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ABSTRACT 

The arguments favoring non-baryonic dark matter are summar­
ized . Cosmological constraints are presented on the masses of 
neutrinos and other "inos" ,  where "ino" represents any candidate 
particle for the dark matter . A neutrino mass  lOeV � m it, 25eV 
is favored for the mos t  massive eigenstate , where the �pper lim­
it may be extended to 100 eV if one assumes weaker constraints 
on the age of the universe . 

I .  INTRODUCTION 

Over a decade ago massive neutrinos were suggested as pos­
sible candidates for the "miss ing mass" in the haloes of gal­
axiesl ) . On larger and larger scales , less and less of the 
dynamically inferred mass can be accounted for by luminous mat­
ter2) . Some form of dark matter must reside in the haloes of 
galaxies and c lusters of galaxies .  The density of "ordinary" 
nucleonic matter (faint stars , gas c louds ,  etc . )  that can con­
tribute to the missing mass is restricted by primordial nucleo­
synthetic arguments to 0 .  01 _:':_ � _:':_ O . 14 3 ) . [Here � is the 
ratio of

2
baryonic matter density pb to critical density 

3Ho -29 2 3 -11  2 4 P = �
8 G = 1 . 88 x 10 h gm/cm = 8 . 1  x 10 h eV where the C TI o 0 

-1 -1 Hubble parameter H = 100 h kms Mpc . We wil l  also use the 
notation rl to repr�sent the0ratio of neutrino density p to crit­
ical densfty and simply r2 for the ratio of total energyv densitK p of the universe to critical density . ] Schramm and Steigman ) 
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stressed massive neutrinos as  the least "ad hoc" possibility for 
the dark matter ; other candidates include primordial black holes , 
axions , and supersymmetric particles like photinos . 

Experimental evidence for neutrino mas ses5 )  and neutrino 
oscil lations6 )  as well  as theoretical work in grand unified 
theories ( for a review , see P .  Langacker7) ) further stimulated 
interest  in massive neutrinos . Th� original Lubimov et a1 . 5 ) 
result of 14 eV � II\! � 42 eV has been revised to ffiv = 3S-± 5 eV , 
although because of Uncertainties in the molecular effects , the 
mass may be as low as mv = 0 .  In any cas e ,  these results have 
not been verified in oth�r laboratories ,  and several experiments 
are in progress .  The negative results from oscillation experi­
ments place strict limits on the squared mas s  difference of neu­
trino species and the mixing angle . 

We wil l  examine constraints on neutrino mas ses due to gen­
eralized cosmological arguments as wel l  as specific models and 
look for masses consistent with all  the arguments . After re­
viewing the necessary background material , a discussion of mas s­
to-light ratios and density constraints , we discuss fermion den­
sities appropriate to neutrinos and to supersymmetric "inos " ,  
and find mas s  constraints from phase space arguments8)  and res­
trictions on the age of the universe9 , 10 , ll ) . We examine the 
evolution in a neutrino-dominated universe of the adiabatic den­
sity perturbations that may be responsible for galaxy formation , 
in particular with large-scale structures forming first . Using 
the concept of the Jeans mas s ,  the minimum mas s  that can collapse  
under its own self-gravity , we find constraints on  masses  of 
neutrinos and other ''inos" . The alternative hierarchical view 
with "cold" dark matter where small  scales form f irst is also 
discussed . Among the alternative to massive neutrinos that have 
been proposed for the nonbaryonic dark matter are supersymmetric 
particlesl2 ) , axionsl3) , and primordial black holesl 4 ) . We wil l  
argue that i f  the role o f  the large-scale structure is dominant 
as implied by the large voids and large cluster s ,  dark matter 
should not differ s ignificantly from massive neutrinos , either 
in mas s  or decoupling temperature . Although we will argue that 
low mas s  neutrinos are preferred for the large scales we will  
also point out that they encounter problems in  understanding the 
smaller-scale structures as indicated by the correlation func­
tionl5)  and the relative dynamical equilibration timescales of 
different size systems . Possible scenariosl6 )  which avoid these  
problems are  discussed . Finally we discuss experimental implic­
at ions and summarize the results . This talk summarizes the 32 detailed results presented in the paper by Freese and Schramm ) 
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II .  COSMOLOGICAL MASS DENSITIES 
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In this s ection we wil l  summarize the cosmological density 
arguments . Since the deceleration parameter q0 in the standard 
hot big bang model with zero cosmological constant (A = O) is 
estimated to range from 0 ± 0 . 5  to 1 . 5  ± 0 . 517 ) , an extreme up­
per l imit to � with A = 0 is � � 4 .  Dividing the mass  of a 
bound system (obtained by application of  the virial theorem) by 
its luminosity ,  one can obtain mass-to-light ratios (M/L) and 
estimates of matter contributions on different scales . Many 
authorsl8 )  f ind evidence for M/L increasing l inearly with scale 
from M/L � ( 1-2 )  for stars to M/L � ( 300-800)h0 for rich clusters 
(see Table  I, drawn largely from Faber and Gallagher2 J ) .  

Tab le I 

Mas s-to-Light Ratios 

Ob ject 

stars 

spiral galaxies 

elliptical and SO galaxies 

binaries and small groups 

c lusters of galaxies 

M M 
L" / {Ll 8 

1-4 

( 8 -12 )h0 

( 10-20)h0 

(60-180)h0 

(280-840)h0 

ll 

( 0 . 7-2. 9) x 10-3 ho 
-1 

( 5 .7-8 . 6 )  x 10-3 

(0 . 1-1 . 4 )  x lo-2 

(0 .4-1 . 3 ) x lo-1 

0 . 2-0. 6 

Multiplying M/L on a given scale by an average luminosity density 
(uncertain by a factor of 2 )  for the universel 9) , 

.{) 8 -3 (/'\._� 2 x 10  h0 (L0/Mpc ) ,  (2 . 1) 

one obtains a mass density (also listed in Table I )  implied by 
assuming M/L on that scale applies to the average light of the 
universe . Davis et a1 . 20) have suggested that the M/L curve 
may be approaching-a-;;-asymptotic limit (perhaps Q = 1) on the 
scales of superclusters , while other authors21) believe that the 
curve f lattens already on smaller scales . In any case the con-
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sensus is  that some form of dark matter dominates the dynamics 
of obj ect s  on scales larger than 100 kpc and , as shown by flat 
rotation curves , may be important on scales larger than 10 kpc . 

