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ABSTRACT

It is shown that the cosmulogical density implied from the
dynamics of clusters of galaxies is greater than the upper limit on
the density of matter in baryons {rom big bang nucleosynthesis if
the primordial hellium abundance, Y, is £ 0.25. If Y is £ 0.23
then even tiae density implied from the dynamics of binaries and
small groups of galaxies cannot be in baryons. The solution to
these problems comes if neutrinos have a small rest mass, For
3 ev<m <10 eV, the neutrinos will be trapped on the scale of
large clusters. For 10 eV $m_ £ 20 eV, they will be trapped on the
scale of binaries and small grgups. If neutrinos have a rest mass
2 10 eV, then the limits on numbers of neutrino types from big
bang nucleosynthesis may be relaxed if it is shown that the density
of baryon matter is much less than the density implied by binaries
and small groups. If neutrinos have rest mass there is no serious
conflict with big bang nucleosynthesis as long as Y 2 0.15.

INTRODUCTION

In this paper we will review the arguments on the density of
matter in the universe and show that the density implied from large
clusters of galaxies may be too large to be consistent with the
upper limit on the density of baryons implied from nucleosynthesis,
We will use this point to argue that this probably implies that
neutrinos have a small rest mass which enables them to be gravita-
tionally bound in large clusters, We will also show that this
conclusion is strengthened if the upper limit on the primordial
helium abundance, Y, is decreased. We will also review the
arguments that big bang nucleosynthesis places on the number of
types of neutrinos if neutrinos have a small rest mass.

This paper will in large part draw on the recent work of
Schramm and Steigmanl and Olive et al,?

For convenience we will express mass densities in terms of the
critical density, p_ = 3H; (81G)~!, which separates those Friedman
models (with A = 0) which expand forever (p < p;) from those which
eventually collapse (p > p.). For each contribution to the total
mass density, p;, we introduce the density parameter, ;, where
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P: = R.p . To allow for the large uncertainty i

e Y in the present value
ot thelHubble parameter, we will use H = 100 h (kms‘lSps‘l) where
2.5 £ ho <1, In teims of Qi and h° we have

- -29 2 -3
Ch 2 x 10 Qiho (gem™?), (1)

One should note that not all combinations of h  and Q, are allowed
in a standard Friedman cosmology since we know that the age of the
universe’must be greater than the mean age of the elements,

3.7 x 10° yr. This lower limit excludes values of 1 > 1 for

b > 0.75 and approximately yields the constraint that Sh 2 S 1,
The lower limit of 8.7 x 10° yr comes from the most consepvative
combined age constraints of 2??Th/?%%y and '®7Re/!%70 (pef. 3).

To obtain estimates of cosmological densities we will frequent-
1y use the mass to light ratio, M/L, for a particular class of
objects. If we assume that this class of objects gives a good
estimate of the bLulk of the mass associated with the light of the
universe we can estimate a cosmological mass density by multiplying
the M/L by the average luminosity density of the universe,&, From
Kirshner, Oemler and Schecter,sf = 2 x 10° h L Mpc-?, (Note
though that Gott and Turner5 used € = 1 x 10°R | Mpc~ showing that
there is at least a factor of 2 uncertainty hege?)

As an example of how M/L can be used note that Pee.bles6 has
estimated that M/L for the solar neighborhood is 1 to 2 (note that
unlike other M/Ls this particular value is independent of h_ since
it is based only on local measurements) thus if this were thie
characteristic mass associated with the light of the universe

N -3z M 1> -32 3
o I, &L z1.5x10 Eg hog/em® 2 1.5 x 107%h g/em
N N
and thus
_ 0.0007
ns - h

o
or for the limiting value of h° 21 (ref. 7) we cbtain

2. 2 0.0007
38

Since we know there is mass not in the form of stars (e.g.
interstellar gas and dust) this is clearly an exteme luwer limit
@on Q. It iy also an extreme lower limit on the density of baryonic
matter, &, . ot all density estimates must be baryon matter. In
rarticular, estimates of  from dynamics are not necessarily limit-
ing the density of baryous.

SCHRAMM

DENSITY INFLRRED FROM DYNAMICS

Let us now examine the mass density inferred from the dynamics
of astrophysical systems of different scales. Here, we will rely
extensively upon the data assembled in the excellent review article
by Faber and GallagherS3.

The inner luminous parts of galaxies (mainly Ellipticals and
SOs for our purposes) which are probably dominated by ordinary
matter give

(M/L) < 20h
[}

E,S0
which yields

QE,SO

3 x 103! hozg/cm3

X}

or

2
[

= 0.012.

