (or antibaryon) survival below T� * . I f  the superheavy fermions 
F are not SU(3)  x SU(2) x U( l) singlet s ,  will still be kept in equilibrium 
below T� ,or even , below their mass mF , by annihilat ion and compton scattering 
with "light" gauge bosons . In this case eq . ( 10)  should be replaced by (assuming 
m < 10 1 4 GeV) F 

T mF • [Rn Q + l/2 f,n f,n �- 1  0 

M 1/2 1 �e Q = "2 (SN) G M2 mF 

( 12 )  

while the relative number density is given by 

( 13) 

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



In the following we will use eqs ( l2) and ( 1 3) , as being more realistic and gene
ral . 

At later times (T < T0) ,  unt il they decay , the relat ive number density of the 
superheavy fermions ( F) (eq . 1 3) remains constan t ,  with their energy density 
being dominated by their rest mas s ,  gF " nF ,mF . 
Actually , at T " mF/ 3N ,  this same energy density ( gF) will start dominating the 
full energy density of the Univers e ,  up to the temperature TF of their decays . 
S o ,  if this scenario has something to do with reality, it introduces a new epoch 
in the early Universe for TF < T < mF/ 3N ,  where bas ically the Universe is 
Matter dominated 
This new era may have some consequences on the subsequent evolut ion of the 
Universe . 

When the t ime comes , i . e  when 

H J§l!_ gJ l /2 �f§li__ ��l ; ��l :: J ( 14) 

0 

falls below the decay rate given by eq . (9) , superheavy fermions will decay . This 
happens at a temperature ( a \4 / 3  (m )3 

TF , l/ 10 . �" j : , r  0 

( 15) 

In these decays a generat ion o f  baryon asymmetry is expected . In fact , the gene
ral scenario analyzed in the beginning is applicable . F ' s  can be identified as 
II¥rtons and indeed one finds 

T 0 

( 16)  

depending on the parameters of the part icular model . Though, one should keep in 
mind , that , since g ( TF) is dominated by the rest mass of the F ' s ,  their decay 
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will also reheat t h e  Universe u p  to a temperature TF ' ,  s o  that . 

T 0 

3N T ' 4 
__ F_ 

M2 

and in turn dilute the baryon asymmetry by a factor 

The final observed asynunetry will t hen be given by 

nB 
n y 

"' 
= nB 

n y 

d 
3N TF 3/4 

oo- 3- 10-9) n y 
T 0 

j/ 4 

( 1 7 )  

( 18) 

( 19) 

Demanding that , the factor d '  should not b e  less then 10- 5 ,  and using eqs . ( 13) , 
( 15) and ( 19 ) , we put a lower limit on �· as well as,  on TF : 

( 20)  

where a typical value A2/ 4� "' ,10-4- 10- 5 has been taken . We feel that our ex
pectat ions have been fulfilled . 
We notice that , we may create a baryon asymmetry through F ' s  at temperatures as 
low as T � 1 TeV F 

Even if Higgsons do not exist , or even if there are dangerous "wiping out11 inter
mediate scale interactions , st ill there is hope inside GUTS , to create a res
pectable baryon asymmetry at a very low energy scale ("- 1 TeV) , through 
superheavy fermions . 
I believe , we don ' t  have to take the extreme s .  The following scenario looks to 
me highly probable . As the Universe cools down , F's and H ' s  eventually get 
out from equilibrium (in the case of F ' s  at least their B-violat ing interact-
t ions get out of equilibrium) . Then , the H ' s  decay and may (if  we have a complicated 
enough Higgs structure) create a substantial baryon asymmetry . As the Universe 



101  

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

may partially or completely erase any preexisted baryon asymmetry .  Eventually the 

Universe cools down to a temperature that the relevant F ' s  decay and provide through 

their decays some baryon asymmetry. This baryon asymmetry should be added up 

(hopefully constructively) to any preexisted baryon asymmetry, to make up what we 

observe today . GUTs have enough comp lexity to cover any out-of hand cas e ,  and provide 

enough baryons to build up our Universe .  

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

mechanism proposed here . 

_!l The key point is that we should have around very-long l ived superbeavy par

t icles , which make the important condition imposed by eq . (6) , t rivial to satisfy , 

and at the same time creat ing baryons at somehow 11low ternperatures1 1  ('\.r 1 TeV) , 

so that,  subsequent "accident s" are easier to avoid . 

�) Very long-lived particles are not strangers . Remember the protons ! Actually , 

one may push the analogy furthe r .  May be ,  at some point there was a microscopic 

copy of our Universe .  Galaxies and even 11people" made up from usuperheavy protons11 

were around , etc ,  etc . . .  

The very existence of  a 11Superheavy Matter" dominated era ,  as an intermentzo in 

a radiation dominated Univers e ,  may have some impo?tant consequences on the 

subsequent evolution of the Universe . 

l)_ I would also l ike to stress the fact that the occurence of the scale of lTeV, 

not for above the electo-weak phase t rans it ion , maY not be accidental . S ince , 

our estimates are rather naive , one may think what will happen , i f ,  superheavy 

fermions may l'ive up to the moment ,  where the electroweak phase transition takes 

p lace . F ' s ,  may even help a first order phase trans it ion to occur faster . .  � 

There are some amusing consequence s ,  that they deserve some futher thinking .  

4) If indeed , superheavy fermions are the main source of  baryon production , then , 

the recent Connect1· on (ll) 
between the e lectric dipole of the neutron and the 

observed baryon asymmetry, does not hold at least in its present form. 

On the other hand, if this connection will be found to be experimentally unac

ceptable,  and the other tacit assumptions in its derivat ion hold , then we 

will have A CASE FOR THE S UPERHEAVY FERMIONS . 
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I would like t o  thank Jean Audouze and Tran Thanh Van for organizing such a 
stimulating meeting. 
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ABSTRACT 

COSMOLOGY AND THE NEUTRON ELECTRIC DIPOLE MOMENT 

John Ellis 
CERN - Geneva 

There is a contribution to the neutron electric dipole moment d from the 
CP violating e vacuum parameter of QCD. Diagrams analogous to thosg responsible 
for the baryon number of the universe also contribute to e, providing an order 
of magnitude lower bound on dn in terms of the baryon-to-photon ratio n8!ny · 
GUTs sufficiently complicated to explain the observed nBlny predict that dn 
should be close to the present experimental upper limit . The comparison between 
dn and n8!ny gives us information about entropy generation after the epoch of 
baryon generation in the very early Universe . 
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1 .  - INTRODUCTION 

Much experimental effort l ) , 2 )  has been devoted to the search for an 
electric dipole moment of the neutron, dn ' which violates CP . Detection of a 
non-zero dn would add much to our knowledge of CP violation , confined hitherto 
to the K0-R0 system 3l and the present experimental limit 2 )  

d < 6 x 10-2 5  e-cm n ( l) 

is already a strong constraint on di fferent models of this phenomenon l ) . Theo
retical analysis of dn has proceeded along two lines , the first being calcula
tion of perturbation theory diagrams in GP-violating weak interaction models . 
More recently it has been realized 4 l that non-perturbative effects in QCD will 
violate CP if a hitherto unremarked parameter eQCD is non-zero. While it is 
not renormalized by the strong interactions alone , eQCD is in general renorma
lized by the non-strong interactions , even if i ts bare value is zero . 

Mary Gaillard , Demetre Nanopoulos , Serge Rudaz and I have recently em
phasized 5 l  that there are contributions to eQCD from Higgs exchange diagrams 
in GUTs , which are closely analogous to those responsible for the baryon number 
of the Universe produced in the decays of very heavy Higgs particles & )  These 
contributions to eQCD give us an order of magnitude lower bound on dn of 

( 2) 

If we take from astrophysics 7 l  a lower bound on n8/ny of 2xlO-lO then we 
find that 

d > 5 x l0-2 8  e-cm n "' 
(3) 

to be compared with the upper bound ( 1 ) . 

In this talk I will review our work S ) , B ) ,  starting with a reminder of 
the meaning of eQCD ' its relation to Higgs couplings and its renormaliza tion g ) .  
Then we will see how n8/n is believed to be generated in GP-violating decays 
of Higgs bosons 6 l  via dia�rams similar to some contributing to eQCD " In fact , 
in many models eQCD and hence dn is mueh larger 5 l , S )  than the lower bound 
( 2 ) or ( 3 ) . Finally we will see how the experimental upper limit 2 )  on d n 



already gives us useful information on the amount of entropy that could have been 
generated subsequent to the creation of a baryon-antibaryon asymmetry. The bound 
( 1 )  already poses problems lO ) for the scenario of symmetry breaking by radiative 
corrections in the Weinberg-Salam model , and constrains S) deviations from the 
usual Robertson-Walker-Friedmann ( RWF ) big bang cosmology with some implications 
for models of galaxy formation l l )  

2 .  - THE QCD 6 PARAMETER 

In perturbation theory , QCD automatically conserves CP 12 ) 

there is a possible term 4 l  in the QCD Lagrangian 

';[QCD 

However , 

(4) 

where G�v is the gluon field strength tensor and Gaµv is its dual . The eQCD 
term ( 4 )  is a total derivative and hence does not show up in perturbation theory , 
but it is non-zero for non-perturbative field configurations such as instantons 4 l . 
It conserves charge conjugation C because it is the product of two gauge field 
strengths , but it violates parity p because the dual tensor aaµv 

contains an 
antisymmetric Eµvpo 'symbol .  Therefore the 6QCD term ( 4 )  violates CP . 

However ,  it is not directly related to the CP violation seen 3 l in the 
K0-K0 system since there it occurs in an effective interaction with l �s l  = 2 ,  
whereas the interaction ( 4 ) clearly conserves strangeness . It will , however , con
tribute to the neutron electric dipole moment dn ' in an amount estimated 13 )  as 

d n e-cm ( 5) 

from both MIT baggery and chiral perturbation theory techniques . Using the most 
recent 2 ) upper limit ( 1 )  on dn we infer that 

( 6) 

!This upper bound on eQCD means that the 0 ( 10-3 ) CP violation in the K0-R0 
system cannot be due to a combination of eQCD and a CP conserving ! �S I  = 2 
interaction .J 
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For comparison , the best upper limit o n  dn b y  a n  American group l )  i s  
dn � 3xlo-24 e-cm, and they are now starting an extensive series of experiments 
to improve this by as many as three orders of magnitude , A major problem of theo
retical physics is to determine why eQCD is so small ( 6 ) .  

In pure QCD , eQCD is an arbitrary parameter which is not renormalized 
by the strong interactions but has no natural reason to be small or zero . When 
one takes into account the non-strong interactions eQCD is in general renorma
lized 9 ) . The most obvious contribution to renormalization of eQCD ' which seems 
to give the correct order of magnitude in genera l ,  arises from the renormalization 
of the quark matrix which is necessary at each order of perturbation theory in the 
non-strong interactions . If we define an effective quark mass parameter m ( q )  
from the inverse quark propagator : 

<( - rn(q) ( 7) 

then it gets renormalized in each order of perturbation theory by diagrams shown 
generically in Fig . la . The renormalized mass matrix mRen should then be restored 
to real and diagonal form at each order in perturbation theory. This entails phase 
rotations on the left- and right-handed quark fields which feed through via the 
QCD U ( l )  anomaly into a renormalization of eQCD by an amount 

arg det rnRen (8) 

The leading contribution to o8QCD comes from one particle irreducible diagrams 
F1 making a transition between left- and right-handed quarks : 

where 
meter 

lie arg det rnRen 
"' Im T r (m- 1 F ) QCD = "' o 1 (9)  

m is the zeroth order quark mass matrix . Since the effective mass para
�en m ( 7 )  is a function of the momentum scale q , so also will be o8QCD ' 

The observation ( or non-observation) of d n constrains the effective value of 
renormalized at a momentum scale of order 1 GeV or so.  Presumably there is 

an eventual theory of everything ( TOE ) which fixes eQCD at some enormous scale 
q � O ( lo19 )  GeV . Between this enormous scale and the scale of the neutron eQCD 
is renormalized by all the non-strong interactions , and we can distinguish 5 ) the 
following contributions : 



( 1 0) 

We denote by o8GUT the renormalization due to GUTs at energy scales �1015 GeV , 
and by o 8KM the renormalization due to conventional six-quark Kobayashi-Maskawa 
( KM) weak interactions at momentum scales <1015 GeV. These latter effects have 
been estimated 9 ) as 

( 1 1) 

resulting in a contribution to dn of order l0-31 to lo-32 e-cm. This contri
bution to d is in fact dwarfed by the direct contribution to d from pertur-n n 

. 9 )  14 )  bation theory i n  the strong and weak interactions which has been estimated ' 

as 

�d n 
m2 c s2 S s sin 

1 2 3 
( 12) 

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

As yet we do not know how to estimate eTOE ' but we can calculate 
o8GUT '  This is derived from the quark mass matrix, which is i n  turn given by a 
Higgs vacuum expectation value multiplied by a Higgs coupling matrix H1 as il
lustrated in Fig . 1 : F1 = v H 1 . For convenience we will work directly with the 
coupling matrix of this so-called m -Higgs . We will see that in general a GUT 
sufficiently complicated to explain the observed nB/ny will yield a oeGUT >> 
>> oeKM' In the absence of a TOE we will assume that there is no conspiratorial 
cancellation between 8TOE and o 8GUT so that in order of magnitude 

and we will now go on to consider the relation of 
detail . 

to 

( 1 3) 

in some 
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3 . - THE COSMIC CONNECTION 

In his talk at this meeting, Demetre Nanopoulos 6 ) has already described 
to you the mechanisms offered by GUTs for generating a baryon-antibaryon asymmetry 
in the very early Universe . It seems most likely that the net baryon number ori
ginates from the C- and CP- violating decays of some very heavy particles , typically 
gauge bosons , Higgs bosons or fermions with masses 0 ( 1014 to 1015 ) GeV. Figure 2 
shows how 15 ) a net baryon asymmetry of order 10-9 can be built up at high tempe-
ratures if one postulates heavy particles X with a suitable B- , C- and CP-viola-
ting asymmetry in their decays . Superheavy fermions are not present in the simplest 
GUTs , though they are commonplace in larger ones 6 ) Most quantitative analyses of 
baryon number generation have focused on the decays of gauge and/or Higgs bosons , 
and we shall concentrate on them here. Their contributions to 
models have been calculated 16 ) numerically to be 

in simple 

f" 
10- 1 '  I £G [1 60 

(10 1��ev ) J - 1 · 3  for gauge bosons 

( n B / ny) :\: 
0 . 5  X 10- l • I  EH for Higgs bosons ( 14) 

The factor in square parentheses for gauge bosons in ( 14 ) represents the suppres
sion effects of 2-2 interactions which tend to dilute the asymmetry generated 
by gauge boson decays and inverse decays . There are no such factors for Higgs 
bosons in ( 14 ) if mH > 2xlo14 GeV and the g�/4TI = aH � 6 10-4 as seems plau
sibl e .  The factors EG and EH in ( 1 4 ) are the CP-violating asymmetries in 
decays of gauge and Higgs particles and antiparticles . In simple models 6 ) EG 
is one order higher in aGUT than is �H

' 

pression factor in ( 14 ) is quite fierce i f  
minimal SU ( 5 ) .  W e  are therefore inclined 

Furthermore , the parenthesized sup
m � 6x1014 GeV as expected 17 ) in 

6 ) G 
to expect that Higgs boson decays 

would dominate the production of a net baryon asymmetry , and estimate 

( 15) 

Let us call the Higgs boson with the CP-violating decay asymmetry EH 
the d Higgs . The lowest order in which EH can become non-zero is fourth
order, via diagrams like those in Fig . 3a ,  which appear in models with J2 Higgs 
multiplets coupling to fermions .  A n  individual contribution to the decay asymmetry 
EH can be written as the product of a Higgs emission vertex ad and an absorption 
vertex b� , at least one of which contains a final state interaction . These are 
represented in Fig. 3b alongside the typical lowest order example of Fig . 3a .  The 
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fermion lines i n  F i g .  3 must b e  summed over all fermion generation indices yielding 
us the trace of the product I ,  o f  coupling matrices indicated i n  Fig . 4 a .  This 
gives us a decay asymmetry 

Im Tr(I 1 ) 

Tr (hdh�) 

+ 
Im Tr( ad b d) 

+ Tr(hdhd
) 

( 1 6) 

where hd is the lowest order coupling matrix of the d Higgs . In general the 
d Higgs is a subset of a GUT multiplet ¢d of H iggs fields , e . g . , a colour tri
plet � in a five-dimensional representation of SU ( 5 ) Higgse s .  The m Higgs 
is also in general a subset of a GUT multiplet ¢m ' 
in a 2 of SU ( 5 ) .  In the simplest minimal SU ( 5 ) 

e . g . , an SU ( 2 )  doublet � 
with just one 2 of Higgs 

fields ¢ ,  the m and d Higgses must be partners in the same GUT multiplet ¢ .  
However , this i s  not i n  general true but there will usually b e  a non-trivial over
lap between the SU ( 5 ) multiplet ¢m containing the m Higgs and that ( ¢d ) 
containing the d Higgs . In a basis where the d Higgs is pure : 

( 17) 

where we will suppose 
Eq . ( 9 )  that 68GUT ::: 

that udm is 
Im Tr ( m�1F1 ) ,  

non-zero and of order one . We recall from 
which we can rewrite in terms of the Higgs 

coupling matrix H l as 

where h m is the lowest order coupling matrix of the m Higgs . 
demonstrates that there is a contribution to of the form 

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

( 18) 

Figure 4b 

( 19) 

(20) 



llO 

A specific exajllple of this lower bound to the renormalization of eQCD by GUTs i s  
shown in Fig . 5 : part ( a )  shows the fourth order contribution to ( n8/ny) while 
part ( b )  shows a corresponding contribution to the renormalization of eOCD " 

Combining the expectations ( 13 ) and ( 2 0 )  we have 

and the expression ( 16 )  for EH therefore means that 

It seems reasonable to suppose that an order of magnitude estimate of 
is given by the corresponding quantity Tr ( hmh� ) 

( 2 1 )  

(2 2) 

(2 3) 

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

8 ( lGeV) 
QCll 

(24) 

Putting in the connection ( 5 ) between eOCD and dn we finally reach 5 ) the 
promised bound ( 2 )  on dn ' which leads in turn to the cosmological lower bound 
( 3 ) of 

d > 5 x 10-2 8  e-cm n "' 

if we accept the astrophysical estimate 7 )  that 

It is worth mentioning 5 l , S ) that this bound is not saturated in many of 
the models we have investigated . For example , in minimal SU ( 5 ) with a single 2 
of Higgs the renormalization Of 8ocD takes place in order ( a/11 ) 2 , whereas 
Im Tr Il i 0 only in eighth order. As for SU ( 5 ) with two or more 2 of Higgs , 

2 
68GUT is of order ( C<ill) while Im Tr I1 is of order ( aH/11 ) In SU ( 5 ) 



with a 5 
0 (  l a/ n ) -I ) 
0 (  ( a/ TT ) -l ) 

and a 45 of Higgs , the lowest order contribution to 68GUT is 
larger than our bound. It may well be , therefore , that dn is 
larger than the lower bound ( 3 ) , and hence within an order of magni-

tude of the present experimental upper limit , in any GUT which is sufficiently 
complicated to explain the observed baryon-to-photon ratio . 

4 .  - A COSMIC SEISMOMETER 

The neutron electric dipole moment is unique among observable low-energy 
GP-violating parameters in being sensitive to aspects of physics at short dis
tance scales and high energy scales up to 1015 GeV and beyond . From the point 
of view of a cosmologist , high energies translate into high temperatures and hence 
very early times . The neutron electric dipole moment is therefore unique in its 
potential for probing CF-violating processes at these very early times , and what
ever may have happened subsequently during the expansion of the Universe . In par
ticular, since the bound on 8QCD relates it to the primordial generation of 
baryon number , any subsequent generation of an extra factor E of entropy would 
dilute the observed n8!n1 by l/E relative to the GUT calculation . 
on dn would therefore be a factor E larger : 

n 
d > 2 . 5  x 10- ! 8  E (_]_) n "' n 

y 

The bound 

(25) 

The experimental upper bound 2 ) on dn already constrains E rather severely 

n 
(_]_) < 2 .4 x 10-7/E n "' 

y 

and if we accept that ( n8!n1 ) > 2xlO
-lO we deduce S )  

E < 1 . 2  x 10 3  
'\, 

(26) 

(27)  

Thus there is n o t  much scope after t h e  creation of t h e  baryon asymmetry for entropy 
generation, e . g . , during one of the subsequent phase transitions in the Universe . 
For example , it has been pointed out lO ) that if the SU ( 2 ) xU ( l )  Weinberg-Salam 
symmetry is spontaneously broken by radiative correction s ,  then one should expect 
a strongly first order phase transition with much supercooling. It has been 

1 1 1  
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estimated lO)  that during t h e  reheating of t h e  Universe subsequent to the phase 
transition a factor E > 104 of entropy would be generated . Our bound ( 27 ) may 
therefore mean trouble for the scenario of Weinberg-Salam symmetry breaking by 
radiative correction s .  This problem would be exacerbated i f  the present experi-
mental upper bound on d n were improved , or i f  t h e  favoured GUT turns out to be 
one in which 6ocD is renormalized by a graph of lower order than those related 
to the baryon number in Section 3 .  

Another example of an irregularity in the early Universe that is probed 
by the neutron electric dipole moment is the inhomogeneous shear proposed by some 
authors ll ) as a way of generating isothermal density fluctuations which could give 
rise to galaxies . If the Universe were shear-dominated at the time of baryon gene
ration , grand unified viscosity 18 ) would help to damp it down shortly afterwards , 
and some entropy would be generated during this dissipation. People have pointed 
out previously that the value of ( n8/ny ) now should enable one to bound the 
amount of primordial shear. Our connection with dn enables us to establish a 
quantitative bound , stating that the energy density at the epoch of baryon genera
tion cannot have been shear-dominated by a factor E larger than 0 1 1018 ) ,  about 
twenty orders of magnitude better than the previous best limit from cosmological 
nucleosynthesis l g ) . This does not , however , rule out the scenario of galaxy 
formation from isothermal fluctuations due to shear inhomogeneities , which can 
work l l )  if oE ( and hence E l  is as small as 10-3

. 

These examples may serve to demonstrate the utility of our cosmic con
nection 5 l , 3 l  between baryon generation and the neutron electric dipole moment .  
This low enei•gy observable is unique in being related to physics at ultra-high 
energies. As we gradually refine our knowledge of dn ' ( n8/ny ) and narrow down 
the field of possible GUTs this connection will become ever more quantitative and 
restrictive . 

FLOREAT THE INTERPLAY BETWEEN PARTICLE PHYSICS AND ASTROPHYSICS 
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FIGURE CAPTIONS 

( a )  Diagrams contributing t o  the renormalization o f  the quark mass 

matrix and thence to eOCD ' which are related 

( b )  to the renormalization o f  the coupling o f  the m Higgs . 

Illustration lS ) how the baryon-antibaryon asymmetry can be built up 

in the decays of superheavy particles X ( Y+ = ( nx+nx) /n
y

l '  

YB ( nq-nq ) /n
y

' Y_ = ( nx-nx) /n
y

) .  

( a )  

( b l  

Typical fourth order contributions t o  €H ' and 
t the generic vertices ad and bd . 

( a )  The C - and GP-violating imaginary part o f  the trace o f  I 1 which 

gives €H ' and 

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

( a )  Fourth order contribution to Im Tr ( I1 1 in an SU ( 5 )  model 

with two .2_ ' s  of Higgs ( the solid lines are lO ' s  of fermions , 

the zigzags are S ' s  of fermions ,  the dashed lines are d 

Higgs and the dot-dashed lines are other Higgses ) ,  with 

( b )  an analogous contribution to the m Higgs coupling nt-trix . 
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ELEMENTARY PARTICLE PHASE TRANSITIONS 
IN THE VERY EARLY UNIVERSE 

S .  A .  Bludmant 
Department of Physics , University of Pennsylvania 

Philadelphia ,  Pennsylvania 1 9 1 0 4 , U . S . A .  

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

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

w .  H . McCrea , "The Cosmical Constant " ,  
Q .  Jour . Royal Astron . Soc . 1 2  ( 19 7 1 )  140  
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I .  INTRODUCTION 
The spontaneous broken gauge theory (SBGT) of elementary par

ticles has already unified weak and electromagnetic interactions 
and promises to lead to a grand unification of strong and electr o
weak interactions ( GUTS ) . The Higgs mechanism , e lementary or dynam
ical , for each symmetry breaking of the elementary particle vacuum 
predicts that above some temperature Tc the symmetry wi ll be un
broken , i . e .  that ,  if the temperature was high enough , the present 
co ld universe of elementary particles must have been preceded by an 
earlier phase in which elementary particle symmetry was restored . 
The gap in energy density between the hot (disordered) phase and 
the present cold ( ordered) phase , goes to materialize meson and fer
mion masses , and is calculable , pos itive and huge . 1 

Gravitational observations show that the vacuum energy den
sity ( c osmological constant) of the present universe is negligible . 
Why this is so remains a deep mystery we cannot answer . (Perhaps 
£vac = 0 is necessary as a condition of asymptotic flatness in an 
expanding universe in order that the total energy be definable . )  
Precisely because the vacuum energy density vanishes in the present 
universe , SBGT requires that it was huge and positive in the very 
early hot universe . In fact , if the Higgs meson mass MH associated 
with the earliest phase transition is close to its minimum a llow
able value Mew ' this vacuum energy densi ty dominates the radiation
matter density over a temperature range in the early phase univers� 
so that the positivity condition £ + 3p > 0 was not then satisfied . 
In thi s  paper , we show that if the initial entropy is chosen small 
enough , this fixes a maximum temperature and a minimum radius for 
the early universe . In this way , what is now standard particle 
physics can avoid any initial s ingulari ty which , if it occurred , 
would have signa lled the breakdown of c lassical gravitationa l 
theory . After symmetry breaking , the universe is in the £vac 0 

phase with which we are fami liar , so that the standard scenario for 
baryosynthesis , nucleosynthesis , plasma recombination and galaxy 
formation holds . 

Especially in cosmology , where so few observations are avail
able, it is desirable to assume a theory with the minimum of free 
parameters .  For thi s  reason , we choose for c osmology the Robertson
Walker theory (whose one adjustable parameter is the initial adia
bat or RT value) and , f or GUTS , the minimal SU ( S )  theory (whose one 
adj ustable parameter i s , as in the Weinberg-Salam theory , the Higgs 



mass MH) .  

I I . EFFECTIVE POTENTIAL FOR MINIMAL SU ( 5 ) GUTS THEORY 
A .  Zero Temperature 

potential 
The effective/V ( ¢ ) of the Higgs field ¢ for the minimal SU ( 5 ) 

GUTS theory in one-loop approximation is , at zero temperature , 2 • 3 

V ( ¢ ) = � µ
2

¢
2 - (� + ! B) ¢ 4 

+ B¢ 4 ln ( ¢ 2/a2 ) + K o 402 2 
( 2  . 1 ) 

where B = ( 7 5/ 8 ) 2 ( g2 /4n ) 2 and K is a constant depending on the ab-
solute zero of energy . We consider the weak Higgs sector in which 
the vector mesons are much heavier than the scalar , so that the 
B ln ( ¢ 2;a2 ) -B ln (T 2fMv2 l radiative correction receives contribu
tions from vector meson loops but scalar or fermion loops are neg
lected . The gauge vector meson coupling is g and V ( ¢ )  has been 
written in a form making explicit the minimum at ¢=a and the addi
tional extremum at ¢ = 0 .  The values determined for these minimal 
GUTS parameters 4 are given in Table 1 ,  together with those for the 
fami liar SU ( 3 ) c x SU ( 2 ) w x U ( l) ern theory . 

Since 
d2V 1 µ 2 ' ¢  0 

d ¢� = 1 M� , ¢  a ( 2 . 2 ) 

where MH
2 - MCW

2 2µ 2 - 2 (MLW
2 µ 2 ) ,  the one still undetermined 

parameter µ2 fixes the Higgs mass and the nature of the v0 extrema . 
Here Mcw2 - ssa 2 - 2MLW

2 is a natural mass uni t .  The ¢ = O extre
mum is a minimum for MH < Mew ( µ 2 > 0 )  and a maximum for Mew < MH 
( µ 2 < 0 )  • 

Because the gap in energy dens ity 

( 2  . 3 )  

we consider only MLW < MH , s o  that the broken symmetry phase ¢ = a is 
absolutely stable with respect to any local minimum at ¢ = 0 .  We 
wi ll thus have two cases : ( i )  MLW < MH < Mew ' a false vacuum at 
¢ = 0 which is (at all temperatures)  metastable with respect to 
transitions to the true vacuum at ¢ = O ;  ( i i )  Mew < MH , instability 
at ¢ = 0 ( at T = 0 and low enough temperatures)  . 

B .  Finite Temperatures 
At finite temperature2 • 3 , V0 ( ¢ )  must be replaced by V ( ¢ (T )  , T )  

V0 ( ¢ )  + VT ( ¢ , T )  where 2 
VT ( ¢ ( T ) ,T  = 3N'r4 ( 1n { 1-exp [ - (x2 + �) ] }  x2 dx ( 2 . 4 ) 

2n 2 0 T2 
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is the free energy densi ty of a n  ideal Bose g a s  of N 
mesons of temperature- depepdent ma ss , 

Since for Mv/T < 1 ,  
Mv ( <j> (T ) ) = ( 2 5/B ) i, g<j> (T ) . 

1T 2 (Mv/T) 2 
{ + + (Mv

3/T3 ) } , - 9 0  2 4  

12 vector 

( 2 . 5 ) 

( 2 .  6 )  

the coefficient of q, 2 in V0 i s  replaced a t  finite temperature by 
i, ( µ 2 + g " 2T2 ) ,  where g " 2 ::o 7 5  g 2/s . Finite temperature therefore 
tends to stabili ze the symmetric state <j> = 0 and to destabi lize the 
broken-symmetry state <j> = o .  Indeed , above a temperature T2 , defin
ed by 

2 2 (d V/d<j> ) o (T ) = 0 
2 

( 2 . 7 )  

there i s  n o  broken symmetry . As shown in Fig . la) , for MLW < MH < 
Mew there was already at T = 0 a fal se vacuum ( <j>= O )  as well as the 
true vacuum ( <j>=o ) ; for O <T<T2 , the barrier between these two vacua 
is reduced . As shown in Fig . lb) , for � < MH , <j>  0 was an unstable 
equilibrium at T = 0 ,  this remains so for O <T<T1 where T1 is defin
ed by (d2V/d� 2 i = o so that "' <j>=O 

T 2 
1 

2 2 2 4 (MH -Mew ) /7 5g .  

For T1< T , however , <j> 0 becomes a minimum . 
At T 0 ,  the broken symmetry phase lay lower than the symme

tric phase by ( 2 . 3 ) . We define the symmetry temperature Tc at 
which the two phases have equal minima , V ( O , Tc ) = V ( o ( Tc ) , Tc ) .  
Thus 

( 2 . 8 ) 

where 6N= l2 i�,iiumber of originally massless vector mesons which 
become massive on symmetry breaking . 

e . First Order Phase Transitions 
In Fig. 2) the heavy lines plot the location of the minima of 

V (  <j>(T) , T ) . Above T2 only the symmetric phase <j> = 0 is stable . Be
low T1 , only the broken symmetry phase <j> = o (T )  is stable . But, at 
intermediate temperatures , there are two locally stable minima 
separated by a potential barrier . At T = Tc , these two vacua are 
degenerate in energy : this would be the transition temperature in 
a quasi-static expansion or contraction . For T < Tc , the broken
syrnrnetry vacuum is the true vacuum and the symmetric vacuum is a 
metastable " false vacuum" . For T > T the reverse is the case . c 

In fac t ,  because tunne ling through a barrier is exponentially 



s low , a contracting universe superheats up to Tsh � T2 > Tc ' and a 
expanding universe supercools down to Tse 

< Tc . In case Mew < 111 • 
Tse 

� T1 , the temperature at which the barrier disappears . In case 
MLW < MH < Mew ' Tse 

� 0 unless another phase transition intervenes . 
During this drawn-out first-order transition , the universe is 

far from thermal equi librium. When the transition to the broken
symmetry phase finally takes p lace , the temperature rebounds almost 
up to T , with entropy multiplication E z (T /T ) 3 . As shown in C C SC 2 2 � Fig . 3 )  for Mew < � · the supercooling temperature T1- (MH -Mew ) 
and the rebound temperature �Tc- (MH

2 -MLW
2 ) �. While E ,  shown by the 

dashed curve in Fig . 3 , becanes very large for MLW < MH � Mew+ ' it 
approaches unity quite rapidly for MH '.:': Mew - Because Mew = l8B o 
is the measure of radiative corrections that make the transition 
first-order , the strength of the fir st-order transition (measured 
say by the latent heat released) decreases continuously as MH in
creases from i ts minimum value MLw · Defining S 2 = (MH/MLw) 2- 1 ,  the 
transition becomes practically second order f or  MH/Mew = 
[ � ( l+ S2 ) ] ;,  > 1 .  Whi le the radiative corrections always make the 
phase transition technically first-order , we will see in Sec . I I IB 
that empirical limits on entr opy multiplication show that the tran
sition can only be moderately first-order , i . e . ,  we must consider 
only � � Mew or S > 1 .  

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

fines the free energy density of the vacuum sector 

f =: E-TS 
Volume =e: - T s = - p .  ( 2 . 9 )  

The last equality follows from the fundamenta l thermodynamic rela
tion E + pV = TS + �Niµ i ' since in the charge-symmetric vacuum all 
net conserved charges are zero . f ,  E and s = -df/dT are functions 
of T only . Thus the energy density divides naturally into a con
stant zero-temperature part £ 0 = f0 = V0 ( � ( 0 )  , 0 )  and a thermal 
part ET (T )  = E: (T ) -£0 • The zero temperature part obeys the equation 
of state p = - £ , while in the radiation-dominated universe we 0 4 0 

1 consider , fT - T and PT = -ET + T s = 3 £T . 
The stress-energy tensor f or an ideal f luid Tµv 

(£ + p) uµuv + pµgv is independent of four-velocity uµ , if and only 
if , it obeys the equation of s tate £ + p = O .  Such a Lorentz-in
variant vacuum , endowed with dynamical degrees of freedom demanded 
by quantum field theory , deserves to be called the Lorentz -
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invariant ether . While the vacuum £vac ; £ 0 is Lorentz-invariant , 
like the temperature i tself the thermal energy is not .  I n  a non
empty universe , the matter-radiation flow defines a preferred co
moving frame . 

The gravitationa l properties of the vacuum are just those of 
a dynamically induced cosmological constant , since Einstein ' s  equa
tion GlJV + Agll\I ; -K Tll\I , where K = 8nG ; Sn (-l'lc/Mt l and TIJ\I is the 
radiation-material stress energy tensor , can be rewritten 

( 2 . 10 )  

Empirically , the vacuum energy vanishes i n  the present cold 
universe.  Therefore choosing in Eq . ( 2 . 1 ) 

we finally have 
2 2 2 1 2 _ M 2 ) 2 , K ; ( �Bcr - �µ ) cr  ; 9 (MH LW cr 

+ 3N 
2 2':_ T4 _ _  

2
1 g " 2 T2 ,,, 2 + 

3 0  '!' • • •  

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

( 2 . 11 )  

( 2 . 1 2 )  

that £T (Tx) ; £vac ' we see that there is a temperature interval 
Tx > T > T1 , in the supercooled symmetric phase in which the vacuum 
energy density dominates the radiati on-material densi ty .  Fig .  4b)  
shows E + 3p ; 2 ( ET - Evac ) ,  which is negative in the vacuum 
dominated plane . 

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

thesis shows that when the universe had cooled down to - 1  Mev , it 
was already quite isotropic and homogeneous . We as sume that this 
was already the case at the much earlier GUTS epoch (although 
al lowing appreciable anisotropy at baryosynthesis would permit 
initial i sothermal density perturbations, from which it is easier 
to later evolve galaxies than would be the case with the initial 
adiabatic baryon density perturbations permitted in an i sotropic 
universe),  The expansion is then governed by 

H2 ( t) = (�) 2 
R 

81TG£ 
-3-

k 
R2 k ; o ,  � 1 ( 3  . 1 ) 

which together with the First Law of Thermodynamics d ( £V) + pdV 0 



or 

implies 

dE dV - ( E  + p,) V 

4rrG R � - �3� ( E + 3p) R 

( 3 . 2 ) 

Where the positivity condition E + 3p > 0 is obeyed ,  R < O , so that 
a plot of R ( t)  vs . t is concave downwards ;  i f  this were the cas e ,  
there would b e  a physical s ingulari ty T ,  E+oo a s  R + 0 .  For the 
vacuum-dominated radiation universe , however ,  

E + 3p = 2 ET - 2 Evac < 0 ( 3 . 3 )  

so that R ( t) i s  convex upwards .  Particularly as the universe super
cools towards T1 so that ET << Evac ' the scale grows exponentially 
R ( t)  - exp ( ct//2 � ) , where 

RE = M ( 3/161fE ) � p vac 

A .  Advantages of Exponential Growth 

( 3 . 4 )  

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

1 .  The particle horizon 

f
t cdt ' dH ( t )  = R ( t)  

o R ( t ' )  ( 3 . 5 ) 

grows rapidly, as RE exp ( ct//! RE) in the vacuum-dominated phase , 
instead of as 2ct in a radiation-dominated universe . This allows 
early chaos to homogenize through causal processes . 

2 . Flatness problem : The spatial curvature term in Eq . ( 3i ) , 
l k/R2 1 < <H 2 - 8rrG. � /3) in the present universe . Why is our present 
universe as large (R > 1 0 2 8 cm) as it is?  Since , at present, 
T = 2 . 7  K ,  why is RT > 10 2 8 - e6 4 or the dimensionless entropy 
presently in photons and neutrinos 

4 S/kB = 3 ( 3 . 6 ) 

3 .  Exponential growth and extreme supercooling would a lso 
suppres s6 the cosmological production of magnetic monopoles whose 
mass M � 1 0 16 Gev would otherwi se dominate the present expansion . m 
Since pm � PcR and P B - . 0 1  PcR ' the present numbers of monopoles 
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must b e  in the ratio 

� /nB < 1 0 0  (M /M ) = 10 -14 
rn - B m ( 3 . 7 )  

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

n - nB/ny = ( 2- 8 )  x 10 -l O 

/k 10 11 . 4  + 0 . 3 s BnB = ( 3 . 8 )  

The limits for monopoles are therefore 7 

GUTS predicts n rn 

I < 10 -23 nm �  

s/kBnm > 102 5  

in strong disagreement with ( 3 . 9 ) . 

( 3 . 9 )  

( 3  . 10 )  

B .  Inescapable Problems with Extended Exponential Growth 
Guth preferred to attribute the hugh s i ze or entropy needed 

to solve the hori zon and flatne���g5
e�� least 64 e-folds of exponen

tial growth in a drawn-out first-order phase transition . He himself 
realized5 , however , that such extensive exponential growth would 
have fatal consequences . 

1 .  Limits on Entropy Multiplication after Baryosynthesis . 

GUTS can in the first place generate only a baryon/photon 
ratio n0 � 1 0 -5 or specific entropy ( s/kBnB ) o > 10 6 . The presently 
observ�d value ( 3 . 8 ) therefore permits only entropy multiplication 
E < 10 6 through dissipative processes of all kinds since baryosyn
thesis . In particular , the electroweak phase transition at Tc -

23 Gev can allow moderate supercooling down to only T > 0 . 0 1 T 
8 SC C 

23 0  Mev . ( I f  the recent theoretical bound on the neutron ' s  elec-
tric dipole moment , dN > 2 . 5 x 10 -8 n e-cm is combined with the 0 -25 present experimental upper bound 6 x 10 e-cm > dN , then stronger 
limits n < 2 x lo -7 , E < 6 0 0 0 , T > . 06 T = 1 Gev are obtained . 0 g SC C 
Witten ' s  idea of arresting electroweak supercooling by a chiral -
syrnrnetry breaking transi tion at 100-300  Mev is thus incompatible 
with the theoretical bound on dN and just compatible with the 
original baryosynthesis bound . ) 



Two conc lusions emerge concerning the entropy multiplication 
or baryon di lution admi ssable after baryosynthesis : ( 1 )  Supercool
ing from the electroweak phase transition must stop at Tsc> 2 3 0  Mev , 
because of the intervening chiral-symmetry phase transition9 or 
because the Weinberg-Salam Higgs meson has mass � > 1 . 0 0 2 Mew = 
9 . 2  Gev�� L\ 2 )  Any entropy multiplication E > 10 14  which would re
concile the monopole ratios ( 3 . 9 )  and ( 3 . 1 0 )  would be incompatible 
with the baryon di lution E < 1 0 6 permitted . 

2 .  Inescapable Exponential Growth? 
There are no such limits on entropy generation before baryo

synthesis fixes the baryon-photon ratio n0 and magnetic monopoles 
are synthesi zed . To explain the present uniformity , flatnes s ,  and 
absence of monopoles by an extremely drawn-out first-order phase 
transi tion , Guth had wanted exponential growth and supercooling by 
a factor 1 0 2 8  

= e64 . Nevertheless , Guth himself reali zed5 that out 
of such exponentially rapid expansion , the universe as a whole would 
never undergo the transition into the broken-symmetry phase we now 
inhabi t .  

Extreme supercooling takes place when � � Mew ·  I n  this 
Coleman-Weinberg approximation, µ2 

= O and scale invariance is bro
ken only by the logarithmic radiative corrections B ln (� 2 ;a2 ) -
B ln (T2/�2 ) :  the growth rate of bubbles of the broken-symmetry 
phase proceeds at a rate per unit volume per unit time 
- T4 exp [ -A ( T ) ] ,  where A (T )  is the minimum 0 ( 3 ) -symmetric Euc lid
ean action . 9 Meanwhi le , the universe expands at a rate per unit 
volume per unit time x4 = ( BrrG E /3 ) 2 . The nucleation rate never vac 3 Mv -1  
catches up with the expansion rate because A ( T)  - ( g  ln �) de-
creases so s lowly with T that T4 exp [ -A (T ) ] < x4 for all T > O .  
Consequently , although individual bubbles expand almost at the 
speed of light , they never coalesce (percolate) to include an ap
preciable fraction of the universe . This catastrophic conclusion 
is not qui te right , even for the Coleman-Weinberg theory1� but does 
show that for � � MCW ' Ts e 

is extremely sma l l .  Indeed , i n  the 
electroweak phase transition, in order to have Tse > 230  Mev so 
that entropy mul tiplication E < 1 06 , the Weinberg-Salam Higgs mass 

- 10 , ll MH > 1 . 0 0 2  Mew - 9 . 2  Gev . When MH > Mew we saw that the meta-
stable false vacuum becomes unstable for T < T1 . 
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C .  Extended Supercooling I s  Not Needed 
Excessive entropy multiplication after baryosynthesis is 

ruled out by the specific entropy presently observed . Before 
baryosynthesis , we cannot endure supercooling extensive enough to 
make the present RT > 10 2 8 . These conclusions rule out any drawn
out first-order phase transition as the s ource of the present en
tropy S/kB > 10 86  and of the reduced monopole production . 

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

The magnetic monopole problem wi ll be solved if the universe 
was never hotter than 1 0 16 Gev or if the breaking of the originally 
compact symmetry down to a U ( l )  subgroup is delayed to a low tem
perature . 

IV . A TEPID UNIVERSE 
After seeing why first-order transitions cannot be excessive

ly drawn-out , we now turn our attention to gravidynamic processes 
in the very early symmetric universe . We will see how the cosmo
logical constant induced at symmetry restoration avoids the initial 
cosmological s ingu larity and leads to an initial temperature 
T - 9 x 10 13  Gev , low enough that magnetic monopoles will not be x 
initially produced . 

A .  Unstable S tatic Einstein Universe : 
Non-Singular Initial Conditions 

We as sume the universe began at t = -oo in a minimal SU ( 5 )  
symmetric false vacuum defined by some Higgs mass MH > Mew · (Since 
we will allow only a mildly first-order phase transition 
s2 = 2 (MH/Mcw> 2- l cannot be too c lose to unity . )  We assume an 
Einstein universe , c losed ( k  = + l )  and static with scale factor 



cm ( 4  . 1 ) 

and temperature 

0 . 9 2 x 10 14 S� Gev , ( 4 .  2 ) 

chosen so that 

3 ( 1 . 7  x 10 14 S� Gev) 4 ( 4 . 3 ) 
1611GRE

2 

will make R = 0 = R initially . Since RETX = 8 2 S -\ the initial 
entropy 

is relatively sma l l .  We call this non-singular alternative to the 
Hot Big Bang , the Tepid Univers e .  It should not be confused with 
Linde ' s  Cold Universe13 in which S = 0 = ET initially , and almost 
a l l  of the radiation-matter is supposed to be created out of the 
initial vacuum instab i lity . 

As is we ll known , Einstein ' s  static universe is very unstable 
gravitationally . I f  a llowed to expand s lowly from rest at t = -oo , 

i t  expands and supercools until a t  

( 4 . 4 ) 

the false vacuum become s an unstable phase , permitting the de layed 
trans ition into the broken-symme try phase . Dur ing the supe rcool ing , 
in it ially mild exponent ially accelerated expans ion takes p l ace from 
rest as E + 3p = 2 ( ET - Evac ) decre ases from zero . Guth ' exponent ial 
growth , on the contrary , be g ins from a un ive rse that is alre ady ex
p loding out of the B ig Bang . 

Be cause in the in it ial symme tr ic phase the temperature neve r 
1 3  exceeded TX = 9 x 10 S l/2 Ge v ,  magne tic monopoles ( whose mass 

"' 1 0 1 6 GeV) were never made in the or ig inal tep id beginning . I f  'V 
we are in the f irst e xp ans ion , th is exp l a ins the absence of magne-
t ic monopoles in the pre sent unive rse . 
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B .  The Initial Expansion : 
Suppression of Monopole Production 

During the elementary particle phase transi tion , the tempera
ture rebounds to almost 

1 . 2 x 1 014 S� Gev 

with entropy multiplication 

E ::;  (T /T ) 3 = 3 [ S/(S 2 -l ) ] 3/2 
c 1 ( 4 . 5 )  

from S/kB = 8 x 10 6 S-3/2 Gev to 2 x 10 7 ( S 2-l ) -3/2 Gev . This 
entropy could be made much larger , by finely tuning S to be very , 
very c lose to one . Besides being unnatura l ,  however , this would 
lead to extreme supercooling to very low T1 • 

I f  our model is correct ,  we therefore expect the SU ( 5 )  Higgs 
mass MH > Mew = 2 . 7  x 10 14 Gev , and the universe to be closed . 
Since the hugh present entropy cannot be generated in a long , 
drawn-out first-order transition , we require other strongly dissi
pative processes to explain the present entropy or size of the uni
verse . These other strongly dissipative processes in the very 
early universe mus t a lmost certainly be gravitational , such as dis
sipation of initial anisotropy , repeated bounces of the closed 
universe , or radiation from event or particle horizons . 

c .  Conventional Evolution o f  a Closed Universe 
Once in the broken-symmetry phase at about 10 14 Gev , the 

universe continues with the conventional evolution through baryo
synthesis ,  further symmetry-breaking transitions , nucleosynthesis , 
recombination and ga laxy formation . Being c losed , the universe 
expands to a maximum size and minimum temperature determined by 

8TIG £ (T ) • R2 
3 min max ( 4  . 6 ) 

We , with H2 = ( R/R) 2 - s;G £ are nowhere near maximum size now. 
In the subsequent recontraction and reheating , the universe wi ll 
become radiation-dominated , but because R remains negative , it 
will never again become vacuum-dominated . 1 4 

Although its origin was non-singular in the tepid symmetric 
phase , the universe must subsequently go through repeated non
exponential crunches . In those subsequent infinite contractions 
and reheatings , entropy and magnetic monopoles will be created . 



V. CONCLUS IONS 
Without appealing to quantum gravity or supergravity , by us

ing only c lassical gener a l  relativity and by-now conventional par
ticle physics ,  we have avoided an initial singularity with a choice 
of origina l scale size at t = -00 , '1'1/Mpc << RE << H0

- 1 . Because 
before symmetry-breaking the temperature never exceeded 
TX - 10 1 4  Gev , magnetic monopoles are not made in the first 
symmetry-breaking , but wi l l  be made in later crunches . 

Thi s  scenario requires that the universe be closed and that 
the Higgs mass exceed Mew = 2 . 7  x 1 0 14 Gev . Because , j ust like 
Guth , we cannot derive the present entrcpy from extended exponen
tial supercooling, we require other , probably gravitationa l ,  pro
cesses to explain the present entropy or size of the universe . 

" I  would as soon think of reverting to Newtonian 
theory as of dropping the cosmical constant . "  

A .  s .  Eddington , The Expanding Universe 
(Cambridge University Press , Cambridge ,  1 9 3 3 )  
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0 . 9 2 x lo 1 4 s i,  
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Table 1 .  Parameters of Minimal SU { 5 )  and of SJ { 3 ) xSU { 2 ) xUO) Spontan
eously Broken Gauge Theori es . Aside from the order parameter 
and coupling constants , the effective Higgs potential in both 
cases depends only on the Higgs mass M 2 = M 2 { l+S 2 ) H LW 
Mcw2 ( 1 + S 2 l /2 . 
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M Lw < M H < M ew 
METASTABI L IT Y  AT 
ALL TEMPERATURES. 

T = O 

Mcw< M H 
I N STABI L ITY AT 

T < T 1 

T = O 

Temperature dependent effective Higgs potential for a) MLW<M8<Mcw ' 
in whi ch case the symmetric state =O is metastable at aII 
temperatures <Tc and b) . Mcw<M8 , in which case the symmetric state 
is unstable at T<Tn . The symmetric and asymmetric states are de
generate at Tc . T e broken symmetry state is metastable at T>Tc 
and unstable at T>T2 • 
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Figure 2 . The temperature-dependent order parameter a ( T)  in units of a as 
function of T/Mcw for various values of MH/Mcw · For T1<T<T2 the 
effective potential ha s two minima ( heavy line) and an intervening 
maximum ( dashed line) • For MH<Mcw the symmetric state is stable 
down to T2 and metastable down to T=O . On expansion , the symme
tric state wi ll supercool practically down to Ti or O .  On contrac
tion , the broken-symmetry state wi ll superheat up to T2 · (Adapted 
from ref . 1 4 . )  
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Figure 4 .  ( a )  The vacuum energy E 0 and the radiation energy ET as function of 
temperature during cooling . The vacuum energy dominates for 
TX > T > T1 • 

(b)  E = 3p as function of T .  During the vacuum-dominated interval 
R > 0 and R ( t)  wi l l  be convex upwards from the t-axis .  
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GALAXIES MAY BE SINGLE PARTICLE FLUCTUATIONS 
FROM AN EARLY , FALSE-VACUUM ERA 

Wil liam H .  Press 
Department of Physics and Center for Astrophysics 

Harvard University ,  Cambridge , MA 02 1 38 , U . S . A. 

ABSTRACT : Evolving from an ear l y ,  hot Fri edman pha s e ,  the 
universe may go over to a "Guth era" o f  exponential expansion . 
The horizon size at the end of the Guth era ( which can be as large 
as today ' s  comoving sca l e  of galaxies or c lusters ) i s  shown to 
correspond to a scale not much larger than the Compton wavelength 
of the matter fields at the beginning of the Guth era . Means o f  
" freezing i n "  these initial fluctuations are suggested . Exit from 
the Guth era to a reheated Friedman universe might be mediated by 
the finite temperature of the cosmological event horizon: effects 
of field theory in curved spacetime may make the cosmological 
temperature decrease only as a power-law, even as the expansion 
proceeds exponential l y .  
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I .  IBTllODUCTIOR 

I will assume that the initial state of the universe,  at least by 
the Planck time tp = (fiG/c5 ) 1/2 - lo-43 s when it first makes sense to 
ta lk about a classical spacetime metric , i s  smooth , i sotropic and 
homogeneous , and described by a Robertson-Walker metric . It is a 
matter of taste whether to view thi s  assumption as something whi ch 
must ultimately be explained , or whether it is just a statement about 
what happened to be . Particle theorists tend toward the former 
viewpoint, while most cosmologists are not too uncomfortable with the 
latter view. 

Many cosmologists are uncomfortabl e ,  however , with the idea that 
the perturbations from smoothness which are necessary to make galaxies 
might need to be postulated as initial conditions . To say that the 
universe is smooth has a small information content; it takes only a 
single sentence to describe the state completely. To say that the 
uni ver s e  has galaxy-forming ( and cluster-forming ) perturbation s ,  
however , implies a very large initial information content at t = tp' 
whole figurative reams of tabulated material describing the positions 
of all the galaxies that are fated to form and , indeed , all details of 
the initial hydrodynamic state that wil l  form them . One should not 
dismiss this as just 11 some realization of a random function . 11 Random 
functions have a high information content ; when they occur in physics 
it is most often by the rea li zation of some underlying complicated 
physical process ( such as the quantum nature of matter , or stochastic 
mixing of deterministic equations in an appropriately large phase 
space ) .  The central cosmological issue , it seems to me, is not where 
did the smoothness come from, but rather where did the perturbations 
come from. 

From the Robertson-Walker metric and the Einstein equations for 
gravitation, one gets the well-known first integral of the expansion 
equation , 

• 2 
(�) R 

811Gp 
-3- ( 1 )  

Here R(t)  is the expansion factor in the metric , scaled to make k take 
on the val ue +l , O or -1 ,  corresponding to a spatia l ly closed , 
margina l ly open , or open universe . T he dens ity p comprises a l l  the 



gravitating matter content of the universe ,  inc l uding any 
Lorentz-invariant vacuum energy density ( " cosmological constant" 
term ) . The evol ution of p satis fies 

dp 
dR 

where P i s  the total pressur e .  