The above arguments  are independent of whether or not the 
matter is baryonic . Big Bang Nucleosynthesis3)  provides density 
constraints on the baryonic components . A lower limit on the a­
mount of bar)onic matter in the universe can be derived from com­
bined D and He abundances , �h 2 � 0 . 01 ,  and the observed 
abundances of 4He (mass fract1og Y � 0 . 25 ) , D ,  and 7Li  result in 
an upper limit to  baryonic matter density , Qbh 2 < 0 . 034 . These 0 '\, 
arguments  restrict baryonic matter to the range 

0 . 01 � Qb � 0 . 14 .  ( 2 . 2) 

Helium abundances from Big Bang Nucleosynthesis also constrain 
the number of neutrino species ; at mos t  four low mass  ( � l MeV) , 
long-lived neutrino species are compatible with Y � 0 . 26 � and 
only three with the best observational limit of Y � 0 . 25L2 ) . We 
know two of these experimentally , namely the \!e where 
IDv � 60 eV and the Vµ where mv � 570 �eV . The experimental 
ma§s limit on the \!T is mvT � 2�0 Mev23 . In this case we may 
already know all the neutrinos and other low mass  " inos "  which 
interact with the s trength of neutrinos . Note , however ,  that 
the limit of three increases if the particle couples more weakly 
than the neutrino24)  and thus decouples in the early universe at 
a temperature � 100 MeV . 

If  M/L really keeps increasing on scales larger than b inar­
ies and small group s ,  then Q exceeds the upper limit on Qb and 
we are forced to say that the bulk of the matter in the universe 
is  non-baryonic . While the general t rend towards larger Q exis t s ,  
and in  this paper we  will assume that Q is � 0 . 15 ,  the situation 
is by no means settled ; there is  s till a poss ib ility that 
Q < 0 . 15 and everything is bar�onic , as emphasized by Got t  et al . 2 5 )  
One should note  that inflation 6 )  explicitly predicts Q = 1 .000:-. .  
and thus requires non-baryonic matter . On the basis of "sim­
plicity" we believe that a nonbaryonic universe with Q ;;:, 0 . 15 
should satisfy Q = 1 .  

III . NEUTRINO (AND OTHER INO) DENSITIES AND M.ASSES 

The equilibrium number density of a relativis tic fermionic 
species ( subscript f) is g iven by 

1 2 f dp p / [ exp (p - µ
f ) /Tf ) + l] 

2rr2 ( 3  . 1) 

( throughout we take � = c 1) . The fermions fall out of 
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chemical equilibrium at temperature TD when the reaction rates 
for their production (e . g .  e+e- � fT) can no longer keep up 
with the expan�ion of the universe . By entropy conservation it  
can be shown27  that neutrino (TV ) and photon (Ty) tem2eratures 
after e+e- annihilation are related by T = (4/11) 1/JT , where-
as the temperatur/ of other fermions is g�ven by y 
Tf = T ( 3 . 9 /g*t) l 3 for Ty << me � where g*f is the number of  rel­
ativistic species at  decoupling . L4 )  

The value of the number density in  the present epoch for  a 
species of  neutrinos which are rel�t ivistic at decoupling is  
given by nv . = 109 cm-3

( 
Tyo ) 

3 ( i  = e ,  µ ,  T and Ty0 is  photon 
i 2 . 7K 

temperature today) , 
closure densi ty by 

S1 V , 
l 

Pv i 
p c 

and the energy density in units of the 

( 3 . 2 ) 

where mv is  the mass of a neutrino species . If the sum of the 
masses i of different neutrino species exceeds � 100 h 2 eV 
the universe is closed . Requiring S1 � 4 and h � 1 givgs only 
the weak limit , l m � 400 eV ; we will see tha� age of the uni­
verse constraints c�n strengthen this limi t .  The ratio of neu­
trino to baryonic matter is given by 

l m S1 • v. 
� > �  Sib � 2 . 4eV ( 3 .  3 )  

where the equality sign corresponds t o  the largest value of 
baryonic matter density consistent with element abundances from 
primordial nucleosynthesis , Qbh 2 � 0 . 034 . Hence if the sum of 
the neutrino masses exceeds a fgw eV , neutrinos are the dominant 
matter in the universe and mus t  play an important role in galaxy 
formation . 

The above discussion of fermion number densities assumes 
the fermions are relativistic at decoupling . For neutrinos more 
massive than a few MeV or for other fermions whose mass  exceeds 
their decoupling temperature , the mass  density f alls roughly as 
mf-1 . 85 28) . Thus total density limits  S1 if, 4 can be satisfied 
for sufficiently massive (m � 1 GeV) particles , while if l mV · � 20  GeV the density �as fallen so low that neutrin�s

)
can­

i l not be the dominant matter . Krauss29)  and Goldberg O 
have recently shown that for certain supersymmetric particles 
the annihilation rates can be slower than those for neutrinos , 
and the mass limits are pushed to even higher values . Following 
Gunn et al . 3l)  for these very mass ive particles the appropriate 
mass density one has to worry about exceeding is the density of 
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matter in groups of galaxies ( st  < 0 . 13 )  not the total density 
of the universe ( s ince as we will-see these  massive particles 
must  cluster on small scales , in ways such that baryons are good 
tracers of their presence . This yields rn � 6 GeV for neutrinos 
and corresponding higher limits for photiXos . 

lu 
a.. 80 � 

I <.n 

E 70 ...x: 

0 
:r:: 60 

50 
0.0 1  0.1 4 

.0. 