There is, of course, good evidence that galaxies are considerably
more massive than is inferred from studying their inner regions
where most of the light originates. Indeed, from studies of the
dynamics of Binary galaxies and Small Groups of galaxies, Faber
and Gallagher8 obtain

(H/L)B,SG ~ 70 to 100 h°

which yields

%y 56 1 to 1.5 x 10°%° hozg/cm3

and

Q g = 0-05 - 0.975

If we take into account the uncertainty in& this méght go as low
as 0.025. As implied by the results of Gott et al.” for reascnable
values of Ho on scales up to those of binaries and small groups,
most of the inferred mass can be in ordinary matter. There is
still a "missing mass" (or rather missing light) problem since the
M/L implied from binary and group dynamics is greater than that
implied by normal stellar population or that implied by internal
galactic motions, however, this problem may be due to non-luminous
ordinary matter. However, as mentioned by Schramm and Steigman
(again, ref. 1), if the upper limit on Y is pushed below " 0,22
then baryonic matter would no longer be able to satisfy these mass
constraints. We will see that for large clusters of galaxies we

IIIllllIIIIllllllIlllIlIIlllIllIllIlllllIllIIIIllllIllllIIIIIIIIIIIIIlllIlIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIllllllllIIlllllIllllIllIIIIIIIIIIIIIIIIIIIIIII‘



may already have reached the point where baryonic matter cannot do
the jcb.

After years of extensive investigation using dynamic argunents,
the conclusion remains that clusters of galaxies are very massivebs
with implied

(M/L) ™~ 500 t 200 h
c [+]

yielding
P~ 7.,5x 1073 p 2
c [«]

and

R~ 0.4
c

#ithin the factor of 2 uncertainty in  and the uncertainties in M/L
and other data contributing to this value of @ it is probably true
that a value as low as 0.1 cannot be excluded {for example see
arguments by Aarseth, Gott and Turnerll), (It is also probably true
that if one really pushed the data in the other direction Q as large
as unity might not be completely excluded.) However, it is also
clear that the current best fit values are somewhat above 0.l.

DENSITY INFERRED FROM NUCLEOSYNTHESIS

During primordial nuclecsynthesis the light elements (D, *He,
‘He and "Li) are formed by two body reactions whose rates depend
on nuclear density (c.f. Schramn and Wagonerl2? and references
Eher\ein); High nuclear density results in the production of more
He and 'Li and less D and ’He since nucleons are coaserved (for
T £ 1 MeV, baryon nonconserving processes are entirely negligible),
an upper limit to the present density in nucleons may be inferred
from an upper limit to the primordial abundance of deuterium,
Since photons are also conserved (with account taken of the extra
photons created when electron-positron pairs annihilate as the
universe cools below m_ ), it is convenient to compare nucleons and
otons. For an upper limit to the primordial abundance by mass of
e, Y £ 0,25 (see arguments supporting this upper limit in Yang
et al.l3, hereinafter referred to as YsS2R) and, for three, two-
component neutrinos: v , Vv _, V_ the nucleon to photon ratio is
limited by, e LW T

$4,2 x 10710

<= |U’=

o

The nuwber density of black body photons is ny, I %00 (T_/2.7)
which leads to an upper limit on Q.bhoz, where Q_b is the Praction of
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the critical density in the form of baryons.
r?
2 < 2

nbho $0.014 5=
As pointed out by ¥s?Rr13 this limit is ideutical with the oue which
follows from the deuterium abundance and is consistent with (but
more restrictive than) the limit from 'Li. A fim upper limit to
Qb follows using a lower linit to Ho(ho 2 0.5)1% and an upper limit
8 T (T, £ 3.0 K5,

nb £ 90,12

This limit constrains any matter which was in the form of bapyons
whenn T v 10% K even if the matter is now locked up in blackholes.

Therefore, if the "best fit" mass inferred from ciusters wece
(at the time of primordial nucleosynthesis) in the form of uucleons
(e.g.: today thex might be in black holes, neutron stars, etc.),
too much “Be and 'Li and too little D would have Leen produced,
Additional suppert for such a disparity is provided by the x-ray
observations; the temperature of the x-ray emitting gas is a probe
for the depth of the potential well in which the gas resides. Using
the results of Lea et al.l6 and assuming the universality of the
resulis yields

Q 2 0.2
[+3

However, again one should be careful with regard to the filling of
large clusters in the universe. Rather than looking for consistency
in the limits of the uncertainties, in this paper we will accept
the possibility that @ may be significaatly greater than Q.b and we
will assume that the dIfference is due to the existence at lelic
neutrincs with a small mass (m_ = 5 eV),

It should be noted that if the upper limit to the Helium
abundance, Y, is found to be less than 0,25 as discussed by Steckerl?
(and references therein) then the upper limit on decreases which
increases the descrepancy with .’Zc and argues more strongly for the
existence of massive neutrinos of some other non-baryonic matter.
It should also be noted as pointed out by Olive et al.? that with
the lower limit tu inferred from the immer regions of galaxies
yields no serious inConsistency with big bang nucleosynthesis with
three neutrino species as long as Y is 2 0.15.