3 (P+p )  --R-- ( 2 )  

It is worth emphasizing that p and P are derived quantities from 
some Lagrangian tha·t describes the underlying quantum theory of 
matter . From a Lagrangian L , a functional of the matter fields ,  one 
obtains the stress-energy tensor by varying with respect to the metric 

µ\! g ' 

T µ\! ( 3 )  

( see , e . g . ,  Lightman et al . 197 5 ,  § § 21 . 5-21 . 6 ) . The homogeneity of the 
metric implies a preferred Killing vector time direction ;CX, in terms of 
which 

p ( 4a )  

p (4b) 

The angle brackets denote ( or ,  for our purposes , at least connote) the 
quantum expectation values of the underlying fields in a curved 
spacetime metric . 

In grand uni fied gauge theories ( GUTS ) the universal matter 
Lagrangian often contains a polynomial potential term in some scalar 
ccxnbination of fields cj>, 

L . . .  + . . . - V ( cj> , t ) ( 5 )  

which implies a contribution to Tµ v of the form 

( 6 )  

i n  other words a cosmological constant term . The potential is a 
function of temperature , so it depends on time , not explicitly, but 
through the temperature ' s  time variation . 
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Guth ( 1981 ) brought together a number o f  threads from GUTs and 
cosmology to show that the nature of matter at > 101 5  GeV ( where the 
GUTs live) could have major cosmological implications . Let me here 
describe not exactly Guth ' s  picture , but a close variant : 

Schematically, but without reference to any particular GUT model ,  
let us suppose that V(<ji , t )  has the qualitative behavior shown in Figure 
1 . In rough terms, the matter content of the universe at every local 
point has two kinds of contributions : first , thermal excitations 
above the m i n i mum o f  the pot e n t i a l  we l l  in V, wh i ch repr e s ent 
particles o f  finite mas s  and positive pressure and density 
contribution ; second , the height v1 of the minimum of V above zero , 
Which contributes an ( as drawn) positive density but equally negative 
pressure ( from eq. 6 )  • 

Figure 1 .  Assumed vacuum potential . 

As the universe coo l s  from some initia l l y  hot state , particle 
excitations redshift away , and the vacuum at every point in space 
tends to the potential minimum labeled " l "  in the figure . Assume for 
the moment that there is an era during which the height of this 
minimum is relatively unchanging . 
asymptotically an exponential 

Then the solution of ( 1 ) i s  

H =
_ ( 81TG

3
Vl)l/2 

R "' exp (Ht)  , ( 7 )  



We suppose that this exponentia l ( de-Sitte r )  expansion proceeds 
through some number of e-folds before the potential passes through the 
intermediate temperature form in figure 1 .  ( How many e-folds this 
might be is the important question that we must presently consider . )  
Eventua l l y ,  i f  the potenti a l  evolves as shown , there i s  a loss of 
metastab i l ity of minimum " l " .  At every point in space ,  the vacuum 
comes crashing down , via a first order phase transition , into highly 
excited state of minimum " 2 " ,  representing a now-reheated Friedman 
epoch which is then presumed to evolve to our present universe . 

If the stage of exponential expansion ( we will call it the "Guth 
era " of the evol ution )  lasts more than a few e-fold s , so that the 
tota l expans ion i s  exponent i a l l y  l a rg e , th en two i n t e r e s t ing 
consequences fol low : ( 1 )  The cosmo logical hori zon , or domain of 
communi cation of some cosmolog ical observer , becomes exponenti a l ly 
large measured in terms of today ' s scales . We will discuss this effect 
in the next section . ( 2 ) The uni vers e  becomes effectively k=O , 
whatever its initial value of k .  To see how this happens , we need 
only look at how the two terms on the right hand side of eq. ( 1 )  scale 
with time during the Guth era . The first, varying as p ,  is constant , 
s ince P i s dominated by the constant vacuum density V1 · The second 
term, varying as R-2 , decreases at twice the exponential rate of the 
expansion . It does not take many e-folds before the term is so small 
i n  mag n i tude tha t  no amount of power- law recovery d u r i ng the 
subsequent reheated phase ( when p "' T4 "' R-4 ) can resurrect i t  in 
importance . 

Observationa l ly ,  we know that the term in k is at l east not 
strongly dominant today ( since p -P crit • at least in order of magnitude, 
cf . Gott et al . 1974 ) .  Without a Guth era , thi s  fact can be viewed as 
something of a puzzle , since the first ( p )  term in eq .  ( 1 )  should have 
always varied as R-4 ( radiation dominated ) or R-2 (matter dominated ) 
hence the ratio of the terms would have to have been irrnnensely large 
at the P lanck time . Parti c l e  theorists , who do not like very large 
unexplained numbers in their theories , thus find Guth ' s  suggestion 
comforting . To my own taste , the possibility of using the Guth era ' s 
large horizon size to obtain results relating to the perturbation 
probl em i s  a vastly more interesting aspect of the exponential 
expansion picture . 
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I I  . CAUSAL STRUC'l'ORE OF GUTH' S COSMOLOGY 

Supp o s e  we • lab e l  the t i me coo r d i n a t e  so a s  to make the 
singularity occur at some small negative value of t, the transition 
into the Guth era at t=O , the transition out of the Guth era at t=t* , 
and the present epoch at t=to . Then the metric is obtained by 
requi ring that R ( t )  and R/R be both continuous : 

with 

R ( t )  ( 9 )  

The value of H ,  the expansion rate in the deSitter phase , is given by 
the GUT theory through eq. ( 7 ) . 

One easi l y  integrates dr dt/R ( t )  to find Llr, the comoving 
coordinate distance traversed by a signal propagating at speed c ( =l ) .  
During the Guth era O<t< t* one gets 

while subsequently, for t* <t<t0 , one has ( using to> > t* ) 

'U Ll r0 "' 2 t0 
The ratio of these two distances , when Ht* > > l ,  is 

( 2Ht ) l/2 
0 

( 1 0 )  

( 1 1 ) 

( 1 2 ) 

S ince H is the expansion rate of the Guth era ( > 1 024 s- 1 , say) Ht* 
parameterizes the dimensionless duration of that era , while Hto is the 
present age of the universe in the same dimensionless units . The 
denominator in ( 1 2 )  is therefore a very large number ;  however , the 
numer a to r , being exponent i a l ,  can be even larger for Ht* on l y  
moderately big . Therefore , the domain o f  communication during the 



Guth epoch can be very much larger than that inferred from the 
subsequent Fri edman phase . 

The nature of thi s  causal structure is clarified by examining a 
conformal space-time diagram ( Figure 2 ) .  Here a conformal coordinate 
transformation preserves light cones as 45° lines , but compacti fies 
the future infinities of the spacetime . The top diagram shows the 
full evolution of a radiation- or matter-dominated Friedman cosmology, 
with t varying from zero ( singularity) at the base of the triangle to 
infinity at the apex ( cf .  Hawking and Ellis 1973 , § 5 . 3 ) . All matter 
world lines end up at this apex . The sides of the triangle are made 
up of points at null infinity, where all light rays go . One sees that 
the cosmology has no event horizons : 
comes asymptotically to include the 

the light cone of any worldline 
entire 

hand , the cosmology has particle horizons : 
spacetime . On the other 
at t=O , the light cone of 

one worldline includes no other worldline ; only as t increases to some 
finite val ue does the past light cone of one observer first come to 
include any of a second observer ' s  worldline ( one " comes into the 
particle horizon" of the other ) .  A few past light cones are drawn to 
i l l ustrate the point .  I n  parti cular , the two wor ld l ines shown as 
dotted curves are supposed to be separated by the diameter of a galaxy 
today; they first come into each other ' s  horizon at t - 1 yea r .  

The middle diagram in Figure 2 shows a fu l l  deSi tter space 
represented conforma l l y .  ( The representation chosen i s  actua lly a 
semi-infinite hal f-plane , of which only a portion near the boundary is 
shown . )  The key point is that timelike infinity is not a point, but 
rather a whole hyperplane . Desi tter space has no particle horizons , 
s ince past light cones can be extended "down" arbitrari ly far to 
include a part of any other world line . But deSi tter space does have 
event horizons : asymptotically at future infinity, an observer ' s  past 
light cone never comes to include another observer ' s  worldline beyond 
a certain point on it . That other observer ha s " crossed an event 
hor i zon " as surely as if by fal l ing into a black hol e . 

The lower diagram in Figure 2 is a copy of the beginning stages 
of a radiation dominated Friedman universe . 

We are now ready to " stitch together "  a Guth uni verse : It begins 
at the bottom of Figure 2c and evolves upward to the surface marked 
t=tG . At thi s point it is matched smoothly to the surface labeled 
t=tG in Figure 2b and undergoes exponential expansion until time t=t* , 
shown in the figur e . That surface matches to the surface label led 
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match 
t = CD  

�+--+�t---17''-*��+----l-,,L+--l-----l�-l--Ll� t = t *  
b) 

Fi gure 2. Conformal di agrams showing causal structure ( a }  of a Fri edman 
cosmol ogy, ( b )  of exponenti al ly-expanding deSi tter spacetime , ( c )  of an 
early Fri edman epoch . Guth ' s  cosmo l ogy is obta i ned by "sewing together" 
parts of the three spaceti mes , as indi cated . See text for deta i l s .  



t=t* in Figure 2a (Where we exit from the Guth era ) , and the evolution 
continues to the present . 

The dotted "galaxy" worldlines are mutually incommunicado in the 
pre-Guth era . They come across each other ' s  particle horizons in 
about the middle of Figure 2b .  They exchange information . ( or particle 
interactions ) at a relative redsh i ft that first decreases from 
infinity to some finite value , then increases again almost to infinity 
( as they go out of each other ' s  deSitter event horizon ) ,  the n ,  in 
Figure 'l.a , finally decreases towards zero after about t = 1 yr . The 
crux of the matter is that When the galaxy comes within its Friedman 
horizon at t = 1 yr , its proper sel f-greeting is not "hello , "  but 
1 1he l lo again l "  

III . ARE GALAXIES THE FOSSILS OF SilllGLE PARTICLES? 

It is interesting to convert the dimensionless number Ht* , Which 
paramet e r i z e s  the duration of the Guth era , to a number who s e  
interpretation is rrore direct today: the number of baryons ( or their 
mass in solar masses ) in a region that was able to communicate across 
itself during the Guth era . To use the formulae already given most 
conveniently, let us redefine to to be that time at Which ''hello again'·' 
occurred for the Guth horizon mass ( cf .  remark at end of § II above ) • 

This is the time , therefore ,  Which satisfies 

!1 r* = !1 r0 
for eqs . ( 10 )  and ( ll ) ,  Which yields ( for Ht* > > l )  

R {t ) 
eHt* 

= ( 2Ht )
1/2 = 0 

= 0 m;r 

( 1 3 ) 

( 1 4 )  

( where eq . 9 and the inverse relation between R and T have been 
used ) . The temperature T ( t* )  : T* is the reheating temperature 
immediately after the transition back to the true vacuum . The 
temperature T ( to l can be related to the baryon mas s  within the 
horizon , MH , by 

m 
(-5-) 1/2 H 
2'11 3 � 

T 3 [ planck] 
T ( t0 ) ( 1 5 )  

Where S i s  the entropy per baryon ( -109 ) ,  mH i s  the proton mass , N is 
the effective number of species contributing to the thermal density, 
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and Tplanck i s  the Planck temperature ( = l . 2xl o l9 GeV ) . Equations 
( 14 ) and ( 1 5 )  then give 

( 1 6 )  

For Ma = lol5M , T* = lol5GeV, one has Ht* � 53 , while for MH=102l M 
( the present horizon ) ,  T* = lol7GeV, one has Ht* = 66 . So, Guth eras 
which last thi s  long ( say, 60 ± 6 )  have horizon sizes that are of 
interesting cosmological sizes today . 

Let us now ask , what is the physical proper size of the comoving 
length ti r* ( or &o ) at the start of the Guth era . Evidently the answer 
is , from eqs . ( 9 ) and ( 1 0 )  

1 ( l -e-Ht* ) H 
'U 1 'U H ( 1 7 ) 

It may seem surpri s ing that thi s  answer is largely independent of 
Ht* ( > > l ) ,  but Figure 2b shows why : even if Ht* + 00 ,  the event horizon 
comes to include only a finite part of the surface t=tG . 

Another length to estimate is the Compton wavelength A c associated 
with the temperature at the start of the Guth era . This temperature 
is approximately the same as T* , the reheating temperature after the 
Guth era , since the energy density is constant during the exponential 
expansion . Therefore , 

and using 

A c 

( 8'!TG a T*
4) 

H "' 3 

a short calculation gives the result 

A c 

( 1 8 )  

1/2 
( 1 9 ) 

( 20 )  

Equation ( 20 )  says that , for T* not too much less than Tplanck• 
there are only a few Compton wavelengths within the region that will 
subsequently inflate exponentially to become the Guth horizon mass ,  
corresponding to a very large mass today. This is true independent of 
the val ue of that mass ( which is determined by Ht* through eq . 16 ) .  



We are led to speculate that s i ng l e  parti cle fluctuations on 
scale A c might be the primeval fluctuations that make ga laxies or 
clusters of galaxies . For thi s  pictur e ,  one imagines that quantum 
state of the matter fields at t<tp is in some sense chaotic , with all 
the internal variables of the matter Lagrangian uncorrelated from 
point to point . The first thing that happen s ,  at t-tp , is that the 
horizon size expands to exceed the Compton wavelength associated with 
the ( then) temperature , so that it makes sense to talk about particle 
state and dynamical interactions between state s . These dynamical 
interactions can be imagined to smooth out the chaotic matter field 
variables on scal e s  sma l l er than the current horizon . Di fferent , 
non-communicating , hori zon- s i zed regions ought to be brought to 
statistically the same matter state ; however there will be fluctuations 
due to the fact that ,  as we have seen , the Guth era horizon comes at 
most to incl ude a region whose initial region contained only a few 
Compton wave length s . 

One has , then , a natural way of producing a preferred scale of 
interesting size today, with some natural amplitude of perturbation, 
less than unity but not much less than unity . Larger scales than the 
Guth horizon size have increasi ng l y  smal ler perturbations , because 
they contain more Compton wavelengths , hence are statistically more 
homogeneous . Sma l l er scales have sma l l er perturbation s ,  
bec a u s e - -be i ng sma l l e r  than the hor i zon s i z e - - they have been 
hom eg e n i zed by phy s i c a l  interac t i on s . 

I am being intentionally vague about the precise internal nature 
of these quantum perturbations . They cannot be just adiabatic 
perturbations in the total matter density . Such perturbations can be 
shown to have only decaying modes during the exponential expansion of 
the Guth era ( Kahn 1981 ) .  The perturbations that we need must be 
essential l y  11kinernati c "  in character , painting , as it were , the 
universe with random regions of red and green paint which ( after they 
go out of their deSitter event horizon) expand passively through the 
many required e- fold s .  During thi s  expansion , the regions should 
maintain their "redness " or "greennes s . "  Then , j ust before or anytime 
after the reheating transition back to the true vacuum, the difference 
between red and green must have some way of taking on dynami ca l  
signi ficance , e . g .  b y  contributing di fferently t o  the equation o f  
state . The important point is that this dynamical significance need 
not involve communication across the size of the regions (which are 
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now far outside their apparent Friedman horizons ) .  
local property of redness or greennes s .  

It need only be a 

Let me g i v e  an examp l e ,  o n l y  i ncomplete l y  developed from 
suggestions of H .  Georgi and s .  Coleman , of how the " red and green 
paint" might be included into a GUT theory. To anyone ' s  favorite GUT 
theory, add two new gauge fields ¢ {' and ¢ 2a . The a index is that of the 
internal group , e . g .  <P1a and <P2a might be S ' s  of SU ( S ) ;  the extra fields 
need not have any interaction at all with anything else in the theory, 
so no violence is done to the physics at low energies . 
the ol> ' s  contribute a term to the Lagrangian of the form 

Suppose that 

( 21 ) 

where m1 and m2 are small compared with the unification energy, and 
m1 >m2 · 

At high temperatures the mass terms ( in m1 and m2 ) are invisible , 
since they scale only quadratically in the ol> '  s .  There i s  therefore an 
apparent larger symmetry 

( 22 ) 

and every point is characteri zed by a direction e in ¢ 1 , ojJ 2 space . 
Interaction terms ( not written down above ) are supposed now to make 
coherent horizon-sized regions of approximately constant e .  Those with 
e -O are "red" ( oJ>1 dominated ) ,  while those with 8 - Tr/2 are "green" (ol> 2 
dominated ) . Once the regions go out of their deSi tter horizons , their 
character is frozen in . 

Much later , at l ower temperatu r e s , the ma s s  terms become 
important . Since m1 is larger , the oJ> 1  field becomes nonrelativistic 
first , so its cont�ibution to the equation of state is di fferent : 
there is a pressure perturbation that is spatially congruent with the 
( now large) red and green regions . This pressure perturbation lasts 
until oJ>2 also becomes nonrelativistic . At this point we no longer care 
about the subsequent fate of the oJ> 1 and oJ> 2 fields ; they presumably find 
decay channe l s  into lighter particles . Their erstwh i l e  pressure 
d i f ference has now left an i nd e l i b l e  footp r i n t  i n  the total 
s t r e s s - energy tensor . 

The point is that once a pressure perturbation of fractional size 
has been maintained for about one expansion timescale , it will give 



rise to a growing-mode adiabatic perturbation whos e  density 
perturbation will reach a magnitude about o when it ( much later) comes 
within its Friedma;1 horizon ( Press and Vishniac 1980 ) .  That this is 
very long after GUT physics has given way to low energy chemistry does 
not matter . To summari z e ,  we obtain galaxy- or c l uster- forming 
perturbations which were passed through six stages :  ( 1 )  coming within 
their Guth particle horizon to get the required spatial coherency; ( 2 ) 
going out of their apparent deSitter horizon , to freeze in that 
coherency ;  ( 3 )  while still outside their horizon , converting internal 
field variables into pre s sure perturbations lasting at least one 
expansion scale ; ( 4 ) undergoing transition to the true vacuum either 
after ( 3 )  or j ust before ; ( 5 )  losing a l l  traces of the ir internal 
field variables as the GUT era cools away; ( 6 )  finally coming within 
their Friedman horizons in the form of adiabatic density perturbations 
of a preferred scale . 

The subsequent picture of galaxy formation might wel l  be along 
the lines of Zel ' dovich and collaborators ( see , e . g .  Doroshkevich et 
al . 1974 , 197 8 ,  1980 ) .  

IV. 'l'llE ·� EXIT• PKlBU!M 

Up to now, we have been assuming that the trans ition from the 
fal se vacuum of the Guth era (with its large vacuum energy density) to 
the true vacuum (with its large entropy content) occurs simultaneously 
at all points of the spacelike hypersurface t=t* ( Figure 2b) . This 
assumption is implicit in Figure 1 also ,  where the transition is drawn 
to occur via loss of metastability of the upper state as a function of 
temperature T (which is constant on t = constant hypersurfaces ) . In 
fa c t , howev e r , our a s s umpti o n  is contrary to Guth ' s  o r i g i n a l  
formulation o f  the " inflationary universe" and to most work that has 
been done on the false vacuum problem ( e . g .  Coleman 1977 , Callan and 
Coleman 1977 , Coleman and DeLuccia 1980 ) .  

The di fficulty i s  tha t ,  during the exponentia l  Guth era , the 
temperature decreases exponentially. After a few e-folds its value is 
effectively zero , so there should be no further evolution in the shape 
of the effective potential of Figure 1 .  In particular , it is not at 
all credible that the loss of metastability should occur after the 60±6 

e-folds necessary to make the transitions cosmologically interesting . 
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Guth ' s  original formulation assumes a potential which maintains a 
metastable upper state even at zero temperature . The transition to 
the true vacuum then occurs not by loss of metastability,  but by 
tunneling . The trouble with this is that the tunneling events occur 
at di fferent random times at each point in space . Each produces an 
expanding "bubble" of true vacuum whose boundary is very nearly the 
future light cone of the tunneling event . Moreover , the energy density 
of reheated material is not deposited uniformly within the interior of 
the bubble ,  but is concentrated as an expanding null shell . ( This is 
inevitable i f  the tunnel i ng i s  a random event in 4- space : it must 
produce a Lorentz-invarient matter distribution ; for exegesis on these 
points , see Coleman and DeLuccia 1980 and references therein . )  The 
bubbles , then , are highly inhomogeneous . Guth has shown that there is 
no hope of having many overlapping bubbles restore homogeneity 
statistically: The statistics of bubble formation are such that the 
few earliest tunneling events form very massive bubble walls which are 
resistant to subsequent homogenization . 

It seems likely to me that simultaneous loss of metastability, 
not barrier penetration , is the only way by which the Guth cosmology 
can be made to resemble our own , nearly homogeneous , one today. There 
must be some " clock" connected to the evolution of the potential 
evolution in Figure 1 that does not run down its mainspring until the 
requisite 60 ± 6  e-folds of expansion have taken place . In present GUT 
theories , the only such clock ( on which the potential depends)  is the 
temperature . One possibility is that particle theorists will have to 
learn to build some additional structure into the theory, something 
which affects the form of the effective potential , but which changes 
less rapidly than an exponential as the universe expands . 

Doug Eardley and I have been exploring another possibility which , 
though speculative at thi s  stage , might prove able to resolve the 
graceful exit problem. The key idea is to note that the event horizon 
of deSitter space ( Figure 2b )  has as associated finite temperature 
that does not change with the expansion of the metric . The existence 
of this finite temperature , which is a consequence of gravitational 
production of quanta in a curved spacetime , was first pointed out by 
Gibbons and Hawk i ng ( 1 9 7 7 ) and subsequently investigated also by 
Lapedes ( 1 9 7 8 ) .  The effect is closely analogous to the finite 
temperature of the event horizon of a black hol e ,  which produces the 
celebrated "Hawking evaporation " .  



The apparent finite temperattlre of the deSitter event horizon 
arises from the fact that the 0 ( 4 )  invariant vacuum state (which can 
be shown , following Lapedes 1978 , to be the vacuum state which i s  
quickly approached after the transition from the early Friedman to the 
Guth epoch ) i s  not the same state a s  tha t  d e f i ned by local 
cosmological observers when they require partic l e  ( antiparti c l e )  
excitations to have positive ( negative) frequencies with respect to 
their proper time coordinate . Actually,  this latter definition of 
vacuum can be shown to correspond not to the 0(4 ) global vacuum, but 
to a global vacuum defined by minimizing the zero point energy within 
the interior of the observer ' s  event horizon only, and with zero field 
conditions imposed on the horizon surface . Since thi s  is a more 
restrictive boundary condition than 0 ( 4 )  invariance ,  the zero point 
energy is lower ( fewer allowed modes ) . Therefore ,  the cosmological 
observers locally interpret the 0 ( 4 )  vacuum as having a positive 
energy; in fact , it can be shown that they see an apparent thermal 
spectrum of finite temperature .  

Although not so familiar in the deSitter cas e , the effects of 
discrepant local and global vacuum definitions have been studied in 
some detail by, e . g . ,  DeWitt ( 1975 ) ,  Davies and Fulling ( 1977 ) ,  and 
Candelas ( 1 980 ) .  DeWitt , in particular , notes the close analogies 
between this effect and the Casimir effect in quantum electrodynamics . 
An example even more closely related to the deSitter application is 
furnished by "Rindler space " ,  which is Minkowski space populated by a 
sel f-similar congruence of uni formly accelerated observers . These 
observers measure the global Minkowski vacuum as having a finite 
temperature . 

What is the stress tensor of the 0 ( 4 )  vacuum? Gibbons and 
Hawk i ng show tha t  the cosmo l o g i c a l  obs e r v e r s  mea s u r e  a f i n i t e  
temperature ,  so one expects that Tµ v 'f' o .  However , there also exist 
boosted congruences of observers who , by these arguments , would also 
measure the same finite temperature . In fact , the relation between 
T µv and local measurements of the state is indirect and depends on 
precisely what is meant by "measure " :  I f  the observers are only a 
kinematic congruence of "test" particles , so that their measurements 
have no dynamical significance and caus e no back-reaction on the 
vacuum state , then their existence does not affect the underlying 0 ( 4 )  
invariance of the problem. In this case , Tµv must maintain its 0 ( 4 )  
invariance ,  and the only pos s ible correction due t o  the finite 
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temperature horizon must be of the form A gµV ; e . g . ,  for a conformally 
invariant field it wil l  be a pure trace anomaly or , in other words,  a 
quantum-gravitational renormalization of the vacuum energy density . 
( For related references ,  see Brown and Cas sidy 1977 , Dowker and 
Critchley 197 7 ,  Wald 1978, Davies et al . 1977 ) .  From a macroscopic 
vi ewpoint , the finite hori zon temperature contributes a pressure 
exactly equal to the negative of its density . It can do this because 
the wavelength corresponding to the peak of the blackbody spectrum is 
on the order of the radi u s  of curvature of the geometry ; the 
flat-space equation of state P = 1/3 p can thus be strongly affected , 
going over to P = - p as the 0 ( 4 )  symmetry in fact demands .  

On the other hand , what i f  the observers are not test particles , 
but actual dynamical systems capable of storing ( in internal degrees 
of freedom such as particle rest mass )  an energy density comparable to 
that of the thermal horizon flux? In this case , the observers break 
the 0 ( 4 )  invariance of the problem more than just kinematically. To 
the extent that they absorb thermal flux from the horizon, they can 
convert that flux from a Lorentz-invariant form into a form with a 
preferred rest-frame , their own . In other word s ,  the macroscopic 
equation of state wi l l  not be P=-p , but rather 

P = c r-1 J p , rto (23) 

whe r e  the prec i s e  va l u e  o f  r wi l l  d epend on deta i l s  o f  the 
i n t e r a c t i on s . 

The r e  s e em to be no rea l i s t i c  ca l c u l a t ions of r in the 
l it e r a t ur e ,  except that of Cand e l a s  and Dowke r  ( 1 9 7 9 )  for a 
conformal ly invariant interaction , which gives I'=O ( pure trace 
anomaly) . One might have expected this result on the grounds that a 
conformally invariant interaction has no internal length scales which 
can form nondimensional ratios to the wave length of the blackbody 
peak , therefore there is no free parameter to scale the equation of 
state away from the 0 ( 4 )  invariant form . In what fol lows , we wi l l  
� that a sufficiently complicated set of particle interactions 
wil l  ultimately be shown to yield r,.io ( cf .  Birrel , Davies ,  and Ford 
1980 ) .  From this assumption one gets an intriguing scenario : 

It seems poss ible that there can be a kind of "bootstrapping" 
relationship between the thermal horizon flux ( produced in a state of 
0 ( 4 )  invariance) and the complicated particle states that it interacts 
with : The thermal flux maintains a finite temperature which does not 



redshift away exponentially. This ,  in turn , maintains a finite density 
of thermally-produced finite-mass interacting particles , created at 
any given time by interactions among existing particles that define a 
mean cosmological rest frame (break the 0 ( 4 )  invariance) . Now these 
new interacting particles can continue to provide a mean rest frame , 
and a v a l u e  of r d i f fe r e n t  from zero , for the next s t a g e  o f  
interaction with th e  thermal horizon flux. I n  other words,  there is a 
kind of spontaneous breakdown of 0 ( 4 )  symmetry, triggered by the 
initial existence of finite mass particles which define a mean rest 
frame . 

We can calculate quantitatively the ( semiclassical ) evolution of 
the cosmology during the Guth era in this scenario . If the expansion 
rate H is slowly varying ( this can be justified self-consistently) , 
then the instantaneous horizon temperature should j ust track the 
expansion rate , 

where K is a constant of order unity . The total density i s  

p = p + NaT 4 
vac 

( 2 4 ) 

( 2 5 )  

where N i s  the number o f  species , a ( = rr2 /1 5  in Planck unit s )  is the 
radiation constant . The total pre s sure i s  

p = - P  + ( r- l ) NaT
4 

vac ( 2 6 )  

Equations ( 24 ) , ( 25 ) .  ( 26 ) ,  ( 1 ) ,  and ( 2 )  are five equations for 
the five unknown functions of time P, P ,  T,  Pvac • and R. The solution 
( for k=O ) is easily effected by quadratures , and is 

R (t )  

4 CH 2 3 3 -2/3 NaT = _Q__ ( l  + - C H  t )  p 8 2 0 

( 2 7a)  

( 2 7b) 

( 27 c )  

( 2 7 d )  
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Here C i s  a constant of order the Planck time squared , 

C = 
6!�

3 
K4N ( f - l ) tp

2 ( 2 8 )  

and Ho is a constant o f  integration that speci fies the expansion rate 
at t=O , the beginning of the Guth era . For a Guth era beginning 
fai r l y  soon after the Planck time , we have H0 2c < l  but not < < l .  

Equation ( 2 7 a )  has the asymptotic forms 

R (t )  "' exp (H0 t)  2 
' t � 3 CH 3 

0 
( 2 9 a )  

3 2 / 3  t213 2 "' exp [ Cz-l 1/3 ] ' t > --3 C "' 3 CH ( 2 9b) 
0 

One sees that the expansion will proceed for - ( CH02 ) -2 e-folds as 
a pure exponential ( eq .  29a ) , and with the temperature and total 
density about constant ( eqs . 27b and 27c ) . The density is dominated 
by the vacuum energy density ( cosmological constant ) ,  whi l e  the 
temperature is dcminated by the horizon temperature . After - (  CH02 ) -2 

e- fold s , the accumulated work of expansion on the thermal energy 
content ( nonzero PdV work , since r to) starts to make itself felt,  and 
the expansion slows from a pure exponential to an exponenti a l  of a 
fractional power ( eq .  29b) . At the same time , the horizon temperature 
starts fal ling ( eq .  27b) , but only as a power law in time . One 
therefore has some additional finite number of e-folds of expansion 
before the temperature has fal l en sufficiently so as to cause a 
spatially simultaneous loss of metastability of the false vacuum. At 
this point , the Guth era " exits gracefully"  and we have a smooth , 
reheated Friedman cosmology . 

It may seem paradoxical that the above set of equations give a 
slowly decreasing P vac ( as a consequence of eqs . 27c and 27d) , when 
Pvac is supposed to be determined by the microphysics of the effective 
potential v . Without a proper quantum gravitational treatment , we 
cannot resolve this paradox in detail ;  however it is easy enough to 
see where the resol ution must lie : In eq . ( 4a )  we already incl uded 
angle brackets denoting quantum expectation values in curved space . 
Classically, any constant included in the Lagrangian ( eq. 5 )  appears 
unmodified in eq. ( 4a )  . Quantum gravity, however , can renormalize the 
cosmological constant and modify the zero point . our semiclassical 



equations know about this through the requirement that total energy be 
conserved semiclassically ( eq .  2 ) .  Therefore even without the proper 
quantum gravitational machinery, it is plausible that we are obtaining 
a correct result at semiclassical order . 

A tempting conj ecture is that in a proper quantum gravitational 
treatment the evolution should turn out to be independent of any 
constant added to eq . ( 5 ) ,  i . e .  that any such constant should get 
renormalized away in a natural way in the limit of low temperature . 
This would then explain a central mystery not previously mentioned in 
thi s  paper , namely why the potential minimum at low temperature 
( Figure 1) should have the value exactly zero , i . e .  why the value of 
the cosmological constant is observationally very small today. 

The total entropy of today ' s visible uni verse ( total number of 
particles present) is a very large number . The standard Guth scenario 
explains thi s  number as the result of exponential expansion and 
extreme supercooling of a metastable vacuum phas e ;  the entropy i s  
produced when the false vacuum comes crashing down via a first order 
phas e  transition . However , it has not been clear how to obtain the 
ben e f i t  of th i s  latent heat wi thout doing v i o l e n c e  to spati a l  
homogeneity . When one considers the finite temperature of the event 
horizon, the scenario is slightly different : most of the entropy is 
produced during the exponential expansion , not at its termination . 
The source of the entropy is , in some sense , gravitational .  Just as 
in the black-hole case , the deSitter event horizon is an obj ec t  of 
intrinsically very high entropy content , and it shares this entropy 
with an exponentially expanding volume . The final phase transition to 
the true vacuum, in thi s  pictur e ,  is only a nicety , put in so as to 
bring the cosmology to today ' s  state of vanishing cosmological 
constant . 

V. COl!ICWSIOR 

As a sometime pess imist , I do not think we wil l  ever know with 
any confidence the detai led nature of particle microphysics at 
energies -1015 GeV, much less at the Planck temperature -1019 GeV. We 
may we l l  come to und e r s tand , howeve r ,  the g e n e r i c  s o r t s  o f  
microphysics that are allowed a t  those energies . There seems to be an 
unexpected richness in the cosmological implications of some of these 
sorts of microphysics,  allowing for possible ( albeit probably forever 
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speculative) explanations o f  such rracroscopic puzzles a s  the origin o f  
galaxies i n  the universe, and the nature o f  the universe ' s  large-scale 
structure generally. 

As a sometime optimist , I think that it would be unusual for a 
scientific subject to spend long at a stage of development that allows 
for semiquantitative speculation , but that does not seem to allow for 
a r i gorous and d e c i s i v e  treatmen t .  So perhaps th e f i e l d  o f  
u l tra-high-energy cosmo logy ha s s urpri s e s  i n  store f o r  us . 
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NE UTRINOS OF F INITE REST MASS IN ASTROPHYSICS AND COSMOLOGY 

Ramanath Cows ik 
Tata Institute of Fundamental Research, B ombay - 400005, India 

Our early work on the role of neutrinos in astrophysics and cosmology 
indicating that 3 eV < mv < 35 eV and that T" /m" > 1 0Z3 s /eV for radiative 
decays is pres ented and then extended to include the recently dis covered 

T -neutrino. 
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I,  INTRODUCTION 

Astrophysics is us ually the science in which the well -known laws of 

physics are assumed to hold good even on the macros copic scale of astrono -

mical bodies and on this premise we try to understand the nature and properties 

of celestial objects . However the invers e s ituation, where studies outside 

man-made laboratories ,  in nature ,  yield many insights into basic physics and ,  

in particular , into th e  properties of th e  fundamental particles , is also quite 

common. The application of this general concept, especially in the study of 

the interplay between big -bang cosmology and the modern theories of particle 

phys ics , has become quite wide -spread and well accepted. Perhaps the very 

first result from s uch a study, which exceeded s ubstantially in quality the 

results from laboratory experiments , concerns the mas ses of the neutrinos 1 ). 
To-day I will review some of my early work pertaining to neutrinos of finite 

rest mas s.  I will then go on to dis cuss how one can use the laboratory experi-

ments in conjunction with astrophys ical and cosmological considerations to 

show that the newly dis covered T-neutrino is extr emely stable and that 

Neutrinos of finite rest mass have fas cinated phys icists for a long time 

and we are probably indebted to Markov ( 1 964) , Gerstein and Zeldovich ( 1 967) 

and to B ahcall, Cabbibo and Y ahil (1 97 1 ) for some of the very first applications 

to astrophysics and cosmology. Markov and also Bludman ( 1 974) reviewed 

the field until then and s uggested the poss ibility of ne utrino star s
2

' 
3)

. Gers tein 

and Zeldovich 4) presented the first qualitative ideas and showed that the 

measured age of the Universe restricts the mas s of a neutrino to be less than 

"' 1 40 eV, and Bahcall et al. argued that if neutrinos had a finite rest mas s ,  

they could decay into lighter neutrinos and bosons and used this a s  a possible 



basis for understanding the low counting rate in the 'Solar -Neutrino' experi -

ment. 
5)  

M y  own interest in 
1 ,  6 -9)  

neutrino induced phenomena in nature and 

their cosmological effects has been a longstanding one (Cows ik et al. 1 96 3 ,  1 964, 

1 9 66,  l 969) and on the particular topic of neutrinos of finite ·rest m·as s, I have 

considered bas ically three questions: 

i. The effect of mas s ive neutrinos in cosmology, leading to an upper 

limit 
1 )  

on the s um of their mas s es (Cowsik and McClelland, 1 972). 

ii. C lustering of neutrinos l O) and the virial mas s dis crepancy in the 

C oma-cluster of galaxies (Cowsik and McClelland, 1973 ) which yields a lower 

limit on the neutrino mass . 

iii. 
1 1 )  

The stability of neutrinos and limits on their decay rate (Cows ik, 

1 977 . 1 979) .  

1 2 )  
Topic i was also considered b y  Marx and Sz alay ( 1 97 2). T apic ii was 

1 3 )  
studied s omewhat later ,  (Marx and Sz alay , 1 97 6) and s upportive arguments 

for topic iii was given by F alk and Schramm1 4) ( 1 9 7 8). 

After this ; many important developments took place concerning the 

question of mas s ive neutrinos : Lee and Weinberg
1 5) 

considered the contrib ution 

of very mass ive neutrinos m" > l MeV I c2 to the cosmological energy dens ity 

(s ee also Dicus et al. 1 6) 1 977 ), Gunn et al. ( 1 9 78 )  dis cus s ed the astrophys ical 

1 7 ) 2 consequences of the existence of a very heavy neutrino with m"'t, 2 GeV I c , 

Tremaine and Gunn
1 8 )  (1 978 )  emphasized the fact that neutrinos behave 

a 
likeLcollisionle ss gas and would therefore evolve without any change in density 

in phas e s pace . Finally Steigman and Schramm
1 9 )  

(1 980) have reviewed the 

most recent astronomical obs ervations which lend s upport to the idea that neu-

trinos indeed are  responsible for binding the large clusters of galaxies. 

The theoretical implications of neutrinos of finite rest mass have been 

. 20 -23) 
dis cus s ed by several authors , notably by Gellmann et al. (1 975) , and 
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reviewed with extens ive references b y  Mohapatra and Senjanovich ( 1 980) ,  by 

Pakhvasa (1 98 0) and by Witten (1 980). 
With the news of a pos s ible experimental detection of a finite rest mass 

for the neutrino in the range 14 eV/c 2 m,, < 46 eV/c2 by Lyuibimov et al. 24) 

( 1 980 ) and oscillations of neutrinos with a mass difference t>m2 "' 1 -1 0  eV2 by 

R eines et al, 25) , there has been a great res urgence of interest. The theoretical 

ideas and the astronomical data pertaining to the question of mass ive neutrinos 

are being s crutiniz ed carefully again by de R ejula and Glashow, Stecker,  

Kimble et  al. , Cowsik and Shipman26 -30l
. 

In this talk, I shall mainly review my early work on the role of 
mas s ive neutrinos stated in terms of the three basic questions i, ii and iii, 

cited above. Near the end of the talk, I shall show how the T -neutrino could 

als o be included in these dis cus s ions. 

IL UPPER LIMIT ON THE NEUTRINO REST MASS 

The hypothesis that the neutrino mass is zero, though aesthetically 

very appealing, has had rather limited validation by experiments performed in 

the laboratory. By looking for c ut -offs in the s pectrum of $-decay electrons 

and muons on a Kurie plot the following limits have been placed on the neutrino 

mas ses
3 l  -33)• 

lllve < 60 eV/c
2

; '\.µ < 0 . 5  MeV/c, mvT < 250 MeV/c2 (1 ) 

These limits , particularly for vµ and VT , certainly need further improvement 

to validate the canonical ass umption of mas s lessness.  The idea behind the 

astrophysical method is that if one has a sufficiently large number of neutrinos , 

one can weigh them, as the gravitational force due to a large ensemble of neu -

trinos and anti-neutrinos add up. The plan is therefore t o  detect the net -



gravitational interaction of the large number of neutrinos in the Universe  using 

the galaxies as test particles: In dis cus s ing this problem, we take the custo -

mary point of view that the Univers e is expanding from an initially hot condensed 

state as envisaged in the big -bang cos mology. 34) 

We will now proceed to calculate the number dens ity of neutdnos and 

see  what effect they have on the motion of the galaxies .  In the early phase of 

the Univer se when the temperature was greater than "'l MeV, processes of 

neutr ino production
3 5 )  

which have also been considered in the context of high 

temperature stellar cores would lead to a generation of various kinds of neutri-

nos. Some of thes e reactions are listed below. 

e+ + e"!" + v + v 

e + z -+ e + z + v + v (2) 

Yplasmon ... 
v + ;; 

Since weak interactions can als o  proceed through neutral currents, one could 

have all the kinematically allowed neutrino pairs (v ve ' v v , etc. ) on the 
e µ µ 

r. h. s. of the above reactions. The actual dens ity of neutrinos then is to be 

obtained by balancing, in detail, the rates of s uch processes with the rate of 
destr uction of neutrinos through mutual annihilation and other s uch processes.  

F ortunately, however,  this horrendous tas k is  simplified, at  least for the ve 

and \Jµ (with m < l MeV/ c2) , by the consideration that, in the early Universe,  

the dens ity of et and e - is  s o  high that the reactions rapidly drive the neutrinos 

into thermodynamic equilibrium. With this realization, we can immediately 

write for the number density of \J e or \Jµ and, in fact , for that of any of the 

fermions and bos ons to be 

1 6 1  
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g ,  p2dp 
nFi 

1 f - - - - - - - - - - - - -- - - - - - -
2�2h3 0 exp [E/kT(zeq) ]  + 1 

and 

(3) 

gi p2dp 
nBi 2�2h3 

f - - - - - - - - - - - - - - - - - -
0 exp [E/kT(zeq)] - 1 

(4) 

Here nFi number dens ity of fermions of the ith kind 

number dens ity of bosons of the ith kind 

effective degeneracy of the s pin states ( "' 2) 
E ( 2 z z)l I z 

c p + m c 

k Boltzmann's constant 

common temperature of all the particles in thermal equilibrium 

at the epoch characterized by the red -shift z eq· 

Initially, to get the general idea of the method, let us cons id er only the light 

particles like "e and "µ with 

> me 2 (5) 

Then Eqs. 3 and 4 integrate to 

3 

and (6) 
3 

As the universe  expands and cools down, the neutrinos and other s uch particles 

s urvive without annihilation becaus e of the extremely small cross -sections for 

the annihilation of light neutrinos. Anticipating our discus s ion in Sec. IV, we 

will neglect als o the decay of thes e  particles so that their number dens ity 

decreases with the Universal expans ion s imply as 



Since (1 + z ) = Trad (z )/ Trad (O ) , the number dens ity at the pres ent epoch is 

given by 

o. 091 3 g .  [ �:���0!_ ] 3 

l ii c 

[ Trad (O ) ] 3 
nB . (o ) = o. 1 22 g .  - - - - - - - -1 l fl c 

Using Trad (0 ) = 2. 7° K, as the pres ent day radiation temperature of the uni-

vers e ,  we get 

(7) 

(8 )  

(9 ) 

These numbers are huge in comparison with the number dens ity of baryons 36) 

in the Univers e < 4 x 1 0 -6 cm -3. Consequently, even if the neutrinos have a 
"' 

very small rest mas s ,  they would dominate the dynamics of the universe. 

We will now proceed to set an upper limit to the energy dens ity in the 

Universe,  contained in all forms. The cosmological expans ion of the Univers e 

as traced by the red -shift of the galaxies is described in terms of two para -

meter s :  

a) The H ubble constant which measures the rate of change of expans ion 

velocity with distance , des ignated by H0 % 5 0  km/sec/Mpc and , 

b) The deceleration parameter , the s e cond derivative of the expansion 

velocity, designated by q0 :\: O . 94 t O. 4. These  quantities are taken from 

meas urements by S andage. There is a third quantity which pertains to the 

expans ion of the Universe,  namely, 

c) The age of the Universe  which is des ignated by t0 and is shown to be 
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longer than 8 x 1 0 9 yr using observations of old globular clusters. These three 

parameters are not independent of each other but are related through the 

equation34) 

-1  -3 I 2 1 1 1 1 I 2  t0 = H0 q0 (2q0 - 1 )  [cos - ( --- - 1 ) - --- (2q - 1 )  ] ( 1 0 )  qo qo 0 

37) 
Equation (l O) implies q0 < 1 .  2 quite cons istent with Sandage ' s  direct deter -

mination us ing plots of red -shifts of galaxie s vers us their magnitudes. The 

H ubble parameter H0 and the deceleration parameter q0 define clearly the dyna-

mies of an isotropic, homogeneous, expanding Universe with a dens ity, f'tot• 

given by the express ion 

P tot = 
4 G 

(1 1 )  

This 8 keV cm -3  is the total energy dens ity in all forms i n  the Universe. The 

weakly interacting particles alone would contribute a dens ity fweak given by 

P weak 
(1 2) 

Or , simply 

(1 3 )  

T aking gi = 2 and keeping in mind that particle and antiparticle mas s es are the 

s ame1 

mi < 1 3  eV/ c2 (14) 

This means that s um of the mas s es of all the light neutrinos and any hypothe 

tical weakly interacting bos ons is less than 1 3  eV/c 2• H owever , in the calcula-

tions performed so far, we have neglected the fact that the positrons which were 



also created copiously would have annihilated and raised the temperature of the 

Universe34) by a factor of "' 1 .  4. This means that we should have used 

Trad = (l. 7 / 1 .  4)°K in the formula for the dens ities in Eq, 8, This leads to the 

slightly less restr ictive limit 

( 1 5) 

If a neutrino of a particular type saturates this limit the other neutrinos should 

have zero mas s .  This limit of 35 eV/c l is a considerable improvement over 

the limit of 60 eV I cl for " e obtained from the study of tritium-decay and 

certainly r educes the O. 5 Me VI cl limit on "µ dramatically. 

We have derived the above limit as s uming that the mas ses  of the neu-

trinos are smaller than " '  MeV and that they were in thermodynamic equilibrium 

with the r adiation field. If the mass of a neutrino is much larger than "' 1 MeV 

as could very well be true,  a priori, for "• , then s uch neutrinos would move 

away from thermodynamic equilib rium and their number densities at present 

would become progre s s ively much s maller with increasing mas s ,  than the num-

hers predicted by Eq. 9. The actual numbers are controlled by a detailed 

balancing of the reactions that produce them and their annihilation in a rapidly 

expanding Universe. Lee and Weinberg1 5 )  have made these estimates and were 

the first to show that unles s  IDv is greater than l GeV, their cos mological 

number dens ities will be too large to be consistent with the value of Ptot 

defined in Eq. (1 1). Similar ca.lculations 1 6) were also performed by Dicus et al. 

and their results are well exhibited in the following figure 
l ?) taken from Gunn 

et al. Thus , the main results are 

( 16 )  
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F ig. 1 .  The dens ity of the Universe contributed by neutrinos 
of various mas s es. 

Recently Joshi3S ) has shown that a relation between the age and 

energy dens ity in the Universe obtains for any globally hyperbolic space -time. 

This would then imply that the mass limit expres s ed in Eq. 1 6  is valid inde -

pendent of the cannonical as s urnption of a Robertson -Walker metric to des cribe 

the univers al expans ion3 9l, 

IIL LOWER LIMIT TO m., FROM VIRIAL MASS DLSCREPANCY OF RICH 
C LUSTERS OF GALAXIES 

We have shown in Sec. II that a very large number of neutrinos pro -

duced in the big bang fill th e  Universe and that even if they should have a rest 

mass of only a few e V / c2 they would dominate the gravitational dynamics of the 

Univers e. This is particularly true when we consider the fact that the cosmic 

dens ity of all visible matter is only "' Pcrit/ 1 00. One consequence of this is 

that through their mutual gravitation interactions , neutrinos may have triggered 

the initial condens ations that led to the formation of clusters of galaxies.  If 
this is true, then one may expect that in large clusters there might be substan -

tial amounts of unseen mas s in the form of neutrinos. This expectation is 



indeed b orne out by the obs ervations of several clusters of galaxies 36l. Several 

careful analys es  of the peculiar motion of individual galaxies in the Coma 

cluster indicate that there is a s ubstantial dis crepancy between the s um of the 

( 48 -1 - 1 ) mas ses of the individual galaxies 5 x 1 0  g for H0 :t 5 0 k m  s Mpc and 

the mass required to gravitationally bind the cluster ("' 4 x i o49 g) . These 

analyses als o indicate that this discrepant mass is not concentrated in a 

mass ive black hole b ut has a smooth distribution conceJl.trated near the center, 

following the general pattern traced by the galaxies themselves. 

To check, qualitatively, the hypothes is that neutrinos of finite rest mass 

are respons ible for this binding , we construct a sirriple model of the Coma 

cluster in the form of a gravitational potential well of constant depth extending 

over the core region of high galactic dens ity (Rc :\: 0. 7 Mpc !& 2. l x l 024 cm). 

This well is then filled with neutrinos which are treated as a F ermi-Dirac gas 

at zero temperature. Notice that the as o umption of zero temperature for the 

neutrino gas yields the minimum r est mass needed to bind the cluster ;  with 

finite temperatures one would need increas ingly larger mas s es up t o  the limits 

derived in Sec. IL The procedure adopted here is identical to that used in 

developing the Thomas -Fermi model for atoms. The total number of neutrinos 

that can be accommodated inside the well is given by 

4V 

��2 

2m U 
(--�--'!'-) 

h2 

3/2 (29 ) 

Here we have ass umed two helicity states for each of "µ • "µ • "e and "e· Als o, 

rnv = common rest mass ass un1ed for each of the neutrinos ; V = i. 7f R3 = 3 c 
l 7 l volume of the potential well; U w =  G Mcmv /R c l\I l . 3 x 1 0 erg g - = depth of 

the potential well = kinetic energy needed for the neutrinos to es cape from the 

cluster. Notice that for Mc' we have used the total discrepant mass of the 

cluster = 4 x 1 049 g. 
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Now, i n  order that the neutrinos may be respons ible for binding the 

cluster we set Mc = N" m" ; s ubstituting for Uw in Eq, 29 ,  we find 

8 m \) 
21 1 G3R 3M e c c c 

(3 0 ) 

Alternatively following Landau and Lifshitz 4o) , the self -consistent equilibrium 

of a gravitating cloud of Fermi gas at zero temperature yields the res ult 

(3 1 ) 

Becaus e  of the very high power of Tl\, involved in the equations (28 ) and (29) , 

they both yield ess entially the same results :  m > 4 x i o -
3 3  g %  3 eV/ c2• In 

Fig. 2, we show the s urface dens ity calculated in the self -consistent potential 

with the ob served distribution of galaxies 36'  5 2) . 

. . ?: 0.8 
c • 
..!:.. 0.6 

" ... � 0.4 
-c 

. :5 0.2 
"15 
"' 0 ' 0 

0.1 0.2 0.3 O.• 
Distance from center (degrees) 

F ig. 2. The radial distribution of neutrino density compared 
with that of the galaxies. One has to include the 
effects of finite neutrino temperature to reproduce 
the tail in the distribution. 

Notice the rather good fit between theory and obs ervation in the central 

regions of the cluster. One should include effects of finite temperature of neu-

trinos to reproduce the long tail in the distribution of the galaxies. Tremaine 

and G unn1 8)
have pointed out a very interesting fact , that the weakly interacting 

neutrinos evolve as a collisionless gas and by Liouville 's  theorem, the 



thermal neutrinos will pres erve phase space dens ities with occ upation number 

l I 2 instead of l as implied in Eq. 29. Two points are worth noting in this 

regard : a) If the phase space distribution is lumpy to start with, then these 

lumps can be brought together through the dynamical friction with ordinary 

matter in the cluster which can radiate away energy and b)  models with an occ u-

pation number of l I 2 are not very different fr om the one that we have presented. 

B efore clos ing this section, it is interesting to note that the total mass in neu -

trinos contained within the horizon at a red -shift z behaves as 

4 x 1 05 3  (IT\, c2/ l  eV) 

- - - - - - -(1-� 
-
� )

-
1
-
. 5- - -- -

-
-

g .  (32) 

Equating MH and the vis ual mass Mc of the Coma-cluster, we find z � 400-1 000 

for m c2 :;: l -1 0  eV. The kinetic energy of neutrinos at that time is 
v 

-7 ( )
2 2 kTv :j: 2 x l 0 l + z f mv c / l  eV) and the Jeans mass MJ is of the order of 

IV. LIMITS ON RADIATIVE DECAY OF NEUTRINOS 

In this s ection, I dis cus s  the limits that can be placed on the radiative 

instability of neutrinos from a variety of observations.  In this regard, I am 

5 , 41 -44) 
motivated by several papers which have considered the pos sibility that 

neutrinos could have finite rest mass and could, therefore, decay. One parti-

4 3 ,  44) 
cular set of these considers the mixing of ve and v\l and predicts obs er -

vable widths for the lepton-number -nonconserving decays , s uch as µ + e + Y 
and vµ + ve + Y. Independent of s uch theoretical considerations, it is worth-

while to study the obs ervational limits on s uch process es. 

The astrophysical environment provides excellent pos s ibilities for s uch 

a study of very weak processes :  Pathlengths of "' l  028 cm are available for the 

decay process to take place, huge in comparison with the "' 1 02 cm available in 
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most laboratory studies. Als o, there are regions , s uch as the cores of very 

hot star s ,  where weak processes dominate, as the products of the competing 

electromagnetic channels are s uppres s ed completely because of the enormous 

time scales needed for the diffusion of photons to the stellar s urface. 45) 

Recognizing that both neutral and charged currents are of comparable 

strength in weak interactions,  one finds that there are several locations in 

nature where copious generation of ve and vµ etc. , takes place. C onsider , at 

first,  the pos s ibility that the neutrino decays solely through the channel 

v -+ x + Y (l 7) 

where x is any particle with a mass smaller than mv• The fraction of the 

neutrino energy carried by the photon is n = (m� - m;) /2  m2 % 0. 5 if mx is 

small compared with mv . We can then make use of the observational limits on 

the photon intensities from the s ources of neutrinos to place limits on the radia

tive stability of the neutrino. We shall proceed to derive these limits , consi-

dering sequentially, the cases where progressively longer times are available 

for the neutrinos to decay. 