Figure 1 :  On a plot of Hubble parameter H0 vs . energy density 
st we have drawn curves for several values of the age of the 
universe (t = f (rl) H  -l) , for the energy density in baryons 
(�h0

2 � 0 . 81) , and �or the total energy density of the universe 
with several values of the neutrino mass  rl total = 

Sib + S"lv > (0 . 01 + l mv ) h  -z (for Tyo = 2 . 7K) . The f irm upper 
97 eV 0 

limit to the age of  the universe tu < 8 . 7  Gyr restricts  Im � lOO eV , 
while an age range consistent with dynamics and globular c�usters 
13 Gyr < tu < 19 Gyr requires l Illv � 25 eV . The dotted region 
indicates the range of neutrinos massive enough to serve as the 
dark matter in clusters (rnv > 3 eV) yet consistent with all the 
age arguments . The smaller hatched region indicates the range 
of neutrinos which may be responsible for the f orrnation of large­
scale structure in the adiabatic picture (rn f: 10 eV , cf . § 4 ) . v v -

Figure 1 is a plot of total energy density in the universe 
( st  .t, 4) vs . Hubble parameter (O . 5 � h .t, 1 ) . The total energy 
density is the sum of baryon density <Rbh 2 � 0 . 01 )  and neutrino 
density (rlv . h  2 � mv . 197  eV) ; we have plo�ted this sum for sev­
eral valueslo� neutrino mass . We have also plotted curves for 
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several values of the age of the universe ,  which can be para­
meterized ( for A = 0) as tu = f (�) H0-l (where f (�) is  a mono­
tonically decreasing function of � with values between 1 and Yz 
in the range of interest) . Several argumentslO) have been used 
to  restrict the age of the universe : certainly it  mus t  exceed 
the age of the solar system tu > 4 . 6  Gyr (1 Gyr = 109 yr) , 
dynamical arguments (h0 � 0 . 5 ) restrict t � 20 Gyr ,  the age of 
the globular clusters combined wi th an upper ltmit on 4He frac­
t ion Y < 0 . 26 restricts  13 Gyr < t < 19 Gyr14 J , and nucleo-'V 'V U 'V  cosmochronology requires 8 . 7  Gyr � tu � 19 Gyr . The range (13-
16)  Gyr is s imultaneously consistent with all argument s ,  while 
the widest range allowed by the mos t  stringent limits is  ( 8 . 7  -
19)  Gyr .  Consistency with the widest range allowed a s  well as 
the restrictions � < 4 and h > Yz requires 

l m � 100 V .  i 1 

Consistency with 

l m < 25 V .  '\, i 1 

'\, 0 

eV (8 . 7 Gyr < t) . 

the "best f it"  range 

eV (13  Gyr < t ) u 

( 3 . 4 ) 

of ages restricts 

( 3 . 5 )  

( see also 9 ) ) ,  where � =  1 i s  achieved only for t mv . � 2 5  eV . 
As Schrammll) noted , this best f i t  age also limits h1 < 0 . 7  to 0 have concordance . By the inversion of this age argument ,  an 
actual neutrino mas s  g ives an upper limit to the age of the uni­
verse . For example , if Lubimov e t  a1 . 5 ) are correct and 
mv � 30 eV , then the universe must be younger than 12 Gyr . 

e 
S imilar constraints  can also be  found on the masses of  other 

fermions which decouple while s t ill relativistic and are candidates 
for the dark matter ; for this analysis see Freese and Schramm32)  
as well as Olive and Turner33 ) . For all s tandard unified models 
with g*f � 161 , the limit from our best f i t  age argument does not 
allow mf to  exceed 400 eV , contrary to the limit s  in previous 
papers (l2 ) . 

Tremaine and Gunn8) have used phase space arguments  to  obtain 
a restriction on neutrino masses . The smaller the scale on which 
neutrinos are confined , the larger the velocity dispersion , and . 
the eas ier i t  i s  for neutrinos to escape from the region . A 
necessary (but not sufficient)  condition for trappine neutrinos 
on the scale of clusters is the requirement �v � 5h0Yz eV , on the 
scale of binaries and small groups mv � 14h Yz eV , and in gal­
axies mv � 20 eV . If massive neutrinos are0to solve the missing 
mass  problem they must be trapped at least on scales of clusters 
of galaxies , i . e . , m � 3 eV . Of course to actually trap them 
requires some cluste� formation scenarios . Possibilities will 
be  addressed in the next two sections , where it will be shown 
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that this lower limit can probably be strengthened for any 
realistic scenario . 

IV . ADIABATIC PERTURBATIONS 

The formation of galaxies requires the clumping of baryons ; 

i . e . ' enhancements ob 
opb in the baryon density over the back-

ground value mus t  grow from small values in the early universe 
to nonlinearity ( ob > 1)  by the present-day to achieve the forma­
tion of bound structure . In the adiabatic mode the baryon per­
turbations ob are accompanied by radiation perturbations 0 ' 
whereas in the isothermal mode initially oy << ob . In genetal 
any primordial fluctuation scheme for galaxy format ion can be 
treated as a superposition of these two independent modes . Thus 
in the adiabatic theory of galaxy formation , ini tially 
0 = 0 = &v = �- o b (where oi = opi/pi describes the density 
e�hance�ent of particle species i in a perturbation over the 
background value) . These fluctuations grow together outside the 
horizon , and once inside the horizon their evolution depends on 
the value of the Jeans mass . 