Our selection of low mass neutrinos as the solution to the
dark matter problem is a natural consequence of the nucleosynthetic
upper limit eliminating such things as low mass stars, rocks,
planets, clouds and stellar mass black hules and radiation limits
eliminating most reasonable mass ranges for primordial mini-black
holes and nagnetic monopcles. This leaves only the low mass
neutrinos proposed by Cowsik and McClellanl® and Marx and Sz.ala;l9
and the high mass (2 10€ eV) neutrinos discussed by Gunn et al. 0
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Since high mass neutrinos are more ad hoc and exclude the known v ,
\)u, v, we will concentrate here on low but finite neutrinos. €

RELIC NEUTRINOS

During the early evolution of the universe, all particles,
including neutrinos, were produced copiously (c.f. Steigman2l),
Here we focus on the kuown e~, ¥~ and T~ neutrinos and entertain
the possibility that tlhey have a small but finite mass. Neutrinos
with full streagth, neutral current, weak interactijons were pro-
duced by reactions of the type

+ - - . .
e te v +V;i=e, U T.

At high termperatures (kKT > m c?), these neutrinos were approxi-
mately as abundant as photons.

n~.
.

1

.

nY 8 Vi
where g, is the number of neutrino helicity states, For massless
spin % neutrinos with v_# V, then = 2, If the neutrinos have
a mass thien each spin )% particle would have 2 helicity states thus
for v # v, g = 4 however because known neutrinos appear to be cnly
lest Banded tﬁm, if massive, they may be of the Majorana type
(v, = V,), in which case g, is still 2. &As for the numerical factar
faétor,13/l& comes from the difference between Fermi-Dirac statistics
(neutrinos) and Bose-Einstein statistics (photons); the remaining
factor of ¥ is from the number of photon spin states (g_ = 2).

For light neutrinos (m << I MeV), equilibrium was maintained
until T = 1 MeV, At lower gemperatures the weak interaction rate
is tou slow to keep pace with the universal expansion rate so that
few new neutrinos are produced and, equally important, few
annihilate. Thus, for T =~ 1 MeV, the neutrinos decouple; at this
stage their relative abundance is given above. When the tempera-
ture drops below the c¢lectron mass, electron-positron pairs
annihilate heating the photons but not the decoupled neutrinos.
The present ratio of neutrinos to photons must account for the
extra photons produced when the et pairs disappeared (c.f.
Steigman?l),

1 o3
NY(T < me) =5 NY(T > me).q =53 8y*
o

From the present density of photons we obtain the present nuuber
density of neutrinos; multiplying by the neutrino mass we ubtain
the neutrino mass density (p,) which mdy be expressed in terms of
the density parameter,

SCHRAMM

&.™, 1°?
Q h2= i7i ]
v, 0 200 2,7

a

where m_ is in eV and the sum is over all neutriuo species with
W << 1 MeV., We have implicitly assumed that the neutrinos still
exist today and thus have a lifetime greater than the age of the
universe for decay into anything other than neutrinos. Because
@y ? £ 1, this limits the sum of masses

Emi £ 100 eV for g = 2

and

Zmif_SOerorg='+

For T_$3Kand h_ < 1 and assuming Majorana mass neutrinos
with g, = 9 we £ind tha?

>
Q\)' 2 0.0l m,
i i
From our limit on Q.b we obtain the relationship with g, = 2
i

Q
Y s

E; 10

V.

Im
i i

which is independent of and T . Therefore if neutrincs have
masses of the order of 10 eV or greater than neutrinos are the
dominant mass component of the universe today.

Massive neutrinos gravitate and they will have participated in
gravitational clustering (see Cuann et al.20) However, since
neutrinos are non-interacting, their phase space density is con-
served and they will cluster only in the deepest potential wells;
the slowest moviung (i.e.: the heaviest) will cluster moust easily.

Tremaine and Gunu22 point out that neutrinos lighter than
v 3 eV will not cluster at all due to the fact that their velocities
in clusters will be greater than that necessary to escape.
Neutrinos with a inass between 3 and 10 eV will be in clusters of
galaxies (the deepest potential wells) but not (significantly)
contpribute to the mass on smaller scales, 3ut recall, the scale on
which the missing light problem truly emerges is that of clusters of
galaxies (and to the mass of the universe) is from relic neutrines
with a finite mass m z € % 3 eV,

Obviously, if 2 = 2 were > 1 the Friedman universe would be
closed by neutrinos. As mentioned before, current estimates put
Qc < 1 and thus ﬂv would also be constrained to be < 1 however the




uncertainties are sufficiently large that closure by neutrinos can
not be completely excluded. Note that if

Im, > 100 b ° 31-_1 eV
i o

then the Friedman universe with A = 0 is closed.