IV. 1 .  Studies at Particle Accelerators 

Here the neutrino fluxes are generated by the decay of mesons and 

muons produced by a high energy proton beam interacting with a target of 

nuclei. The neutrino fluxes at CERN have a mean energy of "' l GeV and their 

de cay will yield gamma rays of similar energy. Thes e Y -rays would eas ily be 

detected in the spark chambers used in the ' neutral current ' experiment. The 

decay length available for the neutrinos is at least s everal metres ( 'Vl o2 cm). 

We can safely assert that the number of gamma rays that would have been 

produced,ar riving in the direction of the beam,due to the decay of neutrinos is 



less than the total number of neutral current events which have a s imilar s igna 

ture. Equating the expected number of decays of neutrinos in a "' 1 0 2 cm path 

with the number of v -induced events ( a  "' 1 0 -3 9  cm2) in a target of thickness 

25 2 NT :i; 1 0 nuclei/ cm , we have 

F v t:.t > T v F 
y 

Since = T oEv /m v c 2 and E v T v 

£ 
or T > 3 x 106 5 v 

NTa c 

:\; 1 09 eV 

2 -3 
T0 /� c > 3 x l 0 s / eV. 

IV. 2. Atmospheric Neutrinos 

( 1 8 )  

( 1 9 )  

Cosmic rays produce neutrinos 7 ' 4 6 )  i n  the earth's atmosphere in a 

manner very similar to that des cribed in Sec. IV. l and the events induced by 

these are recorded by instr uments placed deep underground47) . The mean 

energy of the neutrinos is again "' 1 GeV and the flux is -vl o - 1 3  cm -2 s -l s r -l 

The total event rate , R ,  is 1 0  -l 3 cm 
-2 s - l -1 s r  The decay length available 

at the apparatus .is s everal metres. We can therefore wr ite 

R c 

IV. 3. Solar Neutrinos 

or To > 10 -5 s/eV 
m c2 v 

(20)  

If we make the eminently reas onable ass umption that the energy gener -

ation in the s un is due to the synthesis of protons to helium nuclei, then at the 

earth we expect a neutrino flux of "' 1 0
1 1  

cm -2 s -l irrespective of any s pecific 

s olar mode ls or details of nuclear reaction chains45). These  neutrinos have a 

mean energy of "' 200 keV and their decay during the "' 50 0  s flight from the s un 

to the earth would results in an intense X -ray flux. The ob servations indicate 

that the X-ray flux from the quiet s un is below the level of detectability at 

"' 1 0  -4 cm -2 s -l this yields 
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1 1  
1 0  x 5 00 1 7 T > - - - - - - - - - - - = 5 x 1 0 s or " 

1 0  -4 
-ro > 2 x 1 o

1 2 s I e v - - - - - 2 
mv c 

IV. 4. White Dwarfs and Central Stars of Planetary Nebulae 

(21 ) 

It is well -known48 • 49) that these stars cool rapidly by neutrino emi -

ss ion. An order of magnitude estimate of the ne utrino fluxes emitted by such 

objects can be obtained by equating the gravitational energy released in their 

2 
formation "' GM / R ,  with the energy carried away by the neutrinos. With the 

as sumptions M = M0 = 2 x 1 0
3 3  

g and R = 1 08• 5 cm, a total flux of "' 1 058 

ne utrinos at Ev :\: 1 00 keV is radiated into the Universe during the formation of 
s uch an object. The rate of formation of white dwarfs is "' 1 yr -

l 
in a galaxy. 

With Mgal '\J 1 044 
g and the mean density of the Universe due to galaxies ,  

P µ  '\J l 0 -3 1 g cm -3 one will expect a n  X-ray flux from s pace of 

GM2 Pµ T\JR\J 
F :\: --- - - ------ - ------- --y REV 3 X 107 X 1044 Tv 

(22) 

Here T\J = 1 0
1 8  

s is the 'ag e '  of the Univers e  and 1\, '\! 1 0 28 cm is its 'radius ' .  

. 5 0 )  . - 1 -2 The obs ervations of x -ray astronomers yield a flux limit F 
X -ray

< 1 0  cm 

. -1 s r - l 
which corres ponds to 

IV. 5 .  Supernovae 

22 2 1 7 > 1 0  s or T0 /rn.,, c > 1 0  s /eV (23 )  

These  occur i n  a galaxy once. i n  a hundred years and radiate energies 

about a few hundred times larger than emitted in the formation of a white dwarf. 

The mean energy of the radiated neutrinos is <vi 0 Me V, and with the gamma 

ray flux limits of "'l 0 -3 cm -2 s -l sr -l one obtains 

(24) 



F alk and Schramm14)  have elaborated on this point lending further s upport to 

thes e  results. 

IV. 6. Neutrinos in "Big B ang " C osmology 

. 22 
Noting that neutrinos of energy "'1 00 keV hve longer than 10 s ,  one 

realiz es that neutrinos generated during the condensed phas e of the Universe 

will have s urvived until the pres ent epoch. Thus , the limits on the neutrino 

masses  d erived in Sec. II using the dynamical effects of the cos mological 

neutrinos on the present day expans ion of the Univers e  are valid. If m " is 

indeed larger than "' 1 0 -3 eV/c 2, these neutrinos would have behaved as a non-

relativistic gas during the expansion of the Universe  at red - shifts z < 1 (i. e. , 

during the relatively recent past of � 3  x i o 1 0 
yr). This expansion would have 

slowed the neutrinos down to non -relativistic velocities and any pos sible 

de cay would yield photons with energy comparable to their rest mas s .  The 

number dens ity of any one type of neutrinos and antineutrinos is -v 400 cm -3 and 

yields a photon flux of 

(25 ) 

(ass uming ' o l\J 'u :\; i o1 8  
s) .  The background photon flux has a maximum at 

the peak of the blackbody curve at 2. 7 °K, where the relic microwave is 

observed
5 1 )

. In order that this spe ctrum is not distorted s ub stantially 

1 9  -3 2 'o > 1 0  s if m v  l\J 10 eV/c . (26) 

On the other hand, if m" l\J 1 eV / c2 , their decay would yield a flux of optical 

photons. Using the ob servational limit on the background starlight flux of 

"' 3 x 1 08 cm - Z s -l provides the limit 

(2 7) 
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S uch considerations have been elaborated upon re cently by De R ujula and 

26) 27) . 28) . . 30 )  Glashow , Stecker , Kimble et  al. and by Shipman and Cows ik • In 

T able I, we s ummariz e the limits der ived in sections Ill 1 -6. Notice that the 

limits bas ed on accelerators and atmospheric cosmic ray neutrinos are nece -

saary to preclude the pos s ibility that the neutrinos will decay inside the stellar 

sources themselves. The limits derived from the stellar sources allow us , in 

turn, to consider the neutrinos of cosmological origin and show that these 

neutrinos would have s urvived decay until the pr esent epoch. 

IV. 7. Effect of Competing Channels of Neutrino De cay 

Let us now cons ider, briefly, the consequences of the existence of 

competing proce sses to the radiative de cay of the neutrino. For example, the 

very existence of the vertex v + x + Y implies a corre sponding electromagnetic 

interaction of v with the Coulomb fields of nuclei: v + Z + Z + x. This inter -+ 

action can pos s ibly generate a comparatively rapid "stimulated decay " chain 

\! + X + " + X during the transit of the neutrino from the stellar interiors to 

the s urface. Since the stars do evolve by rapid los s of energy in some form, 

one can as s ert that the particles do es cape from the star , still retaining a good 

fraction of their energy. Under these circumstances , the limits deriYed above 

are not affected s ubstantially. 

There is als o  the pos s ibility , though theoretically unlikely, that other 

relatively rapid modes of decay bes ides v + x + Y exist, s uch as 

\) + x + y + z + . . . . (28) 

In this hypothetical decay, the s um of the mas ses  of x ,y , z ,  . . .  should be less 

than m " and none of the particles can s atisfy this condition, other than neutrinos 

and photons of course. And yet, if any of x , y, z , • . .  is eas ily observable, we 



may try to estimate the decay rate from the flux of the de cay product and dis -

cuss its importance relative to radiative decay. If however the decay products 

have weak interactions alone, one may pres ent the following arguments. Us ing 

the studies of v -induced reactions at nuclear reactors and cosmic ray experi-
" 
e 2 -1 3 

ments deep underground one can s et T0 lmv c > 3 x 1 0 s /eV and 
\) 

µ 2 -1 1  
T0 / m" c >3 x 1 0  s / eV, where T0 is the lifetime due to all the decay 

modes. These  limits are not very restrictive, and if T 0/mv c
2 < 1 0 -5 s / eV the 

neutrinos will decay ins ide the stars and the limits derived earlier will then 

apply to the radiative instability of the decay products x, y,  z ,  • . • •  

On the other hand , on general considerations , the expected lifetime 

for the de cay of neutrinos into only weakly interacting particles is rather long. 

Here I wish to consider two cas e s :  (a) When the lifetime T for the competing 

pro cess is longer than or comparable to the typical times involved in the dis -

cuss ions in Se c. IIL 3 -6 the limits remain essentially unaffe cted (i. e. , if 

T > 500  s for the s olar neutrinos and T > 1 01 8  s for the cases IIL 4 -6). (b) If 
1 0

1 8  
s < T < 1 s ,  then the neutrinos will es cape the stellar regions 

(T /m c2 > 1 0  -5 s/ eV) and their radiative decay can become obs ervable depen" 

ding on the relative strengths of radiative de cay and the other decay modes. 

Arguments presented in Sec. IIL 3 -5 imply 

r (ve + x + Y) 
or - ------------- < 

r (total) 

To r (v + x + Y) 
> 104 or - --- ------ - - < 10-4 (al l types) 

TO > 3 x 105 

r (total) 

or ���-�-�-�-�� < 3 x 10-6 (all types) 
r (total) 

(zt )  

(231 ) 

(24' ) 

(24' )  
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Table I - Limits on Neutrino Lifetimes 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - r - - - - - - - - - - - - - - - - - - - -1 - - - - - - - - - - - - -

, Neutrino ' Observational : Lower Limit 
Sour ce F. : Density II , Evidence : T0/ m ..,  

I I I I - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - � - - - - - - r - - - - - - - - - - - - - - - - - - - �- - - - - - - - - - - - -

Accelerators 

Cosmic R ay 
Neutrinos 

S un 

' ' ' 
8 1 0  /pulse 

' 

"' GeV Total no. of events 

' 
3xl o-3 sec/  eV 

' -2 - 1 -1' 
: O. 1 cm sec  e r  : "' GeV F "' l 0 -1 3 cm -2sec -l : 1 0 -S sec/eV 

y "' ' 

' 

-2 -1 cm sec  200 
keV : 

' 
White Dwarfs , ' 1 058 / W. D. 100 : 

keV : 

-2 -1  cm sec 1 o1 7 sec/  e V 
etc. 

Supernovae 4. 1 058 /SN 

Cosmos 600 cm-3 

1 0  
: MeV� 
' ' I 4 ' : 6xl 0 - : 

eV 

' 

sr - l 

' 
F % 3xl 08 cm-2sec-l : 
Y s r -1 at 1 ev : 

1 3 2 -1 1 9 F l\j l O  cm- sec  , T 0 > 1 0  s e c  
Y sr - 1 at i o-3 ev 

- - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - � - - - - - - L - - - - - - - - - - - - - - - - - - - } - - - - - - - - - - - - -

V .  RADIATIVE STABILITY AND MASS OF THE TAU -NE UTRINO 

Experiments performed at colliding et e - beams over the last few years 

have established the existence of a third s equential lepton3 3 ) , T , at a mass of 

1 .  78 GeV I c2 along with an as s ociated neutrino vT • Tho ugh the properties of 

T ± are being measured with progressively greater precision3 3 ' 53 ' 54) the only 

results5 5 • 5 6) on "� are that m < 25 0 MeV /c 2 and its coupling has the us ual ' \IT 

strength and the V -A form of weak interactions. F urther ,  there seems to be 

little hope of improving the mas s limit in the foreseeable future. In order to 

delineate its properties , we therefore take recours e  to the astrophysical methods 

the efficacy of which is well demonstrated for the cas e of the other neutrinos. 

B ut, for the astrophysical arguments to be applicable , we have to first show that 

the "t produced in the astrophysical s etting live long enough to have observable 



effects, To this end we utilize two accelerator experiments to show that 

2 -6 T 0 / m vT c is longer than "' 1 0 s / eV. We then start the astrophys ical dis cu -

s sions with a calculation of the effect of radiative decay on the pr imordial He 

and D abundance. Our dis cuss ion here is distinct from earlier work in that we 

consider the effect of photodis sociation of the nuclei which indeed is the 

stronger and more direct effect as compared with the indirect effects of an 

increased radiation field dis cus s ed earlier. We then consider the emis s ion of 

VT from s upernovae and show that their radiative lifetimes exceed the age of the 

Univers e. Thus , the large number density of vT in the Universe should 

also conform to the upper limits on the mass expres sed in Eq. 1 5. 

V, l ,  Res ults from Accelerators 

The generation and the decay properties of the lepton have been stu

died in detail by Baccino et al. 57 ) at SPEAR using the DELCO detector, which 

provides nearly a 4 1T coverage. They have meas ured the spectrum of electrons 

arising from T- + e- ;;e vT and find an excellent fit to the theoretical expe cta -

tions with standard V -A coupling for both the T - vT and e - v ie  vertices. If the 

vT should decay ins ide their apparatus of dimens ions "' 20 cm giving r ise  to 

either a gamma ray or an electron, there would be a re cognizable s ignal and it 

would contaminate and disturb the fine agreement between experiment and 

theory. Absence of any s uch effects indicate that the lifetime of VT is longer 

- 9 than "' 1 0  s in the lab -frame; with the mean energy of vT being .,, 5 0 0  MeV 

this corresponds to 

(3 3 )  

This res ult i s  shown in Fig. , 3 where cross -hatchings indicate forbidden regions 

177 



17 8 

We now turn our attention to the experiment performed by Heisterberg 

et al, 58) at F ermi -lab to meas ure the cros s  -s ection for the process 

Vµ + e- + vµ + e- . The muon -neutrino beam was produced by allowing an 

immense fluence of 1 0 1 9 protons at "' 3 50 GeV to be incident on a target, one 

interaction mean free path thick. The pions and kaons which were produced in 

the interactions traversed a tunnel "' 5, 1 04 cm long ( M c :t l .  7 x 1 0 -6 s) and the 

neutrinos generated in the decay of the mes ons pas s ed through a detector of 
cross -se ctional area 1 04 cm2 and depth "' 1, 5 x 1 03 cm (t / c  :t S. 1 0 -8 s ). The 

detectors were sens itive to electrons and gamma rays and the cascades produ-

ced by the elastically s cattered ele ctr ons were detected. In s uch a neutrino 

beam there would be a finite fluence of v, also,  generated mainly through the 

decay of FF mes ons which are produced with roughly the same cross -s ectioµ as 

the DD mesons viz. a FF % croiJ % 1 0 0  µb. Following the detailed dis cuss ion of 

Albright et al. we estimate the differential spectrum of .  ·J, + ;:,, in the detector 

to be given by 

1 1  F (E) :i: 3 . 1 0 exp ( -E / 21 .  6 GeV)/GeV for E > 1 0  GeV 
(34) 

:i: 0 < 1 0  GeV 

Now should v, decay through either of the channels v, + Y + x or v, + e + x 
it would s imulate Vµ e -s cattering events and would be recorded, An upper 

limit to the number of s uch events in their apparatus is given by the maximum 

number of background events of "-'1 0, This leads to the inequality 

E max 
J 
10 

exp 
- 1 .  7 106 mv,c2 

(--------- - ----) 
T E 0 

s . 10-8 rnv,c2 
[1 - exp (------- -----) ] F (E) dE < 10 . t E 0 

2 -1 9 This trans lates into the res ult T 0/ rri,,, c < 4. 1 0  s / eV or 

2 - 7 T0 / mv, c > 7, 1 0  s /eV , again dis played in Fig. l . But in view of Eq. l ,  

(3 5 ) 



2 -7 ,0/ mVT c > 7. 10 s / eV 

V. 2. Limits from Cosmological He and D Abundances 

(36) 

Within the framework for the s o - called 'standard model' of the expanding 

Universe 34) neutrinos of mass in excess  of 1 MeV go out of thermodynamic 

equilibrium very early and, as shown by Lee, Weinberg and Dicus et al. , their 

dens ity is controlled by a competition between production through a variety of 

channels and los s  through annihilation 1 5 ' 1 6). Then at a temperature T d 

corresponding to a red -shift Z they decouple with a dens ity na and their s ub s e -

quent evolution is controlled merely b y  expans ion and pos s ible decay. An empi

rical fit to the detailed calculations in the mass range 1 0  MeV < m c2 < 1 GeV v 

yields 

2 -0. 45 
na = 1 032 ( - ..':1�- - )  

1 MeV cm 

2 o. 8 
9 ( me 

) 0 T = 5. 1 0  - - - - - - - K d 1 MeV 

-3 

(3 7) 

The radiative decay of the neutrinos ( v + Y + x ) would yield gamma -rays of 
2 2 . energy E0 % (m v - m)/ 2 mv '>l,m v / 2 and these  gamma rays will s uffer reduc -

tion in dens ity due to effects of expans ion and abs orption mainly through the 

creation of e + e - pair s ;  their density at any tim e  t » ta is given by 

t 
f 
tmin 

�� 

'o 

t 
f 
t I 

3 1 + Z (t I ) 
{ ---- ----- } 1 + z Cta) 

[1 + Z (t") ] 3 dt"} dt ' (3 8) 

179  



18 0 

Here, lniin is defined through the equation E 0 [l + Z (t)] = E y [ l + Z (tmin) ] • 

The total absorption cros s -s e ctions of Y -rays , "y:l: 20 mb and, the present day 

mean density of hydrogen in the Universe, n0 < 3. 1 0  -6 cm -3 In evaluating 

Eq, 6, it is convenient to us e the empirical fits 

[ l  + Z (t) l :{: 5. 10 9 t - l / 2 (relativistic) ; 

[ 1 + Z (t) ] :{: 1 01 2 t -2/ 3 {non -relativistic) (39) 

corres ponding to the early radiation dominated era and the later times domina -

ted by non-relativistic matter res pectively, 

Now "p. d 1 the cr os s  -section for the photodiss ociation of D and He is 

"' 2 mb above the threshold energy ET of 0, 4 MeV and o, 20 MeV respe ctivel/ 9� 
These cross -se ctions are s ufficiently large to produce s ub stantial changes in 

composition before the thermalization of y -rays. The effects of the photo -

dis s ociation on the D and He abundance are indeed very complicated and have 

many interesting ramifications. B ut for the purposes  of limiting the radiative 

decay of v Twe shall merely demand that the change effe cted in the abundance 

s ubsequent to the completion of nucleosynthesis at tsyn not be s ubstantial. The 

logarithmic change in the abundance A of either nucleus is 

(40) 

1 8 where ts yn :\:300 s and tu :\: 1 0  s the present age of the Universe. We can 

make the value of the integral in Eq. 8 s mall enough to be acceptable either by 

choosing To < tsyn or by choosing it very long, T0 > tu. In these regions , we 

have 

8 2 85 -tsyn 
- £nA > 5 , 10 m - • e I T0 for T 0 "' tsyn 



(41 ) 

As s uming that the reductions in the abundances are not substantial, Eq. 9 yields 

the results :  for Il\,T /· in the range 1 0  MeV to 250 MeV 

To < 50 s or T o > 3, 1 024 m -2· 8 5 (42) 

This region of restriction is again indicated in Fig. 1 .  

V .  3 .  Limits from Studies of Supernovae 

In a stellar collapse leading to a s upernova explos ion the core reaches 

temperatures of the order of 10 -20 MeV and radiates away the gravitational 

53 60 -62) binding energy of "' 1 0 ergs in the form of neutrinos . As previous ly 
1 1 ) 1 4) dis cus s ed by us and later by F alk and Schram the obs ervations of gamma-

ray astronomy and the fact that they "do evolve by rapid loss of energy in s ome 

form " allows one to further restrict the radiative decay of the neutrinos . In 

estimating the emission of V1 we should keep in mind that as with Vµ , only the 

processes  involving neutral currents would be operative in the production pro -

ces s .  Thes e would be further s uppressed if II\>T > 1 0  MeV by a factor S which 

is approximately g iven by 

m p2c2 + m2c4 - 1  sth Jo P2 [ exp ----KT _ _ _ _ _ _  + lJ dp 
� - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -"' 

m 2 pc - 1  ! p [ exp -- + 1 )  dp b kT 

(4 3 )  

where sth is  a factor which takes into acc ount departures from thermodynamic 

equilibrium, T aking Sth "' 1 we estimate S(mc2 <2kT) :\: 1 ,  S (mc2 = 5 kT):i: 0, 1 25 ,  

( 2 ) -3 ( 2 -7 S mc = l OkT � 3, 5, 1 0  and S mc = 20kT ) \_ 5. 1 0  . Now sho uld the vT decay 

radiatively with an extremely short lifetime then its energy will be fed back into 

the core and would be reradiated as v e and vµ . B ut if the lifetime is s uuh that 
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the decay takes place in the outer mantle between the radii of "'l 0 7 cm and 

"' i o 1 2  cm the decay energy will heat up the mantle and will appear as kinetic 

energy of the drbris. Observationally the debris has kinetic energies in the 

49 50 1 2  range 1 0  - 1 0  ergs and this precludes T0/IT\.;T in the range "' 1 0 - s / eV 

-3 to "' 3. 1 0 s / eV for m �t below 'V l 00 MeV. These regions are shown in Fig. 3. 
2 -6 F urther ,  once T 0/ mVT c is longer than "' l  0 s I e V, the neutrinos 

emitted from the s upernovae will decay s ufficiently far away from the core for 

the y -rays to be  observable. Thes e y -rays will have energies � -2
1 m c2 or VT 

% + kT � 5 MeV, whichever is larger ,  and our earlier dis cus sions 9) yield the 

res ult that 

and m 
> (--�'!:-)  1 MeV 

1 .  2 
S (mvT) l017 sec/eV for mvT > 20 MeV/c2 

since the flux of background y -rays falls off as E/" 2 at high energies. 

V. 4. Limits from R adiation Background Below "' 20 eV 

Now, notice that our arguments s o  far have precluded all values of. 

(44) 

1 7  T
0

/ mvT shorter than "' 1 0  s / eV. This means that if mvT> 1 0  eV, it will s ur -
1 8 vive longer than 1 0  s ,  the pres ent age of the Univer s e. F urther, s ince the 

Univers e is transparent to photons up to a red -shift of "' 100  ie. t % 1 0 1 5 s ,  

the decay of neutrinos of m > l 0 -Z e V will generate a background of. radiation 

in the Universe. By attributing the obs erved background radiation to the decay 

of the cosmological neutrinos , we can s et a lower limit to the lifetime of the 

lleutrinos. Noticing that neutrinos of s uch mass es would have s lowed down to 

non-relativistic velocities during the expansion of. the Univers e  and following 

1 1 )  . 26) 27) the analysis of C owsik , DeRnJula and Glashow , Stecker and 



> "' ' "' 

k E ' 1--0 

Fig. 3. F orbidden regions in the mass -
lifetime plane of the T -neutrino. 
(1 ) Decay kinematics of ,- , 
(2) SPEAR exper\ment57 ) , (3) Fermi
lab experiment58J ,  (4) Photodissocia 
tion of cosmological D and He , 
(5 ) Supernova dynamics , (6) y-rays 
from s upernovae, (7 -8 ) Effects on Uni 
vers al expansion 1 ' 1 3 ' 1 5 ' 1 6) , and 
(9)  Optical and UV background 
radiation. 

Kimble et al. 28) , we show in F ig. 1 the constraint 9) that T 0/rn,,, > 1 023 s / eV at 

m\JT :i: 1 eV and the limit increas es as 

background decreas es exponentially, 

"' _: _ exp (mc2 /4 eV) as the rad iation m 
The limits are shown only up to a mas s of 

"' 35 eV/c2 since larger mas s es ar e excluded unconditionally in any case. 

V. 5 . The Limits on the Mas s of the Tau Neutrino 

The d is c us s ions in the pr evious sections have established that the life -

time of v, is s o  long that the large numbers produced in the big bang s urvive 

until today with their densities merely reduced by expans ion of the Univers e. 

As dis cus s ed extens ively before, if these neutrinos are mas s ive , they would 
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dominate the gravitational interactions in the Univers e. Following Lee and 

Weinberg 1 5) and Dicus et al 1 6) the mass region 1 MeV to 2 GeV is excluded 

and the region 3 5 eV - 1 MeV is excluded by the neutrino density estimates of 

. 1 )  1 2) Cows1k and McClelland and Szalay and Marx . Thus we conclude 

For reas ons of comparis on, we have drawn a line which pas s es through the 

muon mass and lifetime and s caling as m -6 as expected in most mode ls.  

(45 )  

Thus, we have shown that the lifetime of v, is  longer than the age of the 

Univers e ,  which enables us to us e the dynamical effects of cosmologically 

generated neutrinos to show that m",< 3 5 eV/ c2• 
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ABSTRACT 

CONSTRAINTS ON NEUTRINOS AND AX IONS FROM COSMOLOGY 

Davi d N. Schramm 
Uni vers ity of Chicago 

A revi ew i s  made of the astrophys i cal arguments with regard to neutri no 
properties . It i s  shown that the best fi t to the present baryon density and 4He 
abundance i s  obtained with three neutri no speci es . It is al so shown that astro
physi cal constraints on neutri no and axi on li feti me-mass combi nations rule out 
weakly i nteracting particles with li feti mes between 1 0 - 3  and 1 02 3  sec for 
M � 10 MeV . For li feti mes 2 1 02 3  sec the sum overall species of neutrino mass 
must be bel ow 1 00 eV or between � 1 0  GeV . There i s  an allowed astrophysi cal 
window for neutri n os with M > 1 0  MeV and T < 1 000 sec. The possi ble rol e of 
massi ve neutri nos in the dark mass of galaxies i s  di scussed. It is shown that 
the baryon density in the uni verse is comparable to the density obtai ned from 
the dynami cs of binary galax i es .  Therefore, massi ve neutri nos are only requi red 
i f  the cosmological mass densi ty i s  greater than that i mpli ed by binaries and 
small groups of galaxies . The only obj ects which mi ght i mply such h i gh densiti es 
are large clusters . For neutrinos to cluster with these large clusters requi res 
mv 2 3 eV. 

INTRODUCTION 

Thi s  lecture revi ews vari ous constrai nts that can be placed on neutral weak-

ly interacting parti cles from cosmol ogy. Most of these astrophysical constraints 
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come from the standard B ig  Bang model of the uni verse . 

The general acceptance of a hot-dense early uni verse ( the Big Bang ) began to 

happen with the discovery of the 3 K background radi ation by Penzias  and Wi l son ' .  

However complete acceptance d i d  not occur unti l the experiments of Richards and 

co-workers2 showed that the background radiation had the appropriate thermal 

turnover at wavel engths of � l mm. The exi stence of this radiation tel l s  us that 

the uni verse was at one time at l east � 1 0 4  K. At � 1 0 4  K hydrogen woul d  be 

ionized and the free el ectrons woul d  eas i l y  scatter the photons .  Thu s ,  the 

present observed radiation is merely the l ast scattered thermal radiation from 

� 1 0 4  K .  

We  actual l y  have confidence that the  uni verse was a good deal hotter than 

thi s .  Gamow and h i s  co-workers ' predicted that there wou l d  be thi s thermal back

ground on the basi s  of assuming that nucl ear reactions occurred in  the Big Bang .  

To  have nucl ear reactions requires that the temperature had  to  be  greater than 

� 1 09 K. The veri ficati on of a temperature at l east as hot as 1 0 1 ° K comes from 

the fact that the 4He abundance i s  about 25% by mas s .  T h i s  hel i um abundance 

comes as a natural consequence of the standard Big Bang if the temperature was 

greater than 1 0 ' °  K ( see Schramm and Wagoner' and references therei n ) .  Thi s 

temperature i s  when neutrinos decouple from matter .  The good agreement between 

the observed 4 He abundance and the general B ig  Bang predi cti ons of 20 to 25% by 

mass i s  di rect observati onal evi dence that we have a good understanding of the 

uni verse back to the epoch when the neutrinos decoupled . We wi l l  see that our 

constraints on neutri no properties are thus coming from the era when the B ig  

Bang has  produced observabl es and  not  from the  more mysterious early times whi ch 

grand uni fication tests requ i re .  

THE DECOUPLING O F  THE WEAK INTERACTION AND RELIC NEUTRINOS 

During the early evol ution of the universe , a l l  particles , incl uding 

neutri nos , were produced copiously.  Neutrinos with ful l strength , neutral 

current, weak i nteractions were produced by reaction of the type , 



e+ + e- +-+ vi + vi ; = e, µ, T. (l) 
2 

At hi gh temperatures (kT > mvc ), these neutri nos were approxi mately as abundant 

as photons. 

nv Jny = 3/B (g,_, _ ) 
1 1 

(2) 

gv i s  the number of neutri no heli city states . For massl ess spin  !2 particle would 

have 2 heli city states thus for v t v, gv = 4 however because known neutrinos 

appear to be only left handed then, i f  massi ve, they may be of the Majorana type 

(vi � vi )' in which case gv i s  sti ll 2. A numerical factor of 3/4 comes from the 

di fference between Fermi -Di rac statistics (neutrinos) and Bose-Einstei n statis-

tics (photons); the remai ni ng factor of � i s  from the number of photon spin 

states (gy = 2). 

For l i ght neutri nos (mv << l MeV), equi l i brium was maintained until  T � 1  

MeV. (For mas s i ve neutri nos with mv c l MeV, they wi ll anni hilate for tempera

tures less than mv but ? l MeV, thus v ' s  with mv ? l MeV wi ll not be as abundant, 

see Gunn et al. 5 and references therei n. ) At lower temperatures the weak i nter

acti on rate is too slow to keep pace wi th the universal expansi on rate so that 

few new neutri nos are produced and, equally i mportant, few anni hi late. Thus, for 

T � l MeV, the neutri nos decouple; at thi s  stage thei r relati ve abundance i s  

gi ven above. When the temperature drops below the electron mass,  electron-

posi tron pai rs anni hi late heating the photons but not the decoupl ed neutrinos. 

The present rati o of neutri nos to photons must account for the extra photons pro

duced when the e± pairs di sappeared (c . f . Stei gman• ), because of this, the 

present neutrino temperature is � 2°  K rather than the photon temperature of 3°  

K .  From the present densi ty o f  photons and t h e  above, w e  obtai n the present 

number densi ty of neutri nos. If the neutri nos have mass we can obtai n the mass 

densi ty, pv, by 

p = l: (g m /200 h0 2 )  (T/2 . 7)3 • v i vi vi 
(3) 

In this equati on and subsequently, mv i s  i n  eV and the sum i s  over all neutrino 

speci es with m << 1 MeV, h0 is the Hubble constant i n  uni ts of 100 km/sec/Mpc. 
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It i s  impl i citly assumed i n  the above that the neutri nos sti l l  exist  today and 

thus have a l i fetime greater than the age of the uni verse for decay i nto any

thing other than neutri nos . 

It is interesting to compare this density to the criti cal dens ity of the 

universe,  pc = 3H02 /8nG . The ratio  Q is defined as Q = p/pc . For T0 � 3K and 

h0 < l and assuming Majorana mass neutrinos with gv = 2 we find that 

Qv ?: 0 . 01 4  mv .  , 
(4 ) 

We wi l l  show l ater that from B ig  Bang nucl eosynthes i s ,  the upper l i mit on baryon 

density parameter Qb is 0 , 1 4 .  Thus , there i s  the rel ationship  with gv .  2 
, 

Qv/Qb � � mv . /1 . 4 
, , 

which is i ndependent of h0 and T0 . Therefore , i f  neutrinos have masses of the 

order of eV or greater then neutri nos are the dominant mass component of the 

uni verse today. 

CONSTRAINTS ON NEUTRI NO MASSES AND L IFETIMES 

From the above arguments on numbers of neutrinos produced during the Big 

( 5 )  

Bang one can put constraints o n  al l owed combinations o f  neutri no mass and l i fe-

time to non-neutri no decay modes due to the l i mits on i ntensi ty of photon back

grounds in various energy regimes and due to l imits on the mass density of the 

uni verse ( c , f .  Gunn et al . 5  and references therei n ) ,  

Fi gure l shows a summary of astrophysical constraints on neutri no l i feti mes 

and masses . For very l ong l i fetimes and l imi ts come from the l imits on the cos

mol ogical mass density ( Cows i k  and McCl el l and 7 and Sza l ay and Marx 6 ) . We know 

the universe is not too cl osed . In fact , from the nucl eochronol ogic9 constraint 

that the age of the uni verse must be ( 8 . 5  x 1 09 yr we know that Qh02 � l .  

Si nce 

Q h 2 vi o 

g m vi vi 

200 (eV)  

T 0 2 .  1 
(-) 
2 . 7  

(6 )  

we obtain the  l imit that the sum of m ' s  must be l ess than � l oo eV for Majorana vi 
mass neutri nos . Gunn et al . 5  showed that si nce very massive neutrinos must 



cl uster then the density l imi t to use for them i s  matter i n  gal axies from which  

they obtai n  the  l imit  that a l ong l i ved neutri no wi th mv � 1 0  GeV cou l d  again  be 

a l l owed. Hut and Ol i ve" showed that mass densi ty aga i n  becomes excess i ve i f  

"l epton � nb << "y and mv � 60 GeV .  

For v ' s  with fi n i te l i fetimes greater than the radi ation decoupl i ng time 

l imits can be obtained from photon backgrounds . The most i nteresting  constraints 

here come from the uv .  Recent d i scuss i on of thi s  point  comes from DeRuj ul a and 

Gl ashow1 1  and Stecker 12 wi th the most comprehensive di scus s i on bei ng that of 

Kimbal , Bowyer and Jacobson 1 3 where it i s  shown that l ow mass neutrinos must have 

l i fetimes l onger than � 1 0 2 3  sec . For l i fetimes i n  the regime between B ig  Bang 

nucl eosynthesis  (t � 1 0 3  sec) and decoupl i ng (t � 1 0 1 2 sec) constrai nts come 

from the distortion of the 3° background (Gunn et al . 5 ) and the constraints from 

Deuteri um synthesi s  on nb/n
y 

(Dicus et al . 1 � ) .  

For l i fetimes less than � 1 0 3  sec and � 1 0 " 3  sec Fal k and Schramm1 5 have 

rul ed out al l neutri nos or axions wi th masses l ess than � 10 MeV from supernova 

dynamics arguments . Thi s  argument al so appl i es to axi ons and thus woul d con

stra i n  the particle  Fai s sner1 6  reported on at thi s  meeting .  The argument goes 

as fol l ows : Supernova release from the i r  col l apsi ng cores the � 1 0 5 3  ergs of 

neutron star binding energy. This  energy escapes v ia  weakly i nteracti ng parti 

cles .  The total energy observed in supernova outbursts i s  l ess than 1 05 1 ergs , 

thus al l but s 1 %  of these weakly i nteracting  parti cles must escape the enti re 

star. Because neutrinos with energy � 10 MeV are trapped in the core and do not 

escape thi s  argument does not apply to masses greater than 10 MeV . Simi l arly , 

because the s ize of the neutri no emi tting core regi on i s  s 1 0- 3 sec . In order 

for the neutrinos to escape the star they woul d  need a l i fetime � 1 0 3  sec . It i s  

i n teresting to note that a weakly i nteracting parti cle  whi ch decays wi th � 1 %  

effi ciency to photons j ust a t  the edge o f  the core cou l d  be the dri ver o f  the 

supernova expl osion i tsel f .  Thu s ,  i f  Faissner ' s 1 6  axi on had a l i fetime s l i ghtly 

l ess than l O- ' ·sec most of them wou l d  not escape the core but 1% might and then 
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decay where they cou l d  deposit the i r  rest mass energy. 

Li fetimes l es� than thi s are probably el imi nated by reactor and accel erator 

data . In summary , i t  appears that with the experimental l imi t that m < 700 keV v
µ 

and m 
Ve 

< 50 eV these both must be very l ong l i ved ( >  1 02 3  sec) and have the sum 

of the i r  masses m + m < 1 00 eV. For mv there is a l so thi s  l ow mass possi-
� � T 

b i l ity ,  however si nce the experimental upper l imit on m i s  only � 250 MeV , it 
VT 

cannot be rul ed out from astrophys ics al one 

wi th a l i fetime the order of seconds . 

that m i s  between 1 0  and 250 MeV 
VT 

In the above arguments , i t  has been imp l i citly assumed that the neutri nos 

under consideration i nteract with the strength of  the standard Weinberg-Salam 

weak interacti on mediated by i ntermedi ate vector bosons with masses � 1 00 GeV . 

The same type of arguments can a l so be carried out for neutrinos which couple  

more weakly through some hi gher mass gauge boson . The major di fference is that 

the weaker the i nteraction , the earl ier the decoupl ing of the neutri no from the 

matter (e . g . , Ol i ve et al . 1 7 and references therei n ) .  Earl ier decoupl ing can 

l ead to a l ower present temperature for the neutri nos rel ati ve to the 3°  photon 

background and the 2°  Weinberg-Sal am neutri no background due to the ann i h i l ation 

of other particl es (µ ' s ,  � · s ,  etc . )  heating up the � · s ,  v ' s  and the y ' s  after the 

superweak v ' s  decoupl e .  A l ower temperature corresponds t o  a l ower number den-

sity and thus weakens the constrai nts . Si nce the fi rst particles above the w ' s  

decoupl ing of � l MeV have masses � 1 00 MeV .  Thi s means that the l imits men

ti oned above wi l l  not be changed unless the superweak neutrinos decoupl e earl ier 

than � 1 0 1 2 °  K wh ich wou l d  imply gauge boson masses � l TeV . Ol i ve and Turner 1 8 

have carried out a deta i l ed descri ption of these effects . 

NEUTRINO MASSES 

Since it has been shown that fi n i te but sma l l  neutri no masses cannot be 

rul ed out even for v
µ 

and vT and there may even be some theoretical j usti fi cation 

for such masses from grand unifi cation , l et us l ook at possib le  cosmol ogi cal con-

sequences . In fact,  as we wi l l  see , these cosmol ogical arguments were used by 



Schramm and Stei gman 1 9 • 2 0 to argue in favor of finite mass neutrinos . 

A l ong standing problem in Astronomy has been the so-cal l ed "Mi ssing Mass "  

problem ( o r  a s  Schramm and Stei gman 1 9 • 2 0 say the "Mi ssi ng-l i ght" problem ) .  This 

is the fact that when one measures the mass of a gal axy size object by l ooki ng at 

the dynami cs of the object, one tends to ass i gn a progressi vely l a rger mass to 

the gal axy when one l ooks at the dynami cs on a l arger scal e .  However ,  the amount 

of l i ght the gal axy emits stays f i xed . Tabl e  1 ,  based on the revi ews of Faber 

and Gal l agher2 1 and Peeb l es 2 2 ,  shows thi s  trend . Note that whi l e  the mass asso

ci ated with the actual l i ght emi tting objects (stars ) i s  only 1 to 2 solar units , 

the mass associ ated with the central v i s i b l e  regions  of gal axies i s  � 1 0  times 

thi s .  When that same gal axy i s  observed i n  a b i nary pair o r  in  a sma l l  group and 

the total mass of the system is cal cul ated and di stri buted among the members , i t  

i s  found that the mass associ ated with each gal axy i s  4 t o  1 0  times that estima

ted from the gal axy ' s  own i nternal motion . Simi l arly when a gal axy i s  i n  a l a rge 

c luster and the virial  theorem is appl i ed to the c luster to estimate the mass of 

the gal axy i t  is found that the mass-to-l i ght ratio  is now about 400 (wi th a 

range from 1 00 to about 800 ) .  Thus there seems to b e  more and more mass on 

l arger scales with no more l i ght emi ssion . Thi s  additional i nv is ib le  mass i s  

what i s  cal l ed the missing mass probl em .  However ,  the mass seems to rea l l y  be 

there , so what is missing is rea l l y  the l i ght from that mass , hence Schramm and 

Stei gman ' s 1 9 . 2 °  term "mi ssing l i ght . "  

Over the years , many things have been proposed for thi s  mi ssing mass ( see 

Table  2 ) .  However as Schramm and Steigman 2 0  showed many o f  these can be el imi na

ted if the mi ssing mass truly must g i ve an Q > 0 . 1  as impl ied if the M/L for 

l arge c lusters truly g i ve the best estimate of the mass associ ated with the cos

mol ogical l uminoi sty dens i ty .  

As pointed out b y  Gott et al  . 2 3 ,  Schramm a n d  Wagoner' a n d  Yang et al . 2 '  and 

references therei n ,  Big Bang nucl eosynthes i s  cannot g i ve consi stent abundances 

for 'He nor D i f  the density of baryons is greater than about 1 0% of the criti cal 
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val ue .  Thus i f � for the universe i s ? 0 . 1  as impl ied by l arge c lusters then the 

missing mass ( l i ght) for these clusters must not be in the form of baryons . Thi s 

e l imi nates al l of the entries i n  Tabl e 2 ,  except l ong l i ved l ow and high mass 

neutral weakly i nteracting parti cles ( neutri nos , majorons , . . .  ) ,  monopol es and 

b l ack hol es with masses l ess than � 1 M
6 . ( Sol ar mass and l arger b l ack hol es 

were i n  the form of baryons at the time of B ig  Bang nucl eosynthes i s . )  Monopoles 

run i nto a variety of other problems such as the i r  destruction of magneti c fi e l ds 

el imi nating radio gal axies .  Smal l b lack  hol es ( M  � 1 0 1 5  g )  have the problem of  

b l owi ng up via  the Hawk i ng process and  thus produci ng too many unobserved y-rays . 

Thus , a l l  that remains are the weakly i nteracting neutra l s  and b l ack hol es with 

masses between � 1 0 1 5  g and � 1 0 3 3  g .  Al though some o f  the l atter may b e  gener

ated at the quark-hadron phase transition 2 5  at present we woul d  regard such 

objects as very speculative . Thus , we are down to weakly i nteracting neutra l s  

with non-zero rest mas s .  Whi l e  very mass i ve ,  as-yet-undi scovered , such particl es 

may do the tri ck (GeV mass neutral l eptons or Axion-Majorana type parti c l es ) , 

wi thout any experimental veri fi cation they appear extremely ad hoc . Thi s ,  as 

poi nted out by Schramm anct Stei gman 1 9 • 2 0 , only l eaves the l ow mass neutrinos 

f i rst proposed by Cowsik and McCl el l and 7 and Marx and Szal ay ' . 

Massive neutrinos gravitate and they wi l l  have partici pated i n  gravi tational 

c l ustering ( see Gunn et al . 5 ) .  However, since neutrinos are non-i nteracti ng , 

the i r  phase space density is conserved and they wi l l  c l uster only i n  the deepest 

potenti al wel l s ;  the sl owest moving ( i . e . : the heavi est ) wi l l  cl uster most 

eas i ly (Tremaine and Gunn 2 6 ) .  

Tremaine and Gunn 2 6 poi nt out that neutrinos l i ghter than � 3 eV wi l l  not 

c luster at al l .  Whereas neutrinos with mv > 3 wi l l  be trapped in  l arge cl usters , 

those with mv ? 1 0  eV can be trapped i n  bi naries and smal l groups and those wi th 

mv � 20 eV can be trapped with s i ng l e  gal ax ies . We have al ready seen that mv 

must be l ess than 1 00 eV . In fact , i f  neutri nos cl uster efficiently on the 

scales of s ingle  gal axies then mv must be � 20 eV or neutrinos wi l l  contribute 



too much mass on those scal es . However ,  it may be that s i ng l e  gal axi es , or even 

bi nari es and smal l groups are just i neffi cient at trapping neutri nos . If i so

thermal perturbations produce neutri no trappi ng on a l l  scales then 3 eV $ mv $ 20 

eV,  but if adiabatic  perturbations , as impl ied by simpl e GUTs 2 7 , domi nate ; then 

3 $ mv $ 1 00 eV . For di scussion of gal axy formation i n  neutri no dominated si tua

ti ons see Bond et al . 2 8 ,  Szal ay29  and Sato 3 0 •  The Jeans mass for neutrinos i s  

comparabl e t o  the mass of cl usters . 2 8  Therefore even adi abatic perturbations 

enabl e the massive v ' s  to cl uster on that sca l e  as l ong as mv � 3 eV.  

Si nce neutri nos would  cl uster l i ke an i sothermal gas they woul d  have a den

s i ty di stri bution that fal l s  off with l /r2 • When compared with the l i ght from 

galaxies whi ch fal l s  off approximately l i ke l / r 3  ( Kron 3 1 )  thi s yi el ds M/L roughly 

proporti onal to r as impl i ed by Tabl e l .  Thus , neutri nos may be i deal mi ssing 

mass candi dates . Since they do not radiate they wi l l  not sett l e  i nto the central 

d isk  regi ons of gal axies or i nto stars . 

A pos s i b l e  way of verifying that the missing mass for galaxies i s  in  

neutri nos i s  to  l ook at di stant quasars through gal actic ha los  and  see i f  there 

are any gravi tational l ens effects due to l ow mass stars (Gott 3 2 ) .  The possi bi l 

i ty that one mi ght al so di rectly observe vv anni h i l ation i nto photons or even 

vivi + vjvj + y ' i n  the density enhancements i n  c lusters seems unl i kely ( Hi l l 3 3 ) .  

Obvi ous ly ,  i f  nv were > l the Friedman uni verse wou l d  be cl osed by neutri 

nos . Current estimates put ncl uster < l and thus nv wou l d  probably al so be con

strai ned to be < l however the uncertai nties are suffi ciently l arge that cl osure 

by neutri nos cannot be compl etely excl ude d .  Note that with gv = 2 ,  i f  

Im
vi 

> 1 00 h02 ( 2 . 7/T0 ) 3  eV ( 7 )  

then the Fri edman uni verse with A = 0 i s  cl osed . With h0 � 0 . 5 and T0 � 3 we see 

that for a Im as sma l l  as 18 eV cl osure is in princi p l e  conceivab l e .  As we 
i �  

showed before, the l imi ts on n imply mv . � 20 eV i f  i sothermal perturbations 
1 

create gal axies . The total number of such species i s  constrained by arguments of 

the types to be di scussed i n  the next secti on . 
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It wi l l  a l so be shown i n  the next sections that not only does B ig  Bang 

nucl eosynthesis  provide an upper l imi t to the dens i ty of baryons but it  al so may 

provide a l ower l imi t .  I n  fact , the range o n  a l l owed baryon density wi l l  b e  very 

cl ose to the range impl ied for the densi ty of matter from the dynami cs of 

b inaries and smal l groups . Therefore , we do not need massive neutrinos cl uster

ing in  a s i gn i fi cant way on these sca l e s .  

B IG  BANG NUCLEOSYNTHESIS 

Big Bang nucl eosynthesis  has been described i n  detai l i n  many pl aces , 

( c . f .  Schramm and Wagoner• and references therei n ) .  Thus , it wi l l  not be review

ed here other than to show how the poss i b i l i ty of neutrino mass effects the 

l imi ts on the number of neutrino speci es . The bas i c  argument was described by 

Gunn et al . 5  and the current deta i l s  can be found in Ol i ve et al . 1 7 • The poi nt 

i s  that the greater the number of l ow mass (mv < 1 MeV ) neutrinos the more "He 

that is produced i n  the Big Bang.  

In order to  make use of these resul ts , the mass fraction Y must be  known . 

Thi s  is a b i t  of a problem si nce "He i s  made in stars as wel l as in the B ig  Bang . 

Stars forming now may be contaminated by as must as t:,Y � 0 . 06 "new hel i um . "  The 

best estimates for Y g i ve a val ue of between 0 . 20 and 0 . 25 wi th 0 . 25 as an upper 

l imi t ( see Yang et al . 2 " ) .  The " He abundance a l so has a dependence on the baryon 

dens i ty of the universe. If bi naries and smal l groups of galaxies are made of 

baryons then a l ower l imi t on the present density is about 2 x 1 0- 3 1 g cm- ' 

(� 0 . 04 of cl osure dens ity for H0 50 kms- 1 Mpc- 1 ) .  However , as noted in the 

previous section , it i s  conceivable that this mass is not from baryons but from 

l eptons. For the present l et us assume that thi s  l ower l imit  on �B , SG i s  from 

baryons .  We wi l l  l ater examine what happens i f  �B ,SG is in the form of l eptons . 

A l ower l imi t on the baryon density of thi s val ue and Y � 0 . 25 constrains the 

number of addit ional neutrino types ( beyond ve , v
µ 

and v
,

) to � 1 ( see figure 2 ) . 

[These "He constraints can a l so be general i zed to massless parti c l es that couple  

more weakly than the  usual neutrinos ( c . f .  Ol i ve et  al . 1 7 ) ] .  



If one is forced to say that the p impl ied from b i naries and sma l l  groups i s  

not i n  baryons then we must a s k  what i s  the l ower l imi t t o  pb . A c l ear l ower 

l imit i s  from stel l ar matter but that only g i ves pb � 1 0- 3 2  g/cm3 (Q ? 1 0- 3 ) ,  

whi ch g i ves no l imi t to the number of neutri nos ( see Ol i ve et al . 1 7 ) .  I f  we note 

that the centers of galaxies are probably baryons then we can use internal gal ac

tic dynami cs to argue that pb ? 5 x 1 0- 3 2  g/cm3 • Thi s  l imi t ,  coupl ed with 

y $ 0 . 25 a l l ows a total of 9 2-component neutrinos {e, µ ,  T and 6 more ) .  I f  the 

neutri nos have Di rac masses and thus 4 components , the l imi ts becomes 4 and e ,  µ 

and T and one more are again  al l that are al l owed . However,  thi s l imi t of 5 x 

1 0- 3 2  from i nternal gal acti c dynamics has some observati onal uncertainties .  I f  

i t  goes much l ower then no l imi ts are obtai nabl e for y < 0 . 2 5 .  Hot x-ray emi t

ting gas from c lusters argues that Qb is probably ? 0 . 02 but there are poss i b l e  

l oop hol es i n  thi s .  

It  i s  i nteresting that we can get a l ower l i mit o n  Qb from B i g  Bang nucl eo

synthesis which is a lmost i denti cal wi th that obtainable from b i naries and sma l l  

groups . 2 4  Al though norma l l y  one only concentrates o n  the upper l imi ts t o  baryon 

density from big  bang nucl eosynthesi s ,  there are some l ower l imi ts whi ch are of 

i nterest. In  parti cular,  3He and D production i ncreases dramati cal ly  with l ower 

density .  Si nce 3He i s  produced not destroyed i n  normal stel l ar popul ations one 

can argue that observations ( c . f .  Rood et al  . 3 4 )  on 3He pl ace a l ower l imit to 

the baryon density .  Thi s  argument i s  substantial ly  strengthened when it i s  

remembered that the probabl e  way D i s  reduced from i ts b i g  bnag cal ue t o  i ts 

present observed abundance i s  via  D + p + 3He + y. Thus excess D adds to pri 

mordial  3He to give the non stel l ar produced 3He . From present l imi ts thi s 

impl ies nb/ny ? 2 x 1 0- 1 0  or Qb > 0 . 02 which yields the total number of neutrino 

types to be � 5 which i s  not too di fferent from the l imi t obtai ned using QB ,SG 

of $ 4. The one l oop hol e is the possi bi l i ty that some pregal act i c  ste l l ar gen

eration burns up 3He without mak i ng other excesses . (These arguments are d i s

cussed i n  deta i l  by Yang et al . 2 4 ) .  However , i t  does seem from thi s  3He arguirent 

that b i naries and sma l l  groups are probably baryon dominated so the best fit  to 
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the nu!l'ber o f  neutri no types i s  probably 3 wi th a best fi t 4 He abundance of 

� 0 . 2 4 .  It  i s  i nteresting that 3 generati ons i s  al so the number which best 

enables El l i s 3 5  and Nanopou los 3 6 to fi t the bottom quark mas s .  

Before l eaving the subject , i t  i s  important t o  note that the i deas are test

able  by experiment .  In  particu lar ,  i f  the width of the neutral intermediate 

vector boson , Z0 , i s  measured in col l i di ng beam machines , then i t  wi l l  tel l us  

the number of neutrino fl avors . It is fasci nati ng that one of the most important 

tests of our cosmol ogical i deas wi l l  come from accel erators rather than tel e

scope s .  