The Jeans mass  is the smallest mass unstable to gravitational 
collapse . I t  is  given by the rest mass  of particles in a sphere 
of radius equal to the Jeans length AJ ' the scale on which rad­
iation pressure forces j us t  balance gravitational forces . In 
Figure 2 we have plotted the evolution of neutrino (MJ ) an� 
baryon (MJb ) Jeans masses in a neutrino-dominated universe3 ) • 

The neutrino Jeans mass  reaches its peak value35 ) , 

3 2 18 2 MvM � 1 . 8  mpl /mv � 3 x 10 M0/ (mv/eV) (4 . 1) 
-� 19 at zM � 1900 mv (eV) , where m 1 = G = 1 . 2  x 10 GeV is the Planck 

mass . Neutrino perturbation� on scales � MvM can grow once ��e 
neutrinos become the dominant matter . However , Bond et  al . 3 
have shown that neutrino perturbations on scales smaller than 
MvM are s trongly damped by free-streaming of the neutrinos out 
of dense regions (Landau damping) .  Only perturbations on scales 
larger than M M can survive and grow to nonlinearity36 ) . To 
enable the formation of large-scale s tructure ,  we require this 
damping scale to be smaller than the larges t  structure observed , 
superclusters of mass � 1016 M0 , i . e . , MvM � M c � 1016 M0 . 
Eq . �4 . 1) is only approximate ; folding an initral power spectrum 
l okl cr kn with a transfer function to describe damping by neu­
trino diffusion , Bond , Szalay , and Turner36 )  obtain an n-dependent 
power spectrum . Although the peak of the power s tructure is  the 
scale on which perturbations f irst  go nonlinear , s ignificant pow­
er may exist on somewhat smaller or larger scales . We take the 
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Figure 2 :  Neutrino and baryon Jeans mas ses as a function of 
temperature for � "' 20 eV . During the radiation-dominated era , 
the Jeans mass is approximately the comoving mas s  ins ide the hor­
izon and grows as (1 + z) -3 . Once neutrinos become the dominant 
matter at TM "' 105 K ,  the neutrino Jean mas s  peaks at 
� "' 1 .  8 mp 

3 ;m} "' 7 .  5 x 1015 Mg for � = 20 eV and thereafter 
fa¥1s  as (1 t z) 3 /2 . The exact shape of MJv near its peak value 
has been calculated by Bond , Efstathiou , and Silk ( 1980) and is 
merely approximate here . MJb drops at recombination (TR "' 2700K) 
to "' 5 x 105Mg . 
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least restrictive l imit , the smallest mas s  for physically p lau­
sible values of n that has s ignificant power , and f ind that 

9 x 10
1 7  M0 

(mjeV) 2 < 10
16 M '\; 0 (4 . 2 ) 

In a universe with one mas s ive neutrino species this requires 
m\! � 10 eV . 

If there are three species of neatrinos with equal mass ,  the mas s  
o f  each species mus t  satisfy mv .  � 1 6  eV , giving a sum o f  mas ses  
l mv .  � 48 eV . This is not compatible with the requirement 
1L m� . � 25 eV from consistency of all  the arguments  restricting 
the age of the universe . A "best fit" model does not allow all  
the neutrino mas ses  to  be  equal . Of course  if we relax our age 
constraint to tu > 8 . 7  Gyr then equal masses  are allowed . If 
larger s cales than M\!M in Eq . (4 . 3) reach nonlinearity first and 
tidally s trip the smaller scales , the l imit on the mas se s  only 
becomes more restrictive . 

In this adiabatic picture with mas sive neutrinos ,  the smal­
lest scales to form initially are large clusters , and smaller 
scales come from later cooling and fragmentation . The alternative 
model of galaxy formation, where small  scales form first and 
cluster hierarchically onto larger and larger scales , has not 
been shown to give rise to the observed s tructu3� on large scales , 
namely the large voids seen by Kirshner et a l . 3 ) a s  wel l  as  
large clusters  and filaments . Also , dark matter which c lusters 
first on small  scales will yield a constant M/L ; however � � 1 
for the universe is  pos s ible only if M/L continues to increase 
with scal e ,  or if there are regions with M/L larger than any 
measured value . If , indeed , small scale damping is  required for 
the formation of large-scale structure , we also get a lower l imit 
on the Jeans mas s . Note that the necessity for small-scale damp­
ing has not been rigorously proven . The failure of the attempt s  
o f  Frenk , White , and Davisl5 J to have hierarchical pictures work 
and the ease with which their small-scale damped models succeed 
in giving rise to observed large-scale structure is certainly 
sugges tive if not compelling . Damping those  scales smaller than 
cluster s izes , 

requires 

3 
1 . 8  m 

1 p 
m 2 f 

> 10
14 M '\; 0 (4 . 3) 

(4 . 4 )  
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for the mas s  o f  any non-interacting particle proposed for the 
dominant matter ( for an a lternative approach to similar results 
see (39 ) ) .  For particles decoupling earlier than neutrinos the 
number density is lower , and hence to conserve the inequality in 
Eq . (4 . 4 ) , the restriction on the mas s  only becomes tighter . If 
valid , this argument rules out the high mas s  branch , mf � 6 GeV 
for the dominant matter ( if Q � 1) , s ince such high mas s  particles 
would c lus ter first on very small  scales and would not explain 
the large voids or large M/L ( this  does not mean such particles 
cannot exist ; i t  merely means that their contribution to Q mus t  
be small , � 0 . 2 ) . This argument would also rule out gravitinos 
or other supersymmetric particles in the keV mas s  range . 

S ince our primary motivation for non-baryonic matter is  to 
get a large Q , this upper l imit on the mas s  of our candidate 
particle becomes quite constraining . As we mentioned in Section 
III , the number density of any species , nf , decreases roughly 
s tepwis� with increasing decoupling temperature TD for that 
particle24) . Given low particle mas se s  mf , in order to keep a 
high Q ,  where Q � mfnf/pc , the decoupling temperature Tf mus t  
also b e  low . Quantita tively , the constraint mf � 200 eV and 
Q 'V 1 argues that 

2 !,,; -3 nf � 61 h0 (gf/2 ) - 2 cm 

Comparing this with Fermi-Dirac number density Eq . ( 3 . 2 ) , we 
find that the number of relativistic species at decoupling mus t  
satisfy g*f _:::. 16h0

-2 (gf/2 ) 31 2S�YJK) 1 ,  i . e .  for gf _:::. 2 and Ty0 = 

2 . 7K TD mus t  be � 0 (100 MeV) . In other words ,  in the favored 
model where Q is large ( Q � 1) and l arge-scale s tructure forms 
fir s t ,  the universe is probably dominated by particles which be­
have in a l l  ways l ike mas s ive neutrino s . 