It is intriguing to note that neutrinos with mass less than
3 eV do not get included in density estimates from cluster dynamics,
thus they may provide a smooth background. However, the contributim
to R from such low mass neutrinos is small. Thus, it is probably
true that (\) is constrained by ﬂc.

LIMITS ON NEUTRINO FLAVORS

¥s2Rl3 (and references therein) showed that Y £ 0,25 and a
lower limit on

"

Tof v2x 10-1°
Y

set a limit on the number of neutrino flavors N to be £ 4, It has
been shown by Olive et al.? that as long as these’limits on Y and
n, /n_ are valid this 1imit on N holds. However, as Olive et al,2
poin¥ out the limit on n /n_ used above comes from binary galaxies
and small groups of galaxies. If these systems are dominated by
low mass neutrinos with masses between 10 and 20 eV then one could
no longer use that limit on n,/n_. The limit on nb/n from the
central regions of galaxies oﬁly yields n, /ny 2 3 X 16-'! when all
the uncertainties are included. This 1imft could allow N, to be
infinite for Y £ 0.25 or to still be extraordinarily large even for
a limit on Y of £ 0.22. A less certain lower limit on n,/n_ comes
from the hot x-ray emitting gas in clusters. This yieldg Y

n,/n_ 2 10-!?, which in tum limits N to £ 5. It is obvious from
the Xbove that the strength depends on the mass of the neutrino. If
neutrinos have masses $ 10 eV then Binaries and small groups of
gaiaxies will not trap neutrinos and the old limits on N_ £ 4 hold
however if > 10 eV, The lower limits un /n_. must bx revised
with a tent:¥ive limit ou N of ~ S but no fl;}‘m Yimit being
available. The argumeut for m_ > 10 eV would be enhanced if Y were
found to be £ 0.23 since then %o 2 v solution would exist for

“b/ny 22 x 1019,

SUMMARY

Low mass neutrinos appear to be the must reasonable solution to
the missing wass (light) problem in cosmology. The cosmological
implications on m, place it between 3 eV with the best fit near
10 eV, With these massive neutrinos consistent Lig bang solut ions

are found for Helium mass abundances 2 0.15. If neutrinos have mass
2 10 eV the cosmologicai limits on N, can be loosened.
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The mass fraction of “He synthesized in the big bang, Yp,
depends upon the neutron halflife, 1, , the baryon-to-photon ratio, n,
and the number of 2-component neutriffio species, N,. New observation-
al and experimental data have led to a re-examination of the con-
straints on particle physics and cosmology which follow from pri-
mordial nucleosynthesis. If baryons provide most of the mass which
binds binary and small groups of galaxies, then N,, must be $ 4.
However, if massive neutrincs (or other non-baryonic matter) provide
this mass, then at present no firm limit can be placed on N,. In
addition we find that n must 1ie in the range 10-*°%*! implying
that baryons alone cannot close the universe; the related baryon-to-
specific entropy ratio must lie in the range 10-19-%%!  If the
universe is dominated by non-baryonic matter, then there is no con-
tradiction between the predictions of primordial nucleosynthesis and
the observations of “He provided that Yp 2 0.15.

I. INTRODUCTION

There is an impressive body of evidence which supports the hot
big bang theory. This evidence includes: (i) the expansion of the
universe discovered by Hubble and others, (i{) the 3K cosmic micro-
wave background discovered by Penzias and Wilson, (iii) the singular-
ity theorems of Hawking and Penrose, {iv) the abundance of “He and
several other light elements which were produced ~ 3 min after the
big bang, and perhaps, (v) the presence of only matter in the
universe rather than equal amounts of matter and antimatter. We have
reason to believe that this is a result of a slight excess of baryons
over antibaryons having evolved during the epoch of baryosynthesis
(t ~ 1035 sec), and later when all the antibaryons and most of the
baryons annihilated (t ~ 10-® sec) the ~ 1 baryon per 10'° photons
we see today was left due to this excess.? The time-temperature re-
lation in the standard hot big bang model (Friedman-Robertson-Walker
cosmology) when the energy density of the universe is dominated by
relativistic particles (t < 10'? sec) is

t = 2.42 x 10~7 sec (100/K)* Teey (1)

where N is the sum of the statistical weights of all the particle
species present [z, & and T is the
n

g; + (7/8) ions 937
temperature meaSureaoionaevi(l.M X 15?5’"|’<°9 1 GeV). From (1) it is

clear that at early times particle energies were very high. At the
planck time {t ~ 10~*? sec) particle energies were as large as