CONCLUSION 

To date , the i nterdi sci p l i nary effort invol ving cosmol ogi sts , nucl ear physi 

ci sts and parti c l e  physi ci sts has produced some exciting resu lts .  The 4He 

abundance fi xes an upper l imi t on neutri no and quark fl avors . The grand unifica

tion ideas may resolve the puzz l e  of one baryon for every 1 0 1 0  photons .  I f  

neutri nos have mass then the bul k of the mass of the universe may be i n  the form 

of l eptons .  I n  fact one might say that we have taken the Coperni can princi p le  

to the extreme . Copernicus showed that the earth is not the center of the solar 

system, Shapley showed that the sun is the center of the gal axy and Hubble showed 

that our gal axy is not the center of the uni verse -- there is no center. Now, if 

neutrinos have mass , then our kind of matter may not even be the domi nant matter 

of the universe . As our knowledge of the fundamental partic les and thei r i nter

actions increases , and as our determi nati on of cosmol ogi cal observables improves 

(or new observables  are discovered ) the cl ose rel ationship of these two disci

pl i nes promi ses to continue to be an exci ting one . 
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Mass-to-l i ght Ratios on Various Sca l es 
and the IMPL IED Density Parameter 

Scal e  M/L Q* 

Stars 1 -2 "-' l 0- 3/h0 

Inner Parts of 
Spiral  Gal axies 

"-' 1 0- 2 and El l i ptical s 10 h0 

Binaries and 
Sma 1 1  Groups 40- 1 00 h0 0 . 04-0 . l 

Large Cl usters 
of Gal axies 1 00-800 h0 0 . 1  to 0 . 8  

*based o n  mul tiplying  M/L times 
the Ki rshner-Oemler-Schectera 
l uminosity dens ity 

aKIRSHNER,  R . P . , A. OEMLER, J R .  & 
P . L .  SCHECTER. 1 979 .  Ap . J .  84 : 951 . 

TABLE 2 

Poss ib le  Mi ssing Mass 
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Planetary Type Objects 

Rocks , Comets or Other Forms 
of Semi-Sol i d  Debri s 

Cl umps of Gas ( Smooth Gas Not 
Al l owed Because of Absorbtion)  

Low Mass Neutri nos 

High Mass Neutral Heavy Leptons or 
Other Massive Weakly I nteracting 
Parti c l es 

Monopoles 

Bl ack Hol es 



WHY AND HOW TO DETECT THE COSMOLOGI CAL 
N E U T R I NO BACKGROUND 

J . SCHNE I D E R  
Ob s e rv a t o i r e  9 2 1 9 0  M E U D O N  ( F r a nc e )  

T h e  S ta n d a r d  B i g  B a n g  t h e o r y  p r e d i c t s , p a r a l l e l  t o  t h e  c o s m i c  
r a d i a ti o n  b a c k gr o u n d  a t  2 . 7 K ,  a c o s mo l o g i c a l  n e u t r i no b a c k g r o und . 
We s u c c e s s i v e l y  d i s c u s s  the c o s m o l o g i c a l  s i g n i f i ca t i o n  and the 
f e a s i b i l i ty of th e d e t e c t i o n  of th i s  b a c k gr o u n d . 
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I - I NTRO D U C T I O N  

Th e s ta n d a r d  B i g  B a n g  th e o ry , w h o s e  qua l i t a t i v e  i d e a s  r o o t  

b ack to th e f o u r t i e s  had p r e d i c t e d  t h e  e x i s t e n c e  o f  a c o s m i c  th e r -
' 

mal r a d i a t i o n  a t  a temper a ture o f  a few d e gr e e s  K .  Th i s  p r e di c t i o n  

w a s  s u c c e s s f u l !  s i n c e  t h e  C o s m i c  Rad i at i o n  B a ck gr o u n d  ( CRB ) w a s  

d e t e c ted a t  2 . 7  K .  S i m i l a r ly the B i g  B a n g  theory p r e d i c ts a C o s m i c  

N e u t r i no B a c k gr o u n d  ( C VB ) , a t  a tempe r a tu r e  o f  1 . 9 K i f n e u t r i no s  

a r e  ma s s l es s ; i f  they a r e  mas s i ve , th e t e mp e r a t u r e  i s  l ow e r  a s  I 

sha l l  r e c a l l  l a t e r . One o f  the c h a l l e n g e s  in c o sm o l o gy today is to 

d e t e c t  t h i s  CVB , a g o a l  w h i c h , th a n k s  to i d e a s  o f  Oph e r
1 )  

a n d  

L e w i s
2 )

, s e ems now n o t  u n r e a s o nab l e  to r e ach . B e f o r e  di s c u s s i ng 

th e f e a s ib i l i ty o f  s u ch i de a s , I w i l l  r e c a l l  w h a t  c o s mo l o g i c a l  

i n fo rma t i o n  t h e  d e te c t i o n  o f  t h e  C V B  c o u l d  p r o vi d e . 

I I  - WHY 

Let us supp o s e  i n  th i s  c h a p t e r  th a t  th e d e t e c t i o n  of the CVB 

is pos s ib l e  w i th all d e s i r ab l e  p r e c i s i o n  fo r its amp l i tude , a n g u l a r  

s tr u c tu r e  e t c . I w i l l  a s s ume t h e  e x i s t e n c e  o f  F fami l ie s  o f  n e u t r i -

n o s . Today i n  1 9 8 1  w e  h ave F = 3  w i th e l e c t r o n i c  , muo n i c  a n d  t a u i c  

n e u t r i n o s  ( V
e

, v
µ 

V
T

) .  Th e p o s s i b l e  e x i s t e n c e  o f  o th e r  s p e c i e s  i s  a n  

o p e n  theo r e t i c a l  and e x p e r i m e n t a l  q u e s t i o n . I w i l l  a l s o  a s s ume t h a t  

th e s e  n e u t r i n o s  h a ve i n f i n i te l i f e t imes a nd w i l l  n e g l e c t  comp l i c a 

t i o n s  due to po s s i b l e  o s c i l l a t i o n s  b e tw e e n  t h e  d i f fe r e n t  type s . 

The S ta n d a r d  B i g  B a n g  t h e o r y
3 )

pr e d i c ts th e e x i s t e n c e  o f  a 

CVB due to the d e c o up l i ng o f  n e u t r i no s  a t  a temp e r a t ur e  o f  a b o u t  

1 M e v  i n  the E a r l y  U n i v e rs e .  B e c a u s e  o f  th e r eh e a t i n g  o f  t h e  C R B  

b y  e
+

e
-

a n n ih i l a ti o n  a t  a t e mp e r a t u r e  o f  0 . 5  MeV , th e C VB temperature 

T
V 

is imme d i a t l y  a f t e r  th i s  a n n ih i l a t i o n  l o w e r  th a n  th e CRB 
1 / 3 

temp e r a tu r e  T
R 

by a f a c to r  o f  ( 1 1 / 4 )  = 1 . 4  . Th e l at e r  evo l u t i o n  

o f  t h e  C V B  depends o n  t h e  ma s s  o f  t h e  n e u t r i no s . I f  t h e  n e u t r i n o s  

- 1 
a r e  ma s s l e s s  T

V 
drops l i k e  T

R
, namely as R ( R  is the s c a l e  f a c t o r  

o f  th e F r i edmann U n i ve r s e )  a n d  t o d a y  T v  = 1 . 9 K .  I f  t h e  n e u t r i nos 

h a v e  a ,m a s s  m v ( fo r  conven i e n c e  s uppo s e d  to b e  s a m e  

type s o f  n e u t r i no s ) , w h e n  T v  h a s  r e a c h e d  m
v 

i t  d r o p s  

f o r  the t h r e e  
- 2  

as R 

Today th i s  w o u l d  g i ve T v= 5 1 0 - S  K f o r  m
v

= 3 0 e V  w h i c h  w o u l d  c o r respond 

to a m e a n  v e l o c i ty o f  n e u t r i no s  o f  6 kms - 1 . B u t  i t  i s  an o b s e rvational 

:f a c t  th a t  the r e  i s  a m e a n  v e l.o c i ty o f  m a t t e r  ( G a l a xi e s )  in the 

U n i v e r s e  of about 200 kms - 1
. Th i s  v e l o c i ty would b e  commu n i c q te d  

to n e u tr i no s  th r ough th e g r a v i t a t i o n a l  i n t e r a c t i o n  a n d  f i n a l l y  k e ep 

t h em at a temp e r a t u r e  o f  IV 1 o
- 2

K .  Th i s  e v o l u t i o n  o f  T is summarized v 



in F i gur e 1 .  

v = 300 kms -l 
v = 6 kms -1 

R 
I f  the r e  is in th e C V B  a n  e q u a l  numb e r  o f  n e u t r i n o s  and a n t i n e utrinos 

3 4 3 
th e i r  numb e r  d e n s i ty n

v 
i s  e q u a l  to 2 . 8. 11 n� = l l O ( T

R
/ 2 . 7 )  for 

e a c h  typ e  of n e u t r i no s , whe r e  n )f is the pho ton d e n s i ty i n  the 

C RB . This n i n c l ud e s  n e u t r i n o s  + a n t i n e u t r i no s . Th e c a s e  o f  v 
a n  u n e q u a l  numb er o f  n e u t r i n o s  a n d  a n t i n e u t r i n o s  ( l epto n i c  asymetry ) 

w i l l  b e  d i s c u s s e d  i n § 3 .  The d e t e c t i o n  o f  th e C V B  w o u l d  l e ad to 

m a ny i n t e r e s t i n g  c o nc l u s i o ns 

1 .  Ex i s te n c e  o f  C V B  

Th e S ta nd a r d  B i g  B a n g  theory i s  a f t e r  a l � o n l y  s up p o r t e d  by t h e  

abund a n c e  o f  l i g h t  e l em e n t s  and the p r e d i c t e d  e x i s t e n c e  o f  CRB . 

Th e s e  two f a c ts a r e  c ompa t i b l e  w i th o th e r  th e o r i e s , for i n s t a n c e 

mo d e l s  o f  t e p i d  U n i v e r s e s
4 )  

i n  wh i c h  the b a r y o n/ ph o t o n  r a t i o  i s  

about 1 0- 4 
a t  t h e  epo c h  o f  p r imord i a l  n u c l e o s y n the s i s  a n d  f a l l s  

a t  1 0 - S  a t  z =500 d u e  to the f o rma t i o n  o f  popu l a t i o n  I I I  s ta r s . 

I n  th e s e  m o d e l s  the n e u t r i no / ph o t o n  r a t i o s  i s  n o t  2 . 4 / 1 1 . 3 / 8  a s  

i n  the S ta n d a rd m o d e l  b u t  o t  th e o r d e r  o f  l o - 4
. 

2 .  Chemi c a l  c ompo s i t i o n  

Th e S ta n d a r d  th e o r y  p r e d i c ts a n  e q u a l  numb e r  o f  n e u t r i n o s  f o r  

e a c h  type . I f  t h e  d e t e c to r  w o u l d  b e  s e n s i ti v e  t o  the n e u t r i no type , 

we c o u l d  t e s t th i s  s e c o n d  p r e d i c t i o n . I t  c o u l d  i n d e e d  h a p p e n  th a t  

c o mp l i c a ti o n s  d u e  t o  os c i l l a ti o ns b e tw e e n  d i f fe r e n t  typ e s  l e ad to 

a de s e q u i l i b r i um among s p ac i e s . 

3 .  N e u t r i n o  asyme try 

The p r e s e n t  b a ry o n / ph o to n  r a t i o  = 1 0 - S  is u s ua l l y  v i e w e d  a s  a 

r emna n t  o f  the b a ry o n  a s yme try A
B 

w h i ch o c c ur s  
1 5  

w h e n  T
R 

= 10 Gev .� 
i s  d e f i n e d  a s  ( n

B
- nB );h � w h e r e  n

B
and nB a r e  the b a ry o n  and antibaryon 

2 0 5  
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densitie s .  Th i s  a s y m e try i s  a t t r i b u t e d  t o  a c o mb i n e d  e f f e c t  o f  b a r y o n  

n o n  c o n s e r v a t i 9 n  ( 6 B � O ) a n d  C P  v i o l a t i o n  o f  G r a n d  U n i f i e d  i n t e r 

a c ti o n s  t o g e th e r  w i th n o n  eq u i l ib r i um
5 ) . I n  S ta n d a r d  G r a n d  U n i f i e d  

T h e o r i e s  ( G UTs ) b a s e d  o n  S U ( S ) o r  80 ( 1 0 )  6 B  F O  i s  c o mpo n s a te d  b y  

a l ep to n  numb e r  n o n  c o n s e r v a t i o n  ( L'lL FO ) s uc h  t h a t  6 ( B - L )  = o .  
C o n s e q u e n t l y  the n e u t r i n o  a s y m e try Av o f  t h e  C V B  (Av= ( nv-nv ) /� ) i s not 

g r e a t e r  th a t  1 0-
8 

in th e s e  mod e l s . P h e no m e n o l o g i c a l  c o n s t r a i n t s  o n  

A v  b a s e d  o n  p r i m o r d i a l  n u c l e o s y n th e s i s
6 ) o r  o n  a n  a s s um e d  n e u t r i n o 

m a s s  o f  3 0 ev
7 ) g i v e  o nl y  A � 1 .  Al t e r n a t i v e  GUTs , b a s e d  f o r  i n s -

4 v 
t a n c e  on ( S U ( 4 ) ) , a l l o w  f o r  Ll B = 2  a n d  6 L = 2 t r a n s i t i o n s  w i th 

6 ( B - L ) FO S ) . Th e i r  m a n i f e s t a t i o n  a r e  s e a r c h e d  i n  n n 9 ) o r  V V  

o s c i l l a t i o n s . T h e y  a r e  a l s o  l i k e l y  to l e a d  to a n e u t r i n o  a s y m e t r y  

A v  o f  t h e  C V B  d i f f e r e n t  t h a n  AB , a n d  d e t e c ta b l e  i f  A v > > l o - 8 •  
4 . P r i m o r d i a l  i nh omo g e n e i t i e s  

L e t  u s  a s s ume i n  t h i s  s e c t i o n  th a t  n e u t r i n o s  a r e  ma s s l e s s .  

Th e n  th e C V N  n e u t r i n o s  a r e  s t i l l  r e l a t i v i s t i c  a n d  s i n c e  they a r e  

d e c o u p l e d  they b a c k  t r a v e l  o n  t h e  l i gh t  c a ne u p  t o  a TR o f  1 M e V .  

They c o u l d  c o n s e q u e n t l y  g i v e  a d i r e c t  a c c e s s  t o  t h e  mos t p r i mo r d i a l  

i nhomo g e n e i t i e s . F i g u r e  2 s h o w s  the d i f f e r e n t  w a y s  to t e s t  th e 

h o mo g e n e i ty o f  the u n i v e r s e  at d i f f e r e n t  e p o c h s . 



The s ma l l  f l u c tua t i o ns , y e t  u nd e t e c t e d , o f  the 2 . 7 K CRB g i v e s  a 

d i r e c t  m e a s u r e  o f  th e homo g e n e i ty o f  t h e  U n i v e r s e  b a c k  a t  a t e m p e 

r a t u r e  o f  4 2 00 K .  I ts l ar g e  s c a l e  h o mo g e n e i ty l e a d s  to the w e l l  

k nown h o r i z o n  prob l e m  3 ) F u r t h e r  b a c k  in t i m e  we h a v e  th e l i g h t  

e l e m e n t s  n u c l e o - s y n th e s i s  a t  a t e mp e r a tu r e  o f  a b o u t  0 . 1 M e V .  O u r  

k no w l e d g e  o f  t h i s  e p o c h  c o m e s  from the fossil abundances X (He4 ) and 
x ( D

2
) .  X ( D

2
) i s  s e n s i t i v e  to t h e  b a r y o n i c  d e n s i ty . Th i s  f a r  e x t r a 

g a l a c t i c  m e a s u r e m e n t  o f  X ( D
2 ) . ( up to r e d s h i f ts o f  2 o r  3 )  w o u l d  b e  

a m e a n s  t o  r e a c h  s o m e  b a r y o n i c  i nh o mo g e ne i t i e s  a t  TR=0 . 1  Me V .  Th i s  

m e a s u r e m e n t  w i l l  h o p e f u l l y  b e  p r a c t i c ab l e  w i th i n  a n e a r  f u t u r e  

t h r o u g h  d e u t e r i um L ab s o r p t i o n  o f  t h e  q u a s a r  c o n t i nuum b y  i n t e r -
. l O ) a . 4 4 g a l a c t i c  c l o u d s  . E x t r a g a l a c t i c  H e  do e s  no t h e l p  s i nc e  X ( H e  ) 

is i n s e n s i t i v e  to t h e  m a t t e r  d e n s i ty . W i th ma s s l e s s  n e u t r i n o s  we 

c o u l d  l o o k  b a c k  a t  a t e mp e r a t u r e  o f  0 . 5 - 1  MeV ( th e i r  d e c o u p l i n g  

temp e r a t u r e ) . A di r e c t i o n a l  C V B  d e te c to r  w o u l d  th e r e f o r e  g i ve a 

d i r e c t  a c c e s s  to s ma l l  s c a l e  i nh o mo g e n e i t i e s  at TR =0 . 5 - 1 Me V ;  l a r g e  

s c a l e  i s o t ropy a t  th e s a m e  e p o c h  w o u l d  r e e n f o r c e  th e h o r i z o n  prob l em 

a l r e a dy r a i s e d  by th e C R B  i s o tropy . 
5 . L o c a l  g a l a c t i c  dynam i c s  

I f  o n  t h e  c o n t r a r y  th e n e u t r i n o s  h a v e  a m a s s  m v , they b e c o m e  

n o n  r e l a t i v i s t i c  w h e n  TV d r o p s  b e l ow mv a n d  th e y  l e ave th e l i gh t  

c o n e . They b e g i n  th e n  to b e  a f f e c t e d  by g r a v i t a t i o n a l  c l u s te r i ng . 

C o n s e q u e n t ly p r i m o r d i a l  g e o m e t r i c a l  i n f o rm a t i o n  a r e  l o s t .  B u t  the 

g r a v i ta t i o n a l  e f f e c t s  d u e  to th e pr e s e n t  p o t e n t i a l  w e l l  of t h e  

G a l a xy a n d / o r  l o c a l  g r oup ( d e p e n d i n g  o n  the v a l u e  o f  m ) c a n  

1 0  t o  1 04 1 1 )  \) 
i n c r e a s e  n v by f a c to r s  o f  . The mea s u r e  o f  nv w o u l d  

th e r e f o r e  b e  a s o u r c e  o f  i n fo r m a t i o n  fo r th i s  dynam i c s  ( d i s c a r d i n g  

c om p l i c a t i o n s  du e to t e p i d  c o s mo l o g i e s ) . 

6 .  F i n a l l y r e m e mb e r  S o l a r  n e u t r i n o s  

I I - HOW 

L . S to d o l s ky p r o p o s e d  in 1 9 7 5  to d e t e c t  the \!- i n d u c e d  s p i n f l i p  

o f  e l e c t r o n s  o r  p r o t o n s  1 2 ) w i l l  n o t  d i s c u s s  th i s  p r o po s a l  h e r e . 

A n o th e r  p ro m i s i n g  i d e a  d u e  to O ph e r  l ) a n d  r e i n v e s t i g a t e d  by 

L e w i s  2 )  is to u s e  th e c o h e r e n t  s c a t t e r i n g  o f  low e n e r gy n e u t r i no s . 

L e t  me f i r s t r e c a l l  t h e  m a i n  po i n ts o f  Oph e r  a n d  L ew i s . 

Th e c oh e r e n t  s c a t t e r i n g  o f  a q u a n tuum w a v e  i n c i d e n t  o n  a s ystem 

w i th n umb e r  d e n s i ty N o f  s c a t t e r e r s  l e a ds to a g l o b a l  r e f r a c t i o n  

i nd e x  n g i v e n  b y  

n = 1 + 2 n 

2 0 7  
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wh e r e  A i s  t h e  w a v e l e n g th a n d  f ( o )  t h e  f o r w a r d  s c a t t e r i n g  

amp l i tude . F o r  n e u t r i n o s , f ( o ) i s  gi ven by t h e  W e i n b e r g - S a l am 

th eory o f  w e a k  i n te r a c t i o n s .  The a t o m i c  s c a t t e r e r s  b e i ng constituted 

by z e l e c t r o n s  a n d  3A q u a r k s  we h a v e  

f ( o )  = + 
GE ( 3 Z-A ) 

e ri2 c
2 

wh e r e  G = l o- 4 9  e r gcm 3 is the w e a k  i n t e r a c t i o n s  c o upl i ng c o n s ta n t s  

E i s  t h e  c e n t e r  o f  m a s s  e n e rgy . Th e + o r  - s i g n s ta nd s  f o r  V or V .  

C o n s e q u e n t l y  th e e f f e c t  c a n  di s c r i m i n a t e V ' s  v e r s u s  V • s  and i s  

l i k e l y  t o  m a k e  a l a r g e  A
v 

d e t e c tab l e . Th i s  r e f r a c t i o n  i n d e x  d e f i n e s  

a c r i t i c a l  to t a l  r e f l e c ti o n  a ng l e  8 c b e l ow wh i c h th e V ' s  a r e  

t o t a l l y  r e f l e c te d  

e c ( n- 1 )  1 / 2 = 

The o th e r  n e u t r i n o s  i n t e r a c t  o n l y  w i t h  quark s a n d  f o r  

th em 

f ( o )  

a n d  
e c 

+ 

EGN ( Z- A )  --2--2--
p c 

Thus we c a n  d i s c r i m i n a t e  v 8 v e r s u s  vµ o r � a n d  p a r t ly m e a s u r e  t h e  

ch emi c a l  compos i t i o n  o f  the C V B . 

Th i s  t o t a l  r e f l e c t i o n  p h e n o m e n o n  i s  w e l l  k n own a n d  w i d e l y  u s e d  

fo r u l tr a c o l d  n e u t r o n s  1 3 ) a n d  c a n  b e  u s e d  to d e s i g n  n e u t r i n o s  

m i r ro r s . 

C o n s i d e r  th e n  a s q u a r e  11 m i r r o r 11 o f  s i d e  a ,  t h i c k n e s s  b a n d  

m a s s  M .  B y  t o t a l  r e f l e c ti o n  e a c h  n e u t r in o o f  m o m e n tum Pv t r a n s f e rs 

to th e m i r r o r  a n  impu l s e  6 p  = 2 p\)8 C T h e  t o t a l  i mp u l s e  t r a n s f e r r e d  

to the m i r r o r  a f te r  a t i m e  T i s  

p = a
2

8 F 6pT c 

wh e r e  F i s  the \! f l ux o f  the C\!B through the m i r r o r . S uppo s e  a 

m e c h a n i c a l  d e t e c to r  wh o s e  e n e r gy s e n s i t i v i ty i s  Es . Th e d e te c ti v i ty 

c o nd i t i o n  i s  tha t E i s  s ma l l e r  t h a n  th e k i ne t i c  e n e r gy P 2/ 2M s 
a c q u i r e d  �y the m i r r o r , o r  

P = a 2 
8 F 6pT > � c s 

I n tr o d u c i n g  the d en s i ty o f  the m i r ro r  th i s  f i n a l l y  g i v es a 

c o n d i t i o n  on T 

T > .Jb E s  p 



T h i s  w a s  L e w i s '  i d e a .  L e t  us now d i s cus s t h e  f e a s i b i l i t y  o f  

s u c h  a n  e x p e r i m e n t  by using as a m e ch a n i c a l  d e t e c to r  t h e  g r a v i t ational

wave a n t e n n a s  now © e s i g n e d . S u c h  an a n t e n n a  is c h a r a c t e r i z e d  by i t s  

E 5 a n d  i t s  Q- f a c to r  = w T , w h e r e  i s  T i s  t h e  c h a r a c t e r i s t i c  t i m e  

o f  dampi n g  o f  v i b r a t i o n s  o f  p u l s a t i o n  w .  De te c to r s  a r e  n o w  de signed 

to r e a c h  the " qu a n tum l i m i t "  E =h w ( =  1 0
- 2 4 e r g  f o r  w= 1 0 3 h e r z) 1 4 ) 

s 
Q-factors of 1010 are not unrealistic within a few years 

l S ) . T h e r e  i s  e v e n  

t h e  po s s i b i l i ty to g o  b e y o nd t h e  q u a n t uum l im i t  1 6 ) , a l th o u g h  

n o  r e a l i s t i c  t e c h no l o g i c a l  d e v i c e  i s  p l a n n e d  f o r  th e moNe n t . 

C o n s i d e r  t h e n  a s t a c k  o f  o n e  t h o u s e n d  m i r r o r s  lm w i d e  e a ch 

a n d  ! mm t h i c k  ( th e  v a l u e  o f  th e C V B  w a v e l e n g th ) m ade o f  a m a t e r i a l  

w i th 3 Z - A �  5 0 .  T h e n  N =. 5 1 0
2 3 . F r o m  h e r e  o n  w e  h a v e  to d i s t i n g u i s h  

- 3  b e tw e e n  z e r o  a n d  n o n  z e r o  m a s s  n e u t r i n o s , b e c a u s e E ;=pc� k T r l o ev 

E :.mv c
2 

f o r  n e u t r i n o s  w i t h  ma s s e s  for mas s l e s s  n e u t r i n o s  w h e r e a s  

l a r g e r  t h a n  k T / c
2 

: 

A .  m = o v 

Th e n  F = n  c v 
1 2 - 2 - 1 

= 1 0  cm s e c 

n - l G H ( 3 Z - A )  '::::: 1 0
- l o 

E 

e ( n- 1 )  1 1 2 � 6 "  
c 

T � 3 1 o
7 

s e c  

B .  m = 
v 30 e V / c

2 

Th e n  

v e l o c i ty ; we h a v e  e s t i m a t e d  a 

w h e r e  vv is t h e  m e a n  n e u tr i no 

1 0
2 

amp l i f i c a t i o n  f a c to r  due to 

n e u t r i no g r a v i t a t i o n a l  c l u s t e r i n g  b y  th e G a l axy o t  th e l o c a l  

g r o u p . W e  h a v e  s e e n  t h a n  v v � 3 00 kms - l 

T h e n  n - 1 G N ( 3 Z - A )  
2 2 

p c 

e � 1 0 •  c 

T s e c  

S uppo s e  t h e  s ta c k  o f  m i r r o r s  i s  g r a v i t a t i o n a l l y  c o u p l e d  t o  a 

g r a v i t a t io na l  a n t e n n a  w i th Q = 1 0 1 0 . T h e n  th e v i b r a t i o n  mo d e  o f  

th e a n t e nna i n duc ed b y  e a c h  e l eme n ta r y  i mp u l s e  c o mmu n i c a t e d  by 

a n  i n c o m i n g  n e u t r i no w i l l  l a s t ,  f o r  a typi c a l  w o f  1 0 3 , 1 0
7

s e c . 

Th i s  c h a r a c te r i s t i c  d a mp i n g  t i m e  i s ,  a t  l e a s t  f o r  mas s i v e  neutrinos , 

l a r g e r  t h a n  t h e  t i m e  d e t e r m i n e d  above a n d  i t  is po s s ib l e  to 

i nt e g r a t e  th e e l e m e n t a r y  impu l s e s  d u r i n g  th i s  t i m e . F o r  mas s l e s s  

2 0 9  
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n e u t r i n o s , th e d e te c ti v i ty c o n d i t i o n  i s  l e s s  favo u r ab l e .  One w ay 

o f  i mp rovement would be to u s e  the m i r ro r s  to f o c a l i z e  the 

n e u t r i n o s  to ampl i fy the f l ux F .  

The d e t e c t i o n  o f  C v B  i s  s ti l l  a t  the s ta g e  o f  g e d a n k e n  

exp e r i m e n ts , b u t  w o r k  i s  i n  p r o g r e s s  to d e s i g n  more w o r k a b l e  

d e v i ce s . 

I thank S .  B o n a z z o l a  f o r  d i s c u s s i o ns . 
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ULTRAVIOLET BACKGROUND RADIATION 
AND THE SEARCH FOR DECAYING NEUTRINOS 

Richard C .  Henry 
Physics Department 

The Johns Hopkins University 
Baltimore, Maryland 21218 

ABSTRACT 

The spectrum of the observed far-ultraviolet background at high galactic 
latitudes provides superficial evidence of radiation from neutrino decay, but the 
spectrum is so uncertain that conclusions are not possible . A limit of �300 
photons ( cm2 sec s ter A)-1 is set on any non-stellar ultraviolet flux above 
latitude 20° . The disagreement between the Berkeley and the Johns Hopkins ultra
violet background radiation data is analysed. 
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I . INTRODUCTION 

De RUjula and Glashow
1) 

point out that slowly moving massive neutrinos ,  

remnant from the big bang, are expected to decay into lighter neutrinos and 

ultraviolet photons , the neutrino lifetimes being long on the Hubble s cale . 

S tecker ,
2 )  

and Kimble , Bowyer, and Jakobsen,
3 )  

have set limits on T ,  the life

time of a neutrino , of T > 10
2 3  

sec,  from the observational upper limit on the 

far-ultraviolet background of 285 ± 32 photons ( cm
2 

sec ster A)
-l 

of Anderson, 

Henry, Brune , Feldman, and Fastie, 4) 
and various other upper limits . 

The calculation of the lifetime limit from the observations is s traight

forwar d .  There are about 500 3° K photons cm-3 
relict from the big bang, and 

�150 neutrinos cm-3
, throughout the universe . If these neutrinos decay with 

lifetime T ,  the volume emission of the universe is 150/T photons cm-3 
sec-1 . 

Consider a shell of thickness dr distant r from u s ;  its volume is 4�r
2

dr , and 

the emission from this shell is 150 · 4rrr
2

dr/T photons sec-1
. This is spread over 

4rrr
2

cm
2

, resulting in an incident intensity of 150 dr/T photons cm-2 
sec-1

, or 

150 dr/4rrT photons cm-2 
ster-l 

sec-l 
Hubb le ' s  law is v Hr where H = 3 . 2  x 

10-18 
sec-l (= 100 km sec-l 

Mpc-1
) ,  so dr = dv/H; but dv = c dA/A,  so dr = c 

dA/AH and the incident intensity per Angstrom is 150 c dA/ 4ITTAH photons cm
-2 

sec-l 
s ter-1

/dA cm 10
8 A cm-1

, or 

150 c/4rr · l0
8

TAH photons cm-2 
sec-l 

s ter-l A-l ,  
which units we will hencefor th refer to as 11units . 11 

The only spectra of the high-galactic latitude far-ultraviolet background 

that have been obtained are those of Anderson et a1 .
4) 

and Henry,  Feldman, Fastie , 

and Weinstein.
5)  

S tecker
2) 

points out that Anderson et a1 .
4) 

report a step in 

the spectrum of the ultraviolet background at about 1700 A .  A step of this kind 

(a sharp increase toward longer wavelengths} is exactly what one would expect 

from the decay of neutrinos distributed uniformly throughout the universe . The 

increase in intensity toward longer wavelengths is confirmed by Maucherat

Joubert , Cruvellier, and Deharveng.
6)  

The s i ze of the step ( see Figure 12 of 

Anderson et al . )  is  �300 uni t s .  Setting this equal to our expression for the 

expected intensity gives a lifetime for the putative neutrinos of T = 2 x 102 3  

s e c ,  the neutrino mass being 14 . 6  e V  (assuming that the neutrino into which i t  

decays i s  much lighter) .  However , S tecker2 )  does n o t  point out that the only 

other observation of the spectrum that exists , that of Henry et al . ,
5)  

shows a 

step of the opposite kind, namely a sharp decrease toward longer wavelengths, 

occurring at slightly shorter wavelengths . Until discords in the observations 

are resolved, we cannot conclude that neutrino decay has been observed .  



Schramm , at this rencontre , sunnnarized the constraints that exist on heavy 

neutrinos of various masses , mv , and 'lifetimes , TV . Figure 1 is adapted from his 

paper; the limit from the ultraviolet background is shown as a circled dot . The 

far-ultraviolet background limit is of particular interest because it falls in 

the range of corresponding neutrino masses that is of the greatest interest for 

cosmology, as described in detail by Schramm and Steigman . 7 )  Neutrinos of mass 

> 3 eV might be gravitationally bound in clusters of galaxies , while more massive 

neutrinos could be bound up in groups of galaxies , or even in single galaxies . 

I T e V  
a l l o w ed  

p h o t o n  

I e V  a l l o w e d  

I sec 22 10 sec 32 1 0  sec 

Fig. 1 .  The regions of the neutrino mass-lifetime domain that have not  been 
excluded by observation are marked 11allowed . 11 The circled dot is the lower limit 
on the neutrino lifetime that is obtained from measurement of far-ultraviolet 
background radiation, as described in this paper . The ultraviolet observations 
are particularily important because they correspond to neutrinos having masses 
of appropriate value needed to gravitationally bind clusters of galaxies . 

The high-galactic latitude ultraviolet background radiation observations are 

summarized in Figure 2 .  The top scale i n  the figure gives the corresponding 

(heavy) neutrino mass .  The area marked with a heavy line is the Anderson e t  al .4) 

spectrometer result , the filled circle being their long-wavelength photometer 

result, which agrees with Maucherat-Joubert et a1 . 6) ( inverted triangle s ,  lower 

point showing the result of a correction procedure) . The open circle is the 
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Fig. 2 .  This is a summary of  observations o f  the high-galactic-latitude ultra
violet background radiation . Log intensity is plotted against frequency . 
Additional abscissa s cales are provided giving the wavelength in A.r;gstroms ; the 
energy in eV; and the rest-mass of the heavy neutrino that would decay into 
photons of the corresponding wavelength (assuming that the daughter neutrino is 
very light) . The observations superfically provide evidence for neutrinos of 
mass �9 eV, 12 eV, and 14 . 6  eV, but known large discords among independent 
measurements of the background render conclusions impossible.  

quoted Berkeley photometer lower limit; it should actually be raised a factor 

1 . 33 ( see below) . The filled triangle represents the conflicting Apollo 1 7  

result of  Henry et  al . 5 ) ; the rest of their spectrum agrees precisely with 

Anderson et al . and is not shown. 

The horizontal lines represent upper limits ,  from Lillie,
8) 

while the 

triangles are from Pitz , Leinert ,  Schulz, and Link . 9 )  The latter represents a 

s ounding rocket flight, and the authors warn that an airglow component may be 

present, at least at certain wavelengths . The square represents the observation, 

from the ground , of Dube , Wicke s ,  and Wilkinson .  
lO) 



If one chooses to ignore the Apollo 17 result,  a procedure that I do not 

recommend , and to take all of the other observations at face value , the data 

shown in Figure 2 could suggest the presence of emission lines from three 

neutrinos , masses 9 eV, 12 eV, and 14 . 6  eV, in the halo of our galaxy. Actually 

this would violate the supposition that the residual neutrino is much lighter 

than its parent ,  but it is not worth exploring further , because the data quality 

is such that no conclusions can be drawn at all,  at this stage . 

The subject of ultraviolet background radiation has been reviewed by 

Davidsen, Bowyer , and Lampton ;
ll) by Paresce and Jakobsen; 12) and by Henry. 13) 

All reviews have emphasized the highly discordant nature of the observations. 

In the remaining sections of the present paper , we re-examine one such discord , 

and we review the Apollo 17 observations of large regions of the sky. 

II . BERKELEY AND JOHNS HOPKINS 

Paresce , McKee , and Bowyer14) have drawn attention to a specific disagree

ment between their measurement of the brightness of the cosmic background , and 

that of Anderson et al . 4) The disagreement is displayed in Figure 3, which is 

a plot of Anderson et al . 's counting rate (averaged over 1405 - 1605 A) as a 

function of time during the Aries rocket flight ( the Aries altitude is given on 

the top scale) . The Aries spectrometer was pointed at four targets during the 

flight, the first three of which are marked with a horizontal line giving the 

level of stellar signal that is estimated to be present . The couot rate that 

should have been observed at targets 1 and 2 ,  if the Berkeley observations
14) 

are correct ,  is shown as horizontal lines marked B .  The Berkeley photometer 

b andpass was �1380 - 1430 A, with a long tail to longer wavelengths. 15) 

The absolute calibration uncertainty claimed by Berkeley15) is � ± 20% , and 

by Hopkins4)  � ± 10% . The discrepancy is therefore very significant ,  and war

rants investigation. 

Could Hopkins be missing light that is really there? This hardly seems 

possible, because of the in-flight check that was made at the fourth target, the 

star 11 CMi . The signal that is expected, on the basis of the TD-1 satellite 

observation16) of this star , is shown in Figure 3 .  If  anything, we detect too 

much radiation , not too little . (The extra flux that is observed is undoub tedly 

due to other stars at this low (18°)  galactic latitude . )  Another point that 

might occur , is the question of whether the Hopkins spectrometer has the same 

efficiency for the detection of diffuse radiation as it has for point sources . 

Henry13) has presented detailed evidence that it does . 
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Fig .  3.  This is a histogram of the 1405 - 1650 A count rate of the spectrometer 
of Anderson et al . as a function of time (bottom scale) , and of Aries rocket 
altitude ( top scale) . The estimated stellar contribution to the signal is shown 
by a horizontal line for the first three targets , and the contribution of the 
calibration s tar 11 CMi  to the fourth targe t ,  based on its brightness as 
measured with the TD-1 satellite , is also indicated . The signal level that 
should have been observed, on the first two targets , if the Berkeley Apollo
Soyuz observations are correct,  is shown by the horizontal lines marked B .  
The observation of 1 1  CMi shows that i f  anything , A�derson et al . are observing 
too much flux, not too little . Independent evidence is given in the text that 
the Berkeley data are subject to contamination of unknown origin. 

We tentatively conclude, therefore, that Hopkins is not observing too low a 

signal,  and turn to the opposite possibility , namely that Berkeley is obtaining 

too high a signal.  

Is there any way to tell , internally , from the Berkeley data , whether con

taminating signal is present? Fortunately, there is ,  as we now detail. 



Paresce , Margan , Bowyer , and Lampton have reported15) the dis covery of many 

far-ultraviolet bright patches at moderate and high galactic latitudes . These 

are shown in Figures 4 and 5 ,  which are adapted from Figure 3 of Paresce et a1 :5) 

using the conversion from counts sec-l to units that is reported in their paper . 

More than 200 patches brighter than 2000 units are reported , and at least 75 

patches are as bright or brighter than 4000 uni ts . These patches , if real,  are 

of great interest and importance in the study of cosmic far-ultraviolet back

ground radiation .  No coordinates of the patches are given . 
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Fig. 4 .  An attempt to detect contamination in the Berkeley data from internal 
evidence . The bright patches of diffuse radiation reported in the first Berkeley 
paper are shown as filled circles . The second Berkeley paper involves a subset 
of the same data; namely , observations made from a geomagnetic latitude tb l < 45 °, 
and involves more detailed stellar corrections . In the subset, there are no 
points above 2000 units ( solid line) and the mode is as shown with the dashed 
line . If the striking difference between the two sets of data is due to stellar 
correction, then most of the solid points above the line (and presumably many of 
the points below the line) are not measures of diffuse background at all . Alter
natively, if the difference is due to geomagnetic latitude of observation, geo
physical effects are responsible for most of the points above the line (and 
presumably many of the points below the line) , and again diffuse cosmic ultra
violet light is not the source of most of the Berkeley data. 
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Fig .  5 .  The same as Figure 4 ,  but for nothern galactic latitudes. I f  coordinates 
were provided for the many extremely bright patches , independent verification of 
their reality would be possible . 

Paresce , McKee, and Bowyer14) analysed a different subset from the same data 

source , with results that are strikingly different . The mode (most frequent 

intensity) that they report in the north and the south is shown as the dashed 

line in Figures 4 and 5 .  Also,  they now report no patches brighter than 2000 
units (solid line in Figures 4 and 5) . 

Both data samples were drawn from the 3200 data points of Figure 4 of 

Paresce et al . 15) This data set excludes data obtained 11at times when the space

craft was in daylight , in the South Atlantic Anomaly, or in the auroral zones , or 

when the detector internal background exceeded 3 counts s-l or the zenith angle 

of the line of sight exceeded 90° , .,l5) and also includes only data obtained when 

11 the angle between the instrument line-of-sight and the sun was greater than 

500 . . ,14) 

The differences between the two subsets are much too large to be the result 

of sampling statistics , and thus must be produced by one , or both, of a) the 

stellar correction, and b) an exclusion of data to avoid possible geophysical 

effects . 



a) Stellar Correction 

Paresce et al . lS)  exclude " all signals consistent with a point source 

transit through the instrument at a Z a statistically significant leve l" ( though 

later they say that "variation in [diffuse background] intensity of factors of Z 

or 3 over angular distances comparable to the instrument field of view • • •  are 

common") ,  and also exclude data obtained when the instrument field of view 

contained a known s tar of mv � 6 . 5  and spectral type AZ or earlier" (an unred

dened 6�5 AZ star would contribute Z 75 units) . Note that an unreddened 6�6 B 3  

s tar would contribute 6600 units . 

For the other subset, Paresce et a1 .
14) 

remove stellar contributions by use 

of the SAO and TD-1 catalogs . 

b) Geophysical Effects 

Paresce et a1 . 15) exclude data taken in the auroral zones , while Paresce 

et a1 . 14) exclude data when the spacecraft magnetic latitude was > ±  45 ° .  

One o r  both o f  these differences between the two data sets mus t produce the 

large difference which is apparent in Figures 4 and 5 .  It would be interesting 

to know which is responsible . If it is the stellar correction, then the bright 

patches of diffuse emission reported in the first Berkeley paper do not exist .  

If  it  i s  the restriction t o  low geomagnetic latitudes , then contamination o f  

unknown origin, strongly dependent on geomagnetic latitude o f  observation , i s  

present i n  the Berkeley data . 

Finally, we note that the upper limit on a cosmological background of 300 

units that was reported by the Berkeley group , 14 • 15) is the result of subtracting 

113 units from their minimum upward-looking intensity . This 113 units is the 

airglow b rightness that they observed when looking down at earth. There is no 

reason to assume that the same airglow source is present above Apollo-Soyuz 

altitude ( ZZ3  km) , and if an upper limit on the cosmic background is to be 

obtained from the Berkeley data, that limit is �400 units. 

III . APOLLO 17 
The possibility exists that the far-ultraviolet signal that is detected

4
• 5)  

at high galactic latitudes originates in the light of galactic plane OB stars 

scattering off of high-galactic-latitude interstellar dus t .  The Berkeley 

group14 • 15) advocate this as the probable origin of some of their reported 

moderate-galactic-latitude bright spots , and they present four separate, dif-
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ferent, correlations between ultraviolet brightness and 21-cm intensity ( i . e . ,  

presumably, dust) in support of this idea. The four correlations involve a total 

of 128 of their 3200 reported observations of the diffuse background . 

In contrast,  Henry, Anderson, Feldman, and Fastie17) observed low background 

intensities at moderate galactic latitudes;  intensities that could be accounted 

for completely as the radiation of stars in their field of view, with no compo

nent of dust-scattered light from galactic-plane OB stars . Henry et a1 . 17)  

estimated the direct stellar contribution using an ultraviolet-calibrated 

version of the SAO star catalog . This is not ideal, but Henry13) has shown that 

in the case of sufficiently large field of view, the deduced diffuse background 

is very insensitive to the accuracy of the stellar correction. HenrylS) has 

repeated the analysis , using the TD-1 integrations of Gondhalekar ,  Phillips , 

and Wilson19) for the s tellar correction, and he finds that at 1565 A the inter

stellar grains have albedo a �0. 5  and scattering parameter g > 0 . 7 .  (In contrast, 

Witt20) find g � 0 . 25 . )  The value g = 0 . 7  repr�sents very strong forward 

scattering , but even if g = 0 . 7 ,  the residual diffuse ultraviolet background at 

the galactic poles could still represent the dust-scattered light of galactic

plane OB s tars . Henry et a1 . 17) obtained a value g � 0 . 9 .  This represents such 

strong forward scattering that only a negligible amount of light would be back

scattered at high galactic latitudes ,  and the observed residual is probably 

extragalactic . 

The Henry et a1 . 17) work has been greatly extended by Anderson, Henry , and 

Fastie21) and by Anderson . 22) The observations were made with the Apollo 17 far

ultraviolet spectrometer of Fas tie .23) This work is recapitulated in some detail 

here , allowing presentation of additional selections from the data . 

The spectrometer field of view was 12° x 12 ° .  There was no telescope; the 

field of view was limited by a baffle . 23) The instrument scanned from 1180 to 

1680 A every 12 seconds . Resolution was 11 A, but for purposes of analysis , the 

data were gathered into six wavelength intervals , numbered 1 through 6 .  These 

intervals are detailed by Henry et a1 . 2 4) 

The observed signal as a function of time, for sky-scan number 6 ,  for wave

length interval four (A4) , is displayed in Figure 6 .  The spectrometer looked 

out of the Apollo 17 service bay, and scanned around the sky as the spacecraft 

rotated . The lower panel in the figure gives the observed A4 brightness (solid 

line) and the s tar-catalog prediction (dashed line) . The ordinate scale is 

linear ( left scale) up to the solid line, and logarithmic (right scale) above i t .  
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Fig .  6 .  The bottom panel compares the observed Apollo 17 ultraviolet signal 
(solid line) with the star-catalog prediction ( dashed line) . At the highest 
latitudes (lowest intensities) , the observed signal is less than 1000 units , 
without any s tellar correction at all . The top panel gives the �simultaneously 
observed la signal (solid line) , and also the 21-cm hydrogen surface density 
(dashed line) , which is a fair measure of the amount of dust in the field of 
view. The spike in La represents passage of the earth through the field of view. 
The observations were made on trans-earth coast .  

The data have been corrected for a large but very well determined dark current ,  

and for instrumentally-scattered la radiation (which is particularily strong 

when the instrument line-of-sight sweeps through earth�see top panel in the 

figure) . Note that the average high-galactic-latoitude intensity is well below 

1000 units without any stellar correction at all . 

The average s tellar correction that is involved can be deduced from the 

data in Figure ( from Henry et a1 . 24) ) which gives the average total integrated 

A4 signal as a function of Gould latitude ( Gould latitude differs from galactic 

latitude by an amount that varies from 0° to 20° , only) . From 30 - 35° latitude, 

the average s tellar correction is only �2000 units , so even a 30% error in the 

s tellar correction would produce an error of only 600 units in the deduced 
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Fig .  7 .  The integrated average brightness of the ultraviolet sky observed from 
Apollo 17 ( solid line) , as a function of latitude . The star-catalog prediction 
is given by the dashed line . The integrated brightness over large regions in 
the Gould (�galactic) latitude interval 30 - 35 ° is only �2000 units . The 
brightness is higher than this at higher latitudes because of the effects of 
small numbers of very bright nearby s tars .  

average background . The s tellar correction is typically even lower at higher 

galactic latitudes ; the average in Figure 7 is higher because of the effects of 

a very few extremely bright s tars at mid-latitudes .  

The astronauts gathered data during six intervals , making scans over six 

small circles on the sky . Detailed maps of the scan path are given by Henry 

et a1 .24)  The largest amount of data was obtained during the three astronaut 

sleep periods , sky scans 1 through 3 .  The reduced data ( that is , corrected for 

dark-current ,  grating scattered LcL, and direct s tarlight) for one of the two 

galactic plane passages , for each of these three sky-scans , are given in Figures 

8, 9 ,  and 10 respectively, for A 4 ,  6 ,  and 4, respectively. In the bottom panel 

in each figure , the residual signal for each spectral scan is plotted with a 

symbol,  the size of which is proportional to the weight that should be given to 

the point, considering, primarily, the size and uncertainty of the s t�llar 

correction. The symbols are systematically smaller ( i .e . ,  lower weight) in 
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Fig . 8 .  The ultraviolet intensity (lower panel) during one of the two galactic
plane crossings of sky-scan number one , after correction for dark current , 
grating-scattered La ,  and direct starlight . The size of the plotting symbol is 
proportional to the weight of the observation. The weighted average is given as 
a histogram . The stellar correction is very large at low latitude s ,  so those 
observations have very low weight . The top panel indicates the amount of inter
stellar dust present in the field of view. At latitudes 25° to 35 ° ,  no signal is 
seen that could be attributed to the light of galactic-plane OB s tars scattering 
off of the large amount of interstellar dust that is present at those latitudes . 
Note particularily that the s tellar correction is not significantly larger in 
this latitude interval than it is at higher latitudes (otherwise , the points 
would be smaller; that is , would have lower weight) . 
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Figure 9 ,  because the correction for grating-scattered la was large for A 6 .  The 

top panel in each figure gives the overage color excess , E ( B-V) , which is a mea

sure of the amount of interstellar dust ,  as estimated from the 21-cm observations 
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Fig . 9 .  The same as Figure 7 ,  except that these are data from the second of the 
six sky scans . The points are systematically of lower weight because the 
correction for grating-scattered la was particularily large for the wavelength 
interval involved in this plot . Again, there is no evidence for light scattered 
from dus t .  

o f  Heiles . 25-27) Examining the figures, we see that i n  the case of all three sky 

scans , large amounts of data are obtained in latitudes where a great deal of 

dust is present , yet no ultraviolet signal is observed that could be attributed 

to the light of galactic-plane OB stars scattering from this dust . The stellar 

correction, as indicated by the size of the plotting symbol , is not significantly 

larger in these regions than it is at the highest latitudes . The ordinates in 

the three figures are in thousands of units . Clearly, fewer than 1000 units are 

present ,  that could be due to light scattered from dust .  Complete analysis, 21 •
22) 

averaging all of the data , sets a limit of about 300 units on such light . 
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Fig. 1 0 .  The same as Figures 8 and 9 ,  but  for the third sky scan . Again, there is no evidence for light scattered from 
dus t .  
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These data may be presented in  another way . Figure 11 gives the residual 

A6 intensity (after correction for dark current , grating scattered La, and direct 

starlight) , for each spectral scan during the six sky scans (some points fall 

outside the plotted region) , as a function of E(B-V) , i . e . ,  as a function of the 

amount of dust in the field of view. The weighted mean (marked with its 

uncertainty) is indicated by the histogram . An upper limit of 300 units for any 

dust-scattered light appears very reasonable, even at this wavelength where the 

correction for grating-scattered La is large . 

A powerful check on the precision of the correction for grating-scattered 

La is possible . We simply repeat the analysis , correcting each scan for dark 

current and for starlight, but making no correction at all for grating-scattered 
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Fig . 11 .  The residual intensity (after correction for dark current , grating
scattered La, and direct s tarlight) , for all of the spectral scans, is p lotted 
against a parameter that is a measure of the amount of dus t that is  in the field 
of view. The weighted mean (marked with its uncertainty) is shown as a histogram. 
An upper limit of 300 units on any light scattered from dust in the field of view 
seems very reasonable . 



La, and see how well the residual correlates with the celestial La signal , 

directly observed j ust a few seconds earlier . The result, for A6 , is shown in 

Figure 12 , where the weighted mean (marked with its uncertainty) is again 

indicated by a histogram. I suggest that the reader lay a transparent ruler on 

this histogram, through zero,  to verify the linearity of the correlation. 
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Fig. 12 . The same as Figure 11; except that here no correction has been made for 
grating-scattered La radiation, and the residual is plotted against the observed 
La brightness of the sky at that position . Clearly , the grating is scattering 
La to longer wavelengths , and clearly we have a good measure of the amount of 
grating-scattered La, and can remove it from our data with precision . 

A second example of thi s ,  one for A 4 ,  is given in Figure 13, which is 

identical to Figure 18 of Anderson et al . , 2 1) except that here we do not delete 

the portion of the data that includes observation of the star a And . Comparing 

the two versions of the figure, the scans in Figure 13 that contain a And leap to 

the eye, at La � 19 , residual intensity = 3000 - 6000 units . The SAO catalog 

stellar correction is clearly in error for this one particular s tar , which is 

why Anderson et a1 . 2 1) deleted this portion of the data . The figure therefore 

supplies clear evidence for the adequacy of the SAO catalog corrections for 
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Fig. 1 3 .  As in Figure 12 (but for another wavelength) , each spectrum has been 
corrected for dark current and stellar contribution onl y ,  and the residual has 
been plotted against the observed intensity of La radiation that is present . A 
clear correlation of residual intensity with La is apparent .  Unlike elsewhere 
in the present work, the data that include the s tar a And have not been deleted� 
and are very apparent as an isolated group of high-residual points . The s tar
catalog correction for this star is clearly incorrect (which is why we delete 
these data) �and is equally clearly adequate for other stars . 

other star s .  

IV . CONCLUSION 

Comparison of Johns Hopkins and Berkeley data on the ultraviolet cosmic 

background , and internal examination of the Berkeley data , leads to the conclu

sion that at lati tudes above about 20° , the limit on any light s cattered from 

interstellar dust ,  or indeed ,  the limit on light from any source other than 

stars , is of order 300 photons ( cm
2 

sec s ter A)-1 .  Examination of the spectrum 

of the observed b ackground at the highe s t  galactic latitudes provides superficial 

evidence for radiation from decaying neutrinos , but the spectrum is so uncertain 

that conclusions are not poss ible . 
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PRIMORDIAL NUCLEOSYNTHESIS 

Jean Audouze l 

Institut d'Astrophysique du CNRS 
Paris - France 

la lso at Laboratoire Ren� Bernas 
Orsay - France 

A quick summary of the primordial nucleosynthesis occuring during the early 
phases of the Universe ( very often referred to as the Big Bang) is provided. The 
observed abundances of the light elements D ,  3He , 4He and 71i such as the proces
ses responsible for their formation are recalled . D and 7 Li can be used to probe 
the present density of the Universe and its dynamical properties on very large 
scales whi le the 4He abundance is related to the lepton density and the rate of 
expansion of the Universe .  Moreover the influence of the very hypothetical mass 
of the neutrinos  on the early evolution of the Universe is mentionned. 
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I .  INTRODUCTION 

The purpose of th is talk is to review very briefly current thoughts and 

works about the nuc leosynthetic processes which should have occured during the 

early phases of the Universe .  For more than ten years now, it is general ly assu

med and accepted that the l ightest nuclear species l ike D, 3He , 4He and hi are 

synthet ized at the end of the so called Big Bang : This unique explosive and pri

mordial event has induced the observed expans ion of the Universe and originated 

the relic blackbody radiat ion at 2 . 7 K. 