Any candidate particle for the dominant matter decoupling 
at TD � 100 MeV is constrained by Big Bang Nucleosynthes i s  argu­
ment s  in exactly the same way as neutrino s . We have seen in 
Section II that it is very difficult to add to the three known 
neutrino species a full additional neutrino type (or equivalently 
g* = 7 / 4 additional degrees of freedom , where one bosonic spin 
s tate contributes g* = 1 and one fermionic spin state contributes 
g* = 7 /8 )  without violating l imit s  on the observed 4He abundance .  
Thus i t  i s  probable that the dominant matter i s  a neutrino and 
not some other "ino" . Axions have been proposed for the dark 
mat ter , 13)  but since they have a low Jeans mass they cannot be 
the dominant matter if the large voids require large scales form­
ing first .  These arguments would also prevent small  (planetary 
mas s )  black holes from being the dominant matter unless they were 
abl e  to s timulate Ostriker-Cowie40) explosionsl4) . 
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The formation of structure in the universe requires the 
growth of perturbations from small amplitudes in the early uni­
verse to nonlinearity ( 8p/p  > 1) by the present day . In the 
s tandard adiabatic picture of galaxy formation without mas s ive 
neutrinos , the coupling of baryons to photons before recombina­
tion damps the p�rturbations on sc'?i\es smaller than the Silk mas s ,  
Ms � 3 x lo13�B-��v-3/4h0-5 /2MG

34 • , and prevents perturbations 
from growing on larger scales . Af ter recombination at  1 + zR� 1000 
the surviving perturbations in an Einstein-de-Si tter universe 
grow as (1  + z) -1 , allowing a growth factor of only about 1000 be­
tween recombination and the present day . To reach nonlinearity 
by today , the perturbations mus t  have been ( 8p/p ) b � lo-3 at  re­
combination .  The resulting microwave anisotropy 8T/T � l/3 ( 8p/p )b 
� 1/3  x 10-3 would be larger than the observed large-scale aniso­
tropy , � 2 x lo-4 . This dilemma is resolved in a universe dom­
inated by massive neutrinos or other "inos"  4l) After the neutrinos 
become the dominant mat ter at 1 + zM � 1900 m ( t ime tM) ,  neutrino 
perturbations grow as ( 1  + z) -1 on scales lar�er than the maximum 
neutrino Jeans mass , M � MvM · Baryon perturbations are t ied to 
the photons until after the t ime of recombination ( tR) ,  when they 
can rapidly catch up to the neutrino perturbat ions . This extra 
growth period for neutrino perturbations allows nonlinearity by 
the present epoch with 8v ( tR) lo-3 and 

10-3 
1 .  9m v 

(4 . 5 ) 

-4 -1 The microwave anisotropy , now only 8 T /T � 2 x 10 mv no longer 
violates the observed limit as long as mv � 1 eV . 

Before leaving the adiabatic mode , i t  is worthwhile to  re­
member that GUT s naturally allow adiabatic perturbations but not 
isothermal ones42) . All attempt s  at  producing isothermals in the 
context of GUT s have been very ad hoc and unnatural 43)  In fact 
inf lationary scenarios seem naturally to give rise to  adiabatic 
perturbations44) with a Zel ' dovich spectrum , i . e .  fluctuations 
come within the horizon at constant although model-dependent 
amplitude . 

HIERARCHICAL CLUSTERING 

The alternative to condensing large scales f irst  is to build 
up from small scales . We discuss this because the adiabatic pan­
cake scheme of the previous section does not by i tself lead to the 
small scale s tructure . Such s tructure requires subsequent cooling 
and fragmentation of the baryons while leaving the non-interacting 
neutrinos on the large scale where they produce the large M/L . 
These cooling and fragmentation processes are not well understood , 
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so many ad hoc assumptions are required . On the o ther hand , iso­
thermal perturbations naturally produce these small scales down 
all the way to the scale of globular clusters . The hierarchical 
p icture , whether produced by isotherrnals or by adiabatics with a 
small " ino" Jeans mass  so that small scales form f irs t , does 
correctly fit  the 2 and 3 point galaxy correlation functions15 )  
up to cluster scales of � 5 Mpc . To fit  this in the simple pan­
cake pic ture (with no cooling or fragmentation assumptions ) re­
quires a f ine tuning of the parameters or at least a very small 
Jeans mass that is not needed in a hierarchical scheme . If neu­
trionos make the large scales first then galaxies might not form 
until  redshifts  z < 1 ,  but quasars are seen with z � 3 . 5 .  In 
addit ion , the equilibration t ime scale can be determined from the 
dynamics of galaxies on various scales and it is found that the 
larges t  scales are not in dynamical equilibrium yet , whereas small 
scales are . For example , the core of the Virgo Cluster as well as 
the Corna Cluster are well virialized , whereas the Virgo Super­
clus ter is not .  This might argue in favor of isotherrnals or at 
leas t a hierarchical picture with small ( ,{, 108 i10) Jeans mass  as  
given by axions , GeV mass  photinos , or planetary mass black holes . 
But as we 've already seen GUT s argues against isotherrnals and the 
large scale voids , superclusters , and � � 1 argue against any 
hierarchical picture on the largest scales (hierarchical models 
produce constant M/L) . 

One might suggest a solution where the adiabatic picture holds 
but there are two significant nonbaryonic particles , the dominant 
one a 10 to 25 eV neutrino and the second a particle such as the 
axion or massive gravitino which has a small Jeans mass  and yields 
the small scale s tructure .  Such a model is  certainly possible but 
seems very ad hoc in that we require new particles to solve each 
problem .  Alternatively , some new hierarchical model may be dev­
eloped with t idal stripping and a power spectrum which , contrary 
to previous attempts , does produce the large scale structure and 
enables � � 1 .  We feel the mos t  likely model is one in which the 
adiabatic picture holds and cooling and fragmentat ion of the bar­
yons is enhanced at the intersection of caustics16J . In this case 
galaxy formation occurs in f ilaments . Fry46) has shown that the 
galaxy correlation functions for filaments agrees with the observed 
2 and 3 point galaxy correlation funct ions as well as the hierar­
chical case .  To meet the time scale constraints one merely has to 
argue that within the filaments  distant regions will take longer 
to  equilibrate than central ones . Of course , a low density uni­
verse with � < 0 . 15 and only baryons is also a poss ib ility . 
Scenarios Qf mixed isothermal and adiabatic components  are also 
possible47 J ; since the adiabatic mode grows more quickly , the 
resulting large-scale structure is essentially that of the adia­
batic picture . 
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VI . DISCUSSION AND SUMMARY 

We have tried to be very explicit about the assumpt ions re­
quired for each cosmological "ino" mass  argument , and then we 
synthesized the arguments  to obtain some very powerful s imultan­
eous constraints .  