The analysis of the primordial nucleosynthesis processes is indeed int imate

ly rel ated to general astrophysical e ffects or consequences such as the evolut ion 

of the d i latat ion of the Universe ( i s  the Universe "open" , i . e .  expanding for e

ver or can it  be "c losed" ,  i . e .  able to experience success ive phases of expansion 

and contractions ? ) connected itself  to the value of its present dens ity .  This 

specific nuc leosynthesis can also provide invaluable information on many aspects 

of the nature of the elementary part icles and some of the physical laws which go

vern them. This paper and other contributions in these proceedings c learly 

estab l ish the c lose relat ion between cosmology and element ary par t ic le physics 

The recent and important progresses present ly achieved in one of these fields 

c learly influence and are bene ficial to the other .  

After a short summary i n  Sect ion I I  of the present ly observed abundances of 

the relevant elements ( D ,  3He , 4He and 7L i )  the main properties of the c lassical 

(or so called canonical)  Big Bang models and the characteris tics of the nucleo

synthetic processes which occur during the early phases are recal led in  Sect ion 

III .  Sect ion IV is devoted to the consequences of these nucleosynthetic aspects 

on the evolut ion of the expansion of the Universe, the present dens i ty of it  and 

same propert ies of the elementary part icle physics such as the number of exist ing 

neut rinos , their pos sible mas s ,  etc . . .  Section V contains our present conc lusions 

concerning these relat ions exist ing between the nucleosynthes i s ,  the cosmology 

and the e lementary particle phys ics . 

I I .  THE OBSERVED ABUNDANCES OF THE LIGHTEST ELEMENTS 

The re levant elements are Deuterium (D) Hel ium and 4 ( 3He and 4He ) and Li-
thium 7 ( 1Li ) .  Among the many recent reviews which provide some informations on 

their abundances and more references the reader may consult references 1 ,  2 and 3. 

1 )  Deuterium : The present ly adopted D abundance is D/H = 2 ± 1 10-5 although 

with s t i l l  very large uncertaint ies on such value s .  This abundance range is based 



on meteoritical,  solar wind, Jupiter and interstel lar measurement s .  The recent 
determinat ions of the interste llar D/H ratio in the so lar neighbourhood clearly 
show a quite large spread in this abundance according to the different lines of 
s ight of 0 and B s tars used for such searches .  The nearby interste llar D 

4) 
abundance might range from D/H � 2 10-6 up to D/H � 2 10-4 • Never the less 
various physical e ffects may lead to such a spread ( radiat ion pressure affect ing 
specifically the D atoms and chemical fractionation induced by the format ion and 
destruction processes o f  DH in molecular c louds 5 ) ) .  Reference 5 concludes that a 
proper account of these effects should res trict the poss ible variat ions of the 
nearby interstellar D/H within the range quoted above .  

2) He lium 3 : There are s t ill many uncertainties on the 3He abundance. Wood et  al . 

6) dare only to quote an upper limit 3He/H � 5 10-5 from their very careful 
search of the inters tel lar 3He abundance .  There are a l so some uncertainties on 
the So lar System 3He abundance due to the transformation of the Solar Sys tem D 
into i t .  Keeping in mind these large uncertainties one can consider that the 
observed 3He/H ratio should range from 1 to 3 lo-5 . 

3 )  Helium 4 : The reader is re ferred to Kunth ( these proceedings) for a detai led 
ana lys is o f  the 4He abundance deduced from the He observations from galaxies with 
low metal licity and high gas content ( these galaxies are often referred to as 
blue compact galaxies or "lazy" galaxies 7l) . According to this author and contra

ry to previous works on th is subject a signi ficant and clearcut correlat ion 
between the hel ium and meal abundance does not seem to exist anymore The 
primordial He abundance (by mas s )  is equal to Y = 0 . 243 ± 0 . 010 while the Solar 
System He abundance is about 0 . 2 7 ± 0 . 0 3 .  

4) Lithium 7 : The 7Li abundance can be  evaluated from carbonaceous chondrites 
determinat ions < 71i = 2 . 2  ± 0 . 4 10-9 ) ,  chondrites C hi = 1 . 9 ± 0 . 8  10-9 ) ,  the Sun 
( 7Li = 1 . 0 ± 0 . 3  lo-1 1 ) 1 , di fferent s tars ( 7Li 10-9 )  and the interstel lar me-
dium ( 7Li � 5 lo-10 . One adopts finally an overall 71i/H abundance of about lo-9 .  

Fina l ly the re levant light element abundances are : 

(�) = (�) = 2 ± -5( 4He) 71 · 9 10 \H = 0 . 08 ± 0 . 0 1  and T = ( I ± 0 . 5 ) 1 0-

III .  THE "CANONICAL" BIG BANG AND ITS NUCLEOSYNTHESIS 
Although it is now fairly we ll estab l ished that the observed Universe is 

1 : One should remember that in this case the 7Li abundance is espec ially low be
cause 7Li is destroyed by thermonuclear reactions at the bottom of the external 
convective zone . 
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born from a s ingular very hot and dense phase ,  the physical condit ions ruling 
this phase are still  disputable.  In cosmology one is used to call "canonical" or 
"standard" Big Bang the model in which the following quite simple and conservati
ve assumptions are made like any other Big Bang mode l .  The canonical or standard 

Big Bang model is constructed by assuming that the equivalence principle -which 
indicates that the phys ical laws are total ly invariant , i . e .  do not vary with the 
locat ion and with the time- holds and that the primordial temperature has been 
much higher than lO"K to insure the disruption of all poss ible nuclei and the e
quilibrium of weak interact ions . Furthermore in the Standard Model one assumes 
also that : 
1 )  the early Universe was homogeneous and isotropic . This assumption is often 

called the Cosmological Principle ; 

2 ) the gravitational interact ions are wel l  described by the E instein Relat ivity 
theory : the recent discovery of a double pulsar sys tem such as the estimates 
of relat ivis tic effects on the propagat ion of radar s ignals ref lect ing on the 
Venus or Mars surface, etc . . . provide very strong support in favour of this 
gravitat ion theory ; 

3 ) the Universe is asymetric, i . e .  the baryon nuwber is pos itive or the amount of 
ant imatter exist ing in the Universe is negl igible in comparison with the a-
mount of mat ter .  This point is quite we ll estab l ished now and is a direct 
consequence of the Grand Unificat ion Theories mentioned in many other chapters 
of the book ( see the contributions of J. E l l is and D.N .  Schramm) ; 

4 ) the leptonic number -i . e .  the number defined as L = n(e-) + n ( µ-) -n(e+)-n ( µ+) 

+ n ( vµ) - n ( vµ) + n ( ve ) - n(ve ) ,  where the former terms represent respect ively 
the dens ities of electrons , negative muons , pos itrons , posit ive muons , muonic 
neutrino s ,  muonic antineutrinos , e lectronic neutrinos ,  e lectronic antineutri
nos- is much smaller than the photon dens ity ; 

5) there was no unknown elementary particle during the early phases of the Uni-
vers e .  

The two first hypothesis are fairly well es tablished a t  leas t i n  firs t ap
proximat ion as we ll as the predominance of the matter over the antimatter in the 
observed Universe .  As we wi l l  see in the next sect ion the two las t hypothes is are 
far less settled : There is a growing evidence in favour of very large neutrino 
dens ities which might help in solving some problems generated by the large scale 
dynamics of the Universe .  Moreover the Grand Unificat ion Theories (GUT) which are 
currently built  both to unify the electromagnetic , weak and strong interactions 
and to offer some description of the very early phases ( t«  10-3 sec) of the Uni
verse invoke some elementary particles whtch can hardly be cons idered as known in 
the sense of hypothes is ( 5)  : the particle "zoo" of the GUT include for ins tance 



Higgs bosons , gluons and many different quarks which can be unified with the lep
tons during these very early phases and from which the hadrons (pions ,nucleons • . .  ) 

can be formed I O) ,  Therefore the Canonical Big Bang can be more and more refined 
by taking into account the recent progresses in elementary particle physics (and 
also on the observation of the large scale structure of the Universe ) . 

As a consequence of hypothes is ( 1 )  - i . e .  the cosmological principle- the me
tric describing the evolut ion of the Universe is the one of Robertson-Walker : 

2 2 2 [ du2 2 2 . 2 ds = -dt + R ( t )  --2 + v (d:J + s in  
1 -kv 

( 1 )  

where k i s  the curvature cons tant : the Universe is expanding for ever (open) for 
k = 0 and +l and c losed for k = -1 .  R( t )  is the scale factor of the Universe .  The 
radial (dimensionles s )  coordinate U and the angular coordinate 8 and P are the 
geometrical variables of this metric .  This metric takes into account the isotropy 
of the Universe. 

From the General Re lativity the expansion rate is given by 

I dV 
v d.t  

3 dR 
R. Cit (2) 

where V represent a vo lum element . G is the gravitat ional constant and p the to
tal dens ity of the Universe .  As we will see in the sequel the dens ity concerns not 
only the nucleons but also many other particles (especially the neutrinos ) .  

To account for an exp ans ion s lower or quicker than the one determined by 
this relat ion one can write the expans ion rate as l l )  

.!_ dV = � � V d t V • � "  v" 

where � = 1 ,  for the canonical B ig Bang, is < 1 for a slow expans ion and > 1 for 
a rapid one. 

The nuc leosynthes is proceeds when neutrons and protons can combine to form 

deuterium which itself transforms in part into 3He and 4He through the D (p ,  y) 3He 
D(D, n) 3He , D(D ,  p )T reactions . This combination between neutrons and protons 
occurs when the temperature of the Universe drops below kT = 0 . 1  MeV .  In the ran
ge 0 . 1  < kT < l MeV, neutrons and protons are in equilibrium thanks to the inter
actions 

n + ve � ; + p 
and n + e+ +===± Ve + p 

when the temperature is too low for these interactions to continue to proceed the 
n/p ratio freeze out such that 
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FIGURE 1 - Abundance result ing from the primordial nuc leosynthes is in the frame 
of the canonical Big Bangl2) as a func t ion of the present dens ity of the Univer 
s e .  
Figure l shows the class ical results o f  the B i g  Bang nucleosynthesis obtained in 
the frame of this s imple model 1 2) . One notices the strong dependance of the D,  

3He and 7Li abundance with the present dens ity of the Universe in contras t with 
the 4He abundance which is not very sens i t ive to this parameter .  In fac t : 

x - 2 n 
Xn/l)> 

l + (Xn/Xp ) 
( 5 )  

For ins tance it is wel l  known that too high dens it ies for the present Universe 
lead to too low D abundance s .  

IV. ASTROPHYSICAL CONSEQUENCES 
From these results one realizes that there are two different consequences : 

one related to the present dens ity of the Universe and the other related to the 
condit ions ruling the neutron-proton equil ibrium. 

The firs t consequence ,  i . e .  the determination of an upper limit for the pre
sent dens ity of the Universe is now very c lassical J ,  I J) : From Fig . l , one sees 



that X(D) becomes much lower than io-5 if p 0 > 10-30 g cm-3 which is about six 
3H02 -30(H )2 -3 t imes lower than the crit ical value Pc  = BG � 5 .  7 J O ?s 

g cm , where Ho, 
the Hubble constant , is expressed in km s-1 Mpc-1 which de l ineates the border be

tween the open Universe expanding for ever (p present < r:c) and the c losed pul sa

t ing Universe (ii > i:c ) .  At th is point I would like to stress the interest ing pro

posal made by Aus t in and King 1 4) who pointed out that the 71i abundance can set 

an upper limit to the present density of the Universe as stringent as those set 

by the use of the D abundance .  According to these authors the present dens ity of  

the  Universe should be  � 9 ± 4 io-3 1  g cm-3 . 

In fac t ,  nuclear cosmologis ts seem to be more int eres ted now by the implica

t ions of the He abundance which is sens itive to two re lated parameters : 

1 )  the speed of the expansion of the Universe ; 

2 ) the presence or the absence of new fami l ies of lepton$ . . .  

o� 
z Q I-u <( 0:: 0.3 ..... 
(J) (J) <( ::E 
::E :::> 
::::; 0.2 w :I: 

0.1 

h (g crii3 l  
105 104 -3 10 

1<531 1030 1529 
p0 (2.7/Ti Cg  cm3) 

-2 10 

FIGURE 2 - The He abundance produced in mode ls  where the expansion rate factor 
( canonica l Big Bang) � = 2, 1 and 1/2 .  One can not ice the l arge influence of th is 
parameter  on th is primordial abundance l2) . 
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As it has  bean seen above this  abundance depends on the neutron-proton rat io 

reached just after the freeze-out temperature . This rat io i tse lf  depends on the 

actual mass of the neutron Mn and on the freeze-out temperature : When the 

expansion rate is fas t ( l;  > 1 ) the freeze-out temperature remains high which 

leads to a high n/p rat io and therefore a high He abundance (Fig . 2 ) . 

This effect of changing the expansion rate might be due not only to the pre

sence of new fami l ies of neutrinos and/or leptons as seen below but a lso to inho

mogeneit ies and/or anisotropies which might affect in some direct ions the gravi

tational e ffec ts on the overa l l  d i latation of the Universe.  The choice of another 

gravity theory might also influence the expans ion of the Universe and therefore 

modi fy the value of the parameter � .  The influence of the value of � on the pri

mordial abundance of He has been expressed I S )  as 

Y = 0 . 333 + 0 . 02 log h + 0 . 380 log c 
where h is the so called baryon des ity parameter de fined as h 

cons tant since the expansion is adiabati c .  

( 6 ) 

Tg3 /p which is a 

The expansion t ime s ca le which influence directly the primordial value of Y 

is very sens i t ive to the number of exi s t ing leptons . Up to very recently the only  
2 
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FIGURE 3 - Primordial  abundances of 4He and D calculated with 0 to 5 new famil ies 
of leptons (to be added to the elect rons and to the muons l5 l . 
With the results  reported by Kunth in th is meet ing , there are only  two other fa
mil ies of leptons which can be added to them (assuming in this case that there 
are no invis ible met ter ins ide the Universe which becomes less and less likely) .  



two observed lepton fami l ies were those of electrons and muons . A third family is 

that of the heavy t au lepton. Each family corresponds to a specific c lass of 

neutrinos . As shown by Yang et al. l5) and by David and Reeves 1 6) 
an increase of 

the number of existing leptons ( therefore on existing neutrinos ) increase the 

toal nergy dens ity and therefore speeds up the expans ion of the Universe and then 

leads to h igher values of the primordial He abundance .  

1q 
0.7 2.6 -t3 14 27 46 

-07 

-om 

om 
L. 

013 
027 

1 1  

0 l1" 2 10 12 14 16 18 
lr;I 

FIGURE 4 - Compatib i l ity regions between the observed abundances and the leptonic 
numbers as defined by David and Reeves 16). 
This diagram c learly shows that when the number of different families of leptons 
is a l lowed to increase the present dens ity of the Universe (noted on this dia
gram) by the value of the cosmological parameter Q (equal to two t imes the dece
lerat ion parameter q) should a lso be larger to make the Big Bang nuc leosynthesis 
compat ible with the observat ions . 

In references 15 and 16 ( as shown in Fig .  3 and 4 ) ,  the Chicago and Saclay 

groups express s imilar conc lusions according which : 

a) The obse�ved primordial He abundance can set significant cons traints on 

the number of existing types of neutrinos and on the departure from the General 

Re l tivity . As seen from Fig .  3 ,  the calculat ions reported by Yang et al . show 

that the primordial He abundance determined by Kunth ( this conference )  seem to 

fix a str ingent limit ( less than four types of neutrinos ) on the number of diffe

rent fami l ies of leptons . 

b )  There exists  a corre l at ion between the present density  of the Universe 

and the number of different neutrinos . From reference 16 if this number is equal 

to 3, it  corresponds to a very open Universe ( Q  - 0 . 0 5 )  ; if  there are 10 differ

ent neutrinos Q - 0 . 0 8 .  More than 5000 diffe rent neutrinos are needed to make the 

corresponding Q > 0 . 8 .  

V .  SUMMARY AND CONCLUSION 

This short review has the only amb ition to call  again the attent ion of the 

astrophysicists  and the elementary part icle physicists  on the s trong connec t ion 

between the cosmology of the early  Universe and some aspects of the physics of 
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par t ic les . Many other contribut ions inc luding those of Cows ik, Kunth , Nanopoulos 

and Schramm c lear ly show th is very exc it ing connection . 

I would l ike to end up this review by reminding the reader that the D and 
71i abundances can be used to probe the present dens ity of the Universe .  Schrarrnn 

( this conferenc e )  offers the excit ing suggest ion according which the 3He abundan

ce provides as lower limit ont the baryon/photon rat io nS > 2 10- 10 . I would ny 
l ike final ly to refer those who are interes ted bu the influence of the primordial 

He abundance to the contribut ion of Kunth and to the work of O live et al . I 7 )  . 
According to th is last work which provide a c lear account on th is problem, they 

concur with the conc lus ion reached by many previous authors according whom the 

observations of the l ight element abundances imp ly that the baryons cannot c lose 

by themse lves the Universe .  Neverthe less if the neutrinos are found to be mass ive 

they might provide the bulk of the mass of the Univers e .  We may then l ive in a 

Universe where the mat t er is dominated by the mas sive neutrinos and which could 

be c losed without be ing in conflict  with the observat ions . 

I would l ike to thank Ms Sylvie Corbin for her pat ience and her help in the 

produc t ion of this paper . 
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PRIMORDIAL HELIUM AND EMISSION-LINE GALAXIES 

D. Kunth 
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Recent observat ions of 13 low luminos ity  emis s ion-l ine galaxies give no convin
cing evidence for a AY versus Az corre l ation. The obs erved scatter is likely to 
result  from uncontrol led parameters in the analysis rather than simple observa
tional error s .  
The results  taken with the bes t avai lable data in the literature suggest that Yp 
= 0 . 240 ± 0 . 0 1 5 .  
I f  w e  admit that baryons provide mos t  o f  the mass which binds binary and smal l  
groups of galaxies ,  this mass fraction Yp const raints the number o f  2 component 
neutrino species to N�� 4 and remove the contradict ions raised by previous low Yp 
determinations . 
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I .  INTRODUCTION 

The necessity to advocate a primordial he lium origin has been s tressed a 

long t ime ago since stellar nucleosynthesis would only account for a small  frac

t ion of the present ly observed hel ium abundance 1 ) . 

Indeed ,  given the luminosity and the age of our Galaxy to be L = 4 . 1 043erg sec-1 

and t = 3 . lol 7sec one immediately sees that with an energy production per gram of 

6 . 1ol8erg g-1 in the H � He conversion one would only obtain 2 . 1042 grams of he

lium .  This corresponds to about 109Me whereas the mass of our Galaxy is rough ly 

10 l 1Me so that y ,,_  0 .0 1 . 

The observed helium abundance (by mas s )  is fairly uniform and comes to be 

Y ,,..., 0 . 25 -;- 0 . 30 in strong disagreement with the previous figure . Severa l explana

t ions have been given to account for the high Y value and spatial variat ions : 

- Galaxies may have been more luminous in the past hence a correlat ion be

tween Y,  Z (metals ) and the luminos ity  would be expected 2 ) . 

- The exis tence of primordial temperature variat ions at early epoch in a 

Friedman Universe would account for the observed spatial  variat ions 3 ) . 

This evocat ion is by no means exhaus t ive , and I sha l l  admit the poss ibility that 

most of 4He was produced during the early phase of an hot and dense Universe and 

that subsequent evolut ion is respons ible for local  variat ions . 

The cal culations of such a model were successfu l ly performed and predicted a 

primordial 4He abundance of 0 .  250 which depends l itt  �e on the baryonic dens ity 

but cri t ically on the expans ion rat e  of the Universe 4) . 

This later fact is becoming crucial s ince the dis covery of the new 'Z" lepton im
plying the existence of a new neutrino flavor . Adding more relativistic neutrinos 

to the early Universe increases the energy dens ity hence speeds up the expans ion 

rate and favors the 4He product ion. 

The knowledge of the amount of 4He which follows from primord ial nuc leosynthesis 

can set severe cons t raints up in the Big Bang model or the number of neutrino 

flavors to be dis covered .  

I I .  THE IDEAL SITES 

The helium abundance can be obtained by direct observation� or ind irect ly in 

many as trophys ical objects -see 5) & 6) for a review- . The problem one faces is 

to ascribe which net fraction is due to subsequent evolution of the s i te or the 

object under study . An ideal choice would be one for which the primordial gas has 

been almost una ltered. 

The possible as trophysical  importance of unevo lved galaxies with metal-poor in

ters tel lar gas such as IZwl8 and IIZw40 has been pointed out by Searle and Sar

gent 7 ) . Ever s ince , an increas ing number of such galaxies have been dis covered ; 

They represent an homogeneous class of objects  with the following properties : 



{ M - 109Me dwarf L - -14 -17  

hydrogen to total  mass rat io 

metal  poor 

mH/mTot >-:. 0 . 1  

z - z .. ;s -;- Z0/30 

Moreover their morphology and blue color (B-V- 0 . 0 ,  U-B - -0 . 6 )  resu lt from a re

cent burs t of s t ar formation ionizing a large frac tion of the inters tel l ar gas 

and producing a typical  H II region like spectrum out of which a direct abundance 

determination of He , O, N ,  Ne and S can be made. 

These objects  are ideal  for the chemical evolut ion mode l s  because of the ir high 

mlt/m
Tot 

r atio and the absence of dynamical structure (no spiral arms ) and low 

mass ( no accret ion expected) . Under such condit ions the so ca l led "instant recy

c l ing approximat ion" appl ies i . e .  one can neglect the l ifetime of the stars with 

respect to the evo lut ion of the gas density and one expects a re lat ion between Y 

and Z of the form : Y = o< Z + Yp 
where is the proport ionality coefficient between the corresponding galactic en

ri chments f,.y andl'l Z .  

III . SEARCH FOR DWARF EMISSION-LINE GALAXIES 

A search for dwarf emis s ion-line galaxies was undert aken by this author in 

col laboration with W . L . W .  Sargent . The aim of the search was to establ ish a l ist  

of objects for further detai led observations and find galaxies with more extreme 

propertie s .  

I n  fact the later requirement was not fu l lfi l led and among more than 5 0  newly 

discovered galaxies ,  no one did show any dramatic He or Z underabundance ( i . e .  Y 

< 0 . 2  and Z < Z0/30 ) .  

Two lists were estab lished : one from a survey among the Zwicky ' s  l is ts of blue 

compact ga laxies 8 )  and a recent one from candidates selected from two obj ect ive 

prism plates 9 ) . 

These lists  were the start ing point for the more detailed observations discussed 

be low .  

IV . OBSERVATIONS 

1 )  The sample 

We dec ided to restrict  our sample to low luminos ity and metal-poor objects 

in order to invest igate the lower Z part of the (Y ,  Z )  diagram where in principle 

the relat ion Y = o<.z + Yp s t i l l  ho l ds .  

Moreover ,  objects with Z � Z0/5 have also an observat iona l  advantage , namely the 

cool ing of the gas by the oxygen species is less effective and results in increa

s ing the gas temperature so that the temperature-indicat ive [O llI ] 4363 l ine is 

eas i ly measured .  
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We also  chose objects with an high line to cont inuum rat io to  avoid the effect of 

a s trong s tel lar contsmination in the emission l ines . 

These  requirements led us to se lee t objects dis covered from the object ive-prism 

plates as it appeared that the object ive-prism technique is highly se lective 

towards forbidden l ines whereas in the Compact Galaxies samp le we found obj ects 

with more s te l lar background and less recent act ive star format ion . Fig . 1 shows 

the [O Ill ) /Ha ratio in both samp les : it can be seen that O . P .  objects exhibit 

an h igher mean (0 llI ) /HB value . 

2) Spectroscopy 

The objects were observed at Las Campanas ( Chile)  with the 2 . 5  rn teles cope . 

We used a Boller and Chivens Spect rograph coupled with an Intens ified Reticon. 

The dispers ion 120 A/mm resulted in an effect ive resolut ion of 3 A after event 

centering and a spectral range �3500 A - 6800 A. The exposure time was chosen as 
to get more than 5 % accuracy on faint lines such as [O Ill ) 4363 and He I 447 1 .  
Table l shows the useful measured lines from wich one is ab le to extract relevant 

informat ions : 

TABLE 1 �'.L 
[ O  II) 3727 

( 0  III)  4363 
[O Ill)  495-9 } 5007 
[ N  II )  6548 } 6584 
[ S  II) 6 7 1 7  } 6730 

He l 447 1  } 5876 
He I I  4686 
H 12  

""] 
H 1 1  3771  
H 10 3798 
H 9 3835 
H J  4101  
H '( 4340 
H a 4861 
H o(  6563 

derived quantities 

n(o+) 

Te 

C (HB) 

The reduction procedure is very classical and al lows one to ana lyse a final 

sky-subtracted spectrum removed from all kinds of observational and intrumental 

effects (atmospheric  extinc t ion ,  instrument al  response . . .  ) . 

The re lat ive l ine strengths result from the observed l ine ratios by applying a 



correction for effects of interstel lar reddening. For this purpose the reddening 

constant C ( Ha )  was deduced from the observed decrement of the Balmer l ines Hl2 : 

Hll  : HlO : H 9 : H S°  : H'£ : Ha . Unde rlying ste l l ar absorpt ion do affect the 

Balmer lines of higher serie and was accounted for . 

The electronic  temperature Te and the gas dens ity Ile were obtained from the 
[o III l 4363 and the [s II l 671 7-6780 line s .  

The ionic abundances are derived from 

n (i ) � � 1 ( 1' ,Xi)  
n (H+) E ( i- , Xi )  (HS)  

where xi is  the ith ioni zat ion for the element X, and the G are the emis s ivit ies . 

S imilar expresssions hold for He+ and He++ ,  the best measured Hel l ines are A447 1 

and A5876 and we note the corresponding fract ional He+ abundances by y+(447 1 )  and 

y+(5876 ) .  

To obtain the total abundances one mus t  correct for the unseen ionizat ion stages . 

A c lass ical  ionization correction scheme makes use of the co1ncidences in the 

ionizat ion potent ials of several  ionic spec ies . This s cheme fol lows the 

ionizat ion distribution of oxygen as a guide to the ionization distribut ion of 

the other e lements .  

For helium the total abundance is 

n (He) n (He0
) + n (He+) + n (He++) 

n(H) n(H+) 

Since He0 is not observed a correct ion factor band on ionizat ion models gives 

icf  = ( 1  - 0 . 25 n (o+) /n (o ) ]-1 

and 

This correct ion is neverthe less 

n (He0 
+ He+) 

n(H+) 
. I I )  

uncertain and depends cri t ically on the elec-
tronic densit ies and the ionizing spectra in the ob jects under s tudy. Fortunately 

in a l l  our obj ects we have n(o+ ) /n (O )  < 0 . 3 and the correc t ion factor is sma l l ,  

i . e .  icf � 1 . 0 9 .  

Difficu l t ies  however are numerous and w e  checked against the following systematic 

e ffect s  : 

a - Under lying stel l ar absorption : 

We found that s te l lar absorption could amount l A in the Balmer emiss ion 

l ines .  Such a simi lar effect is expected in the He lines , the contribu

t ion from 0 st ars would at most amount 0 . 6  A and 1 A in the /\5876 and 

A447 1  lines . However we checked that y+(447 1 )  and y+ ( 5876)  did not cor

relate  with the corresponding equivalent width W (�447 1 )  and W (� 5876 ) . 
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b - Any sys tematic  error in  the reddening correct ion would different ly af

fect the quantities y+(447 1 )  and y+(5876 ) .  We found that no t rend sub

sis ted between the reddening cons tant C (Ha ) and the difference y+ (447 1 )  

- y+( 5876)  . 
1 2) 

c - Cox and Daltabuit pointed out a possible cont ribut ion due to col l i s io-

nal exc itation and se lf-absorption from the metas tab le leve l 23s . If such 

effects are important the value y+(5876) could exceed that deduced from 

the He I 447 1  l ine by 20 % in contradict ion with our present study . 

Moreover the electronic dens it ies are always smaller than 300 cm-3 and 
the opacity in the He I 3888 line is very smal l  in our sample (1'.' < 10) . 

VI .  RESULTS 
1 0) 

A recent study of 9 irregular and compact galaxies by Lequeux et al . pro-

duced a pos it ive corre lation between Y and Z name ly : 

Y = (0 . 233 ± 0 . 005 )  + ( 1 . 73 ± 0 . 90 ) Z  

These results exclude the Orion Nebula .  
1 3 ,  1 4) 

Other authors have quoted from s imilar type of study1 values as low as 

Yp = 0 . 216 

We have plotted in F ig . 2  our results  together with Lequeux et al . dat a .  The error 

on Y in our data is es t imated between 0 . 008 and 0 . 016  and is about 15  % for the 

oxygen abundance . A leas t square fit fol lowing the F letcher and Powel t 1 5 ) minimi

zat ion procedure gives 
Y (0 . 240 ± 0 . 007 )  + (33 ± 5 3 )  n (O) 

n(H) 

and the corre lat ion coefficient is only r = 0 . 164 . 

As suming that 0 cons t itutes 45 % of Z by mass this corresponds t o  

Y = (0 . 240 ± 0 . 007 ) ± ( 1 . 25 ± 2 . 0 ) Z  

The s ame procedure appl ied to our data alone gives 

Y = ( 0 . 243 ± 0 . 0 10)  ± ( 0 . 7  ± 3 . 5 ) Z  

W e  cone lude that 

a )  On the basis of our data and Lequeux et al . resu lts , there is no convincing 

case for a we ll  defined/J.Y/� corre l at ion. 

b ) The dat a suggest  that the average Y value for low-luminosity galaxies is Y = 
0 . 245 very c lose to the above Yp = 0 . 240 deduced from the linear fit . Taken at 

face value it  imp l ies that only an upper limit for Yp can be given which is : 

Yp :i<; 0 . 245 
c )  Most of the scatter is rather due to uncontrolled parameters in the analysis 

and over s impl ifications in the models than to observational errors . 

The larger uncert aint ies involve the reddening correction , the he l ium underlying 

absorption and the correction for neutral hel ium. 



An example wel l  i llus t rates this statement : II Zw40 is a bes t  observed case by 

four independant observers l0 , 14 , 1 6 , 1 7 ) . From these  measurements one gets : 

Y ( II Zw40 ) = 0 . 23 2  ± 0 . 004 

This 2 % internal accuracy is quite i l lusory . Indeed the ratio I (A447 1 ) / I cA 5876 ) 

after reddening correct ion is found to be 2 . 0  by all observers whereas the theo

retical ratio expected from the c lassical  recombination theory is  2 .  76 .  Such a 

dis crepancy has not yet found any satis factory explanation . 

VII .  COSMOLOGICAL IMPLICATIONS 

We shall admit that Yp � 0 . 245 ± 0 . 010 is a good upper limit on Big-Bang 

nucleosynthes i s .  If the energy dens ity  of the early Universe was dominated by the 

contribution of relativistic partic les then the dynamical equat ions s implify and 

give : r '>( t-2 

where r s tands for the energy dens ity and t for the expansion t ime s cale ( age ) .  

On the other hand, in a radiat ion-dominated Univers e ,  for T � io l0 °K, the parti

cles which contribute to the total  density ( i . e .  mc2 < kT ) are phot ons , electron

pos it ron pair s ,  e lectron and muon neutrinos and the Universe is filled with a 

black-body spectrum, then 

� c< gT4 

where g is a number depending on the number and types of relativistic particles 

included in the picture . 

The radiation field generate e lectron-pos itron pairs which promote the fol lowing 

reactions : 

n + e+ p + \.)e 
p + e- n + Ve 

and the spontaneous a decay 

n �p + e- +� 

react ion rat e  is rv r 

at small t (T > iolOK or t < 1 s ec )  the balance of these reactions is thermodyna

mic s ince the reaction rates r > t-1 therefore the neutron to proton-ratio is 

maintained at the equilibrium value 

n/p= exp(- .6Mc2/kT) 

As the expansion proceeds, the above reactions are too s low to maintain n and p 

to its equilibrium value and the ratio  11freezes out" at 

(n/p) f 41 exp(- .6Mc2/kTf ) 

where Tf is attained for f/ t "' 1 

Typica l ly (n/p) f is 1 / 6  and Tf � 1o lOK.  

Ultimat e ly in the temperature range T ,v lO lOK to T ,-v 5 108K an appreciable amount 

of deuterium accumulates and hel ium is produced at the end of the interval .  I t  

fol lows from the above picture that i f  one increases the total number of neutrino 

species1 8 )  the result ing energy dens ity wi ll increase and the condition I'J t  /"\/' 1 

2 4 7  



2 4 8 

occurs at a larger Tf temperature because the expansion rate is fas ter (s ince 

fOCt-2 ) .  As a result (n/p) f is l arger and more neut rons end up in more 4He . 

At present 3 lepton types have been dis covered name ly the e ,  { and recent ly the 

lepton 1 9 ) . 

From the results  of the "canonical 1 1  Big Bang models  the extra hel ium formed with 

the addit ion off'-NL leptons (a part from the familiar e and r ) is roughlyl8 )  

Y � O . O l l �NL 
�or a fixed value S'J...

Nh: where nN stands for the present mass dens ity .and h0 is the 

present Hubble parameter ( in unit of 100 km/sec/Mpc ) .  

The present galactic dynamics sugges ts that �h; 1' 0 . 0 1 .  I f  the mass which b inds 

binary ga laxies is primari ly in the form of baryons then our result  shows that at 

most or 4 l epton types are permitted -see Fig . 3- and does not run the 1 1canoni

cal 1 1  models into very severe difficulties . This statement is in cont radict ion 

with previous arguments since from s imilar s tudies but on much l imited sample and 

the overoptimistic  faith that /:J.Y/fil = 3 was wefl established , Yp had been shown 

to be less than 22% . A recent study20) also indicates that as many as 8 neutrino 

types are a llowed if the binding mass is not baryonic (neutrinos of mass 10 eV) . 

One open pos s ib i l ity remains however that act ive nuc l eosynthes is did occur at an 

early stage in the galactic or protogalac t ic era in the evolut ion of the Univer

s e .  See , for ins tance ,  in this Conference the d iscuss ion related to a popul at ion 

III s tars and its connect ion to the observed deviat ion from a 2. 7 K black-body 

spectrum. In this case a lower fract ion of the Yp = 0 .  240 value would be 

at tributed to the primordial nucleosynthes is . 
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ANISOTROPY OF THE COSMIC MICROWAVE BACKGROUND RADIATION 

Joseph Silk 
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Theoretical predictions of the angular anisotropy in the cosmic micro-

wave background radiation on both small and large angular scales are des-

cribed. The role of massive neutrinos is  reviewed with regard to their ef-

feet both on the background radiation anisotropy and on the galaxy correla-

tion function over very large scales.  A brief comparison is made with re-

cent observational data on the background radiation, ranging from angular 

scales of a few arc-minutes to the dipole and quadrupole components .  
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I .  INTRODUCTION 

The cosmi c microwave background provides direct information on the 

structure of the Universe both over very large scales and at a considerable 

redshift that exceeds by far that of the most remote quasar. The precision 

of the measurements is  remarkable, exceeding in accuracy by some three 

orders of magnitude the limits on isotropy available only from galaxy counts 

prior to the discovery of the background radiation in 1965.  

Until very recently , only upper limits were available on  possible ani

sotropy in the cosmic background radiation. The first evidence for aniso

tropy came with confirmation of a dipole moment . 1 , 2 A dipole contribution 

due to the motion of the sun and our galaxy is  inevitable, and its detection 

provides conclusive evidence for the cosmological origin of the background 

radiation. 

Higher order anisotropy is also expected. According to the gravita

tional instability theory of galaxy formation for the origin of large-scale 

s tructure from small inhomogeneities in the early Universe, angular fluctua

tions in the radiation are inevitable over a range of different scales .  One 

can even hope to establish the presence of fluctuations whose scale exceeds 

that of the present particle horizon. The ultimate goal of the observer is 

to establish the nature of the initial fluctuation spectrum in the early 

Universe, from which the present large-scale structure evolved. By detec

tion of fluctuations on the surface of last scattering of the radiation, 

when interaction with matter last occurred, one can hope to infer what may 

have been present initially , perhaps at the Planck epoch or as part of the 

structure of the initial singularity i tself. 

This review is  organized as follows. In section II,  a qualitative des

cription is given of the generation of anisotropy. The results of more de

tailed computations are described in section III,  and a final section com-



pares predictions and observations . This review is based on part of a sum-

mary talk given at the 10th Texas Symposium on Relativistic Astrophysics. 3 

II.  QUALITATIVE DESCRIPTION 

The linearized theory of gravit ational instability in an expanding uni-

verse4 indicates that after decoupling of mat ter and radiation at a redshift 

z � 1000, there are two modes for the rate of growth of the density con-

trast ,  op/p � t2/ 3 and t- 1 •  For simplicity ,  only the coupling of the domi-

nant , growing mode is considered below. Prior to decoupling, density flue-

t uations may generally be adiabatic or isothermal.  Adiabatic fluctuations 

are associated wi th finit e  curvature ( and energy density) f luctuations in 

the very early Universe. Isothermal fluctuations imply a smooth radiation 

field in the early Universe prior to decoupling, with finit e  variations in 

the specific entropy, the fluctuations in density contrast becoming arbi-

trarily small as t + O. 

The coupling between matter and radiation fluctuations occurs in se-

veral way s .  First , in an adiabatic fluctuation, mat ter and radiation are 

coupled according to the adiabat p � T 3 •  Consequently , 

( oT/T)t s 
1 /3 ( o p/p)t , 

s 
( 1 )  

where op/p  i s  the fluctuation i n  the matter density .  This equation assumes 

that the decoupling of mat ter and radiation is  instantaneous . In fac t ,  the 

residual level of ionization is sufficient to appreciably blur the effective 

surface of last scatt ering, which becomes much thicker for smaller-scale 

fluctuations. Only fluctuations on a scale containing : 10 1 5  Me approach 

the limit ( 1 ) . Smaller scale primary adiabatic flue tuations are effective-

ly smoothed. 

However, an important contribution on smaller scales does come from the 

gravitationally induced motions of fluctuations which scatt er the radiation, 

and generate secondary temperature fluctuations of magnitude 
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( oT/Tlt � v/c ,  
s 

( 2 )  

where the velocity of the fluctuation relative to the expansion is of order 

v - ( o p/plt ( t/tsl · ( 3 )  
s 

Here t is the scale of the fluctuation and ts is the cosmological epoch at 

last scattering. In fact ,  equation ( 2 )  yields the principal source of small 

angular scale anisotropy for isothermal fluctuations, and is also important 

for adiabatic fluctuations below scales of - 1 0 1 5  M9. 

A third source of fluctuations can be thought of as essentially a 

gravitational redshift effect, due to radiation from a given direction being 

in effect emitted from a region of perturbed gravitational potential, and 

also being received in a region where large-scale density fluctuations con-

tribute to the local potential. First computed by Sachs and Wolfe5 for a 

flat background , the temperature fluctuations due to this effect amount to 

( oT/T)t - G opt2 - ( o p/p)t ( i/cts) 2 •  
s s 

( 4 )  

The Sachs-Wolfe fluctuations evidently are important on large scales (t > 

cts) • The particle horizon at last scattering (reshift zs) subtends an 

angle 

(5) 

and on larger angular scales (e.g. > 2°  if Zs - 1000) , the Sachs-Wolfe 

fluctuations are especially significant. 

In order to estimate the angular dependence of the various contribu-

tions to oT/T, it is necessary to assume some initial spectral form for 

op/p . A particularly simple expression is a power-law form for the Fourier 

power spectrum: 

(6 ) 

where ok = J op/p e
-!k�xd3x and the limits on n come from requiring conver-

gence of the correlation function for fluctuations at small k ( n > -3) and 



from non-linear interactions that fix a minimal fluctuation level (and a 

maximum steepness , n < 4 ) .  One find that 

o p/ p " w- 1 / 2-n/ 6 , (7 ) 

where M is the mass contained in a sphere of diameter 2 n/k. If this sphere 

also subtends an angle 8 ,  then the three contributions to oT/T that we have 

noted have an angular dependence ( i f  n = 1 )  of the form: 

and 

( oT/T )adiabatic " 9- 3 / 2-n/ 2 , 

( oT/T)veloci ty " 9-l / 2-n/ 2 , 

( oT/T) Sachs-Wolfe " 9 1 / 2-n/ 2 . 

(8)  

( 9) 

( 1 0) 

A complication that arises is that if the density fluctuation spectrum is of 

the power-law form (7 ) i n  the very early universe, i t  will no longer neces-

sarily be a simple power-law after decoupling on scales less than or com-

parable to the horizon. Several s cale-dependent effects occur: the damping 

of adiabatic fluctuations on scales below a critical mass ( - 1 0 1 3  n- 5/ 4 Me 

at decoupling) , the continuous growth of scales above the Jeans mas s  im-

mediately prior to decoupling (- 1 0 1 7  Me) relative to the acoustic oscilla-

tion of smaller scales , and amplification due to a velocity overshoot effect 

when the sound velocity drops abruptly at decoupling. 6 

The amplitude of the predicted fluctuations is readily estimated . One 

expects that at decoupling ( o p/ p )t - 1 0- 3 n- 1 ,  for the largest scale to have 
s 

collapsed by the present epoch, about 1 0 1 5  Me• The corresponding angular 

scale subtended by a sphere containing this mass at decoupling is e = 

l O(M/ 1 0 1 5  Me ) l / 3 arc-min, and the maximum temperature fluctuation expected 

on this scale is therefore of order oT/T - 3 x l 0-4 rr- 1 . A more precise 

method of normalization utilizes the galaxy auto-correlation function and 
is described in the following sect ion . 
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III.  RESIDUAL RADIATION FLUCTUATIONS 

A more detailed computation of the radiation anisotropy involves solv-

ing the linearized graviational field equations for the evolution of matter 

density perturbations , together with an equation for the radiation inten-

si ty. In the optically thick or thin limits ,  appropriate to either well be-

fore or well after decoupling, the linearized energy-momentum conservation 

equations suffice to describe the radiation field. The transition through 

decoupling, however, requires a more sophisticated approach, in which the 

linearized Boltzmann equation is used to describe the radiation field , 6 , 7 

Collision terms involving Thomson scattering suffice to describe the physi-

cal interaction of matter and radiation. 

Since the description of the evolution of matter density fluctuations 

is rather well-known4 , it need not be repeated here. It is useful however 

to write down a form of the linearized Boltzmann equation for the evolution 

of radiation temperature fluctuations 6 - 6T/T, namely 

( l l) 

Here hij  is the perturbed metric, a is the cosmological scale factor, yi i s  

the unit vector describing the radiation direction, ne is the electron den-

sity at time t ,  OT is the Thomson scattering cross-section and Vi is the 

perturbed velocity (relative to the comoving frame) . Inspection of ( 1 1 )  

shows that there are three contributions t o  the source term for � .  The 

first term on the right hand side involves the gravitational potential via 

the hij • and is the formal analogue of (4 ) , whereas the second term is as-

sociated with Thomson scattering induced fluctuations , and is the analogue 

of ( 2 ) .  The third term i s  equivalent t o  ( 1 ) ,  modified by a factor e- T ,  

where T is  the optical depth J
t
ne OT cdt .  The first term yields the large

ts 
scale anisotropy 6 - 6( t/ct2) whereas the second group of terms yields the 

small-scale angular anisotropy 6 - f T( t/ct) and 6 - oe- T ,  



For a more quantitative calculation of the anisotropy , we may evaluate 

the autocorrelation function for temperature fluctuations. The initial den-

sity contrast is expressed in terms of a Fourier spectrum as defined pre-

viously by 

( 1 2) 
where for the growing mode ok � t21 3 •  The normalization is determined by 

requiring the correlation function �(r) for density fluctuations to coincide 

with that for the observed galaxy dis tribution, whence 

I a 1
2 

= f r2 dr Hr )  sinkr ( v ) • 
k kr T6ifS ( 1 3) 

The normalization involves considerable uncertainty. In general, the inte-

gral ( 1 3) is not well-defined, since possible contributions to �(r) on large 

scales are very uncertain. According to some studiesB, there are sizable 

fluctuations in s ( r )  at r )  50 Mpc. More generally , one 

has 

s ( r )  ( 1 4 )  

and one method o f  normalization is t o  match s(r) with observations i n  the 

linear regime where s(r) < 1 .  
The final step i s  to compute the radiation temperature fluctuations. 

After solving ( 1 1 ) for individual Fourier components �k (�, �) , and Fourier 

transforming to yield �(x , y) ,  one evaluates the radiation correlation func-

tion in terms of the angle 6 between two different directions that an ob-

server is comparing (for example, by beam switching) . Thus letting l r1-r2 I 
= e ,  one has 

( 15 )  

where the average is taken over all points x. The computed aT/T is there-

fore appropriate for an average point in space, and not located in any pre-

ferred position. 
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IV. COMPARISON WITH OBSERVATIONS 

A. Large Scale Anisotropy 

Consider first the large-scale angular anisotropy. Only the growing 

mode is retained. Then the solution to ( 1 1) , including only the first term 

on the right-hand side, is  

t.k(k , y , t ) � l. �  { l-3iKµ - ( l-3iµKz-
d

1 / 2 ) exp [-3iKµ ( l-z- 1 ) ] ) , ( 1 6 )  
- - 0 9 KL d 

where � = � ct0 , µ = � • y, Zd is the redshift of last scattering, and t0 

is the present epoch. The dimensionless wavenumber K expresses the wave-

number of the fluctuation relative to the 

present horizon. Limiting cases of ( 1 6 )  are 

( 1 7) 

and 
K » 1 :  ( 1 8 )  

Since 8 = cos-1 µ represents the angular dependence o f  the direction o f  ob-

servation relative to some specified direction, we see that the K << 1 

( scales larger than the horizon) terms result in a quadrupole (and higher 

order) anisotropy, whereas the K >> 1 limit includes a dipole term that is 

dominant. 1n general, with the dipole term subtracted, 

( 1 9 )  

for K << zd
l /2 , with a comparable amplitude for the different multipoles. 

The dependence of dipole and quadrupole moments on wave number is  such that 

the dipole contribution dominates for a wide range of n. Imposing a cut-off 

on the fluctuation spectrum, for example by requiring the correlation func-

tion to tend to zero at r > ro , is equivalent to setting n = 0 at r > ro , 

since from ( 1 3) , I ok 1 2  + constant. 

For < Cr )  to be convergent , the definition ( 1 4)  requires n > -3. Numer-



ical n-body simulations of clustering have been used to model the non-linear 

evolution of ; (r) . The general consensus seems to be that an effective 

post-decoupling value of the spectral index in the range -2 < n' < 0 yields 

; (r)  with the required r- l . 8 slope in the non-linear range. For isothermal 

fluctuations , the simulations directly yield n. For adiabatic fluctuations , 

the power spectrum index on scales < eta prior to decoupling is n = n' + 4,  

because of the suppression of growth on scales below the horizon size prior 

to decoupling. Other constraints on n are more speculative. For example,  

i f  n < 1 ,  the universe must be closed if  the fluctuation spectrum is extend-

ed to sufficiently large scales. The critical value n = 1 corresponds to 

curvature fluctuations of the same amplitude on all scales ,  equivalent to a 

fixed amplitude for density fluctuations on the scale of the horizon. In 

terms of the mass spectrum, one has again that 

o p/ p = [ <Z;) 3 f l ok
l z 

d
3
k ] 1/ 2  � M- 1/ 2-n/ 6 

and the associated metric fluctuations on scale t 

(20) 

( 2 1 )  

Direct observation o f  ; (r) i n  the linear regime should i n  principle be 

able to determine n directly according to ( 14) . Evolution of the fluctua-

tion spectrum prior to and during decoupling does leave its imprint in the 

form of two characteristic features. One peak is associated with the maxi-

mum Jeans mass ,  and can be substantial if Q � 1 due to the substantial 

growth of larger-scale fluctuations after first coming within the horizon at 

z < 1 04 Q. Another feature is associated with the damping of adiabatic 

fluctuations below � 101 3 n-5/4 Me :  if  Q < 0 . 1 ,  this occurs o n  a scale well 

within the linear regime where one might expect to detect its presence in 

the galaxy correlation function. For small values of n,  both of these fea-

tures may be in conflict with observations , although the observational 

situation is presently not entirely clear because of apparent large-scale 
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inhomogenei ties that are being found in redshift surveys. 

The large-scale anisotropy of the microwave background radiation pro-

vides a unique probe of the spectrum of density fluctuations on large 

scales. The detectionl 0 , 1 1  o f  a quadrupole moment finds a natural explana-

tion in terms of large-scale structure as predicted by ( 1 6) . The alterna-

tives involve gross deviations from the standard model (such as invoking an 

anisotropic cosmological model, or a universe filled with very long wave-

length gravitational waves) . With the normalization fixed by comparison 

with the galaxy correlation function, the remaining free parameters are n 

and n if we adopt a power-law initial fluctuation spectrum. The results are 

shown in figure l of a computation9 of the dipole, quadrupole , and higher 

moments of the radiation anisotropy in a spatially flat universe. 

1o-6 

(bl ISOTHERMAL 

s R Q 

1���1�-Jo��o-���"*�-;:4 ">-��o�----e 
n n 

Figure 1. Predicted large-scale dipole ( P ) ;  quadrupole (Q) , octopole (R) ,  
and hexadecapole ( S )  anisotropy ( a )  f o r  adiabatic and ( b )  f o r  isothermal 
density fluctuations . 9  Dotted lines are dipole and quadrupole anisotropies 
for adiabatic fluctuations in a neutrino-dominated (n = 1) universe. 1 7 



Key points to note are that similar amplitudes are found for both adiabatic 

and isothermal mode s ,  because the dominant effect is due to the interaction 

of radiation with the gravitational potential associated with the fluctua

tions. The amplitudes are spatial averages ,  and should be regarded as un

certain to a factor 3 or 4.  The quadrupole and dipole moments are indepen

dent averages , and have no preferred relative alignment. The large dipole 

effect is due to Fourier components on scales from � 1 00 Mpc to the horizon 

size, In addition, there will be a contribution to the dipole anisotropy 

from our peculiar motion induced by the non-linear fluctuation that we are 

in, associated with the Virgo supercluster. The quadrupole and higher mo

ments are due to fluctuations on the horizon scale and of greater wave

length. Comparison with the measured values of dipolel , 2 , 10 and 

quadrupolel0 , 1 1  anisotropy indicates that an isothermal fluctuation spectrum 

with n � 0 satisfactorily accounts for both. Adiabatic fluctuations are in 

some difficulty. The dipole anisotropy constrains n > 2; however in this 

range, the quadrupole anisotropy is  far too small. Thus an alternative ex

planation for the quadrupole anisotropy must be sought i f  adiabatic fluctua

tions are to survive as a viable theory . 

Appealing to rescattering df the radiation after the decoupling epoch 

does not alleviate the difficulty with adiabatic fluctuations. Reheating 

and scattering only erases temperature fluctuations on an angular scale less 

than the horizon at the epoch of last scattering, or about 5( nx) 1/ 3  degree s ,  

where x (assumed >> 1 0-3 n- 1 ) i s  the fractional ionization. Variation of n 

complicates matters somewhat ,  but the results of figure 1 are relatively in

sensi tive to n .  

The most drastic change i n  these results occurs if  neutrinos have a 

finite mas s ,  in particular of � 30eV as suggested by a recent experiment .  

In a neutrino-dominated universe , which this value of the neutrino mass 

would imply, the amplitude of adiabatic density fluctuations at decoupling 
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i s  reduced by about a n  order o f  magnitude. The neutrino fluctuations ex

perience an earlier period of growth once the neutrinos become non

relativistic, while the matter fluctuations are still undergoing damping by 

photon diffusion and acoustic oscillations. It is  the neutrino fluctuations 

on scales above the neutrino Jeans mass that determine the final ampli tude 

of the density fluctuations after the decoupling epochl 2 , 1 3. In this case 

the dipole anisotropy is  reduced by a factor 2, while the quadrupole aniso

tropy is reduced by a factor of 2-10 for -1 < n < 2 .  This reduction does 

help; i t  enables 0 < n < 1/2 adiabatic fluctuations to provide a possible 

model that accounts (within a factor - 3) for both the dipole and quadrupole 

moments. 

While constant curvature fluctuations (n = 1 )  apparently yield too low 

a value for the quadrupole moment , however, another difficulty with adia

batic fluctuations is alleviated in a massive neutrino-dominated 

universe. The galaxy 

autocorrelation function is consistent with n � 1 in this case, because the 

baryon mass within the maximum neutrino Jeans mass ( - 10 1 4  Me) produces the 

dominant peak in the post-decoupling density fluctuation spectrum, as op

posed to the much larger mass scale ( - 10 1 7  Me) associated with the maximum 

matter Jeans mass in a standard model with n = 1 .  Results of computationsl 7 

of the galaxy autocorrelation function in the linear regime as given by 

equation ( 14) are shown in Figure 2 for three cases: with neutrinos ( nv 
0. 02) and without neutrinos ( nb = 1 . 0  and 0 , 1 ) ,  It should be 

noted that a value of n < 1 does lead to a divergence in the metric fluctua

tions on large scales,  and a long wavelength cut-off or increase in n to a 

value in excess of 1 must be specified. 



1 . 5  
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Figure 2. The galaxy autocorrelation function as a function of comoving 

separation in the linear regime for a neutrino-dominated universe ( nv = 

0 . 98 ,  with baryon content nb = 0. 02) , and for two cosmological models with-

out neutrinos ( nb = 1 . 0  and 0 . 1 ) .  For each cosmological model ,  the correla-

tion function is  plotted for several values of the fluctuation spectral in-

dex n, as indicated. 
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B .  Small-scale Anisotropy 

The small angular scale structure of the background radiation ( that is 

to say , with the dipole and quadrupole components subtracted off) is best 

described in terms of the autocorrelation function of the radiation distri-

bution given by ( 1 5) . To compare with observations, the antenna response, 

modelled by a Gaussian distribution f ( G , o) with beam width o must be folded 

in, yielding a " smeared" correlation function 

F ( B ,o)  � � f�� d�( oT/T ) ( �) exp {�( s2 + �2) ) 10 (�) .  (22)  

For a point beam ( o  + O) , the correlation function reduces to F ( B,O)  

(oT/T) ( B ) .  The mean square temperature fluctuation for a beam switched 

through an angle 6 is 

( oT/T ) Z  ( 0 , o) = F (O , o) - F ( G , o) .  (2 3) 

The most significant observation to date is that reported by Fabbri et a1, 14  

on an angular scale of 6 degrees .  Their claimed detection o f  

o T/T = 3(±0. 7) x io-5 with a beam o � 3 °  i s  compared i n  figure 3 with theo

retical predictions for adiabatic and isothermal fluctuations. 
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Figure 3. Temperature fluctuations for an antenna of beam width 3° and 

swi t ched through an angle e. Observation shown is due to Fabbri et a1. 1 4. 

Predictionsl S , 1 7  are ( a )  for adiabatic fluctuations , ( b )  for isothermal 

fluctuations, and (c)  for adiabatic fluctuations in a neutrino-dominated ( Q  
= 1 )  universe. 
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The calculations 1 5 are f o r  a spatially flat model and cover a range o f  

values of n .  An adiabatic spectrum with n � 1 or a n  isothermal spectrum 

with n � 0 fits the reported fluctuations. If conservatively taken as an 

upper limit on oT/T, one concludes that n > 1 for adiabatic fluctuations or 

n > 0 for isothermal fluctuations , provided that Q � 1 .  I t  should be noted 

that an adiabati c  fluctuation spectrum with n > 1 diverges on small-scales , 

and a small-scale cut-off or change in n to a value less than unity mus t  be 

specified. 

The predicted small-scale anisotropy scales as - n- 1 , and consequently 

n < 0 . 1  constrains n > 3 (adiabatic) or n > 1 ( i sothermal) , effectively rul

ing out the possibility of isothermal fluctuations ( since cluster simula

tions require n < O ) .  On the other hand, a neutrino-dominated universe 

raises n to a value near unity,  and in addition, reduces the predicted level 

of small-scale anisotropy by a factor - 10 for a neutrino mass of 30 eV 

(Figure 3) , thereby allowing either model. The 6° observation is  especially 

significant because reionization will not be able to appreciably attenuate 

fluctuations on this scale. 

On smaller angular scales,  a representative limit is  that of 

Partridgel6 , who finds 

oT/T < 2 x 1 0-4 ,  e = 9 ' , a =  1 . 8 .  

Figure 4 presents a comparison o f  predicted fluctuations for the beam used 

in this experiment with this upper limi t .  Provided that there has been no 

appreciable rescattering of the radiation since decoupling, and this is at 

least a direct implication of the adiabatic theory in which galaxy formation 

occurs at a late epoch, one concludes that adiabatic fluctuations can be re

conciled with observation only if Q - 1 .  I f  Q - 0. 1 ,  the adiabatic 
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Figure 4. Temperature fluctuations as in figure 4 but for an antenna of 

beam width 1 . 5 . Observational upper limit shown is due to Partridge. 1 6  
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fluctuatign theory is unacceptable for any value o f  n ( ( 4) . However iso

thermal fluctuations are consistent with the upper limit on oT/T if n < 0 

and n > 0. 1 .  As before, these conclusions about small-scale anisotropy are 

drastically revised in a neutrino-dominated universe, where the predicted 

level of anisotropy is  reduced by a factor - lO(mv/30eV) , 

In stJinmary , one may conclude that astronomers are on the verge of veri

fying the gravitational instability theory of galaxy formation, one of the 

greatest outstanding challenges posed by a viable cosmology . The seeds of 

the observed large-scale structure in the Universe may already have been 

detected:  it seems likely that as the sensitivity of future experiments is  

improved, the current indications of angular anisotropy will, at some level ,  

b e  confirmed. If the current observations are accepted, it is the quadru

pole anisotropy that provides the greatest constraint on theory. The fact 

that gravitational potential fluctuations are of order G o p.12 indicates that 

small amplitude but sufficiently large-scale density fluctuations , both at 

the present epoch and on the surface of last scattering, can produce signi

ficant large angular scale variations in the radiation temperature. 

Accounting for the quadrupole anisotropy requires , in the standard model, an 

isothermal fluctuation spectrum resembling white noise. An adiabatic fluc

tuation theory is  viable only if  the neutrino has a rest-mass in excess of a 

few eV, in which case n � 1/2.  Perhaps the most important point is  simply 

that the quadrupole moment is most simply and elegantly interpreted in terms 

of the density fluctuations on very large scales whose presence is inferred 

from the requirement that an initial fluctuation spectrum is  required in 

order for structure to develop. 

I am indebted to M.L.  Wilson for providing indispensible advice on 

the anisotropy resul t s .  This approach has been supported i n  part by 

NASA under grant NGR 05-003-578. 
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THE EVOLU T I ON OF S TRUCTURE I N  THE U N I V E RS E : 

O B S E RVATI ONAL C O N S I D E RATIONS  

R .  B .  P a r t r i dg e  
Haver f o r d  C o l l e g e , Hav e r f o r d ,  P a . ,  U . S . A .  

L a r g e  s c a l e  s t ru c t u r e  in t h e  U n iv e r s e - - g a l ax i e s  and c l us t e r s , f o r  
ins tanc e -- i s  b e li e v e d  t o  ar i s e  f r om sma l l  d en s i t y  p e r turb a t i on s  
g en e r a t e d  a t  an e a r l y  e p o ch in t h e  expanding  Unive r s e . T h i s  p a p e r  
t r e a t s  t h e  ob s e rv a t i on a l  e v i d e n c e  wh i c h  b ea r s  on t h e  n a t ur e ,  
s p e c t rum a n d  i n i t i a l  amp l i t u d e  o f  s uch  d e n s i t y  p e r t urb a t i on s . 
S pe c ia l  a t t e n t i on i s  devo t e d  t o  s t u d i e s  o f  t h e  m i c r owav e b a ck g r o und 
r a d i a t i on . The ob s e rv a t i onal r e s u l t s , w h i l e  not c o n c lu s iv e ,  f av o r  
i s o th e rmal o v e r  a d i ab a t i c  p e r t u r b a t i o n s , a n d  s u g g e s t  a p e r t urb a t i on 
s p e c trum 6 p /p � M- 1 / 2 . 
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I .  S TRUCTURE IN T H E  U N I V E R S E  

Ex c e p t  on t h e  l a r g e s t  s c a le s , m a t t e r  i n  t h e  U n i v e r s e  i s  

n o t  u n i f o r m l y  d i s t r i b u t e d . L u m i n o u s  ma t t e r - - c on s i s t i n g  o f  s t a r s  

a n d  g a l ax i e s - - i s  c lump e d , a s  a n y  d e e p  p h o t o g r a p h  o f  t h e  n i g h t  s ky 

w i l l  show . T h e  mo s t  p r omin e n t  f e a t u r e s  in t h e  p r e s e n t  ma s s  d i s t r i 

b u t i o n  o f  the U n iv e r s e  a r e  g a l a x i e s ,  w i t h  a t y p i c a l  m a s s  o f  1 0 9 -
10 1 2 MB , and c lu s t e r s  o f  g a l ax i e s , w i t h  ma s s e s  10 1 3 - 1 0 1 5  MB ( 1  M8 

2 x lo 3 °  K g ) . T h e  a n a l y s i s  of g a l ax y  c o u n t s  by P e eb l e s  a n d  h i s  c o l 

l a b o r a t o r s 1 l a n d  t h e  r e ce n t  r e d s h i f t  s u r v e y  b y  Dav i s 2 ]  ( d i s cu s s e d  

i n  t h i s  v o l ume b y  P r e s s )  s h ow t h a t  i nh omo g en e i t y  i n  t h e  d i s t r ib u 

t io n  o f  ma s s  ex t e n d s  o v e r  a w i de r a n g e  o f  ma s s  a n d  l en g t h  s c a l e s .  

W h i l e  t h e  ex i s t en c e  o f  i n h o m o g en e i t i e s  i n  the U n iv e r s e  

h a s  b e en r e c o g n i z e d  f o r  s ome t im e ,  on l y  r e c e n t l y  a r e  e x p l a n a t i o n s  

f o r  t h e m  b e i n g  o f f e r e d . T h o s e  o f  u s  i n t e r e s t e d  i n  the l a r g e  s c a l e  

s t ru c tu r e  in t h e  U n iv e r s e  a r e  f a c e d  w i t h  a numb e r  o f  d i f f i c u l t  

q u e s t i o n s : - - ( 1 )  W h a t  mechan i s m  o r  p r o c e s s  c a u s e s  ma t t e r  i n  the 

U n iv e r s e  t o  b e  c lump e d ?  ( 2 )  Why d o  t h e  m o r e  o b v i o u s  s tr u c t u r e s - -

g a l ax i e s  a n d  c l u s t e r s --have t h e  m e a n  d e n s i t i e s  t h a t  t h e y  d o ?  

( 3 )  Why i s  s tr u c t u r e  p r o m i n e n t  o n  c e r t a in ma s s  s ca l e s  a n d  n o t  

o t he r s ?  ( 4 )  T o  wh a t  ex t e n t  i s  t h e  inhomo g e n e i t y  we s e e  n o w  d u e  t o  

' ' i n i t i a l '' co n d i t i o n s  a s  o p p o s e d  t o  s u b s e q u e n t  p h y s i c a l  p r o c e s s e s  

w h i ch have mo d i f i e d  t h e m ?  

A s  an o b s e rv a t i on a l  a s t r o n o me r , I s h a l l  b e  c o n c e r n e d  p r i 

mar i l y  w i t h  t h e  o b s e r v a t i o n a l  r e su l t s  wh i ch b e a r  o n  th e s e  qu e s t i ons.  

S in c e  the ob s e r v a t i on s  are q u i t e  d iv e r s e , howev e r , s ome th e o r e t i ca l  

f r am e wo r k  s eems adv i s ab le .  W h a t  f o l l o w s  i s  a b r i e f  s u p p l e m e n t  t o  

the p a p e r  o f  S i lk i n  t h i s  v o lume . B o th h e  and I b a s e  o u r  r e m a r k s  

on t h e  h o t  B i g  B a n g  mo d e l  f o r  the U n i v e r s e . T h e  c r u c i a l  f e a tu r e  o f  

t h i s  mo d e l  i s  a h o t  d e n s e  p h a s e  e a r l y  i n  t h e  h i s t o r y  o f  t h e  U n i 

v e r s e , w h e n  c o n d i t i o n s  e n s u r e d  t h a t  t h e rm a l  e qu i l i b r ium ob t a i ne d .  

E v i d e n c e  f o r  s u c h  a p h a s e  i s  p r o v i d e d  b y  t h e  ( la r g e l y )  the rma l 

s p e c t r u m  of t h e  c o s m i c  m i c r owave b a c k g r o un d  ( s e e  S i lk a n d  Rowan

Rob i n s o n , this  v o l ume , for  f u r th e r  d i s c u s s i on ) . 

A s e c o n d  p r o p e r t y  of th i s  mo d e l  i s  e x p a n s i o n . As the 

U n i v e r s e  e x p an d s , it  c o o l s . A t  an e p o ch s ome 1 0 6 y e a r s  a f t e r  t h e  

B ig B an g ,  the t e mp e r a t u r e  o f  t h e  ma t t e r  a n d  r a d i a t i on d r o p s  t o  

� 10 3 K ,  a n d  t h e  p r imev a l  p l a s ma r e c omb i ne s . T h e  s u d d e n  d i s a p p e a r 

a n c e  o f  f re e  e l e c t r o n s  s h a r p l y  r e d u c e s  t h e  ( Th o m s o n  s ca t t er in g )  

i n t e r a c t i o n  b e tw e en r a d i a t i o n  a n d  m a t t e r  a n d  t h e s e  two componen t s  

o f  t h e  U n iv e r s e  d e c o up l e .  M a t t e r  a n d  r a d i a t i on c o n t in u e  t o  co o l ,  



b u t  a t  d i f f e r e n t  r a t e s . A s e c o n d  c on s e q u e n c e  of s u d d e n  d e c o u p l ing 
a t  t � 106 y i s  that t h e  U n i v e r s e  b e comes t r a n s p a r en t , a t  l e a s t  in 
the ab s e n c e  of any s u b s e q u e n t  and u n iv e r s a l  re - i o n i z a t i o n  of t h e  
ma t t e r  c o n t e n t  o f  t h e  U n iv e r s e . The l a t t e r  p o i n t  in p a r t i cu l a r  h a s  
impor t a n t o b s e rv a t i on a l  c o n s e q u e n ce s ,  a s  we s h a l l  s e e . 

The c o o l in g  o f  t h e  U n iv e r s e , t h e  d e c r e a s e  in i t s  mean d en
s i t y ,  and the evo lu t i o n  o f  o th e r  p r o p e r t i e s  o f  an e x p an d i n g  U n i 
v e r s e  a r e  m o s t  e a s i ly p ar a me t r i z e d  b y  t h e  r e d sh i f t  ( z  + 1 ) , U s in g  
s ub s c r i p t  z e r o  t o  r e p r e s e n t  t h e  p r e s en t  v a l u e s  o f  wav e l en g t h , t e m
p e r a tu r e , d e n s i t y ,  r a n d o m  v e l o c i t i e s  a n d  e p o ch , we have 

A o = 1' ( z + 1)  
T T 0 ( z + 1 )  

P P 0 ( z + l ) 3 
v v0 ( z  + 1 )  

t = \ t o ( z  + 1 ) - l o p e n  ( emp t y )  mo d e l  
�t 0 ( z  + 1 ) - 3 1 2 f l a t  s p a c e  m o d e l  

R e d sh i f t  i s  u s e d  r a t h e r  t h a n  e p o c h , s i n c e  t h e  r e l a t i o n  b e tween t h e  
t w o  i s  m o d e l  d e p e n d e n t  ( s e e , f o r  i n s t an c e , We inb e r g 3 ) ) . T h e  r e d 
s h i f t o f  d e c o u p l i ng i s  Z d � 1 1 0 0 . R e p r e s en t a t iv e  v a l u e s  f o r  p r e s 
e n t  c o smo l o g i c a l  p a r a me t e r s  a r e  T 0  = 2 . 8 K ,  p 0 � l o - 3 0 gm/ cm 3 a n d  
t 0  = 1 0 - 2 0 x l 0 9  y :  t h e  l a s t  two a r e  m o d e l- d e p e n d en t . 

Of p ar t i cu l a r  i n t e r e s t  to us i s  t h e  e v o l u t i on of d en s i t y  
inh omo g e ne i t i e s  i n  a n  e x p a n d i n g U n i ve r s e . C o n s i d e r  a s m a l l  r e g i o n  
w i t h  d en s i t y  p = p + 6 p  s l i g h t l y  a b o v e  t h e  a v e r a g e  d e n s i t y . T h e  
amp l i t u d e  o f  t h e  d en s i t y  p e r tu rb a t i on 6 p / p  w i l l  i n c r e a s e ,  b u t  
s l ow l y , a s  sh own a gener a t io n  a g o  b y  L if s ch i t z 4 l �  

6 p / p  � ( z  + 1 ) - 1 . ( 1 )  
T h i s  r e s u l t  a p p l i e s  i n  t h e  l in e a r  r e g ime , o r  f o r  6 p / p  � 1 .  B e c a u s e  
t h e  p ow e r - law g r ow th i s  s l o w ,  t h e  s t r u c t u r e  w e  n o w  s e e  cann o t  
d ev e l o p  f r om arb i t ra r i ly sma l l  p e r turb a t i o n s . 

N o r  c a n  t h e  s t ru c t u r e  we now s e e  d e v e l o p  f r om pur e ly ran
d o m  f lu c t u a t i ons ; the m a s s e s  a r e  too g r e a t .  We t h u s  mu s t  f a c e a 
c ho i c e : - - e i t h e r  s ome non -r a n d o m  p e r tu rb a t i on s  in t h e  d en s i t y  w e r e  
p r e s e n t  ab i n i t i o  o r  s ome p h y s i c a l  p ro c e s s  o p e r a t in g  i n  an in i t i a l 
l y  h o m o g e n e o u s  U n iv e r s e  p r o du c e d  d e n s i t y  p e r t urb a t i on s . T h e  f o rmer 
o p t i on is unp a l a t a b le to many , e s p e c ia l l y  when we c o n s i d e r  j u s t  h o w  
s p e c i a l  t h e  i n i t i a l  c on d i t i o n s  mu s t  h a v e  b een t o  g i v e  u s  t h e  p r e 
c i s e  s c a l e s  a n d  d en s i t i e s  we n o w  o b s e rv e  in s u b un i t s  o f  t h e  U n i 
v e r s e . T h e  l a t t e r  o p t i o n  i s  mu ch m o r e  f ru i t f u l , a n d  i s  an ar e a  o f  
c o sm o l o g y  o n  w h i c h  t h e  g r o w i n g  c o l l ab o r a t i on b e tween a s t r o p h y s i -

2 7 5  



2 7 6  

c i s t s  a n d  e le m en t a r y  p a r t i c l e  t h e o r i s t s  i s  b e g i nning t o  s h e d  s ome 
l i gh t . 

I I . CLAS S I F I C A T I O N  OF P E RT URBAT I O N S  

D e n s i t y  p e r t u rb a t i on s  can b e  char a c t e r i z e d  b y  t h r e e  p a 
r a m e t e r s . T h e  f i r s t ,  l o o s e l y  s p e ak ing , i s  t h e i r  t y p e ; t h e  s e c o n d ,  
t h e  amp l i tu d e , 6 p / p ;  a n d  t h e  t h i r d ,  a s c a l e , gene r a l l y  g iven a s  t h e  
ma s s  o f  t h e  p e r t u r b a t i on ,  M .  

F o u r  m a j o r  c a t e g o r i e s  o f  p e r t urb a t i on s  h a v e  b e en d i s 
c u s s e d  i n  t h e  l i t e r a t u r e  ( f o r r e c e n t  r ev i ews , s e e  S i l k ' s  a r t i c l e  i n 
t h i s  v o lume , S u n y a ev 5 1 ,  O z e rn o i 6 1 ,  and r e f e r en c e s  t h e r e i n ) . 

In a d i ab a t i c  p e r t u rb a t i on s , b o th r a d i a t i o n  and m a t t e r  i s  
p e r t u rb e d ,  t h u s  k e e p i n g  t h e  s p e c i f i c  e n t r o p y  ny /np+ c o n s t a n t  
( S unyaev a n d  Z e l ' d o v i c h 7 l ,  P e e b l e s  a n d  Yu 8 l ) .  I n  i s o t h e rmal p e r 
turb a t i on s , a s  t h e  name s u g g e s t s ,  t h e  t e m p e r a t u r e  an d h e n c e  r a d i a 
t io n  d e n s i t y  a r e  c o n s t an t ; o n l y  t h e  m a t t e r  i s  c lump e d  ( S u n y a ev 5 1 ; 
G o t t  a n d  R e e s 9 ] ) . V o r t e x  o r  ''wh i r l '' p e r t u r b a t i on inv o lv e  l a r g e 
s c a le m o t i o n s  o f  t h e  ma t t e r  a n d  r a d i a t i on ; t h i s  f o rm o f  p e r tu r b a 
t i on h a s  b e en d i s cu s s e d  b y  O z erno i 6 ) , I O ) , C h ib i s ov 1 1 l and t h e i r  
c o l lab o r a t o r s . F in a l l y , t h e r e  i s  the p o s s i b i l i t y  o f  s o u r c e - f r e e  
g r av i t a t i o n a l wav e s  ( s e e  Dau t c o u r t 1 2 l ) . 

The t w o  o t h e r  i m p o r t an t  p a r a me t e r s , ma s s  and f r a c t i o n a l  
amp l i t u d e , m a y  b e  ex p r e s s e d  b y  g iv i n g  t h e  i n d e x  and n o rma l i z in g  co 
e f f i c i e n t  of a m a s s  s p e c t rum 

6 p / p  = k (
M
:) - a  ( 2 )  

T h e  i n d ex a can b e  r e l a t e d  t o  the s p e c t r a l  p ow e r  i n d e x  n d e f i n e d  b y  
( 6 p / p ) � � i -n a s  f o l l ows : 

a = l + n 
2 6 

I f  6 p / p  i s  t im e  d e p e n d en t ,  t h e  m a s s  s p e c t r u m  w i l l  b e  a l s o .  
A var i e t y  o f  t h e o r e t i c a l  a r g umen t s  have b e e n  m a d e  t o  a s 

s i gn v a l u e s  t o  k a n d  a .  O n e  s u g g e s t i on w i t h  c o n s i de ra b l e  a p p e a l  i s  
d u e  t o  Z e l ' dov i ch 1 3 l :  a = 2 / 3  e n s u r e s  t h a t  t h e  p e r t u r b a t i on s  a r e  
o f  c o n s t a n t  curv a t u r e  a s  t h e y  e n t e r  t h e  h o r i z on ( s ee S i l k ,  t h i s  
v o l u me ) . A s  we s h a l l  s e e , t h i s  r e q u i r e s  k � 10 - 4 f or M0 � 1 0 1 5 MG 
at zd . O th e r  ar gumen t s  s u g g e s t  a = 1 / 3  ( G o t t  a n d  R e e s 9 l ) ,  a = 1 / 2  
( H o g an l 4 ) )  o r  a = 5 / 6  ( P r e s s , c i t e d  b y  G o t t l 5 ) )  w i t h  v a l u e s  o f  k 
s e ve r a l  o r d e r s  of m a gn i t u d e  b e l o w  o r  a b o v e  10 - 4 ,  r e s p e c t iv e l y . A 
p o i n t  o f  s p e c i a l  re l e v a n c e  t o  t h i s  c o n f e r e n c e  i s  t h e  l ink b e tw e e n  
p a r t i c le p hy s i c s  a n d  the index a .  P r e d i c t i o n s , r a t h e r  than a s s ump-



t i on s , can b e  made ab o u t  t h e  index a b a s e d  on the p a r t i c l e  phy s i c s  
o f  t h e  e a r ly U n iv e r s e  ( a s  d i s cu s s e d  h e r e  b y  S i lk ,  P r e s s  an d 
N a n o p o u l o u s ,  and e l sewhe r e  by G o t t l S l ) . P a r t i c l e  p h y s i c s  a r g umen t s  
may a l s o  b e ar o n  t h e  � o f  p e r turb a t i o n s  g e n e r a t e d  e a r l y  i n  the 
U n iv e r s e :  f o r  i n s t an c e , exp l an a t i o n s  o f  t h e  b a r y o n  numb e r  o f  t h e  
U n iv e r s e  b a s e d  on GU T ' s  r e q u i r e  a d i ab a t i c  f lu c tu a t i o n s . 

A s  I s h a l l  t r y  t o  s h ow l a t e r , we may b e  ab l e  to d e t e rmine 
t h e  s p e c t rum a n d  even t h e  t y p e  o f  p r i mo r d i a l  d en s i t y  p e r turb a t i o n s  
f r o m  a s t r on o mi c a l  ob s e rva t i on s . T h e  p o s s ib i l i t y  o f  c o n t r i b u t in g  t o  
f un d amen t a l  p h y s i c s  t h i s  way i s  an ex c i t in g  p r o s p e c t  f o r  an a s t r o n-
omer . 

U n f o r t un a t e ly , wh i l e  t h e  i n i t i a l  m a s s  s p e c t rum h o l d s  t h e  
mo s t  in t e r e s t  f o r  f un d amen t a l  p h y s i c s , we w i l l  p r o b a b ly n o t  b e  a b l e  
t o  o b s e r v e  i t  d i r e c t ly ,  ex c e p t  p o s s i b ly a t  t h e  l a r g e  ma s s  end . T h e  
r e a s on i s  t h a t  a v a r i e ty o f  p h y s i c a l  p r o c e s s e s  a f f e c t  t h e  p e r t u r b a 
t i o n s  b e f o r e  t h e  e a r l i e s t e p o ch a t  wh i ch we c a n  h o p e  t o  o b s e rv e  
the m . S ome o f  t h e s e  p r o c e s s e s  a r e  ma s s  d e p e n d en t , an d h e n c e  w i l l  
a l t e r t h e  ma s s  s p e c t ru m .  F o r t una t e ly , many o f  t h e m  a r e  w e l l u n d e r 
s t o o d . 

T o  s k e t c h  t h e  e f f e c t  o f  t h e s e  p r o c e s s e s , I wo u l d  l ike t o  
f o cu s  a t t e n t i o n  o n  p e r turb a t i on s  o f  t h r e e  ma s s e s , 1 0 1 1  M@ , 10 1 5  M@ 
and 1 0 1 9  MB , whi ch a r e , r e s p e c t ive l y ,  t h e  r e p r e s e n t a t iv e  ma s s  o f  a 
g a l ax y , t h e  l ar g e s t  a g g r e g a t e s  of m a t t e r  w i t h  � p / p  � 1 n o w ,  and a 
r o u g h  e s t ima t e  o f  t h e  ma s s  o f  t h e  U n i v e r s e  a t  t h e  imp o r t a n t  e p o c h  
o f  d e c ou p l i n g . 

1 0 1 1  M@ P e r tu rb a t i o n s  of t h i s  ma s s  c r o s s  t h e  h o r i z on *  o r  
b e c o me c au s a l l y  c o nn e c t e d  ab o u t  1 y e a r  a f t e r  t h e  o r i gi n  o f  t h e  
U n iv e r s e .  P r i o r  t o  t h a t  t ime , t h e  p e r t u r b a t i on amp l i t ude c a n  in
c r e a s e . A l mo s t  imme d i a t e ly a f t e r  e n t e r i n g  the h o r i z o n ,  a 1 0 1 1  MG 
p e r tur b a t i on w i l l  s t o p  g r o w i n g  a n d  e n t e r  a p h a s e  of o s c i l l a t i o n  
( s in c e  i t s  ma s s  h a s  f a l le n  b e l ow t h e  J e a n s  ma s s , wh i c h  in t u r n  a p 
p r o x i ma t e l y  e q u a l s  t h e  ma s s  w i t h i n  t h e  h o r i z o n - -Re e s 1 6 l ) .  T h e o s 
c i l l a t o r y  p h a s e  l a s t s  u n t i l  t h e  e p o c h  o f  d e c oup l in g  when t h e  J ea n s  
ma s s  s u d d e n l y  d r o p s  t o � 1 0 5 MG l 7 ] . D u r i n g  t h i s  o s c i l l a t or y  p h a s e ,  
a d i a b a t i c  p e r tu r b a t i o n s  o f  ma s s � 1 0 1 3 M@ a r e  s t r o n g l y  damp e d  b y  
p h o t o n  dr a g , a p r o c e s s  d e s c r i b e d  f i r s t  b y  S i l k l 8 ] , O n  t h e  o th e r  
h an d ,  t h i s  p r o c e s s  d o e s  n o t  a f f e c t  i s o t he rma l p e r t u rb a t i on s ; f o r  

* A t  any e p o ch , t ,  t h e  r a d i u s  o f  t h e  U n iv e r s e  i s  � c t .  
U n iv e r s e  g r o w s  o l d e r , i t s  r a d i u s  and ma s s  i n c r e a s e . 
t h e  ma s s  w i t h in a r a d i u s  ct w a s � 1 0 1 1  M@ f o r  t � 1 
ma s s e s  w e r e  n o t  cau s a l ly c o nn e c t e d  t h e n  o r  e a r l i e r . 

As t h e  
I n  t h i s  c a s e , 

y r : l a r g e r  
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t h e s e  � p / p  r e m a i n s  c o n s t an t  t h r o u g h o u t  t h e  o s c i l l a t o r y  p h a s e . N o t e  
t h e  s h a r p l y  d i v e r g e n t  p r e d i c t i o n s a b o u t  t h e  amp l i t u d e  o f  f l u c t u a 
t i o n s  o n  a s c a l e  o f  � 1 0 1 1 M G  d e p e n d i n g  o n  t h e  t y p e  o f  p e r tur b a t i o n  
( f i gu r e  1 ) . 

l o g  
� p / p  

----
1 o 1 1  ( a d ia b a t i c )  

l o g  t 

F i g u r e  1 .  S ch e ma t i c  r e p r e s e n t a t i o n  o f  t h e  ev o lu t i o n  o f  d e n s i ty 
p e r t u r b a t i o n s  of d i f f er e n t  m a s s .  T h e  ( b a r y o n i c )  ma s s  in t h e  p e r 
tur b a t i o n  i s  g iv e n  i n  MQ . V e r t i c a l  t i ck s  m a r k  t h e  e p o ch a t  wh i c h  
t h e  J e a n s  ma s s  e q u a l s  e a c h . 

The f a t e  o f  v o r tex p e r tur b a t i o n s  o f  t h i s  m a s s  h a s  b e e n  
c o n s i de r e d  b y  C h i b i s ov l l ]  and r ev i ewed b y  J on e s l 9 ] .  R e a d e r s  a r e  
r e f e r r ed t o  t h e s e  p a p e r s  f o r  d e t a i l s . 

1 0 1 5 MG . In many w a y s , p e r t u rb a t i o n s  in t h i s  ma s s  r a n g e  
h a v e  the s imp l e s t  l i f e  h i s t o r ie s .  T h e y  e n t e r  t h e  h o r i z o n  we l l  b e 
f o r e  the e p o ch o f  d e c ou p l ing , then o s ci l l a t e  w i t h o u t  a p p r e c i a b le 
d amp i n g  un t i l  t h e  e p o c h  of d e c o u p l ing . O b s e rv a t i on s  o f  p e r tu r b a 
t ion s o n  t h i s  s c a l e  a n d  l a r g e r , t h en , can t e l l  u s  d i r e c t l y a b o u t  
the i n i t i a l  ma s s  s p e c t rum . 

1 0 1 9  MG . T h i s  v a lu e  w a s  c h o s e n  t o  b e  t h e  m a s s  j u s t  c r o ss
ing the h o r i z o n  at t h e  d e co u p l i n g  e p o ch . S l i g h t ly l e s s  m a s s iv e  
p e r t u r b a t i o n s  may o r  may n o t  o s ci l l a t e  d e p en d ing o n  t h e  r e l a t i o n  
b e tween t h e  J e a n s  m a s s  and t h e  h o r i z on m a s s .  T h i s  in turn i s  m o d e l  
d e p e n d e n t ;  t h e  J e a n s  ma s s  w i l l  a p p r o x i m a t e l y  e q u a l  the h o r i z o n  ma s s  
i f  t h e  U n i v e r s e  i s  r a d i a t i o n  domina t e d  un t i l  d e c o u p l ing . F o r  t h i s , 
it is n e c e s s a r y  t o  have the e n e r g y  den s i t y  in r a d i a t i o n  l a r g e r  than 

P m c 2 un t i l  t d • H e r e  P m i s  t h e  d en s i t y  o f  ma t t e r  a l o n e . In t h e  
o p en , l o w  dens i t y ,  c o sm o l o g i c a �  m o d e l s  now f a v o r e d , t h i s  c o n d i t i o n  
d o e s  h o l d  un t i l  d e c o u p l in g . 



P h y s i c a l  p r o c e s s e s  a t  a n d  a f t e r  !.£ ·  P h y s i c a l  p r o c e s s e s  
d u r i n g  t h e  e p o ch o f  d e c o u p l in g , when t h e  f r a c t i o n a l  i o n i z a t io n  i s  
c h a n g i n g  r a p i d ly , a r e  comp l i c a t e d  a n d  s t i l l  n o t  f u l ly u n d e r s t oo d ,  
In g e n e r a l ,  t h e y  w o r k  t o  r e d u c e  6 p / p .  D e ta i l e d  d i s cu s s i o n s  a n d  
c a l cu l a t i o n s  a r e  g iv e n  b y  P e e b l e s  an d Yu 8 l  a n d  D o r o shkev i t c h  e t  
a l  2 o ]  • 

A f t e r  d e c o u p l in g ,  any p e r tu r b a t i o n  w i t h  a m a s s  g r e a t e r  
t h a n  t h e  J ea n s  ma s s  o f � 1 0 5 MG w i l l  g r ow l 7 ] . H o w ev e r ,  a s  
L i f s ch i t z 4 ] s h ow e d  many y e a r s  a g o , t h e  r a t e  o f  g r o w t h  i s  s l ow 

6 p / p  � ( z  + 1 ) - 1  

a s  w e l l  a s  ma s s - i n d e p e n d en t . T h i s  p h a s e  l a s t s  un t i l  6 p / p  b e g in s  t o  
e x c e e d  u n i t y , a n d  n o n - l in e a r  e f f e c t s  a p p e a r , i n c l u d i n g  p o s s ib ly 
d i s s i p a t i o n  an d f r a gmen t a t i o n * . 

N o t e  t h a t  p u r e  L i f s ch i t z  g r o w t h  w o u l d  p r o du c e  a s p e c t r um 
o f  ma s s e s  in t h e  U n iv e r s e  t o d a y  h a v i n g  the s ame ma s s - d e p e n d e n c e  a s  
t h e  p e r turb a t i o n s  a t  d e c o u p l i n g . T h i s  f a c t  p r e s e n t s  a p r o b l em f o r  
t h o s e  f av o r i n g  a d i ab a t i c  p e r turb a t i on s , s in c e  t h e  U n i v e r s e  t o da y  i s  
clump i e r  on g a l a c t i c  ma s s  s ca l e s  t h an o n  s c a l e s  :;;, 1 0 1 3 Mc;i . T h e  
answe r , s up p l i e d  b y  Z e l 1 d o v i c h2 1 l  among o th e r s ,  i s  t h a t  p u r e  
L i f s h i t z  g r ow t h  o f  a d i ab a t i c  p e r tu r b a t i o n s  w i t h  m a s s e s  in ex c e s s  o f  
� 1 0 1 3 M e  i s  f o l l ow e d  b y  c o l l ap s e  a n d  f r a gmen t a t i o n . " P an c a k e s "  o f  
� 10 1 5 M e  c o l la p s e  a l o n g  a s i n g l e  ax i s  a n d  f r a g m e n t  t o  p r o du c e  
g a l ax i e s , In t h i s  s c e n ar i o , t h e  p r e s e n t  ma s s  s p e c t rum r e f l e c t s  the 
ma s s  s p e c trum a t  d e c o u p l in g  only f o r  m a s s e s :;;, 10 1 5 MG • 

An a l t e r n a t i v e  mo d e l  i s  p r o v i d e d  b y  P r e s s a n d  
S ch e c h t e r 2 2 ] : g r av i t a t i o n a l  i n s t ab i l i t y . I n  t h i s  s c ena r i o , l a r g e r  
a n d  l a r g e r  m a s s e s  f o rm b y  g r av i t a t i o n a l  " a g g l o me r a t i on " o f  s ma l l e r  
ma s s e s .  A t  p r e s en t  t h i s  p r o c e s s  h a s  p r o du c e d  d e n s i t y  p e r tur b a t i o n s  
6 p / p  � 1 on a s c a le o f � 1 0 1 5 MG • Th i s  s ce n a r i o  r e q u i r e s  t h e  p r e s 
e n c e  o f  s ma l l e r  ma s s  " p a r t i c l e s "  whi ch clump t o  f o rm l a r g e r  un i t s , 
a n d  t h u s  a p p e a r s  t o  b e  c on s i s t en t  o n l y  w i t h  i s o t h e r m a l  p e r tu r b a -
t i o n s . 

O n c e  a g a i n , n o t e  t h e  c le a r  d i s t in c t i o n  b e tween t h e  t w o  
s c enar i o s . I f  t h e  p e r t u rb a t i on s  a t  t d a r e  p r i ma r i l y  a d i ab a t i c , 
o n ly ma s s e s  � 1 0 1 3 Me w i l l  b e  r ep r e s e n t e d ; t h e  p an c ake t h e o r y  o r  
s ome v a r i a n t  o f  i t  i s  f av o r e d ;  a n d  g a l a x y  f o rma t i o n  i s  a s e c on d a r y  
p r o ce s s . I f  the p e r turb a t i on s  a r e  p r imar i ly i s o t h e rma l ,  t h e  p r e -
d o m in a n t  ma s s  s c a l e s  w i l l  b e  � 1 0 5 Me a n d  l ar g e r ;  a n d  g a l a x i e s  a n d  

* O r , in o pen m o d e l s ,  un t i l  t h e  e p o ch c o r r e s p on d in g  t o  z = (p c / P 0 ) - 1 
( s e e  I I I ,  � 4 ,  b e l o w) . 
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c l u s t e r s  w i l l  f o r m ,  in t h a t  o r de r ,  b y  g r av i t a t i o n a l  i n s t ab i l i t y .  
C an ob s e rv a t i o n s  h e l p  d i s t in g u i s h  b e tween the s e  two ca s e s ?  

I I I . A S TRONOMI CAL E V I D E N C E  BEAR I N G  O N  D E N S I TY P E RT URBAT I O N S  

The d en s i t y  p e r turb a t i on s  we h a v e  b e en d i s c u s s i n g  a r e  
r e s p o n s ib l e  f o r  the s t r u c t u r e  w e  s e e  in the U n i v e r s e  t o day . I t  
f o l lo w s  t h a t  a c a r e f u l  s tu d y  o f  t h e  d i s t r i b u t i on o f  ma t t er now may 
r e v e a l  s o me of the p r o p e r t i e s  o f  the s p e c t rum o f  d e n s i t y  p e r turb a 
t i on s  whi ch w e r e  p r e s en t  a t  a much e a r l i e r  e p o ch . I n  t h i s  s e c t i o n  
I w i l l  d i s c u s s s ome o f  the r e l ev a n t  o b s e rv a t i o n a l  ev i de n c e , b o th 
d i r e c t  and i n d i r e c t ,  wh i ch may h e l p  a n sw e r  t h e  q ue s t i o n s  r a i s e d  in 
s e c t i o n  I .  

The epo ch £f_ � f o rma t i o n . F r o m  d i r e c t  o b s e rv a 
t io n s 2 3 ] , w e  k n o w  g a l ax i e s  e x i s t a t  r e d s h i f t s  o f  o r d e r  u n i t y , Thus  
they mus t have f o rmed - - t h a t  i s , c o n t r a c t e d  and f r a gmen t e d  t o  f o rm 
s t a r s 2 4 l , 2 5 l - -b y  an e a r l y  e p o ch . 

S ev e r a l  a t temp t s 2 6 ] have b e e n  made t o  o b s e rv e  p r imev a l  
g a l ax i e s - - g a l a x i e s  i n  t h e  a c t  o f  f o rming t h e i r  f i r s t  g e n e r a t i o n  o f  
p r e s umab ly h i g h ly l u m i n o u s  s t a r s . N o n e  o f  the s e  s e a r ch e s  h a s  b e e n  
s u c c e s s f u l , I f  t h e  mo d e l s  o f  g a l axy f o rm a t i o n2 5 l  wh i c h  i n i t i a l ly 
m o t iv a t e d  them a r e  c o r r e c t , t h e n  the e p o ch o f  g a laxy f o rm a t i o n  c an 
b e  p u s h e d  s t i l l  f u r th e r  i n t o t h e  p a s t . V e r y  r o u g h l y , t h e  r e d sh i f t  
o f  g a l ax y  f o r ma t i on i s  l imi t e d  t o  Z f - 7 ( s e e  [ 2 6 ] ) .  

S e v e r a l  in d i r e c t  a r gumen t s  a r e  in a c c o r d  w i t h  Z f � 3 - 1 0 . 
F i r s t ,  t h e r e  a r e  t h e  numb e r  c oun t s  of Q S O  and r a d i o  s o u r ce s , whi ch 
s u g ge s t  t h a t  s ome ob j e c t s  o f  r o u g h l y  g a l a c t i c  ma s s  w e r e  f o rming a t  
z � 3 ,  N e x t , o n e  can a r g u e 2 5 ] f r om t h e  p r e s e n t ly o b s e rv e d  d en s i t y  
o f  g a l ax i e s  t h a t  t h e y  mu s t  have f o rmed a t  r e d sh i f t s  o f  o r d e r  1 0 , 
un l e s s  v e r y  s i gn i f i c a n t  d i s s i p a t i o n  w a s  i nv o lv e d . F i na l ly , in o p e n  
c o smo l o g i c a l  m o d e l s , g r ow t h  in d en s i t y  p e r tu r b a t i on s  f o l lowing t h e  
( z  + 1 ) - 1 l a w  o f  L i f s ch i t z 4 ] c e a s e s  a s  t h e  U n iv e r s e  e n t e r s  i t s  
l inear e x p an s i on p h a s e 2 7 ] , Thus  g a l axy ( o r  c lu s t e r )  f o r ma t i on mu s t  

b e  c o mp l e t e  b y  a n  e p o ch z P c  
� - -P o 

1 w h e r e  P c i s  t h e  s o - ca l le d  c r i t i -

c a l  d e n s i t y  3 H 0 2 / 8n G ,  a n d  p 0  i s  t h e  p r e s e n t  d e n s i ty , Many c o s mo l 
o g i s t s 2 8 l  now f av o r  p 0  � O . l p c ; h e n c e  Z f � 9 .  

The s e  l im i t s  o n  Z f s e t  c on s t ra i n t s  on the amp l i t u d e  o f  
p e r t urb a t i on s  a t  t h e  d e c o u p l i n g  e r a , I f  we a s s ume ti p  / p  > 1 i s  
r e q u i r e d  t o  i ni t ia t e  t h e  p r o c e s s  o f  c o l l a p s e  a n d  f r agmen t a t i o n , w e  
h a v e  f r o m  r e l a t i o n  ( 1 ) 



( z f + 1) 
( 6 p /p) d = 1 � .  

W i t h  v a lu e s  f o r  Z f i n  t h e  r a n g e  3 - 1 0 , we s e e  t h a t  p e r t urb a t io n s  o f  
0 . 3 - 1 %  a r e  r e q u i r e d . 

S o  f ar ,  t h i s  a r g um e n t  h a s  a s sumed t h a t  g a l ax i e s  f o r m  d i 
r e c t ly f ro m  p e r t urb a t i o n s  o f  c h ar a c t e r i s t i c  g a l a c t i c  ma s s ,  s a y  1 0 1 1  

MG · I f  s o ,  w e  r e q u i r e  6 p / p  � . 0 0 3  o n  a m a s s s c a le o f  1 0 1 1  MG a t  
t a . G a l ax i e s  may , h oweve r ,  f o rm a s  f r a gmen t s  i n  the c o l l a p s e  o f  
l a r g e r  s t ru c t ur e s , s u c h  a s  t h e  ''p an c a k e s '' o f  Z e l ' d o v i c h 2 1 ] . I n  
t h i s  s c e n a r i o , p an c a k e s  o f  � 10 1 5 MG have v a l u e s  o f  6 p / p  � 1 a t  
z � 1 0 , s o  we s e e  t h a t  p e r tu r b a t i o n s  o f  o r d e r  0 , 3 - 1% a r e  r e q u i r e d ,  
b u t  o n  a l a r g e r  s ca l e  t h an f o r  d i r e c t  g a l axy f or m a t i o n . 

M o r e  d e t a i l e d  a r g ume n t s 5 l , 2 9 l  s ug g e s t  s o mewhat s ma l l e r  
l o w e r  l imi t s  on ( 6 p / p ) d • N ev e r t h e l e s s ,  t he c r u c i a l  c o n c l u s i o n  s t ill 
h o l d s - - s u b s t an t i a l  den s i t y  p e r tu r b a t i o n s  a t  t a  a r e  r e q u i r e d  t o  p r o 
d u c e  t h e  s tr u c t u r e  w e  n o w  s e e  in t h e  U n iv e r s e . E q u a l ly , t he p e r 
t urb a t ion amp l i tu d e  c ann o t  h a v e  b e e n  t o o  h i gh ; o th e r w i s e  p r e s e n t ly 
o b s e rv e d  s y s t e m s  w o u l d  have much h i gh e r  den s i t i e s  t h a n  they do . 
Th e s e  r e s u l t s  h e l p  p i n  d own t h e  n o r ma l i z in g  c o e f f i c ie n t  k in e q u a 
t i on ( 2 ) . 

C o r r e l a t i o n s . T h e  i mp o r t a n t  w o rk o f  P e e b l e s  a n d  h i s  
c o l l ab or a t or s l l  h a s  s h own t h a t  c o r r e l a t i o n s  ex i s t  b e tw e e n t h e  
p o s i t i o n s  o f  g a l a x i e s  o v e r  d i s t a n c e s  in t h e  r an g e  0 . 1 - 1 0  M p c  a t  
l e a s t . F o l lo w i n g  P e e b l e s , we d e f i n e  a dimen s i o n l e s s  c o r r e la t i o n  
f u n c t i on l; ( r ) b y  

l; ( r )  = ( p ( :;: 1 ) P ( E 1  + E ) ) /(p) 2 - 1 .  
H i s  w o r k  o n  a v ar i e ty o f  g a l ax y  s amp l e s  s h o w s  

f; ( r )  = ( r / r 0 ) - 1 ° 7 7 

( 3 a ) 

( 3 b ) 
( 1 0 0 ) w i t h  r 0 � 5 � Mp c .  Th i s  v a lu e  o f  r 0  c o r r e s p o n d s  a p p r o x ima t e ly t o  

1 0 1 5  MG . H e r e  w e  h av e , in p r i n c i p l e , a m e a n s  o f  d e t e r m i n i n g  t h e  
index ct o f  e q u a t i o n  ( 2 ) . T h i s  p r o b lem h a s  b e e n  a d dr e s s e d  b o t h  b y  
P e e b l e s 3  O ] , I ] a n d  b y  G o t t  a n d  R e e s 9  l .  T h r e e  q u e s t i o n s  a r i s e  i n  
t h e s e  p a p e r s :  wha t i n d ex ct i s  f a v o r e d  b y  t h e  o b s e rv e d  r e l a t i o n  
( 3 ) ; do e s  t h e  r e l a t i on ( 3 )  h o ld f o r  p e r tu r b a t i o n s  o n  t h e  l a r g e s t  
s c a l e s  r � 1 0  M p c ; and i s  s o me cu t o f f  n e e d e d  a t  e i t h e r  l a r g e  s c a l e s  
.£!_ sma l l  s c a l e s  t o  p r ev e n t u n a c c e p t a b l e  p h y s i c al c o n s e q u en ce s ?  T o  
t h i s  wr i t e r , a t  l e a s t ,  t h e s e  q ue s t i o n s  d o  n o t  s e e m  t o  h av e  b e e n  
f in a l l y  d e c i d e d . T h e  r e d sh i f t  s u rvay o f  D av i s 2 l  r ev e a l s  s ub s t a n 
t ia l  s t r u c t u r e  o n  s c a l e s  � 1 0  M p c ; i t  app e a r s  t o  b e  c on s i s t e n t  w i t h  
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an e x t r a p o l a t i o n  o f  ( 3 )  r a t h e r  t h a n  t o  f a l l  b e l o w  i t  ( D a v i s , p r i 
v a t e  c o mmun i c a t i on ) . T h i s  m a y  t e n d  t o  weaken P e e b l e s ' a r gumen t 3 0 ] 

t h a t  t h e  i n i t i a l  m a s s  s p e c t rum mu s t  b e  s t e e p . In ( 1 5 ] i t  i s  sug -
g e s t e d  t h a t  � a l o w  d e n s i t y  mo d e l  w i t h  a � 1 / 3  � a c r i t i c a l  
d e n s i t y  m o d e l  w i t h  a =  � p r ov i d e  a s  g o o d  a f i t  t o  P e eb l e s ' d a t a  a s  

2 > do mo d e l s  f o r  a d i a b a t i c  p e r t u rb a t i on s  w i t h  a � 1 ( a s  f a v o r e d  in 
[ 3 0 ] ) .  I f  a � 1 ,  s ome c u t o f f  a t  s h o r t  wav e l e n g t h s  ( s ma l l  ma s s e s )  
i s  r e q u i r e d  t o  p r event t h e  f o rma t i on o f  B la c k  H o l e s  b y  g r av i t a t io n 
a l  c o l l a p s e  o f  p e r t u rb a t i o n s  o f  s ma l l  ma s s - - s e e  t h e  f o l l owing p a r a 
g r a p h s . The s i tu a t i on i s  l e s s  c r i s p l y  d e f i n e d  t h an we m i g h t  l ike . 

Ind i r e c t  c o n s t r a in t s :  l i m i t s  on p e r tu r b a t i o n  amp l i tu d e s  
� e p o c h s  < <  t d . U p  t o  t h i s  p o in t  in S e c t i o n  I I I , w e  h a v e  b e e n  
c o n s i d e r ing c o n s t r a i n t s  on p e r t u rb a t i o n s  wh i c h  c a n  b e  s e t  a t  t d o r  
a f t e r . T h e r e  a r e ,  howev e r , s e v e r a l  a r gumen t s  wh i ch a l l o w  u s  t o  
l imi t 6 p / p  a t  mu c h  e a r l i e r  e p o ch s . I have a l r e a d y  a l l u d e d  t o  t h e  
f i r s t : i f  a >  2 / 3 , p e r tu r b a t i on s  d o  n o t  ed t e r  t h e  h o r i z on w i t h  
c o n s t a n t  curvatur e .  I n s t e a d , a t  e p o c h s  c lo s e r  t o  t = O ,  when t h e  
h o r i z o n  m a s s  w a s  s ma l l e r , t h e  curv a t u r e  p e r t ur b a t i o n s  w e r e  l a r g e r . 
In o t h e r  wo r d s , a >  2 / 3 i mp l i e s  an in i t i a l l y  c h a o t i c  U n iv e r s e  w i t h  
l a r g e  curv a t u r e  p e r turb a t i o n s ; t h e s e  c o u l d  e a s i l y  h a v e  c o l l a p s e d  t o  
f o r m  B l a c k  H o l e s  f or wh i ch t h e r e  i s  n o  a s t r o p h y s i c a l  evi den c e . 

L ik ew i s e , i f  a > 2 / 3 ,  o r  k i s  t o o  l a r g e , p e r t ur b a t i o n s  
p r e s en t  a t  t � 1 0 0  s e c  w o u l d  h a v e  a lt e r e d  pr i mo r d i a l  n u c l e o s y n th e 
s i s  ( Au d ou z e , t h i s  v o lume ; W a g on e r 3 1 l ) ,  p a r t i cu l a r l y  H e  p r o d u c 
t i on 3 2 ] .  S i n c e  t h e  ob s e rv e d  He a b u n d a n c e  a p p e a r s  t o  b e  in a c c e p t
able a gr e em e n t  with that p r e d i c t ed for h o m o g e n e o u s ,  i s o t r o p i c  
F r ie dman mo d e l s  ( s e e  Kun t h , t h i s  v o l ume ; G r e en s t e i n 3 3 l ) , w e  m u s t  
c o n c l u d e  t h a t  a � 2 / 3  a n d  t h a t  k w a s  n o t  t o o  l a r g e , o r  t h a t  s ome 
c u t o f f  o p e r a t e d  to p r e v e n t  l a r g e  amp l i tu d e  p e r turb a t i o n s  on sma l l  
s c a l e s . 

Wh i l e  t h e s e  c o n s t r a i n t s  a r e  i n t e r e s t ing , t h ey a r e  b y  n o  
mean s c o n c l u s iv e . F o r tuna t e ly , t h e r e  i s  a n o t h e r  a p p r o a c h  t o  t h e  
q u e s t i o n s  r a i s e d  in S e c t i on I t h a t  i s  n o w  b e ing a c t iv e l y  ex p l o i ted
c a r e f u l  s t u d y  o f  the a n g u l a r  d i s t r i b u t i on of the c o s m i c  m i c r owave 
b a ck g r o un d , 

IV . F LUCTUAT I O N S  IN THE C O S M I C  M I C ROWAVE B A CKGR OUND 

F o r  m o r e  t h an a d e c a d e , it has b e en r e c o g n i z e d  that t h e  
m i c rowave b a c k g r o u n d  w i l l  b e  a f f e c t e d  b y  n o n -un i f o r m v e l o c i t y  
f i e l d s  o r  inhomo g e n e o u s  d i s t r i b u t i o n  o f  ma t t e r  o n  t h e  sur f a c e  o f  
la • t  s c a t t e r ing ?] , 3 4 ] , T h e  e f f e c t  i s  t o  in t r o du c e  in t en s i t y  o r  



t empe r a t u r e  f lu c tu a t i on s  A T / T  in t h e  m i c r owave b a ck g r ou n d . T h u s  a 
s t u d y  o f  t h e  f in e  s ca l e  a n i s o t r o p i e s  in t h e  m i c r o wave b a c k g r o und 
p r ov i d e s  a " s n a p s h o t "  of the d i s t r ib u t i o n  of ma t t e r  at a much 
ear l i e r  e p o ch , the e p o c h  of l a s t s ca t t e r i n g  of t h e  mi cr owav e p h o -
t on s .  I n  p r in c i p l e , s u ch a " s n ap s h o t "  w o u l d  p e rmi t u s  t o  d e termine 
b o t h t h e  s lo p e  and amp l i tu d e  o f  the p e r t urb a t i o n  s p e c trum ( 2 ) .  