Exam:) les 

Light 
emitt ing 

matter 
(glow��� 

stars 

Table II - Cosmological Matter 

Dark Mat t e r  (no d i s s ipation i n t o  galactic cores) 

COLD 1 

Baryons Others 

Jupiters or 
stellar mass 

b l ack holes4 

Axions , 
(10-lOO)GeV 

mass 11inos" , 
planetary mass 
black holes 

lOeV-400 eV 
7 

"inos11 

O eV - 2 5  ev7 

'inos" ( i f  NV ,,,,3 
hen v , v or VT )  e W 

-----------<--------+- ------+-------+------+-------
Maximum 
Jeans Mass 

Irrelevant 

-------i---------� 
"' 0 .01 

Depends on < M ""1012M8 _ 
f l.uctuation 'V 1 6 
spectrum io16M -----f--------t---�0�--t-------

'C0 . 0 1  - 0 . 14 � 0 . 6  � 1 [ 6 ]  � 1 [6] 
--�-- -+---------+-------+--------+------�-----� 

M/L 

dark halos 
o f  dwarf 
�;phcr0idals 

galaxy cor­
relation 
func t ion 

large-scale 
f i laments 
:�nd voids 

§f < 10-4 
' "' 

with adia-
batic fluc­
tuations 

galaxy form­
a tion epoch 

1 - lOh 
0 

observed 

NO 

NO 

z "'  100 

0 K 

0 K 

increases with scale 

marginal on 
phase-space , 
unlikely from 
Jeans mass 

NO 

requires special heating and 
cooling o f  baryons so mass 
anti-correlates with light 

no existing hierarchical marginally natural model yields this structure natural 

NO YES 

z "' 100 z o, ( 100 - 1 ) z "' 10 

YES 

z '\, 1 

"cold 1' : decouples while non-relativi s t i c .  
"warm11 :  decouples while relativi s t i c ,  present temperature Tf < T :'.:' 2K. 
"ho t " :  decouples while relativi s t i c , present temperature Tf :'.:' T v:::' 2K. 
stellar black holes were baryons a t  Big Bang Nucleosynth e s 1 s . v 
it is assumed that low Jeans mass will result in non-di s s i p a t ive clustering with 
baryons ; no sel f-consistent calculation shows otherwis e .  
since these d o n  1 t f i t  small scales wel l ,  prime motivation i s  large scales and 
high rl ' s .  
assumes t > 1 3  Gyr o r  equivalently rlh0

2 < 0 . 2 5 ,  i . e .  can have Q = 1 only f o r  
h � 1 / 2 . 0  0 
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Tabl e  II gives a summary of  the arguments for different possible 
constituents of the universe . A universe  with � � 0 . 15 must 
probably be dominated by non-baryonic matter , although the ob­
servational evidence pointing in this direction is not without 
loopholes . The galaxy formation mode compatible with GUT s ,  name­
ly the adiabatic mode ,  produces  disagreement with the 3K back­
ground unless  the universe is dominated by non-baryonic matter . 
We also mentioned that Big Bang Nucleosynthesis constrains the 
number of neutrinos to at mos t  4 ,  probably only 3 .  

Merely from l imit s  on the total mas s  density o f  the universe , 
neutrino masses  are restricted to two ranges ,  7 m .t 400 eV or 

T \) •  � .  {, 6 GeV (corresponding arguments for otheil- "in2's" depend on 
th�ir decoupl ing temperatures) . However , applying an additional 
age constraint at tu > 8 . 7  Gyr , we f ind a s tricter l imit l m\! .  -2_ 100 eV (L m � 2 keV) while the range m\! .  � 6 GeV 
i i ino ino i 
remains unchanged . If  we further restrict the age by requiring 
consistency between globular c luster ages , observed helium abund­
ance s  and Big Bang Nucleosynthesis , then t > 13 Gyr and 4 m\! .  -2_ 25 eV ( l m . � 400 eV) (rememb�r age arguments assume 
i i ino ino 
/\ = 0) . 

We mentioned that the Tremaine and Gunn8)  phase  space argu­
ment gives a necessary (but not suf ficient) l imit of m > 3 eV 
if neutrinos are to c luster on cosmologically s ignific�n� scales . 
In the GUT s favored adiabatic scenario , we showed that a maximum 
neutrino Jeans mas s  small  enough to allow the formation of  super­
clus ters requires m\! > 10 eV . For three neutrino species of equal 
mas s , the l imit becomes more restrictive , mv .  > 16 eV (L m > 48 eV) . 

l i \)i 
Hence three equal neutrino mas ses  are allowed only for a universe 
younger than 12 Byr ,  an age excluded by the best fit age arguments . 
Based on the conclusions of  Frenk ,  White , and Davisl5 )  that the 
formation of large-scale structure required small-scale damping , 
a potentially far-reaching argument was presented that the mas s  of 
the dominant particle be less  than � 200 eV . In a high density 
universe  of � �  1 ,  with T = 2 . 7K ,  a particle with this mass  
and gf _::_ 2 decouples at T6°� 100 MeV ; in  other words the dominant 
mat ter is s imilar to a mass ive neutrino . The nucleosynthetic 
constraint that there are probably only 3 neutrinos leads to the 
conclusion that not only does the dominant particle act l ike a 
mas s ive neutrino but it probably is one . The mas s  for this best 
fit neutrino is  10 < m < 25 eV . While the adiabatic picture with 
massive neutrinos s�cc�s�fully gives the large scale s tructure , 
some problems exis t  on smaller scales . Various speculative models 
are given which might solve the smal l  scale problems while re­
taining a solution to the large scale . We feel the mos t  promising 
is the scheme of Bond , Centrella , Szalay and Wilsonl6 ) , which 
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inves tigates the cooling and fragmentation o f  pancakes into gal­
axies . It  will be interest ing to see whether subsequent work 
verifies this model . 