T o  p r o c e e d  f u r t h e r , we n e e d  t o  know what t h e  r e d s h i f t  o f  
t h e  e p o c h  o f  l a s t  s ca t t e r ing i s . C e r t a i n ly Z s � z d ; b e f o re t h e  
p r imev a l  p la s ma r e c o mb ine d ,  T h o m s o n  s ca t t e r i n g  k e p t  t h e  me an f r e e  
p a t h  o f  p h o t on s  l o w . I f  t h e r e  w a s  n o  s u b s e q ue n t  r e - i o n i z a t i o n  o f  
t h e  ma t t e r  c o n t e n t  o f  t h e  U n iv e r s e , w e  m a y  t a k e  Z s = z d � 1 1 0 0 . We 
w i l l  make this a s s um p t i o n  f o r  t h e  remainde r  o f  this S e c t i o n , t h e n  
r e lax i t  a t  t h e  e n d . 

A s s uming t h a t  t h e  s u r f a ce o f  l a s t  s ca t t e r i n g  i s  a t  a 
lar g e  r e d s h i f t ,  z d � 1 1 0 0  p e r m i t s  u s , f o l lo w i n g  W e i nb e r g 3 l , t o  
wr i t e  d own a r e l a t i o n  b e tween t h e  ma s s  o f  a p e r t urb a t i o n , a s sumed 
app r ox ima t e ly s p h e r i c a l  i n  s h ap e ,  a n d  i t s  ob s e rv e d  

p oH o ( 6 M )1 / 3 
= 2 cp c -;;p-;;-

angu l a r  d iame t e r  

( 4 )  

whe r e ,  a s  b e f o r e , P c i s  t h e  c r i t i c a l  d en s i t y  3 H0 2 / B� G  and P o i s  t h e  
a c t u a l  m a s s  d e n s i ty o f  t h e  U n iv e r s e . 

E q u a t i o n  ( 4 )  a b o v e  e s t ab l i s h e s  a s t r a i gh t f o rwar d  l in k  
b e tw e e n  an o b s e rv a t i o n a l  p a r ame t e r  a n d  t h e  ma s s  s ca l e  o f  a d e n s i t y  
p e r t u rb a t io n . U n f o r tu n a t e l y , t h e  l i n k  b e tween t h e  amp l i t u d e  o f  
d e n s i t y  p e r tu r b a t i o n s  a n d  t h e  f l uc t u a t i on l e v e l  A T / T  i s  much m o r e  
c o mp l i c a t e d . In t h e  f i r s t  p la c e , f lu c tu a t i o n s  in t h e  c o s m i c  m i c r o 
w a v e  b a ck g r ound a r e  p r o d u c e d  b y  a numb e r  o f  p h y s i c a l  p r o c e s s e s , t h e  
m o r e  imp o r t a n t  o f  w h i c h  w i l l  b e  d e s c r ib e d  b r ie f ly b e low . In a d d i 
t io n , b e c a u s e  t h e  r e co mb in a t i o n  o f  t h e  p r imev a l  p la sma i s  n o t  
in s t a n t a n e ou s ,  i t  f o l l o w s  t h a t  i n  many c a s e s  t h e  o b s e rv a b l e  f lu c t u 
a t io n s  i n  t h e  m i c r owave b a ck g r ound a r e  a v e r a g e d  o u t s] , 7 ] 

The m o s t  s t r a i g h t f o r w a r d  c o nn e c t i o n  b e tw e e n  A p / p  and A T / T  
h o l d s  f o r  p u r e l y  a d i ab a t i c  f lu c tu a t i on s :  h e r e  A T / T  = 1 / 3  A p / p .  
U n f o r tu n a t e ly ,  t h i s  s im p l e  r e l a t io n s h i p  b e tw e e n  t emper a tu r e  f lu c tu 
a t io n s  a n d  d e n s i t y  p e r turb a t i o n s  w i l l  a p p ly o n l y  f o r  a d i ab a t i c  
p e r tu r b a t i o n s  o f  ma s s  � 1 0 1 5 M9 , s in c e  s ma l l e r  m a s s  p e r t ur b a t io n s  
w i l l  b e  o p t i c a l l y  t h i n  t h r ou g h  t h e  e p o c h  o f  d e c o u p l i n g  s o  t h a t 
t h e i r  t empe r a t u r e  f lu c t u a t i o n s  mu s t  b e  a v e r a g e d  ov e r  a l in e  o f  
s igh t ,  a n d  t hu s  t h e  o b s e r v e d  l ev e l  o f  A T / T  w i l l  b e  r e du c e d S ] . 
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F o r  l ow e r  m a s s  p e r t u r b a t i o n s  o f  a l l  t y pe s ,  mo s t  o f  t h e  
ob s e rvab l e  t e mp e r a t u r e  f lu c t u a t i o n s  a r e  g e n e r a t e d  b y  t h e  D o p p l e r  
e f f e c t  a r i s ing e i th e r  f r o m  t h e  mo t i on o f  ma t t e r  c a u s e d  b y  t h e  g r av 
i t y  o f  t h e  p e r tu r b a t i o n s  a t  t d 5] , 2 9 ] , o r  d i r e c t ly f r om v o r tex p e r 
t u r b a t i o n s 1 1 ] , 3 5J. T h e  l a t t e r  w i l l  b e  dominant i f  p r e s e n t . 

C a l c u l a t i ons o f  the amp l i tu d e  o f  o b s ervab l e  f lu c tu a t i o ns 
a s  a f un c t i o n  o f  mass ( o r a n g u l a r  s c a l e )  h av e  b e en made b y  s ev e r a l  
g r o u p s  b o t h  a n a l y t i ca l l y 5 ] , 7 ]  a n d  nume r i c a l l y 8] , 2 0 ] , 2 9 ] , f o r  many 
v a l u e s  of a .  W h i l e  t h e r e  is some d i s a g r e ement o n  the p r e d i c t e d  
amp l i t u d e s , e s p e c i a l l y  f o r  i s o th e r ma l  f lu c t u a t i o n s 2 0] , 2 9 1 , f o r  a l l  
r e a s onab l e  v a l u e s  o f  a ,  6 T / T  � 1 0- 5 - 1 0 - 3 . I n  t h e  c a s e  o f  a d i a b a t i c  
p e r t u rb a t io n s , l a r g e r  v a l u e s  o f  6 T / T  r e s u l t  f o r  t h e  l ow e r  v a l u e s  o f  

p 0 / p c  n o w  f av o r e d . As a r e p r e s e n t a t iv e  examp l e  o f  c a l c u l a t e d  v a l 
u e s  o f  6 T / T ,  we r e p ro du c e  t h e  r e s u l t s  o f  S i l k  an d W i l s o n2 9 l  a s  f i g 
u r e s  2 and 3 .  

C a l c u l a t i o n s  o f  6 T / T  f o r  v o r t ex p e r t u r b a t i o n s 3 5 l g i�e 
sub s t an t i a l l y  h i gh e r  v a l u e s ,  b e c a u s e  of the l a r g e  v e l o c i t y  f i e l d s  
a t  t d . 

A d i f f e r e n t  and m o r e  c o n s e rv a t iv e  a p p r o a ch t o  t h i s  q u e s 
t io n  i s  t o  a s k  w h a t  i s  t h e  min imum p e rmi s s ib le v a lu e  o f  6 T / T . 

D av i s  a n d  B o yn t on 3 6 ] t a k e  t h i s  t a ck . A s suming c o n s e rv a t iv e l y  t h a t  
o n l y  i s o t h e r m a l  p e r t u r b a t i o n s  a r e  p r e s en t ,  t he y  s h o w  t h a t  6 T / T  mu s t  
have a l o w e r  b ound o f  a f ew t im e s  1 0 - 6 i n  o r d e r  t o  b e  con s i s t e n t  
w i t h  t h e  o b s e rv e d  d i s t r i b u t i o n  o f  g a lax i e s  now . 

T h e  p o s s i b i l i ty t h a t  ma s s iv e  n eu t r in o s make up mu c h  o f  
t h e  ma s s  o f  t h e  U n iv e r s e  ( s e e  C ow s ik and a l s o  S ch r amm , t h i s  v o l um e )  
s t i l l  f u r t h e r  c o mp l i c a t e s  and a tt e nu a t e s  t h e  c o n n e c t ion b e tween 
6 T / T  and 6 p / p .  This q u e s t i o n i s  b e i n g  a c t iv e l y  inve s t i g a t e d  by 
S i lk , a mo n g  o th e r s - -s e e  his c o n t r i b u t i o n  h er e .  Quan t i t a t iv e l y , t h e  
e f f e c t  o f  a d d ing m a s s ive n e u t r i n o s  o r  o th e r  non -b ar y o n i c  ma t t e r  i s  
t o  r ed u c e  6 T / T  f o r  a g iv e n  6 p / p .  

F in a l l y ,  a s  w e  p r e p a r e  t o  t u r n  t o  the o b s e rv a t i o n a l  
r e s u l t s , i t  i s  w o r t h  n o t in g  t h a t  p r e d i c t e d  v a l u e s  o f  6T/T  r e s u l t 
i n g  f r o m  p e r t u rb a t i o n s  a t  t d r e a c h  a max imum o n  a n g u l a r  s ca l e s  
� 10 ' ,  c o r r e s p on d in g  a p p r o x ima t e ly t o  a m a s s  o f  1 0 1 5  M8 • F o r  
s ma l l e r  ma s s e s  a n d  s c a le s ,  e i th e r  t h e  p e r t u r b a t i ons a r e  damp e d  o u t  
b e f o r e  t d , o r  t h e  o b s e rv a b l e  f lu c t u a t i on l ev e l  i s  r e d u c e d  b y  a v e r 
a g in g  a lo n g  t h e  l i n e  o f  s i g h t  t h r o u g h  t h e  d e c o u p l in g  e p o ch , a s  
men t i on e d  ab ove . 



Ob s e r v a t i o n a l  r e s u l t s . T h e  o p p o r t u n i t y  p r o v i d e d  by t h e  
m i cr owave b a c k g r o u n d  t o  s tu d y  t h e  d i s t r i b u t i o n  o f  ma t t e r  a t  an 
e a r l y  e p o ch h a s  l e d  many g r o u p s  to s e ar c h  f or t em p e r a t u r e  f l u c t u a 
t io n s . T w o  g e n e r a l  r em a r k s  m a y  b e  m a d e  a b o u t  t h e  r e s u l t s  t o  
da t e : - - ( 1 ) N o  o n e  h a s  r e l i ab l y  r e p o r t e d  d e t e c t io n  o f  f lu c t u a t i on s  
w h i ch a r e  i n d i s p u t a b ly p r i mo r d i a l ; o n l y  u p p e r  l i mi t s  o n  6 T / T  o n  
v a r i ou s  a n g u l a r  s c a l e s  a r e  ava i l ab le . ( 2 )  T h e s e  u p p e r  l i mi t s , h o w-
eve r ,  ar e t i g h t  e n o u g h  t o  c o n s t r a in t h e  s p e c t r um of den s i ty p e r t u r 
b a t i on s , a n d  even t o  e l im i n a t e  c e r t a i n  t y p e s  o f  p e r turb a t i o n s  
e n t i r e l y . 

Ob s e r v a t i o n a l  u p p e r  l i mi t s  ava i la b l e  in mi d- 1 9 7 9  a r e  
s ummar i z e d a n d  r ev i ewed c r i t i c a l l y  in [ 3 7 ] . T a b l e  1 i s  r e p r o d u c e d  
f r o m  [ 3 7 ] ; t h e  c o r r e c t i o n s  r e f e r r e d  t o  in t h e  l a s t  c o lumn w e r e  made 
b y  t h e  a u t h o r , n o t  b y  the o b s e rv e r s , a n d  i n c l u d e  c o r r e c t i o n s  f o r  
t e l e s c o p e  e f f i c i e ncy a n d  c o nv e r s i on t o  t h e  9 5 %  conf i d e n c e  l e v e l 3 7 l .  

Tab l e  1 .  A l i s t  o f  a l l  pub l i sh e d  u p p e r  l i m i t s  o n  t h e  s m a l l - s c a le 
an i s o t r o p y  of t h e  c o s m i c  m i c rowave b a ck g r o un d . T h e  r e s u l t s  a r e  
g e n e r a l l y  ex p r e s s e d  a s  l i mi t s  a t  t h e  9 5 %  c o n f i de n c e  l ev e l . T h e  
c o r r e c t i o n s  a r e  m y  o w n  e s t ima t e s , a n d  may b e  i gn o r e d .  

R e p o r t e d  o r  
pub l i sh e d  C o r r e c t e d  

W av e l e n g t h  Angu l a r  u p p e r  l i m i t  u p p e r  l imi t 
Ob s e r v e r s  c m  s c a l e  6 T / T  6 T / T  
C on k l i n  e t  a l .  [ 3 8 ] 2 . 8 0 10 I t . 8x 1 0 - 3 3 . 5 x 1 0 - 3 , *  
P e n z i a s  e t  a l .  [ 3 9 ] 0 . 3 5 2 I 9 . o x 1 0 - 3 2 . ox 10 - 2 
B o y n t o n  e t  a l .  [ 4 0 ] 0 . 3 5  'V 1 ! 5 3 . 7 x lo - 3 l . 8x l0- 3 
C a r p en t e r  et al,  [ 4 1 ] 3 .  6 0  2 ' - 1 °  1 . o x 10 - 4 
P a r i j  s k i j  [ 4 2 ] 2 . 8  3 ' - 1 ° 1 . o x 1 0 - s  4 . 0x 1 0 - 4 
P a r i j  s k i j  [ 4 3 ] 4 . 0  'V 1 2 ' x 4 0 ' 5 . ox 1 0 - s l . 6 x l 0 - 4 *  
S t anke v i c h  [ 4 4 ] 1 1 . 0  8 ' - 2 0 ' l . 5 x l 0 - 4 4 . Ox l0 - 4 *  
C a d e r n i  e t  a l. [ 4 5 ] 0 . 1 3  3 0 ' l . 2 x l 0- 4 

t 5 '  � 8 . o x 1 0- s { 4 . o x 1 0- 4 
P a r ij s k i j  et al. [ 4 6 ] 4 . 0  t o  t o  t o  

1 5 0 ' l . 3 x 1 0- s 7 . 5 x l o - s 
P a r t r i d g e  [ 4 7 ] 0 . 9  'V 7 '  8 . 0x 1 0 - s  
•N o t  c o r r e c t e d  f o r p o s s ib l e  e r r o r s  i n  s t •t i s t i c a l  analy s i s , b u t  

o n ly f o r  t e l e s c o p e  e f f i c ie n cy . A l s o  conv e r t e d  t o  2 cr  v a lu e s . 

T h e  r e s u l t s  o f  P a r i j s k i j  e t  a 1 . 4 6 ] and P a r t r i d g e 4 7 ] s e t  t h e  mo s t  
s t r in g e n t  l i mi t s  n e a r  the t w o  e n d s  o f  t h e  r a n g e  o f  a n g u l a r  s ca l e  
c o v e r e d  b y  t h e  m e a s u r emen t s .  W h e n  t h e s e  r e s u l t s  a r e  c o mp a r e d  w i th 
f i gu r e s  2 and 3* , i t  i s  c l e a r  t h a t  t h e y  f a l l  we l l  b e l o w  t h e  p r e d i c 
t io n s  o f  t h e  mo d e l s  f o r  a d i a b a t i c  p e r tu r b a t i o n s , a n d  e f f e c t i v e l y  

* N o t e  t h a t  exfe rim e n t  [ 4 7 ] e mp l o y e d  b e am s w i t c h i n g ; h e n c e , a s  s hown 
b y  B o y n t o n 4 8  , 3 l , the t r u e  a n g u l a r  s c a l e  s amp l e d  was the b e am
s w i t ch a n g l e  o f  9 ' ,  n o t  the a c tu a l  s i z e  of e i t h e r  b e am . The u p p e r  
l im i t h a s  b e e n  p l o t t e d  a t  8 = 9 ' .  
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l imi t t h e  i n d ex a t o  � 1 / 2  f o r  i s o t h e r ma l  p e r t u r b a t i o n s . In a d d i 

t i on , i f  we p u t  t h e s e  l i mi t s  i n t o  t h e  c o n t ex t e s t ab l i s h e d  b y  

Ch ib i s ov a n d  O z e r n o i 1 1 ] a n d  A n i l e  e t  a l3 5  l ,  we s e e  t h a t  m o d e l s  

b a s e d  on v o r t ex o r  ''wh i r l '' p e r tu r b a t i o n s  a r e  a l s o  r u l e d  o u t .  

S in c e  1 9 7 9 , a d d i t i o n a l  u p p e r  l imi t s  have b e e n  pub l is h e d  

o r  r e p o r t e d 4 9 ] - s z ] . Wh i l e  s ome o f  t h e s e  do n o t  a p p r e c i a b l y  change  

t h e  p i c t u r e  s umma r i z ed in Tab l e  1 ,  the  v e r y  low  u p p e r  l i m i t 5 2 ] on 

f lu c t u a t ions  on a s c a l e  of � 5 °  is of g r e a t  imp o r t an c e : a t  submi l l i 

m e t e r  wavel eng t h s , � T / T  � 2 - 3 x 1 0 - s .  I t  s e e ms l ik e l y  t h a t  a t  l ea s t  

s o me o f  t h e  ob s e r v e d  f l u c t u a t i on o n  t h i s  angular  s ca l e  a t  t h i s  

s h o r t  wav e l eng t h  i s  p r o du c e d  b y  warm , emi t t ing , d u s t  c l o u d s  i n  o u r  

G a l ax y . Thus  t h e  t ru e  lev e l  o f  p r i mo r d i a l  f l u c t u a t i on s  on t h i s  

s c a l e  m u s t  b e  lower s t i l l . F r o m  a t h e o r e t i c a l  p o i n t  o f  v i ew t h e  

impor t a n c e  of  t h i s  r e s u l t  l i e s  in t h e  f a c t  tha t the  c o r r e s p onding  

ma s s  s ca l e  i s  > 1 0 1 9 M� , t h e  h o r i z on ma s s  s ca l e  a t  t d (see  S e c t ion 

I I ) . Thus  t h i s  ob s e r v a t ion s amp l e s  t h e  ma s s  s p e c t rum at t a  d i r e c t 

l y ,  uninf l u e n c e d  b y  a n y  c a u s a l  p h y s i c a l  p r o c e s s  s u c h  a s  damp ing . 

F r o m  an ob s e rv e r ' s  p o i n t  o f  v i e w ,  t h e  r e s u l t s  s h o w  the  p ow e r  of  

b o l ome t r i c  r e c e i v e r s  with  their  v e r y  w i d e  b andwi d t h 5 3 l . A group  of  

u s 5 4 ] i s  a t t emp t i n g  t o  repeat  s u c h  measuremen t s  on a large  angu l a r  

s c a l e  ( in o u r  c a s e  � 3 ° ) , u s ing conven t io n a l  g r o u n d -b a s e d  s u p e r h e t 

e r o d yn e  r e c e i v e r s  a t  A � 3 cm . A t  p r e s e n t  o u r  r e s u l t s  a r e  mo r e  

t h a n  an o r d e r  o f  magn i t u d e  l e s s  s en s i t iv e  t h a n  the  I t a l ian r e 

s u l t s 5 2 ] . I t  s e em s  c l e a r  t o  me t h a t  t h e  b e s t  f u tu r e  o b s e rv a t i on s  

on 1 / 2 ° -2 0 °  s ca l e s  w i l l  be  m a d e  w i t h  b o lome t e r s , a n d  gene r a l l y  n o t  

g r o u n d -b a s e d .  

On t h e  o th e r  h an d , o n  s ma l le r  angu l a r  s ca l e s , 3 ' - 3 0 ' ,  
conven t i onal  r a d i o  a s t ronomi c a l  t e chn i q u e s  can b e  p u s h e d  f u r t h e r . 

F o r  i n s t an ce , i t  a p p e a r s  t h a t  a new r e c e i v e r  a t  t h e  1 4 0 - f o o t  t e l e 

s c o p e  o p e r a t e d  b y  t h e  N a t i o n a l  R a d i o  A s t ronomy O b s e r v a t o r y  i n  t h e  

U . S .  s h o u l d  permi t o b s e r v e r s 5 5 l  t o  r e d u c e  the  u p p e r  l imi t s  on � T / T  
b y  a f a c t or  o f  2 - 3 o n  a s ca l e  o f � 1 2 ' .  

On s t i l l  s ma l l e r  a n g u l a r  s ca le s , f i l l e d  a p e r t u r e  an t enna s 

cannot  b e  u s e d - - t h e i r  r e s o l u t i o n  i s � l '  b e ca u s e  o f  d i f f r a c t i on . 

H e n c e  ob s e rve r s 5 6] , S 7 ] have  t u r n e d  t o  r a d i o  i n t e r f e rome t r y  o r  a p e r 

t u r e  s y n t he s i s . In a d d i t ion  t o  p e rmi t t in g  o b s e rv a t i o n s  on angu l a r  

s c a l e s  a s  sma l l  a s  1 11 o r  l e s s ,  a p e r t u r e  s yn t h e s i s  p r o v i d e s  i n  p r in 

c i p l e  a two - di men s io n a l  m a p  o f  the  t em p e r a t u r e  f lu c t u a t i o n s . U n 

f o r tuna t e l y , ap er t u r e  synt h e s i s  a l s o  h a s  a s t r o n g  d i s a d v a n t a g e  

b u i l t  in 5 7 ]  _ _  much lower  s en s i t iv i t y  f o r  a g iven  i n t e gr a t ing t ime 



t h an a f i l l e d  a p e r t u r e  t e l e s c o p e . F o r  i n s t a n c e , 2 4  h o u r s  o f  ob s e r 

v a t i on w i th t h e  V e r y  L a r g e  A r r a y  h a s  p r o du c e d  a t e n t a t iv e  u p p e r  

l imi t 6 T / T  � 1 • 1 0 -2 o n  a s c a l e  of  � 6 "  ( s e e  T a b l e  2 b e low) : t h i s  

s ame i n t e g r a t in g  t ime r e s u l t e d  in an u p p e r  l i m i t  of  8x l o - s  a t � 7 '  

( s ee [ 4 7 ] ) ,  The u s e  o f  s h o r t e r  b as e l in e s  a t  t h e  VLA w i l l  improve 

the l imi t s  on 6 T / T , but  n o t  b y  a large  f a c t o r ,  

The r e s u l t s  o f  t h e  a p e r t u r e  s y n t he s i s o b s e rv a t i on s  t o  

d a t e  a p p e a r  i n  Tab l e  2 .  Given b o t h  t h e  p oo r  s en s i t iv i t y  a n d  t h e  

f a c t  t h a t  p r e d i c t e d  v a lu e s  o f  6 T / T  d i s cu s s e d  above  d r o p  r ap i d ly a s  

8 f a l l s  b e low � 1 0 ' ,  i t  i s  r e a s o nab l e  t o  a s k  wh y p e op l e  a r e  p u r s u 

i n g  t h e s e  ob s e rv a t i o n s . One  answer  i s  t h a t  t h e  t h e or e t i c a l  p r e d i c 

t i ons a r e  mo d e l  d e p en d en t a n d  n o t  always  i n  p e r f e c t  a g r e emen t ;  i t  

i s  p r u d e n t  t o  check t h em . A mu c h  m o r e  c omp e l l i n g  r e a s on i s  l a i d  

o u t  in t h e  f o l lowing p a r a g r a p h s , 

The e f f e c t  of  r e - i o n i z a t ion  .'.:_.!_ e p o ch s > >  .s!_ ·  U p  t o  t h i s  

p o in t ,  w e  h a v e  b e en a s suming t h a t  t h e  e p o c h  o f  la s t  s c a t t e r i n g - - t h e  

e p o ch we '' s e e '' w h e n  we ob s e r v e  t h e  m i c r owave b a ck g r o u n d - - c o i n c i d e d  

w i t h  t h e  e p o ch o f  d e c o up l i n g  a t  z d � 1 1 0 0 . A numb e r  o f  s c ena r i o s  

f o r  t h e  f o r ma t ion  o f  g a l ax i e s  a n d  c l u s t e r s  s u g g e s t  t h a t  t h i s  may 

not b e  so ( s e e  [ 5 8 ] , [ 5 9 ] , and Rowan-Rob i n s o n  and P u ge t ,  t h i s  v o l 

ume ) . I f  t h e  ma t t e r  in t h e  U n iv e r s e  i s  r e - i o n i z e d  a t  an e p o ch c o r 

r e s p o n d i n g  t o  1 1 0 0  > z � 1 0 , p e r h a p s  b y  e n e r g y  r e l e a s e d  i n  t h e  p r o 

c e s s  of  g a laxy f o rmat i o n , Thomson s c a t t e r ing  f r om t h e  f r e e  e l e c t r ons 

w i l l  sh i f t  the s u r f a c e  of l a s t  s ca t t e r in g  t o  a mu ch lower  r e d sh i f t  

Z s � 1 0 - 2 0  ( de p end ing o n  t h e  d en s i t y  p 0 ) . O n  t h e  o th e r  h an d , r e 

i o n i z a t ion  af t e r  a n  e p o c h  o f  z � 1 0 - 2 0  w i l l  have n o  e f f e c t ; the  

U n iv e r s e  w i l l  r emain t ran s p a r e n t  so  that  we may a g a i n  t ake  z d � 1 1 0 0  

a s  t h e  s u r fa ce  o f  l a s t  s c a t t e r ing . 

I f  ma t t e r  i s  r e - i o n i z e d  a t  z > 1 0 - 2 0 ,  t h r e e  imp o r t an t  

o b s er v a t i o n a l  con s e q uen c e s  f o l l ow : - - ( 1 )  O b v i o u s l y , o b s er v a t i o n s  of  

t emp e r a t u r e  f lu c t u a t i o n s  w i l l  n o  l o n g e r  t e l l  u s  any t h i n g  d i r e c t l y  

ab ou t  t h e  i n i t i a l  ma s s  s p e c t rum . ( 2 )  Wh i l e  d en s i ty p e r t u rb a t i o n s  

on t h e  s u r f  a c e  o f  l a s t  s c a t t e r ing w i l l  s t i l l  p r o d u c e  t emp e r a tu r e  

f lu c tu a t i on s  b y  t h e  D o p p l e r  me chan i s m  d i s c u s s e d  a b ov e ,  t h e  angu l a r  

s c a l e  a t  wh ich  6 T / T  r i s e s  t o  i t s  max imum v a l u e  w i l l  b e  s h i f t e d  f r om 

� 1 0 ' t o � 3° ( s e e  [ 6 0 ] ) .  ( 3 )  P e r h a p s  t h e  m o s t  i n t r i g u i n g  new e l e 

m e n t  i n t r o d u c e d  i s  t h e  p o s s ib i l i t y of  wav e l e n g t h - d e p en d en t f l u c t u a 

t ion amp l i tu d e s 5 9 ] , P u r e  Thom s o n  s c a t t e r ing ( a t  t h e s e  ene r g i e s )  i s  

en t i r el y  i n d e p e n d e n t  o f  wav e l eng th . Howev e r , t h e r e  a r e  o th e r  s ca t 

t e r ing and a b s o rb ing p r o c e s s e s  wh i ch may come i n t o  p l a y  d u r i n g  t h e  
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e p o c h  o f  g a l axy f o r ma t i on ,  a n d  many o f  t h e s e  a r e  wav e l en g t h - d e p e n 
d en t , E x t i n c t i o n  b y  du s t ,  d i s c u s s e d  in t h i s  v o lume b y  Pug e t  a n d  
R o wan -R o b i n s o n , i s  o n e  examp l e . H o g a n 5 9 ] h a s  l o o k e d  a t  t h e s e  p r o 
c e s s e s  in s o me d e t a i l , a n d  h a s  p r e d i c t e d  v a l u e s  o f  � T / T  f o r  a s p e 
c i f i c  m o d e l .  H i s  r e s u l t s  a p p e a r  a s  f i gu r e  4 h e r e .  N o t e ,  f i r s t ,  
t h e  wav e l e n g t h  d e p e n d e n c e  o f  t h e  c o n t o u r s  o f  � T / T , and , s e c o n d , 
t h e  l a r g e  v a l u e s  of � T / T  t h a t  t h e s e  s c a t t e r ing p r o c e s s e s  p r o d u c e  
on s m a l l  a n g u l a r  s c a l e s .  I n d e e d , c o mp a r i s o n  o f  T a b l e  2 w i t h f ig -
u r e  4 s u gg e s t s  t h a t  t h e  ava i l a b l e  i n t e r f e r o m e t r i c  ob s e rv a t i o n s , 
i n s en s i t i v e  a s  t h e y  a r e , a l r e a d y  p u t  t h e  s q u e e z e  on H o g a n ' s  m o d e l s . 
I t  s e e m s  l i k e l y  t o  me t h a t  t i g h t e r  c o n s t r a i n t s  on t h e  s m a l l  s c a l e  
a n i s o t r o p y  o f  t h e  c o s m i c  m i c r owav e b a ck g r o un d ,  c o mb i ned w i t h  m o r e  
p r e c i s e  m e a s u r e m en t s  o f  i t s  s p e c t r u m , c a n  p r o v i d e  a c r i t i c a l  t e s t  
f o r  t h o s e  t h e o r i e s  o f  g a l a x y  f o rma t i o n  wh i ch c a l l  f o r  l a r g e  r e 
l e a s e s  o f  e n e r g y  a t  e p o c h s  m u ch l a t e r  t h an t d • 

Tab l e  2 ,  A p e r t u r e  s y n t h e s i s  ( in t e r f e r o me t r i c )  s e a r c h e s  f o r  f lu c 
t u a t i on s  in t h e  c o s m i c  m i c rowave b a ckgr ound . S e e  [ 5 6 ]  f o r  r e f e r 
e n c e s  t o  t h e  o r i g in a l  p a p e r s . 

O b s e rv e r s  
G o l d s t e in e t  a l , 
Ma r t in e t  a l . 

Par t r i d g e  e t  a l . 

Wave l e n g t h  
c m  
2 1  
1 1  

3 .  7 
6 .  0 

Angu l a r  s ca l e  o f  
s yn t h e s i z e d  b e a m  

'\, 1 7  I I  

1 3 " 
4 " 
6 "  

� T / T  
Z 3 x l 0 -2 

( 7 ± 4 )  x 1 0 - 2 *  
< 4 x i o -2 

� l x 1 0 -2 * *  
* D e t e c t e d  f lu c t u a t i o n s  p r o b a b l y  d u e  t o  d i s c r e t e  s o u r c e s 5 6 l . 

* * P r e l i mi n a r y  r e s u l t . 

V e ry l a r ge a ngu l a r  s c a l e  a n i s o t r opy . I t  i s  we l l  known 
t h a t  t h e r e  is a d i p o l e  a n i s o t r o p y  of � 1 0 - 3 in the m i c rowave b a c k 
g r o un d 6  l ] . O n l y  r e c e n t l y  have t h e s e  d i f f i cu l t  e x p e r i m e n t s  b e e n  
p u s h e d  h a r d  e n o u g h  t o  m e a s u r e  h i g h e r  m o me n t s  o f  t h e  d i s t r i b u t i o n 6 2 � 
A l t h o u g h  m e a s u remen t s  by d i f f e r e n t  g r o u p s a r e  no t in p e r f e c t  a c 
c o r d , t h e r e  i s  c l e a r  e v i d e n c e  f o r  a q u a d r up o l e  c o mp o n e n t .  W h i l e  a 
quad r u p o l e  c o m p o n e n t  can b e  introduced  b y  a n i s o tropy  in a purely  

h o m o g e n e o u s  c o s m o l o g y 6 3 J , i t  i s  a l s o  p o s s ib l e  to  r e g a r d  t h e  
q u a d ru p o l e  s i gn a l  a s  a f lu c t u a t i o n  on a p a r t i cu l a r l y  l a r g e  s c a l e . 
T h i s  a p p r o a c h  h a s  b e e n  t aken b y  S i lk a n d  W i l s on6 4 l , a n d  i s  d i s 
c u s s e d  in m o r e  d e t a i l  b y S i lk in t h i s  v o l ume . H e r e  I s h a l l  me n t i on 
o n l y  t h a t  no a d i ab a t i c  p e r t u r b a t i o n  m o d e l  a p p e a r s  c o n s i s t e n t  w i th 
t h e  o b s e rv a t io n s  of b o t h  t h e  d i p o l e  and t h e  q ua d r u p o l e  momen t s  ( u n 
l e s s  m a s s iv e  neu t r i n o s  a r e  a d d e d  t o  t h e  p i c t ur e ) . I n  g e n e r a l  a n  
a d i a b a t i c  mo d e l  p r o du c e s  t o o  l a r g e  a d i p o l e  c om p o n e n t  and t o o  s m a l l  
a q u a d r u p o le c om p o n e n t .  A m o d e l  b a s e d  o n  p u r e l y  i s o t h e r m a l  
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d u s t . A d a p t e d  f r o m  ( 5 9 ] . P a rame t e r s  o f  t h e  i n t e r f e r o 
m e t r i c  ( 5 6 ]  a n d  o n e  f i l l e d - a p e r t u r e  ( 4 7 ]  o b s e rv a t i o n s  a r e  
i n d i c a t e d . 
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p e r t urb a t i on s  w i t h  index a � � d o e s  a p p e a r  t o  f i t  the av a i l a b l e  
d ip o l e  a n d  q u a d r u p o l e  o b s e rv a t i on s  ( a n d  i s  c o n s i s t e n t  w i t h  t he 
sma l l e r  a n g u l a r  s c a l e u p p e r  l imi t s  d i s cu s s e d  abov e ) . 

P e r h a p s  we a r e  in f a c t  on t h e  v e r g e  of d e t e r m i n i n g  the 
nature o f  t h e  p r imo r d i a l  p e r tu r b a t i on s  wh i c h  gave r i s e , d i r e c t l y  
o r  i n d i r e c t ly ,  t o  a l l  t h e  s t r u c t u r e  we s e e  a b o u t  us  in t h e  Unive rse. 
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POPULATION III OBJECTS AND THE SHAPE OF THE COSMOLOGICAL BACKGROUND RADIATION 

J .  Heyvaerts 
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The spect rum of the cosmological radiat ion may keep track of non thermal 
processes having fol l owed the decoupling era,  in the form of departures from a 
strict ly P lanckian spectrum. In th is paper we examine the consequences of energy 
and metals release by a population of pregalac t ic objects . The l at ter are assumed 
to condense into dus t .  The formation of the universal spectrum under these 
conditions is described in a s e l f-cons istent manner .  It  is shown that a good 
enough agreement can be obtained with present ly avai lable data .  The condit ions 
necessary for this are discussed and confronted to other observational 
evidences . It  is cone luded that the observed spect rum can be explained if  the 
star burst occured before the epoch z !::::' 30 and after z � 300, with a release 
varying between 0 . 3 MeV/nucleon for z = 30 and 2 MeV/nucleon at z = 200 ,  while  
the  mass fraction in grains vary from io-4 to io-6 . We  reach conc lusions partly 
s imilar t o  those of  an independent work by Negroponte et a1 .  l )  ; our resu lts 
however point to the pos s ibi l ity that the populat ion III even might have occured 
recent ly ,  at z � 30 to  50, th is being s t i l l  cons is tent with all the considered 
constraint s . 
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I .  INTRODUCTION 

Recent measurements of the cosmological radiat ion by Woody and Richards 2 , 3 )  

i n  the mi l l imeter and submi l l imeter ranges using He3 coo led polariz ing interfero

meters ,  have recent ly added new detai led data to the set of measurements previou

s ly made in the centimeter range . These measurements have been des cribed in great 

detai l ,  and are we ll  known . Their qual ity is l imited at the low frequency end by 

diffract ion phenomena in the entrance aperture of the ins trument , rough ly below 5 
cm-1 3 ) and at high frequency by the difficulty of subs tract ing a very impor

tant atmosphere contribut ion above , say, 12 cm-1 , though the mode l used is im

press ive ly accurate to leave an almost exact ly vanishing result when substracted 

from the data at high frequenc ies 3 l . On the other hand , the dis crepancy at 2 . 64 
mm4) with the CN point clearly shows that more observat ions are needed below 

this frequency . Centimeter wave dat a ,  on the other hand , are s t i l l  not very accu

rate at present because the error bars are often large and not a lways overlapping 

The Rayleigh Jeans temperature is approximately 2 .  72 "K ± 0 . 085 ) . By contrast 

the Woody Richards data indicate a significant ly higher temperature , near 

2 . 96"K .  Though it may be premature to c laim that a distortion is definitely 

present , i t  is s t i l l  t imely to examine wh ich processes may leave such a spectral 

s ignature . It is the aim of th is paper to examine one of them. A full examination 

of  the problem would require a compi lation of a l l  the sources of opac ity and 

energy re lease in various forms which may feature the "photosphere of the 

Universe" which we may tent at ive ly define as the period between decoupling and 

now. A recent review of the subj ect has been given Sunyaev and Zeldovich6 ) . In 

this paper we take the view that spectral features are radiat ion trans fer effects 

affecting the universal  radiation, whi le according to cert ain authors ,  it cou ld 

rather be primordial and due to a fundamental deviation from the P lanck law7 ) . 
Such ideas seem to imply a reduct ion in the He4 production in the Big Bang8 ) . 

In this framework the emiss ive part in the universal radiat ion trans fer is the 

almost entire ly ununders tood . It is bel ieved that it could be due either to 

turbulence dissipation ,  either to the turn on of various emiss ive objects like 

quasar s ,  early generations of s tare; , . .  Condensat ion of such objects might and 

perhaps should begin jus t after decoupling9 ) . As far as opacity  is concerned , 

more pos s ib i li t ies have been considered : hot free electrons produced by ionizing 

radiation of  any ear ly emitt ing objec t s ,  l ike quasars ,  are a source of Compton 

opacity and Bremss trahlung. If heavy elements are present in the universa l  matter 

at an early epochthey may condense into dust or assemble in mo lecules which may 

a lso be a very effect ive source of opac ity9 ) . 

The Compton interaction of cosmic photons with hot electrons is a problem 



which has by now be considered at lengthl0 , 1 1 , 12 , 1 3 , 14 , 1 5 ) . It has been conc lu

ded from these s tudies l l )  that , if a blackbody at temperature TR interacts 

with electrons at a much higher temperature , the brightness temperature decreases 

in the Rayleigh Jeans par t ,  and increases in the Wien par t .  The distors ion grows 

in proport ion to a parameter y :  

( 1 )  

and the radiation t emperature turns out t o  be an ever increasing function of fre

quency . For this reason , the energy fed by the hot electrons into the dis tort ion 

grows fair ly rap idly with y, as e4y _ 1 3 ) . Even for y = 0 . 1 ,  e4Y = 1 . 5 ,  which 

means that the reservoir of hot electrons should have los t  an energy equal to 50 

% of the cosmological photon energy in the proces s .  Feedback e ffects might then 

be import ant , and to our knowledge have not been considered in detai l .  In a dus ty 

Universe ,  radiation may be absorbed by dust as we ll  as by atoms , and can be part

ly converted into infrared photons . Dust dominates only if  a fairly high degree 

of ionization is already realized . Actua l ly ,  

( 2 )  

O'H is o f  the order of the square o f  a Bohr radius , and then the above rat io is 

usual ly very smal l  unless the ionizat ion is quite  complete . a � io-2 micron ,uH 
:;to-16 cm2 , fG � 10-3 , we obtain : 

(nH + '1J+) -5 1 0  
nH 

It is then to be expected that most ionizing photons would norma l ly be used in an 

ionizat ion process , and then converted par t ly into heat and part ly into lower e

nergy f luorescence photons . Nevertheless the opac i ty of the Universe to these 

photons is normally  higher due to grains than to Thomson scattering . Actual ly ,  by 

the s ame sort of argument ,  we get 

( 3 )  

I I .  PLAUSIBILITY OF  POPULATION III  OBJECTS AND PREGALACTIC DUST 
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How l ikely is it that dus t  exis ts in the Universe at early redshifts  ? Fol

lowing Rees 9 )  the arguments in favour of the exis tence of so called popu lat ion 

III objects (a firs t generat ion of stars wh ich might have produced some nuc leo

synthesis prior to galaxy formation) may be l isted as fol lows : 

1 /  Logical necessity : the isothermal fluctuat ion spectrum which may have 

led to galaxy formation should have had a small mass tail  which should have col

lapsed.  

2/  Dead remnants of population III might provide the hidden mass in galaxies 

and c lusters . The exis tence of such a hidden mas s seems now behind doubt . Recent 

observat ional work ind icates that in galaxies this mass is not due to very low 

luminosity red halo stars l6) . Other explanations might be mas s ive neutrinos or 

strictly non luminous bodies , l ike meteorites (but th is may pose a severe heavy 

elements problem) . Wesson and Lermannl8 )  give observat iona l  arguments against a 

s igni ficant dielectric dus t  mas s .  

3 /  Measurements of the X ray spectrum o f  interga lactic gas i n  galaxy c lus

ters have shown a feature at 7 KeV typical of iron , which is then deduced to have 

approximately solar abundance .  This c luster gas may have originated e i ther in ga

laxies or be primordial . It is then important to discuss whe ther the galactic 

mass loss may be respons ible for the accumu lat ion of this gas in the c luster . The 

amount of intergalactic  mat ter in a cluster is quite variable from cluster to 

c lus ter .  To within a factor ten, it  seems at present that this mass is comparab le 

to the total mass of galaxies in the cluster . This then raises the quest ion : is 

it  conce ivab le that ga laxies may have exchanged mass with the intergalac t ic me

dium at an average rate of 10 M0/year ? Moreover this amount of matter should ha

ve been processed by s t ars . The first question is then to know whether stars ac

tual ly return to the inters tel lar medium a comparab le  amount of mas s .  In the pre

sent state of our Galaxy, such a gas ejection seems to be in the realm of pos si

b i l i t ies . Cat aclysmic obj ects , l ike supernovae ( 1  every 50 years ) as we l l  as the 

some 1 50 p lanetary nebulae known cannot provide the required rate . Simi l ar ly, the 

mass loss of a typical star l ike sun is lo-14 Me/year , so that gas from normal 

stars is not more than lo-3 M9year- l . However high mass loss s t ars ,  l ike giant 

stars , may have higher produc tion ( 10-8 M0/year) but they are much less numerous . 

Est imating that 1 star among 600 is a giant , we may expect a gas yield of 3 M8/ 

year . G and K supergiants produce winds which may be 10 to 1000 t imes stronger ,  

but they are approximately 1 for 1000 giant s tars . Then they would a t  bes t  double 

the previous figure . Of  course ,  this does not te l l  anything concerning the frac

t ion of this mass which may eventua l ly be exchanged with interga lact ic medium, 

but it  shows that even in normal galaxies ste l l ar populat ions can face a high ra

te of mass exchange . Concerning the galactic mass loss ( or mass gain) itse l f ,  es

t imations are quite uncertain . According to Oort l9 ) , high ve locity hydrogen 



clouds observed at high alt itudes are accret ing on to the Galaxy , but correspond 

on ly to a rate of mass increase of 0 . 7  Mi>/year, whi le converse ly Mathiews and 

Bregman20) ins i s t  on the poss ibi lity  of having galact ic winds . In a discuss ion 

of galactic winds Bregman put forward the idea that in e l l ipt ical  and SO galaxies 

the expected mass accumu lated from s t ar loss being absent , a galactic wind should  

be the main agent removing th is gas . Actually intense extract ion should  make the 

Galaxy more b luish than observed except if very low mass stars are formed ,  ab la

tion is ine ffect ive according to him, and cataclysmic eject ions at the galac t ic 

s ize are not observed . The wind is produced if the inters tel lar gas , or part of 

it ,  acquires a high enough energy dens ity to escape out of the potential  wel l .  If  

SN rates were much h igher for younger galaxies , the exis tence of such winds would 

be more probab l e .  Then ,  present knowledge seems to be cons is tent with the idea 

that c luster gas originates in galaxies ,  but they imply that at the epoch of 

their format ion galaxies have had a higher rate of mass exchange with the inter

galactic med ium21 ) . 

4/ One may add to this l ist  any evidence for the poss ib le exis tence of heavy 

e lements in pregalactic  gas . Very important in this respect are the observat ions 

of meta l  abundance in very o ld galactic s t ars . Metal abundances in g lobular c lus

ters of the outer halo have been studied by Searle and Z inn22) . These  authors 

conclude th at meta l  abundances do not show any gradient with dis tance in the ou

ter halo (d > 8 kpc ) ,  and in part icular do not seem to approach zero. This may be 

interpreted in terms of a primordial gas cont aining already some 1 % at 100s t  of 

the solar metal abundance . However these observations certainly do not imply ne

cessarily such an interpretat ion . They shed however some l ight on the earl y  pe

riod of Galaxy formation, and in particular on the pos s ib i l ity that remote g lobu

lar c lus ters could  have been formed during a rather extended period of t ime , of 

the order of 1 09 years and should have exchanged mass with the universal medium 

at a high rat e .  We refer the reader to the original paper for de tails  of the ar

gumentat ion . We d is cuss l ater the observational and phys ical l imitations on the 

exis tence and amount of "pregalact ic"  dus t ,  and trans late th is into res trict ions 

on the pos s ib le values of the parameters of our mode l .  

I II .  MODELIZATION OF THE INTERACTION OF COSMOLOGICAL RADIATION WITH COSMIC DUST 

In this paper ,  we do not cons ider the possibility23 )  that the cosmo logical 

radiat ion owes its origin ent irely to some popu lat ion III event though this might 

have some appeal ing consequences ,  l ike giving a natural expl anat ion of the ratio 

of the numbers of photons and baryons 23 ) . It is worth ment ioning here that this 

may lose some of its appeal if  the photon/baryon rat io finds some fundament41 ex

p l anat ion in newly deve lopped thesis  of baryogene s is ( for examp le , Weinberg24) j 
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• Nevertheless the very idea that early  col lapsed objects may leave a signature 

in the cosmo logical radiation in an otherwise standard Big Bang Universe is worth 

inves t igat ing . We then consider the Universe at an epoch when it is s t i l l  c losely 

Friedmanian, and cons ider only the case n � 1 .  This s imp l i fies the t ime-redshift 

relat ion , wh ich can be writ ten 

( 4 )  

with m = 5 / 2  for fl = 1 and m = 2 for fl < 1 and ( 1  + z )  << g- 1 . After the decou

p ling between mat ter and radiat ion , the Universe is assumed to be fil led with 

perfect b lackbody radiation at temperature T ( l  + z ) ,  with T = 2 .  72"K.  We assume 

the Universe to remain transparent up to some epoch when it becomes fi l led with 

dust  created by 11popu lat ion III" .  At the same t ime , or just after} radiat ion is 

re leased in the Univers e .  This may be the resu l t  of the nuc lear react ions which 

have necessarily taken place . It may nevertheless be checked25 )  that the nu

c leosynthetic  energy se lf-consis tently associ ated to the expected amount of dus t 

is not suffic ient to explain the extra energy of the distortion. More material 

may have been processed, which has remained locked in dead remnants not visible 

by now, or else  these remnants may have accreted mat ter very soon, and have ra

diat ed a substant ial  part of the re leased gravitat ional energy . We do not inves

t igate the exact form in wh ich this energy is produced ,  but  assume that it  inter

acts efficient ly with dus t .  We ca l l  it below "s tar radiat ion" for the sake of de

finitenes s .  We assume that the even is re latively brief so that the detai ls  of 

the t ime his tory of the energy re lease are not cri tica l .  The physical  reason for 

the formation of a spectral feature under these condit ions is the extra heat ing 

of dust , submi t ted to both cosmological and 11optical11 radit ion , which wi l l  be 

converted into infrared radiation in a wave length dependent manner, provided the 

Universe is ne ither comp letely opaque nor transparent at these wavelengths 25 ) . 

To sum up, we enumerate and describe be low the parameters of our models 

a - Parameters Q ,  H0 ( and then m) of the model  Universe .  

b - A parameter fG charac terizes the amount of dus t re leased by populat ion 

I I I .  

number of nucleons i n  grains 

total number of nucleons 

With th is de finit ion , if  a is the size of grains , 

( 5 )  

the ir dens ity,  the 

number dens i ty of baryons n0 at present epoch, we sha l l  have at epoch z 

a number dens ity of grains : 



n (Z) g 

f n m 
G o p 

4 3 
J n a P G  

( 6 )  

c - Parameters des cribe the amount and t ime dependence o f  the popu lat ion III 

energy releas e .  Let the power re leased at epoch z ( or equiva lent ly x = 
( 1  + z )  per uni t  vo lume be : q (x )dt . If this radiant energy had propaga

ted free ly up to now, it  would cont ribute a diffuse radiant energy den

s ity : 

r 1 

q (x1 d t  
- -4--x r 1 

q(x)  dx 

----;+ x ( 7 ) 

We express Eo as a fract ion of the present baryon res t mass energy 

density 

The parameter f describes the ampl i tude of the energy release and q (x )  

i t s  his tory . We  can wri t e ,  considering ( 7 ) and (4)  : 

where l (x )  is a func t ion with integral unity ,  which we took to be a 
Gaus sian centered on xlll  = ( 1  + zlll )  with width L; z .  

Of course q ( x )  i s  an emissivity.  T o  get the ac tual "starlight" radiant 

energy dens i ty in the Unive rs e ,  we have to so lve a transfer prob lem. 

d - Parameters are necessary to describe the properties of dus t .  We already 

mentioned grain s ize and dens ity .  We also need to de fine optical proper

t ies . Unfortunately the actual shape of the distors ion may depend on the 

details of these propert ie s ,  which are of course unknown because the ve

ry nature of the hypothe t ical dus t is not . As we could not think of any 

reason why they should be of a peculiar composit ion, we assumed these 

propert ies to be similar to those of interstel lar dus t as compiled by 

Puget and Serra26) . Actually the Universe at z � 100 ressemb les to so

me extent present inters tel l ar c louds 2 3 ) . The absorpt ion efficiency, 

Q (  v )  scales as A -s between 30 µ and several rmn ,  with s � 2. For "st ar

l ight11 we assumed the geometrical cross sect ion i . e .  Q(v ) = 1 .  The exact 

behaviour of Q ( v ) in the opt ical  thickness is substanci a l .  The res tric

t ion of cons idering power law absorpt ion efficienc ies l imits the validi

ty of our investigat ion to redshifts  such that the peak of cosmological 

radiat ion did not exceed 30 , i . e .  to 

znr < 70 ( l Q )  
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The dis tort ion i s  energet ically less demanding i f  produced a t  smal l  red

shifts , and for this reason favour "low redsh i ft mode ls11 • The case of 

h igh redshift  ( "' 150 - 250) necess itates the cons iderat ion of detai led 

optical properties of dust and the d iscuss ion of various grain nature . 

These aspects have been considered by Negroponte ,  S i lk and Rowan-Robin 

sonl ) , and we re fer the reader to their publicat ion for any apprecia

t ion of the effect of irregular dus t opt ical propert ies . 

IV .  CALCULATION OF DUST THERMAL HISTORY AND DISTORTION 

The bas ic phys ics of the problem is cont ained in the transfer equat ions for 

cosmological and "s tarl ight" radiat ion , and the heat balance equation for dus t .  

Let v * b e  the frequency o f  some radiat ion Iv * its specific intens ity and Tn* 

the temperature of dus t .  The equation of rad iat ive trans fer can be writ ten : 

x 

where Q(y*) is the grain absorption effic iency and q ( x ,  II * ) the volume spectral 

power emissivity of popu lat ion III objects . The heat ba lance equation can be 

wri t ten,  neglect ing dus t heat capac ity : 

In these equat ions I (V*) is meant to represent the intens ity at any wavelength , 

both infrared or of "starligh t11 • It is neverthe less convenient to separate these 

very different wave length domains both in their contribut ion to eq. ( 1 1 )  and 

( 1 2 ) .  Concerning the starlight par t ,  we are interested only in the total outpu t ,  

and may integrate over \) * i n  th is range i n  both equat ions . Let Is b e  the 

integrated specific intens ity .  We obtain for Is the equation 

wh ich integrates to 

c q (x) 
- c. )f a..� � (x.) I 5 

J.r T( 

where �0 is the standard of opt ical thickness 

( 1 3 )  

( 14 ) 



The infrared trans fer equation is s imp l i fied us ing "comoving" variables  

I (V*) = J(l/) x3 

B (y* ,T0*)  = x3 B (V, T0 ) 

with 1' *  = x .V 

with Tp* = x .  TD 

( 15 )  

( 1 6 )  

With th is change , the trans fer equat ion can be forma l ly solved for J ( V ,  x )  i n  

t erms of TD (x) . Wri t ing : 

J (V, x) = B ( \/, T) C l  + If-'()!,  x ) )  

where T is  the reference t emperature defined above ( 2 . 7UK) , we obtain 
uJ ( ) - J= , 1 >  e �v!kr_ ell v/t..� ('ll-) 
T V1 'X - �o 'f v 

.,c.. e ilt V/k.'i> irx..) j_ 

3 t-S" -m. !: 5 ( ·)�+S-111 "'"t+S'-1'1-\. ] _J I ri<... e.Jcp - t°o'7V' x - v. rx-
4 � .'-11-\ ( 18) 

This express ion can be reported in the heat balance equation and leaves only one 

integral equation for the dus t  thermal history ,  the only one which one needs to 

solve numerically ,  putt ing 

-tr- �v • � -- �  - kT I d I 

(3 -:::: 'C./(hS-1>1.) 11,s j 

'/J has been computed numerica l l y ,  and eq.  (20)  discret ized and solved as a non li

near triangular system. Once To (x )  has been so obtained, ( 18 )  gives the relati-
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v e  distor t ion . A usefu l  and stringent check t o  the numerical prec is ion o f  the so

lution is the conservation theorem, an exact consequence of the equations expres

s ing that energy entered as starlight emerges as dis tort ion 

( 2 1 )  

This necessary test i s  satis fied t o  within some percent , giv ing an est imation of 

numerical precis ion . 