In the mos t  likely scenario the mos t  massive neutrino would 
have a mass  10 eV � l1\J � 25 eV while the other neutrinos would 
have negligible masses . If the Lubimov et al . 5 )  result holds 
then we may have found the answer , massive V with m and . .  e Vµ mvT ?\) 3 eV . Although one might naively expect the VT to be the 
most  massive , because these  are weak rather than mas s  eigenstates , 
depending on the mixing matrix any combination o f  leptons might 
be involved in the mos t  mas s ive eigenstate . Ushida � al . 64 ) 
in an experiment looking for V - VT oscillations sensitive to 2 mixing angles sin2 2a .:;:, 0 . 01 3  ¥ound a limit I mv 2 - mv 2 1 < 3 . 0  eV 
(90% conf idence level) . This suggests  that eith�r the iliixing angle 
is very small ,  that limit s  on the age of  the universe from globular 
clusters must  be reevaluated (although all current possible  cor­
rections go towards longer , not shorter ages ) , or that there is 
some form of  dark matter other than the three known neutrino 
species . Unfortunately , if the mass eigenstates is close to VI and the mixing angle is  small , the experimental detection o f  the 
dominant matter in the universe may take a long time . 

We acknowledge useful discuss ions with Dick Bond , Marc 
Davis , Jim Fry , Joel Primack , Martin Rees , Gary Steigman , Alex 
Szalay , and Michael Turner , e specially during the 1982 Astrophysics 
Workshop at the Aspen Center for Phys ics . This work was supported 
in part by DOE and NSF at the Univers ity of  Chicago . 

REFERENCES 

1 )  R .  Cowsik and J .  McClelland , Phys . Rev . Let t . 29  ( 1 9 7 2 )  pp . 669 ; 
G .  Marx and A .  S .  Szalay , in Proc . Neutrino ' 7 2 ,  Technoinform ,  
Budapest 1 ( 1972 )  123 ; A .  S .  Szalay and G .  Marx , Acta . Phys . 
Hungary 35 ( 1974 )  pp . 113 . 

2) S .  M .  Faber and J .  S .  Gallagher , Ann . Rev . Astron . Astrophys . 
17  (1979 ) pp . 135 . 

3 ) D .  N .  Schramm and R .  V .  Wagoner , Ann . Rev . Nucl . Sci . 27  ( 1 9 7 7 )  
pp . 37 ; J .  Yang , M .  S .  Turner , G .  Steigman , D .  N .  Schramm 
and K .  A .  Olive , in preparat ion (1983) . 

4 )  D .  N .  Schramm and G .  Steigman , Ap . J .  2 4 3  (1981) pp . 1 .  
5 ) V .  A .  Lubimov , E .  G .  Novikov , V .  Z .  Nozik , E .  F .  Tretyakov , 

and V .  S .  Kosik ,  Phys . Lett . 94B ( 1980)  pp . 266 . 
6 )  F .  Reines , H .  W .  Sobel , and E .  Pasierb , Phys . Rev . Let t .  45  

( 1980) pp . 1 307 . 
7 ) P .  Langacker , Phys . Rep . 72C  ( 1981) pp . 185 . 
8) S .  Tremaine and J .  E .  Gunn , Phys . Rev . Lett . 4 2  ( 1 9 79 ) pp . 407 . 



COSMOLOGICAL CONSTRAINTS ON NEUTRINOS AND OTHER "INOS" 213 

9 ) G .  S teigman , Proceedings Europhysics S tudy Conference 
"Unification of the Fundamental Interactions" eds . J .  Ellis , 
S .  Ferrara , and P .  Van Nieuwenhuizen (Plenum , NY , 1981 ) pp . 
495 ; G .  Steigman , Proc . Neutrino ' 81 ,  eds . R .  J .  Cence , E .  
Ma , and A .  Roberts (University o f  Hawaii ,  1981) ; P .  S .  Joshi 
and S .  M .  Chitre , Nature 293 (1981 pp . 6 79 ; G .  Steigman , to 
appear in Proceedings of ICOBAN ( international Colloquium on 
Baryon Nonconservation , 1982 ) . 

10) E .  M .  D .  Symbalisty and D .  N .  Schramm , Rep . Prog . Phys . 44  
(1981) pp . 293 .  

1 1) D .  N .  Schramm,  Phil . Trans . R .  Soc . Lond . A307 (1982)  pp . 4 3 .  
3 4 )  J .  R .  Bond , G .  Efstathiou , and J .  S ilk , Phys . Rev . Lett 45  

( 1980) pp . 1980 . 
38 )  R .  P .  Kirshner ,  A .  Oemler , P .  L .  Schechter , and S .  A .  S 0hec tman , 

Ap . J .  248 ( 1981)  pp . 5 7 .  
1 2 )  G .  R .  Blumenthal ,  H .  Pagels ,  and J .  R .  Primack , Na cure 299 

( 1982 ) pp . 3 7 . 
3 5 )  J .  R .  Bond , A .  S .  Szalay , and M .  S .  Turner , Phys . Rev . Lett 

48 ( 1982)  pp . 1636 . 
1 3) M .  S .  Turner , F .  Wilczek , and A .  Zee , Univ . of Chicago pre­

print No . 83-11 ; J .  Preskill ,  M .  B .  Wise , and F .  Wilczek ,  
Phys . Lett .  Bl20 (1983) pp . 1 2 7 . 

1 4 )  B .  J .  Carr , Astron . Astrophys . 5 6  ( 19 7 7 )  pp . 3 7 7 ; M .  Crawford 
and D .  N .  Schramm, Nature 298 (1982)  pp . 538 ; K .  Freese , 
R .  Price , and D .  N .  Schramm , Universi ty of Chicago preprint 
No . 8 3-06 . 