V. RESULTS 

A set of ( 11comoving1 1 )  dust temperature profi le , more exac t ly of rat io Tn/T 

versus x = ( 1  + z) i s  shown in Fig . I  for a mode l  Universe with � = 1, and various 

values of zIII  and opt ical thickness '2: III , taken at the thermal energy \) th be

tween the epoch of the populat ion III burst and now . For large opt ical thickness 

temperature profiles look very much l ike step funct ions with a s l ight overshoot 

after zII I .  This is due to the usually high "starl ight" optical thickness of the 

bur s t .  The released energy is then quickly t ransferred to dus t .  It takes a cer

tain t ime for it to achieve equi l ibrium with cosmological radiat ion , whence the 

overshoot .  Not surpris ingly we observe departures of this behaviour for small  op

t ical-optical thicknesses . 

The result ing spectral distort ion is eas ily  calculated and represented in 

terms of brightness temperature versus). -1 in Fig . 2  for several values of the pa

rameter'Z:' . The general features of these curves , as expected ,  is to run from T 

( 2 . 7 "K)  at long wave lengths because the opacity there is very smal l  up to a value 

which approaches the equi l ibrium temperature at sma l l  wavelengths ,  because due to 

the y s dependence of opacity,  these are opt ica l ly thick. The larger ,  the more ex

tended the frequency band which is at high brightness temperature . The production 

of a non Planckian spectrum then requires 2: � 1 ,  because if  it is too sma l l ,  ra

diat ion is neg l igible and if  it is too large , the spect rum is thermalized.  This 

is actually  the major condit ion to ful f i l l .  Fig . 3  shows that , at constant Lrr r '  
the other parameters have very l i t t le influence on the shape of the dis tort ion , 

even if they are varied in large proportions ; the parameter f determines essen

tial ly the amp l itude of the dis tort ion . Its value is almost uniquely fixed by ob

servations at a value near io-5 , as we discussed below .  One satis factory fit to 

the data is shown in Fig. 4. As can be seen, the agreement is s t i l l  not perfect ; 

this may of course be due to the s imp lications made in choosing this dust absorp

t ion law on one par t ,  and on the other par t ,  to the quali ty of the data ,  which 

has been al ready discussed . The e ffect of cons idering more special laws for Q 



has been invest igated in some detai l by Negroponte et ai . l ) , who , fo l lowing the 

idea of an earl ier paper2 7 ) , advocate that the distort ion mainly refe'cts the 

optical propert ies of dust  at higher frequenc ies , in part icular the absorpt ion 

feature around 10� and a decrease of absorption be low 10)'- . It is obvious that 

such a feature creates in the spec trum a region where the brightness temperature 

returns near 2 . 7vK,  and then mimics the bump seen in the Berkeley group data at 

higher frequenc ies . Cons is tent with their view, Negroponte et al . 1 )  ins i s t  that 

the popu lat ion I I I  phenomenon mus t occur at z = 150 - 200 and that the dus t 

should cons ist  of amorphous s i l ic ates or basaltic glasses . Though we do not 

dispute this conc lusion ,  we dis agree with them that Z I I I  > 100 is compe l ling ,  

because our present treatment , which i s  now free of  the absence o f  

sel fcons istency of our previous paper28 ) , shows that agreement with dat a  may be 

reached for zI I I  smal ler ,  of  the order of 30 , say . Th is is perhaps our only 

point of disagreement . Neverthe les s ,  th is issue is of some import ance . We discuss 

below the l ikel iness of  model parameters . Before turning to th i s ,  it is perhaps 

useful to remark that in a l l  cases where the re lat ive dust  temperature profi le , 

y (x )  = T0(x) /T(x) , is like a s tep func t ion , i . e .  almost  always except for quite 

smal l  va lues of 1: I I I • the result ing spectrum can be calculated analytically 

from ( 1 7 ,  1 8 ) . Its express ion is given in terms of the ( cons t ant ) comoving dus t 

temperature T_:p after epoch x I I I  and x I I I  i tse l f  : 

This express ion correc t ly converges to Planck spectra at T and To when V -'> 0 

and infinity respect ive ly . Tn is implicitely  re lated to the parameter f by the 

energy conservat ion theorem (2 1 ) .  We checked that the above approximat ion is an 

excel lent one to the results  of numerical calculat ions for t I l l � 0 . 0 5 .  It does 
not contain the effect of the small overheat ing somet imes observed ,  wh ich happens 

during a short period corresponding to an opt ically thin l ayer and does not 

affect very much the spectrum. 

VI .  CONSTRAINTS ON THE MODEL PARAMETERS 

It is appropriate now to discuss the l imits put by known observational data 

on the mode l  parameters . 

a) Energy 

It should first be noted that the parameter f should have quite a we l l  defi-
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ned value. Ac tually the present energy dens ity o f  cosmo logical radiat ion i s  0 . 36 

eV cm-3 ,  whi le that of blackbody radiat ion at 2 . 7 °K is 0 . 22 eV cm-3 .  The 0 . 14 eV 

cm-3 of the dis tort ion are , according to the de finit ion of f and energy conserva

t ion theorem, equal to n0fmµc2 . Numerically we then have to choose f and � in 

such a way that 

.a. f = 2. 5 1 0-5 ( 23 ) 

It should be s tressed that , though f is independant of the epoch xn1 , the 

energy requirements for producing the distors ion do depend on xrrr  because 

radiat ive and res t  mass energy do not fade out with expansion at the same rate . 

More precisely an energy 

(24)  

is needed per universal baryon at epoch xrrr  to produce the present ly observed 

exces s .  If nuc leosynthet i c  ac t ivity of popu lat ion III is solely respons ible for 

thi s ,  and if H - He trans format ion is the energy source,  th is means that ,  if  ..s:2, = 
1 ,  a fract ion 1 . 3 10-3xnr of a l l  nucleons should enter into the popu lat ion 
III .  With XIII = 30 ,  th is makes 4 % of all  nucleons . If  XIII 200 ,  this 

makes one quarter of the universal mas s .  We argue below that for xrrr  � 30 a 

proportion fG _-{ 2 10-4 should now be vis ible as dus t ,  wh ich imp l ies that a 

fract ion ,._ s . 1 0-3 returns to the gas in the cas e xrrr  = 30 ,  while  for xrrr  
200 fG should  be  � 10-5 ( see  below) and a fraction 4 10-5 only wil l  not be 
locked in dead remnant) ; if we admit that the metal  yield of these objects  is 

lo-2 , this means that a fract ion ...- 50 % of the mass should return to the gas in 

the former cas e ,  and 4 io-3 in the other cas e .  Supernovae expe l l  10 % of their 

mas s .  In this specific hypothes is ,  again, one can est imate that the remnant mass 

at present epoch should be of the order of 2 .  8 108 xnr M., per (Mpc) 3 or else 

of  the order of xnr 10-32 g cm-3 .  Ac tually the mass in remnants could be much 

sma l ler if accret ion powe9 the energy emis s ion . With a 10 % emiss ion efficiency, 

we find that a fract ion 10 fxrrr of  universal nucleons should be accreted on an 

undetermined number of  dense obj ects ( enough to produce the necess ary dus t 

however )  name ly 3 10-3 for xnr = 30 and 2 10-2 for xnr = 200 . None of these 

f igures seems imp laus ible ,  though it is noted that , in any cas e ,  the hidden mas s 

so produced is not large .  The dras tic difference of mass and/or metal yield which 

dist inguishes xrrr  ,_ 30 from xrr r  ,..._,. 200 can then unfortunately not b e  used to 

j udge their respect ive l ikel ines s .  

b )  Cons traints fixed by the condit ion C::II I �  l 

The express ion for <'.: nr CVth l is 

�.m = <="o Q(VH.) ?C.iif.5-"1_ / 
4 i 5 -l'V\ 



The main parameters which enter in ?:: III are fc , of  cours e ,  and a high power 

of XIII · For .'2. =  1 ,  4 + s - m = 3 . 5 . 1'.: rn "'""" l if a non P lanckian spect rum is 

to be observed . This fixes broadly the possible values of xrI I ·  

c )  Constraints concerning the me lt ing of dust 

This is a loose cons traint . As suming that dust me lts  near 1000 � ,  this puts a 

l imit on the temperature of the Univers e ,  and then on x111 , namely 

d)  Compat ib i l ity with extreme populat ion III metal l i c i ty 

In the s tudy of Searle and Z inn22 ) , the met a l l ic it y  in globular clus ters 

of  the outer halo have been measured .  It is remarkab le that the met al l icity does 

not show any gradient in this outer halo.  As expl ained by these au thors , this may 

be the result of the condit ions of format ion of these clusters . They find 

virtua l ly no value of r::1 be low -2,  even for c lusters as far as 50 kpc . This may 

be cons istent with a very smal l  amount of primordial metallicity ,  but it does not 

imply i t .  E s t imat ing fc to be we l l  represented by these figures , we obtain the 

cons traint 

( 2 7 )  

e )  Ab sence of  not iceab le direct ion dependent dust radio emiss ion 

Wesson and Lermannl8 )  demonstrated the detectab i l ity of dus t  immerged in a 

hot plasma , as is the case for intergalact ic dus t ,  if it exis ts . Due to cluster 

formation, it  iS  probab le that this dust should have acquired by now an 

inhomogeneous repar t i t ion . I t  is kwown that electrons captured ont o a grain 

maintain a smal l  asymmetric charge dist ribution if  the grain is die lectric ,  whi le 

grains have some random distribut ion of their angular momentum. The rotat ion of 

the electric  dipole causes cent imetric radio emis s ion29 ) , whose inhomogeneity 

should be as smal l  as io-3 . The argument can be used to derive an upper limit on 

intergalac t ic dielectric dus t .  According to them, the mass density in this form 

of dust in the intergalac t ic space cannot exceed several io-33 g cm-3 at the very 

bes t .  Compared to the critical  dens ity io-29 g cm-3 , th is sets again a limit fG 
�s ome 10-4 . 

f )  Visibility  of remote quasars 

The most dis tant quasar observed to date is at a redsh ift z of approximately 

3 . 5 ,  i . e .  x = 4 . 5 .  The amount of dus t  in the Universe should not obscure the op

tical observat ions up to that dis tance .  A severe limit is obtained assuming that 

the absorption cross sect ion in this domain is the geometrical one . The opt ical-
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opt ical thickness between now and x under these condit ions i s  a t  mos t  

Simultaneously 't. III should be approximately 1 ,  which may be writ ten 

.,f , _,  _!_()-=� ..J _ �l:f-.. _ Q. tJ ( r).C 4+5 -"1_ I ) 
4 +5-l'Yl ·:szTJ a Ci Pc, k. Jir' 

Taking the quot ient of those expres s ing i: (4 . 5 ) .;;; 1, we obtain a condit ion on 

xrrr which depends virtually  on nothing (except the dust  opacity law, implicit  
in these re lat ions ) 

xnI? 32 .6  (30)  
I f  it  turned out  that quasar de tec tab i l ity is  l imited by  ext inct ion,  this would 

provide a measurement of fc and then of XIII ·  

g )  Limit o f  validity o f  the present calculat ions 

As mentioned above, these calculations cannot be pushed behind xrrr ;:::;:, 70 , 

for then the power law approximat ion for Qabs breaks down . Th is however does not 

imply that the whole idea breaks down, on the contrary! ) . 

Most of this discussion can be summarized by a regioning of the fc-x111 
parame ter plane showing which regions contradict some observational evidence , as 

we ll  as those regions where a reasonable representat ion of the d istort ion is to 
be expected (Fig.  5 ) . 

V I I .  CONCLUSIONS 

From our own present and preceeding work, as we l l  as from that made 

independent ly by Negroponte , Rowan-Rob inson and S i lk ,  we conclude that the idea 

of cosmo logical radiat ion dis tortion by early dust makes sense .  Negroponte et 

a l .  have shown that the effect of s i l icate bands at z near 100 or 200 can explain 

i t ,  and we s t ress here that even a smoothe absorption law can lead to acceptable 

predict ions , thus al lowing the populat ion III  burst to occur more recent ly in the 

pas t .  These conc lus ions are now based on cons is tent mathematics  and in our case 

on a s tringent test  of  numerical prec is ion. We be l ieve that the parameters 

involved in these models do not conflict with any observational cons traint known 

to us , as we demons trated in the last paragraph . 
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ABSTRACT 

DISTORTION OF THE MICROWAVE BACKGROUND BY DUST 

Michael Rowan-Robinson 
Department of Applied Mathematics,  Queen Mary College , 

Mile End Road , London El 4NS .  

The Woody and Richards distortion of the microwave background has a natural 
explanation within the framework of the isothermal density fluctuation picture . 
A pregalactic generation of "stars" makes light and metal s .  The latter are able 
to condense into dust grains at a redshift � 150-225, which then absorb the 
starl ight and reradiate it in the infrared . At the present epoch we see this 
emission redshifted into the millimetre range of the spectrum . 
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When the Woody and Richards ( 1979 )  spectrum of  the cosmic microwave back

ground was firs� announced it was extremely puzzling . The distort ion from a 

blackbody spectrum was quite unlike what had been expected due to heat input 

before the epoch of recombination . This heat input would arise ,  for example , 

from the dis sipation of lower mass-scale perturbations in the adiabatic fluctu

ation picture .  However it  turns out the dis tortions have a very natural explan

ation within the isothermal fluctuation scenario . 

If at recombination a power-law spectrum of isothermal density fluctuations 

is present,  there is no reason why this spectrum should not extend down to masses 

far below that of galaxies .  Fluctuations on a scale sl ightly larger than the 

Jeans mass at recombination (� l06M )  will co llapse rapidly (� 106 years) . It is 0 
natural to suppose that these will fragment and form an early generation of 

" s tars11 , Population III . The " s tars" might be normal star s  of up to 100 Me , 

supermassive stars (M > 100 M0) or black holes . All three types of obj ect may 

be expected to produce visible and ultraviolet radiation. The normal and super

massive stars will give a yield of helium and heavy elements .  This yield is 

hard to estimate because of the dominant effect mas s-loss can have on the evol

ution of massive stars (Humphreys and Davidson, 1979 , de Loore et al , 1977 ) . 

Clearly the net yield of helium has to be less than or equal to the observed 

primordial value, Y ::_ 0 . 25 ( < <  0 . 25 if we stick to the convent ional Big Bang 

nucleosynthesis  p icture) . The yield of metals should be Z � 10-4 for con

sistency with Population II metal s ,  and would have to be � 2 x 10-5 if the 

metals are in the form of dust grains spread uniformly through intergalactic 

space , for consistency with upper limits on quasar reddening (McKee and 

Petrosian,  1 976) . 

The approach taken by Rowan-Robinson et al (1979)  is to assume that Popul

ation III makes light and dust on a reasonably short time- scale ( < <  108 years) 

and then to consider the consequences for the microwave background spectrum. We 

suppose that there is a substantial enhancement of the energy-density of the 

cosmic background radiation due to Population III (by 20-40%, say , to correspond 

to the energy in the Woody and Richards distort ion) . This requires that a 

substantial fraction of the matter in the universe has to undergo processing in 

Pqpulation III , unless the efficiency with which matter is converted to radiation 

is very much greater than the � 1% expected from thermonuclear processes .  A 

second consequence of the high energy-density enhancement factor , S ,  is that dust  

grains cannot form until an epoch, zf ' which depends on  the absorption efficiency 

and melting temperature of the grains ,  but is typically in the range 150-225.  

Remarkably, this is  just the range of redshift needed to shift the 10� 

sil icate feature into the mil limetre region of the spectrum and produce the type 

of distortion observed by Woody and Richards .  Our model does not depend on the 



details of how the radiation is produced, provided it is produced by epoch zf ' 

or soon after . In detailed calculations , in which the radiative transfer 

equation is  solved exactly, Negroponte et al (1981)  find that if the period 

during which Population III  radiation is produced extends more than about 107 

years after the epoch zf then the distortion starts to be washed out . 

Once the dust grains form they rapidly absorb the starlight and re-emit in 

the infrared .  At any particular locality we would see the grain formation front 

moving outwards at the speed of l ight . Once the dust optical depth to the 

horizon is greater than . unity the intensity of the visible and ultraviolet back

ground light is quickly quenched . The temperature of the dust drops rapidly 

(Fig . 1 )  to a value slightly higher than that of the primordial background and 

thereafter obeys 

due to the expansion of the 

universe . 

Negroponte et al (1981)  
have calculated the temper

ature history and resulting 

distortion of the background 

spectrum for several types of 

silicate for which optical 

constants are available 

(obsidian, basaltic glas s ,  

amorphous and dirty silicates) . 

The parameter was chosen 

to give Td (O) 3 . 0 ,  which 

ensures a distortion of ampli-

tu de similar to that seen by 

Woody and Richards (1979) . Z 

Fig. l :  

500 

0 

0 50 100 1 50 

redsh ift 

200 

Variation of grain temperature with epoch 
for obsid ian grains (from Negroponte et 
al, 1981) . 

is then chosen to give the largest possible value of zf cons istent with an 

assumed grain condensation temperature of 1500 K. The primordial background is 

as sumed to have a temperature 2 . 7  K at the present epoch. For n = 1, we f ind 
-6 S 0 0 . 2  - 0 . 4 , Z 0 2 . 5  - 7 . 5  x 10 , zf 150 - 225.  For Q = 0 . 1  the parameters 

are similar, except that Z is about a factor 4 higher . An example of the 

resulting background spectrum is shown in Fig. 2 ,  a plot of the brightness 

temperature against wavelength. The broken curve shows the + la range of the 

Woody and Richards ( 1 979) measurement s .  The predicted distortion agrees well 

with that observed . The steep rise in brightness  temperature at short wave-

319 
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lengths is due to the Rayleigh

Jeans tail of the background 

from Population III  stars . 

This is unlikely to be observ

able due to foreground radi

ation from Galactic dus t .  A 

natural question to ask is  

whether the whole background 

could be produced in this way 

(Rees 1978 ,  Carr and Silk 

1981) . The main problem is  

the need to thermalisize the 

radiation out to a wavelength 

of at least 20 cm. If this 

is to be done by dust we need 

Z :"._ 10-3 and for consistency 

with extreme Population I I  

metal abundances we must  

assume that some Population II  

stars were formed before 

4 

3- 5 

T ( K )  

3 

2· 5 

100
,µ 

1mm x cm 10 cm 

Fig . 2 :  Microwave background spectrum for obsid
ian grain model (Q = 1 ,  l+zf = 225 , 
z = 5 x lo-6 , s = o . 42) . 

Population III  (Rees , 198 1 ,  personal communication) . The optical depth in dust 

at 1 mm would be � 100 so there would be no prospect of explaining a Woody 

and Richards type of distortion. Carr ( 1980) suggests thermalisation by free

free absorption, but the effectiveness of this has yet to be demonstrated in a 

radiative transfer calculation. 

Finally we can ask what the Population III stars must have been like for our 

model to work . Stars of mass � 20 M
© 

do not generate their light on a short 

enough time-scale to produce the observed distortion. A rather small mass

fraction of 20 - 100 M
0 stars would suffice to give the low yield of metals 

required . Thus most  of the l i ght must probably be generated by stars of mass 

> 100 M© or black hole s .  
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A LIMIT ON THE STELLAR POPULATION OF MASSIVE HALOS 

Dennis J. Hegyi 
Physics Department 

University of Michigan 
Ann Arbor, MI 48109 , USA 

ABSTRACT 

The me���red rotational velocities of the edge-on spiral galaxy NGC 4565,  
coupled with several arguments supporting the spherical symmetry of halos, can 
be used to determine the space density of the halo mass. We show that if the 
halo mass surrounding NGC 4565 were contained in a population of MS stars, the 
minimum expected surface brightness would exceed our measured halo surface 
brightness .  These observations were made in the I Kron band with the annular 
scanning photometer. 
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I .  Introduction 

Over the last ten years evidence has been accumulating to substantiate the 

c laim that spiral galaxies are surrounded by massive spherical halos. 1 ) , 2 ) 

While the evidence to support the existence of massive halos is now quite 

compelling, little if any direct progress has been made towards the 

determination of the nature of the halo mass. 

We shall show, based on optical observations made with the annular 

scanning photometer, 19) that the halo of the spiral galaxy NGC 4S6S is not 

primarily composed of MS nor of more massive stars . The conclusion is based on 

the photometry of the faintest MS subdwarf3) available with large parallax 

(>0. 10 arc seconds ) . If fainter MS subdwarfs are subsequently discovered then 

this conclusion will have to be modified. 

Our derived limit on the allowed stellar population of halos is 

interesting because the mass of an MS star, 0 . 1 4  Me, ,  is close to the lower mass 

limit for nuclear burning stars , -.08 M0 . 4) If the halo is composed of 0 . 1 4  M0 

nuclear burning stars , then there cannot be more than a factor of �z variation 

in mass in the nuclear burning portion of the initial mass function of the halo 

stars. Otherwise, the halo surface brightness would exceed our measured 

surface brightness. Such an initial mass function for the halo would be quite 

different from the presently observed mass function in the solar neighborhood. 

II. Evidence for Halos 

The strongest  evidence for massive halos surrounding spiral galaxies comes 

from direct measurements of the rotation curves of spiral galaxies. 

RadioS) , 6 ) , 7 )  and optica18) observations of over SO spiral galaxies show that 

the rotation curves of spiral galaxies are flat or increase slightly outward to 

the limits of detectability of the HI or optical disk. The fact that the 

rotation curves are symmetric about the optical center of the galaxies is a 

demonstration of the stability of the rotation and supports the equilibrium 

condition ,  



( 1 )  

that gravi ty provides the centripetal force which keeps the observed particles 

in s table circular orbits.  ln  Equation ( 1 ) ,  Mr i s  the mass within galactic 

radius r, and v is the observed circular velocity. We have assumed that Mr i s  

spherically symmetric and shall justify that assumption below. 

Equation ( 1 ) should accurately describe the dynamics on a galactic scale . 

The left hand side of that Equation, Newton ' s  Law of Gravitation, is at least 

as accurate as a part in lQlO on the scale of the solar system. On the very 

largest scale , cH0-1 , the radius of the visible universe, Newton ' s  Law of 

Gravitation also gives order of magnitude agreement . Therefore , it may be 

expected to work on the intermediate scale of galaxies as well.  The right hand 

s ide of Equation ( 1 )  depends only on the geometrical properties of rotation. 

Solving Equation ( 1 )  for Mr , we find that 

v 2 r 
Mr = l . 45x 101 2  ( ---) ( --) l' . •  

250 km/s 100 kpc � 
(2)  

Many spiral rotation curves have been measured out to -50 kpc and one optical 

rotation curve extends out to 1 20 kpc. 8 )  To obtain information about the halo 

mass distribution beyond 50 kpc , binary galaxies have been used. The 

interpretation of the binary data is difficult because of selection effects 

introduced in the statistical reduction of the data. Nevertheless,  the data 

are cons i stent with the halo hypothesis.  The Turner9)  and PetersonlO) binary 

samples ,  which have median projected separations of 50 and 1 10 kpc , 

respectively, yield M/L ratios which are proportional to the median 

separations. This would be expected if the light were centrally concentrated , 

which it i s ,  and i f  the halo mass increased linearly with galactic radius. 
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There is only one argument which appears t o  contradict the existence of 

large massive haios. 1.fuite and Sharpe l l ) have numerical models of pairs of 

interacting galaxies showing that if the centers of the galaxies are closer 

than the radius containing half the mass ,  the galaxies merge in less than one 

orbital period. Based on the statistics of binary galaxies , they argue that 

binaries cannot be merging so rapidly, so that perhaps halos are not very large 

or not universally present . It is possible to construct a simple analytical 

model of a galaxy moving through the halo of a companion which gives similar 

results,  so there is little reason to doubt the calculation. But one may 

question whether the initial conditions used for the models accurately describe 

the actual physical situation. It is the relative velocity of one galaxy 

streaming through the halo of the second which gives rise to dynamical 

f riction. But it is possible that binary galaxies are formed with zero 

relative velocity between the core of one galaxy and the halo of the other , 

analagous to rigid body rotation. If binary galaxies formed with these initial 

conditions, then the White and Sharpe calculation would be expected to 

overestimate the merger rate.  Of course, this possibility requires further 

support before it may be said to offer a solution to the apparent contradiction 

with the universality of large halos. In summary, we believe that ,  taken 

together, the evidence supporting halos out to at least 100 kpc is much 

stronger than the opposing evidence. 

We have described the halo mass distribution as spherically symmetric. 

Arguments based on the persistence of the warps in the disks of spiral galaxies 

have shown that the spiral disks are imbedded in a spherically symmetric 

potential . 1 2 ) A more recent argument due to Van der Kruit , 1 3 ) also 

supporting a spherically symmetric mass distribution, is based on the variation 

of the scale height of stars perpendicular to the disks of spirals and on the 

velocity dispersion in the z direction. A third argument based on star counts 

by Monet , Richstone and Schechterl4 )  requires that at least one half the mass 

within the solar circle resides in a spherically distributed component . 



We shall use the result that the halo is spherically symmetric in our search 

for halo optical emission. 

III. Optical Observations of Halos 

In this section we shall describe the calculation of the surface 

brightness expected from a halo of MS stars and compare these results with our 

observations. We shall use NGC 4565 as a candidate galaxy because it  is an 

edge-on spiral at high galactic latitude and has an accurately measured 

rotation curve. 

Krumm and Salpeter7 )  have found a flat rotation curve for NGC 4565 with 

velocity 253 km s-1 out to 1 1 . 6  arc minutes. Using Equation ( 1 ) and the result 

that the halo mass is spherically distributed , the mass density at radius r ,  

P r  
v2 1 

4n G r2 
( 3) 

The mass per unit area, A r • integrated along a line of sight which passes a 

distance r from the galactic center can be seen to be 

(4) 

where Rmax is the maximum radius of the halo. The number of stars per unit 

area at radius r, if  each star has mass m* ' is 

(5)  

Finally, the surface brightness ,  measured on a linear scale , of a halo composed 

of stars of absolute magnitude , M* , and mass,  m* '  at distance , d Mpc, plotted 

in units of the number of m0 magnitude stars per arc sec2 is 
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2 . S  
"r  10 x 

v z 2 
I ( ) - tan-1 (8max/8 )2 - 1 

2SO kms-1 TI 

Here , 8 is in arc minutes and Bmax is Rmax expressed in arc minutes . 

Perhaps the most difficult part of evaluating Equation (6 ) is the 

( 6 ) 

determination of the absolute magnitude M* of a characteristic halo star. The 

problem is that there is an apparent correlation between stellar luminosity and 

metal abundance. A sequence of decreasing metal abundances going from disk to 

old disk to halo stars, i s  a sequence of decreasing luminosities. Most 

observationsl S ) , 1 6 ) , 1 7 )  support this trend but Eggen has counterexamples at � . 6  

M0 for which he shows that the luminosity of stars o f  different metal 

abundances are similar. However ,  most of the data including that of Eggen 's  

support the correlation between metal abundance and luminosity. 

The faintest MS [ CR-I )K = 1 . 29] star that we have been able to find has an 

absolute luminosity Mr = 10 .84 in  Kron ' s  photometric system. It is GL 299. 3 )  

Using Hoxie theoretical f it  to the lower main sequence , we obtain the 

corresponding mass ,  m* = . 14M0 , which is in good agreement with the available 

binary star data. 

We have tried to determine whether future observations might reveal less 

luminous MS stars . GL 299 lies about 2 magnitudes below the Hyades main 

sequence at a distance modulus of 3. 1 . Figure 2 of Eggenl7 )  is an HR diagram 

showing the spheroid and disk populations of the Galaxy. GL 299 lies on the 

lower edge of an extrapolation of Eggen ' s  spheroid luminosity distribution, 

which adds confidence to our tentative conclusion that GL 299 is a faint MS 

star. One may ask whether the luminosity of GL 299 i s  characteristic of MS 

halo stars with low metal abundances .  There is some unpublished work by 

Vanden Berg l8) indicating that halo stars with metal abundances as low as lo-5 

Z0 would have luminosities which are similar to the luminosity of faint stars 



from the spheroid of the Galaxy. At log Teff = 3 . S ,  which is close to MS, 

changing the metal abundance from Z0 to l o-S Z0 results in a 2 magnitude 

decrease in luminosity, about the same as the spread observed by Eggen. Based 

on Vanden Berg ' s  models , it appears that we may be able to estimate Population 

III luminosities reasonably well .  

Using GL 299  as our standard MS star we have plotted in Figure 1 the 

expected surf ace brightness for a halo surrounding NGC 4S6S in which all of the 

interior mass is contained in MS stars . Beyond 4 arc minutes a small fraction 

of the total mass is contained in the visible disk. The dashed line in Figure 

1 is a plot of the expected halo surface brightness for a halo extending out to 

l SO kpc, or 28 arc minutes, while the solid curve corresponds to a halo of 62 

kpc or 1 1 . 6  arc minutes .  The halo must extend out  to  at least 1 1 . 6  arc minutes 

since Krumm and Salpeter have measured a rotation curve for NGC 4S6S which is 

f lat out to that distance . We have taken the galaxy to be at 1 8 . 4  Mpc l) based 

on its group association and an H0 = SO kms-1 Mpc-1 . 

Also plotted in Figure 1 are observations of the halo of NGC 4S6S taken 

with the annular scanning photometer. The data were taken with the McGraw-Hill 

1 . 3 m telescope in February and March 1979 .  The centers of the circular scan 

paths C and D are 10  arc minutes from the galaxy ' s  center along a line 

perpendicular to the galactic disk, which is at position angle 134 ° .  Position 

C is to the northeast,  and D is to the southwest.  The radius of the scan is 

9 . 0  arc minutes and a 30 arc second circular aperture was used. The data in 

Figure 1 containing S l , 000 scans , has been normalized using a relatively 

s tarless sky area close to the galaxy to correct for sky gradients and 

telescopic effects. This procedure has been discussed in earlier work. 19) , 20) 

The curve fit to the data is the de Vaucouleurs surface brightness law. 

Returning to Figure 1 again, the abscissa is the galactic radius and the 

ordinate is halo surface brightness in the Kron I band plotted in units  of the 

number of stars of 2S. 34 magnitude/arc sec2 . On the right side of the figure 

is the tick mark labelled lo-3 . The sky brightness averaged 19 . 7 
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magnitudes/arc sec2 in I Kron during our observing run, and the tick mark 

refers to io-3 ";,f the sky brightness.  Data points have been chosen from 

regions which are uncontaminated by foreground stars and background galaxies . 

The error bars are due to photon statistics. 

As may be judged from a comparison of the expected surf ace brightness for 

a halo of MS stars and the data,  i t  is highly unlikely that a significant frac

t ion of the halo mass could be contained in MS stars . No systematic effects 

that appear plausible would decrease our measured surface brightness though 

many systematic effects would tend to increase the measured halo signal . Our 

plotted data has been corrected for known systematics. While our observations 

exclude the faintest MS stars, M7 and MB stars are sufficiently faint so that 

they cannot be ruled out .  

These results may be compared with those o f  other workers. Hohlfeld and 

Krumm2 1 )  have ruled out MO or more massive stars based on J band observations 

of NGC 4S6S. Dekel and Shaham22)  have calculated the surf ace brightness expec

ted for a halo of NGC 4S6S under a variety of assumptions . However,  as they 

point out ,  it is difficult to deduce firm, model independent conclusions . 

Bahcall and Soneira23 )  have used star counts to obtain information about the 

Galaxy ' s  halo. Though their results may be model dependent , they rule out a 

halo of M6 or brighter stars. 

Some effort has been expended searching for color gradients in the halo as 

a way of placing limits on a stellar halo component . The problem with this 

method i s  that a few giants located in the spheroidal component of a galaxy 

easily dominate the surface brightness emitted by a faint halo composed of low 

mass stars. Consequently, searching for color gradients 20) , 24)  is a less 

satisfactory way of obtaining information about a stellar halo component . For 

example, our earlier color gradient measurements 20) were not able to rule out 

MS stars . 

I wish to thank Garth Gerber for his assistance with the observations and 

data reduction and the AFOSR for partial financial suppor t .  
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Figure 1 .  The calculated surface brightness for a halo of MS subdwarfs and the observations plotted 

versus galactic radius. The data , in the I Kron band , is for NGC 4565. The dashed line i s  for a halo o f  

1 50 kpc radius , while the solid curve i s  for a 6 2  kpc halo. The curve f i t t ed t o  the data i s  the 

de Vaucouleurs ' s  surface brightness law. 



ABSTRACT 

DARK MATTER 

George Lake 
Institute of Astronomy 

Cambridge University 

I review what is known about the form and dis tribution of dark matter as 
deduced from the internal dynamics and clustering of galaxies . From their 
internal dynamics , there are indications that later type galaxies have relative!) 
more dark mass . It is shown that all available evidence argues for the 
continuity of the galaxian two-point covariance function over a factor of 
roughly 1 03 in radius (Sh- lkpc to 5h- 1Mpc) and a factor of J OO in luminosity .  
Using velocity data o n  scales from 50h- lkpc t o  1 0  Mpc and the Cosmic Virial 
Equation, the deduced value of Q is found to consistently lie in the range of 
0 . 08 - 0 . 1 2 .  I t  i s  further argued that massive neutrinos are not consistent 
with this result as their maximum Jeans mass (the scale below which perturbations 
are erased by Landau damping) is � 1 000 galaxy masses even for a neutrino mass 
as large as 75eV. Instead of explaining observed features of galaxies , they 
prevent their formation by any known process . 
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I .  Introduction 

A theory of galaxy formation from first principles is greatly hampered by 

the e lusiveness of the dark matter which pervades galactic haloes and clusters 

of galaxies .  As if this isn ' t bad enough , there is remarkab ly little infor

mation about conditions in the universe at even a moderate redshift of  one or 

two . This makes it  exceedingly s imp le to abandon the standard model and obtain 

all the observational consequences of the hot Universe theory from cold initial 

conditions (for examp le Zel ' dovich and Starobinsky 1 9 7 6 ,  Carr 1 977) . 

The s tandard model has unmis takably aesthetic appeal and concrete successes 

- predictions of the microwave background , the helium abundance and perhaps now 

the entropy per baryon . Even more recently, the possibi l i ty that the neutrino 

has a finite mass of order 1 0
-B � has led to numerous discussions of  its 

viab i lity as the dark matter . 

I will review what is known about the form and the dis tribution of the 

dark matter from s tudies of the internal dynamics of galaxies and the c lustering 

of  galaxies . I think these features make it exceedingly imp lausible that the 

dark mass is neutrinos , though they do indicate that the dark mass is universal 

and perhaps linked to a very early cosmological epoch . 

I I .  Dark Matter in Galaxies 

a) Evidence for larger mass-to-light ratios 

The luminosity profi les of  spiral galaxies betray two basic components ; 

a central bulge with a profile much like that of an e l liptical galaxy surrounded 

by a disk with an exponential surface density (see Kormendy 1 980 for a thorough 

review) . An examination of rotation curves prior to 1 973 shows the peak 

expected from the central bulge and the broad maximum characteristic of the 

disk surface dens i ty .  They were extrapolated (with dashed lines) as Kep lerian 

rotation profiles . 

Ostriker and Peebles ( 1 973) found that rotationally-supported self

gravitating sys tems are subjec t  to large-scale bar instabilities , When app lied 

to Sc galaxies with large disk/bulge ratios , this indicated that a large 

fraction of  the mass inside the observed axisynunetric disk must be in a pressure

supported s tabi l izing 11halo " .  

Rotation curves out t o  5 disk s cale lengths now exist  for a large number of 

galaxies , and show constant or weakly ris ing ve locity with radius (see Faber 

and Gallagher 1 979 ; hereafter F6) . 

In Sc galaxies ,  this yields a mass-to-light ratio (M/L
B

) of � 5 ,  whereas 

stellar population models (Larson and Tinsley 1 978;  hereafter LT) suggest a 

value of 2 .  



b)  Where is the Mas s ? 

One alternative for the observed increase in mass with radius has been a 

changing mass-to-light radius in the disk . The absence of strong color 

gradients have long suggested that the mass-to-light ratio should be constant 

with radius (see for example,  Freeman 1 970) , but there are even better dynamical 

argument s .  

The outer regions of galactic disks are often observed t o  b e  warped,  

appearing as hat brims when viewed edge-on. To prevent the precession time 

from being too short requires a potential which must be more spherical than 

that resulting from a disk (Saar 1 978 ,  Tubbs and Sanders 1 979) . A more detailed 

analysis of  bending waves (Bertin and Mark 1 980, Lake and Mark 1 980) indicates 

that the mass-to-light ratio is a constant . This is derived from a relationship 

between the height of bending and the surface density applied to our galaxy , 

NGC 284 1 and M33 ;  the three galaxies with adequate data for a comparison . 

Van der Kruit ( 1 980) has examined the scale height of the neutral hydrogen 

in the edge-on galaxy NGC 89 1 .  The observed constancy of velocity dispersion 

with radius in face-on galaxies enables a calculation of the local surface 

density once the scale height is known . Van der Kruit finds a constant mass

to-light ratio (M/LB) for the disk population of 3, about the same as the s tellar 

population of LT but considerably different from the total M/L
B 

of 8 . 2  (FG) . 

A final method of constraining mass-to-light ratios in the disk population 

is to s tudy the bar instability ,  The work o f  Ostriker and Peebles ( 1 973)  has 

been challenged on the grounds that it neglects the effects of resonances , 

anisotropic dispersion velocities and s trongly varying velocity dispersions 

with radius (for recent discus sions see Toomre 1 977 and Lake and Ostriker 1 980) . 

Efstathiou, Negroponte and I ( 1 9 8 1 )  have avoided most of these complications by 

simulating disks with exponential profiles in halos which reproduce the observed 

rotation curves . Our results yield a limit to the mass fraction which is in the 

disk ( this is an upper limit for galaxies without bar s ,  a lower limit for 

b arred galaxies) , which with adequate photometry yields a limit to the mass-to

light ratio for the disk . We find M/LB � 1 for the disks of Sd galaxies , in 

agreement with LT . 

c) Universality of Dark Mat ter 

Are all galaxies comprised of similar admixtures of  luminous and dark 

material? Galaxies with rotation velocities between roughly 80 km/sec and 

275 km/sec come in both barred and unbarred flavors . This indicates tha t ,  in 

the mean , they are only marginally s table which would imp ly that M(bulge & halo) / 

M(disk) is constant inside a few disk scale lengths . Since the later type 
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galaxies o f  this group (Sb c ,  S c ,  Scd) have larger disk/bulge ratios , this may 

be an indicator that they have relatively more dark mass . 

Galaxies of still  later Hubble type (Sd,  Sdm, Sm) with rotation ve locities 

� 75-80 km/sec are nearly all barred . This may be due to a lesser halo mas s ,  

o r  due to a larger gas fraction; the criterion for gas s tability being slightly 

different than for s tars . A further ambiguity arises in that these smaller 

galaxies are nearly all satellites of larger galaxie s .  

Flat rotation curves have also been observed i n  S O  galaxies ( c f .  Illingworth 

1 98 1  and references therein) . The use of absorption lines for s tel lar rotation 

velocities greatly limits the radial extent of the measurements ;  but is indic

ative of a changing mass-to-light ratio with dis tance . 

In elliptical galaxies , there is s t i l l  greater ambiguity. Davies ( 1 98 1 )  

finds velocity dispers ions decreasing with radius , indicating a constant mass

to-ratio . Strangely, it seems that the most flattened ellipticals observed 

(e . g .  NGC 4473 and NGC 4697)  have flat velocity dispersion profiles . Perhaps 

anisotropies are accentuated in a collapse through a halo in the same manner 

as rotation (Fall and Efstathiou 1 980) . 

In the large dominant galaxies in clusters of galaxies (designated cD 

galaxies ) ,  enormous changes in the mass-to-light ratios are seen , (see Matthews 

( 1 978) and Dress ler ( 1 980) for discussions on M87 and the cD in Abe l l  2029 , 

respectively) . The results on these objects are more indicative of cluster 

dynamics (stripping, cannibalism) than of any intrinsic trend of M/L with 

luminosity . 

Tinsley ( 1 980) has also concluded that the relative amount of dark mass 

must be greater in late-type (bluer) galaxies . Her results depend on s tellar 

population model s  and rather uncertain corrections for the mass in gas . She 

corrects for gas mass by examining the quantity M
luminous

/ (M
tot - 2�I

) ' where 

�I is the mass of netural hydrogen , the 2 is a rough correction factor for 

molecular gas and M
luminous 

is calculated from stellar population models and 

total luminosity . If one examines instead (Mluminous + 2MHI) /Mtot ' the trend 

seen by Tinsley nearly vanishes . This seems like a more reasonable quantity ,  

since the gas mass i s  distributed through the disk rather than like the dark 

matte r .  The above discussion makes it likely that the general trend is there , 

only difficult to discern through the uncertainty of population synthesis . 

(For a discussion of the cause of the observed correlation of MHI with type , 

see Efstathiou and Lake ( 1 98 1 ) .) 

III Clustering 

a) Continuity of the two-point correlation function 

The use of the galaxy covariance function c (r) (Totsuji and Kihara 1 96 9 ;  

Peebles 1 9 74 )  has provided a s imple and powerful discription of the large-scale 



distribution of matter (cf.  Fall 1 979 ; Peebles 1 980) . Peebles and Hauser ( 1 974) 

found that s (r) (defined as the fractional increase in the density of galaxies 

caused by the presence of  a galaxy a dis tance r away) is well-represented by a 

power law, 

( I )  

Over dis tances o f  50h
- I  

kpc < r < Sh
- I 

Mpc (h is the Hubble constant in units 

of 1 00 km/s /Mpc ) ,  y = 1 . 8 (Peebles and Hauser 1 9 74 )  and r
e

= (4 . 2  ± 0 . 3 ) h- 1Mpc 

(Kirschne r ,  Oemler and Schecter 1 97 9 ;  Peebles 1 979) . 

The limits quoted above for the power law behavior of s (r)  are set on the 

large scale by the depth, s ize , sky coverage and homogeneity of the catalog, 

and on the small scale by the positional accuracy of the measurements and the 

sample size (i . e .  number of close pairs ) . 

Gott and Turner ( 1 979)  have used the accurate binary separation measure

ments of the Zwicky Catalog (Turner 1 976) to provide an estimate of s (r)  down 

to separations of � Sh- l kpc .  They find no evidence for a deviation from a 

power law on this scale . Lake and Tremaine ( 1 980) have used data gathered by 

Holmberg ( 1 969) on the distribution of companion galaxies around 1 15 spiral 

galaxies with known redshifts . The results indicate that the power law found 

by Peebles and Hauser ( 1 974) is still  valid on scales of 5 - 40 h- lkpc and at 

low luminosities . 

In summary , all available evidence is consis tent with the remarkably 

simple model that the galaxy covariance function is a power law over a factor 

of roughly 1 03 in radius (Sh- lkpc to 5h- 1Mpc )  and is constant over a factor 

of  at least 1 00 in luminosity . 

b)  Velocity data - measuring n 

This is the section which will invite attacks from all sides . 

In reading the recent literature one finds arguments for linearly increasing 

mass-to-light ratios out to I Mpc (Ostriker , Peebles and Yahil 1 974) and even 

� 1 0  Mpc (Davis � al . 1 980) . On the other hand, equation ( I ) and the velocities 

observed in galactic halos and deep surveys (Kirschne r ,  Oemler and Schechter 

1 9 79 ,  Efstathiou et 2.!_. 1 9 8 1 )  are argued to be further evidence for the continuity 

of clustering from 50h- lkpc to a few h- IMpc ;  the implicit assumption being made 

that the dark and luminous mass mus t  cluster together (see , for example,  Peebles 

1 9 8 1  p .  283-284) . 

The major problem seems to be the flip-flops between describing sys tems 

with relaxed single particle dis tribution functions and considering the sub

clus tering of a clustering hierarchy . A detailed calculation (Davis and Peebles 

1 9 7 7 )  of the latter yields the cosmic virial equation (CVE ) : 
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(2)  

where V is  the one-dimensional velocity dispersion, hrc is the normalization of 

the covariance function, r is the relevant scale of observation over QG is the 

fraction of closure density in clustered objects . I have neglected a factor Q 
is the equation, which is the ratio of the three-point correlation function to 

products of the two-point function . Q is found to have values between "' 0 . 8  - I . I 

depending on the particular sample . 

We can apply equation (2)  on any scale . On the smallest scale the mean 

value of the rotation velocity of the galaxies listed by FJ is 2 1 0  km s
- I 

This corresponds to a one-dimensional velocity dispersion of 150 km s- 1 on a 

scale of "' 50 h- 1kpc, leading to : 

nG = 0 . 08 for r "' 50 h
- I  

kpc . ( 3) 

This number would be decreased by about 1 5% if I had used the velocity corres

ponding to an M
* 

galaxy from Aaronson , Huchra and Mould ( 1 980) . 

Deep redshift surveys are a powerful method of determining QG , Davis , 

Ge ller and Huchra ( 1 978)  found <6V2>
! = 320 km s- I  for bright Southern Galaxies ,  

IllJl < 1 3 .  This yields : 

QG = 0 .  15 ::!: 0 .  04 for r "' I - 4 Mpc • (4) 

Peebles ( 1 979)  analyzing the Kirschner ,  Demler and Schechter ( 1 97 8 ,  here-

after KOS) finds <6V2> ! 500 ± 200 km/sec ,  yielding : 

QG = 0 . 36 ± 0 . 22 for r "' I - 4 Mpc . (5)  

Virgocentric flow models may also be used to determine (see Davis et al . 

1 980) . Rescaling the results of Davis et al . to the new more accurate deter

mination of  the flow velocity due to Schechter ' s  ( 1 980) analysis of the data of 

Mould e t  al . ( 1 980) leads to : 

0 .  08 < Q < 0 .  1 2  for r "' I O Mpc • (6)  

Here the uncertainty is due mainly to the determination of the overdensity in 

the local supercluster . 

Finally one can treat the velocity associated with the anisotropy in the 

microwave background (Slll<ilot and Lubin 1 979)  as a peculiar velocity with respect 

to the correlation length r "' 4  Mpc .  Usin6 the CVE results in 

QG = 0 . 08 ± 0 . 02 for r "' 4  Mpc .  ( 7 )  



There is a remarkable uniformity to these values of n calculated from data 
on scales differing by over two orders of magnitude . The value calculated from 
the KOS sample (5) is high, leading one to suspect that larger deep surveys will 
yield smaller numbers . If one reanalyzes the KOS s ample without the ricl1 field 
MP4 , the result is : 

for r � 1 - 4 Mpc 

The Durham group ' s  southern deep survey indicates a s omewhat smaller value 
(n $ 0 . 1 ) ,  but their final results are not yet in. 

(8) 

In shor t ,  on scales larger than that associated with gas dynamical processes 
(Rees and Ostriker 1 97 7 ) ,  the assumption of the continuity of clus tering works 
quite well . Other authors have reached quite different conclusions , normally 
from switching between the assumption of relaxed single particle distribution 
functions (which yields small numbers on small scales and large numbers on 
large scale s )  and the clustering hierarchy . 

IV What is  Dark Matter? 

a) Two populations or one? 
Dekel and Shaham ( 1 979)  have modeled the observations of NGC 4565 (Heygi 

and Gerber 1 97 7 ;  and Heygi,  this conference) with a stellar mass function which 
varies with radius . This model is not a dynamical model and would quickly 
phase mix . There is a simple argument that the halo is a completely different 
population than the bulge (not j us t  one population varying s lightly with 
radius ) . 

A dynamical system in equilibrium is described by a distribution function 
f(x,  y, z ,  vx' vy ' vz ' m, t)  dxdydzdvxdvydvzdm where x, y, z are the three 
spatial coordinates , vx' vy ' vz are the corresponding velocities and m is the 
mass of a particular species . The distribution function, f, represents the 
number of s tars at a time , t ,  of a mass in the range m to m + dm found in the 
six-dimensional box located at x, y, z, vx' vy ' vz with dimensions dx, dy, dz, 
dvx' dvy ' dvz . To find the density, f is integrated over velocities and 
species . 

Following the motion of s tars in time , since the time evolution operator 
is a canonical transformation, the total number of stars in a given element is 
constant . If the system is stationary, this reduces t o :  

[H,  f] = 0 ( 9 )  

where [ ] denotes Poisson brackets and H is the Hamiltonian. 
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the 

and 

Equation (9)  i s  the requirement that f be a function of the integrals of 
2 v2 

motion . In a spherical system, this means f = f (E ,  J , m) where E = 2 + � 
J2 are the energy and the square of the total angular momentum, and � is 

the potential . Neglecting the angular momentum for the moment and taking 

� � l n (r)  as a good approximation to the potential outside the core of the 

system, we find : 

f = f(Y/ + ln(r) , m) . ( 1 0) 

Equation ( 1 0) leads to some s imple conclusions . A particle whose energy 

is precisely defined is expected to be found over several decades in radius . If  

the mass function is s lowly varying with energy , color gradients wi ll be log

arithmic; as is observed in elliptical galaxies .  Finally, if  one wants to 

explain the difference between the light profile (� r-3 ) and the density profile 

(� r
-2) in spiral galaxies using a smoothly varying mass function, the variation 

must be exponential . Including the angular momentum only makes this worse . 

Since galaxies have formed by collaps e ,  their velocity dispersions should be 

biased in the radial direction; thus requiring even more dras tic changes in the 

mass function with energy to produce the same spatial gradients . With such 

exponential variations , one could even make the disk and bulge appear to be a 

single population. The conclusion is that the bulge and the halo are dynamically 

distinct entities . 

b) No v ' s  please 

Cowsik and McClelland ( 1 973)  and Tremaine and Gunn ( 1 979) have noted 

interesting effects of neutrinos with modes t  rest masses less than 1 00 eV. 
Tremaine and Gunn used the conservation of phase density to set lower bounds on 

the masses of neutrinos needed to comprise the halos of galaxies and the unseen 

mass of great clusters of galaxies . They then use constraints on Q to rule out 

the possibility that neutrinos are the dark matter . 

Subsequently , numerous authors have argued that the aforementioned 

constraints on Q depend in part on the assumption that the mas s is in baryons . 

They have then concluded that the masses of neutrinos needed for galactic halos 

is acceptable and open to experimental verification. The horde of writers who 

have s tampeded this point have missed the importance of Tremaine and Gunn ' s  

argument . Their deduced lower limits were excellent for their purpose s ,  but are 

actually very poor lower limits . The best description of large-scale neutrino 

clustering is that of Bond et a l .  ( 1 980) They point out that neutrino pertur

bations are Landau damped on scales smaller than the peak value of the Jean ' s  

length (defined as that point a t  which the perturbations have decayed by l /e ) ,  

in the same manner as collisionless baryons (Gilbert 1 965) . 



For a typical galactic halo (an isothermal with v = 2 70 km s- 1  and a core 

radius of I kpc) , the neutrino mass required is � 75 eV. A protogalaxy of 

neutrinos with this mass does not come inside i ts Jeans length until a redshift 

of order 1 00 .  The maximum Jeans mass is about 1 000 galaxy masses . Thus all 

neutrino perturbations on the scale o f  galaxies should be entirely erased . If 

the baryonic perturbations were adiabatic,  even they have no hope of growing. 

(Numerous authors have appealed to the "pancaking" o f  adiabatic neutrino per

turbations . The neutrinos crash through caus tics at several thousands of 

kilometers per second, with no source o f  dissipation to leave galaxies behind . )  

Even isothermal perturbations will b e  inhibited , as their growth depends on 

op/p ;  and the neutrinos dilute the perturbations by contributing only to the 

denominator . 

In short , if neutrinos have an astrophysically interesting mas s ,  it is 

probably only astrophysically annoying . A mass of � 1 0  eV would almost certainly 

mean that the universe we see was a tepid,  rather than hot , b i g  bang . Earlier 

at this conference , Dr Schramm has argued that nucleosynthesis dictates a 

baryonic density of n � 0 . 05 - 0 . 1 0 .  As this is the range deduced from studies 

of large-scale clustering, I conclude that neutrinos have masses too small to 

be o f  intere s t  for large-scale clustering . 

c) Phase transitions 

One promising method for the generation of perturbations and the origin o f  

the dark mass is via phase transitions (see Linde 1 97 9 )  a t  a n  early epoch. In 

the s tandard hot model this would occur as super-cooling at a temperature 

corresponding to the Grand Unification energy or at a Weinberg-Salam time . In 

the first case the lumps would be � grams and decay quickly by the Hawking 

process .  This in turn might produce I� fluctuations of much smaller amplitude 

growing (in scale)nearly as the horizon . In the second case the lumps would be 

roughly planetary size , with the standard OK � k2 spectrum on scales larger 

than this . 

In a cold universe super-heating or shattering during the transition from 

pion condensate to nuclear gas could produce fragments of the order of a 

Chandrasekhar mass (Hogan 1 980) . 

d) Hydrodynamic fluctuations 

One final possibility worth mentioning is that the dark mass and pertur

bations leading to galaxies may be generated at late epochs . The dark matter 

is then burned out s tars from an early epoch and galaxies result from blast 

waves (Ostriker and Cowie 1 980) or ionization fronts (Rees 1 98 1 ) .  These schemes 

have the disadvantage of abandoning some standard precep ts , but are more easily 

constrained by observation ( c f .  Thorstensen and Partridge 1 975) . 
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The clustering of  galaxies is remarkably continuous on scales from 50 h- l kpc 

to 5 h- IMpc . Mass-to-light ratios are useful for studying the distribution of 

dark vs . light matter inside galaxies , but become ambiguous on large-scales if  

relaxed single particle dis tributions are adopted and proper account of sub

clustering is not taken .  Numerous schemes may lead to these observed properties , 

with massive neutrinos being a notable failure . 
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