15 ) P .  J .  E .  Peebles , Ap . J .  258 (198 2 )  pp . 415 ; C .  S .  Frenk , 
S .  D .  M .  White , and M .  Davis , preprint (1983) . 

1 6 )  J .  R .  Bond , J .  Centrella ,  A .  S .  S zalay , and J .  R .  Wilson , 
"Cool ing Pancakes" preprint ( 1983) . 

1 7 ) G .  A .  Tammann , A .  Sandage , and A .  Yahil , in Les Houches 1979 , 
ed R .  Balian ,  J .  Audouze and D .  N .  Schramm (North-Holland 
Publishing Co . ,  Amsterdam ,  1979 ) pp . 5 3 .  

18) W .  Press and M .  Davis , Ap . J .  259  (1982 ) pp . 449 . 
19 ) R .  P .  Kirshner , A .  Oemler , and P .  L .  Schechter , Astron . Jour . 

84 ( 1979 )  pp . 951 . 
20) M .  Davis , J .  Tonry , J .  Huchra , and D .  W .  Latham , Ap . J .  238 

(1980) pp . 113 . 
21 )  J .  R .  Got t  and E .  L .  Turner , Ap . J .  213 ( 19 7 7 ) pp . 309 . 
2 2) B .  E .  J .  Pagel , Phil . Trans . R .  Soc . Lond . A307 (1982) ; pp . 19 ; 

D .  Kunth and M .  Sargent , preprint (1983) ; D .  Kunth , in Pro­
ceedings of the First Moriond As trophysics Meeting : Cosmology 
and Particles , ed . J .  Audouze ,  P .  Crane , T .  Gaisser , D .  Hegyi , 
and J .  Tran Thanh Van (1981 ) pp . 241 .  

2 3 ) W .  Bacino e t  al . ,  Phys . Rev . Lett . 4 2  (1979 ) pp . 749 . 
24 )  K .  A .  Olive , D .  N .  S lchramm , and G .  S teigman , Nucl . Phys . 

Bl80 (1981)  pp . 49 7 .  
2 5 ) J .  R .  Gott ,  J .  E .  Gunn , D .  N .  Schramm and B .  M .  Tinsley , 

Ap . J .  194  ( 1974) pp . 543 .  



214 D. N. SCHRAMM AND K. FREESE 

26) A .  H . Guth , Asymptot ic Realms of Physics : A Festschrift  in 
Honor of Francis Low , ed . A .  H . Guth , K .  Thrang , and R .  L .  
Jaffe (MIT Pres s ,  Cambridge , Mass . ,  1983) . 

27)  S .  Weinberg , Gravitation and Cosmology (Wiley , NY ,  1972 ) . 
28) B .  W .  Lee and S .  Weinberg , Phys . Rev . Lett . 39 (1977 )  pp . 165 ; 

D .  A .  Dicus , E .  W .  Kolb , and V .  L .  Teplitz , Ap . J .  221  (1978)  
pp . 327 . 

29) L .  M .  Krauss ,  Harvard University preprint No . 83/A009 . 
30) H . Goldberg , Northeastern University preprint No . 2592 . 
31) J .  E .  Gunn , B .  W .  Lee , I .  Lerche , D .  N .  Schramm, and G .  

S teigman , Ap . J .  223  (1978) pp . 1015 . 
32) K .  Freese ,  D .  N .  Schramm, submit ted to Nuc l .  Phys . B . (1983) . 
41) J .  Silk, In Confrontation of  Cosmological Theories With 

Observational Data , eds . M. S .  Longair (Reidel , Ho lland , 
19 7 4)  pp . 17 5 .  

36) J .  R .  Bond and A .  S .  Szalay , Proc . Neutrino ' 81 ,  eds . R .  J .  
Cence,  E .  Ma , and A .  Roberts (University of Hawaii , 1981) ; 
G .  S teigman , Ins t .  Phys . Conf . Ser . 64 (1982) pp . 65 . 

37)  J .  H . Oort , Astron . Astrophys . 94 (1981) pp . 359 . 
40) J .  P .  Ostriker and L .  L .  Cowie , Ap . J .  243 ( 1980) pp . 127 . 
41) A. G. Doroshkevich , M. Yu . Khlopov , R .  A. Sunyaev , A .  S .  

S zalay , and Ya . B .  Zel ' dovich , Tenth Texas Symposium on 
Relativistic Astrophysics (1981) pp . 3 2 . 

42) M .  S .  Turner and D .  N .  Schramm , Nature 279 (1979)  pp . 303 . 
43)  J .  D .  Barrow and M .  S .  Turner , Nature 291 ( 1981) pp . 469 ; 

J .  R .  Bond , E .  W .  Kolb , and J .  Silk,  Ap . J .  255 (1982 )  pp . 
341 . 

44) A .  H . Guth and S .  Yi . P i ,  Phys . Rev . Let t . 49  (1982) pp . 1110 . 
J .  M .  Bardeen , P .  J .  Steinhardt ,  and M .  S .  Turner , University 
of Pennsylvania preprint No . 2020T (1982 ) . 

45)  J .  Ellis , D .  V .  Nanopoulos , K .  A .  Olive ,  Phys . Lett 1 20B 
(1983) pp . 331 ; S .  W .  Hawking , and I .  G .  Mos s , "Fluctuations 
in the Inflationary Universe" , Cambridge Univers ity preprint 
(1982) . 

46) J .  N .  Fry , University of Chicago preprint No . 83-01 . 
47)  H . Sato and F .  Takahara , Prog . Teor . Phys . 66 ( 1981) pp . 508 . 
64) N .  Ushida et a l . , Phys . Rev . Lett . 47 (1981) pp . 1694 . 
39)  G .  Steigman , in Proceedings of the Second Moriond Astrophysics 

Meeting , ed . J .  Audouze et  al . (1982 ) . 
33) K .  A .  Olive and M .  S .  TurneT-;- Phys . Rev . D .  25 ( 1982 )  pp . 213 . 


