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ABSTRACT

It is shown that the coslOOlogical d~nsity implied frQm the
dynamfcs of clusters of galaxies is greater than the upper limit on
the density of matter in baryons I-rom big bang nucleosynthesis if
thti primor'di,jl hellium abundance; Y. is S 0.25. If Y is :s 0.23
then even t~e 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 v ~ 10 eV. the neutrinos will be tr'apped on the scale of
large clusters. For 10 eV ~ m ~ 20 eV. they will be trapped on the
scale of binaries and small ~ups. If neutrinos have a rest mass
~ 10 eV. then d.e limits on -numbers of neutrino types from big
bang nucleosynthesis may be relaxed if i1t is shown that the density
of baryon matter is much less than the density implied by binaries
and small groups. If neutrinos have ."est mass there is no serious
conflict with big bang nucleosynthesi~ as long as Y ~ 0.15.

INTRODUCTION

In this paper we will review the arguments on tl.e density of
matter in t he universe and show that the dens Lty implied from large
clusters of galaxies may be too large to be consistent with the
upper limit on the densLty of baryons implied from nucleosynthesis.
We will use this point to argue that this pr-obabIy implies that
neutrinos have a small rest mass which enables them to be gravita
tionally bound in large cluster's. We will also show that this
conclusion is strengthened if the upper limit on the primordial
helium abundance. Y. is decreased. We will also rtiview the
arguments that Lig 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
SchralToJll and St eigman1 and Olive et al. 2

For conveni~lce we will express mass densities in terms of the
critical density. p = 3H 2 (SWG)-I. which separates those Friedman
models (with A = O)cwhichoexpand forever (p < pc) from those which
eventually collapse (p > pc)' For each contribution to the total
mass density. Pi' we introduce the density parameter. 0i. where



p. = G.P. To allow for the large uncertainty in the present value
ot the~Sbble paramt:ter. we will use H = 100 h (lems-IMps-l) where
C.5 < h :s 1. III t erms of G. and h w~ have 0

- 0 1. 0

~e should note that not all .:ombinations of h and O. are allowed
in a standal-d Friedman cosmology since we lcnowOthat tfte age of the
universe must be greattlI' than the mean age of the elements.
3.7 x 10

9
yr. This Ivwel' limit excludes values of 0 ~ 1 for

h > 0.75 and approximately yielJs the constraint that Oh 2 ~ 1.
r8e lower limit of 8.7 x 109 ~r comes from the most conse~vative
combined age constraints of 2 2Th/238 U and 187Re/1870 (ref. 3).

To obtain estimates of cosmological densities we will frequent
ly use tbe mass to light ratio. MIL. for a particular class of
objects. If we assume that this class of objects gives a good
estimate of the 1>ulk of the .nass associated with the light of the
universe we can estimate a cosmological mass density by multiplying
the HlL by the average luminosity density of the universe.£. From
Kirshner. Demler and Schectel'lI.£. :: 2' x 10 8 h L l~pc-3. (Note
though that Gott and TurnerS used ol = 1 x 108R ~o MpC 3 showing that
there is at Leas't a factor of 2 uncertainty h~e.) 6

As an example of how MIL can be used note that Peebles has
estimated that HlL for the solar neighborhood is 1 to 2 (note that
unlike other MiLs this particular value is independent of h since
it is based only on local measurements) thus if this wel'e tRe
characteristic mass associated with the light of the universe

p. = 2 X 10-2 9 O.h 2(gcm- 3).
1. 1. 0 (1)
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DENSITY INFERRED FROM DYNAMICS

Let us now examine the mass density Lnf'er-r-ed from the dyuamfcs
of astrophysical systems of different scales. Here. we will rely
extensively upon the data assembled in the e~cellent review article
by Fabel' and Gallagher3•

The inner luminous parts of galaxies (mainly Ellipticals and
50s for our purposes) which are probably dominated by ordinary
matter give

(M/L)~ SO = 20h
L. 0

which yields

n__ : 3 x 10- 3 1 h 2 g/ cm3
-<:.SO 0

or

n - "E.50 - .... 012.

Thel'e is. of course. good eviden.:e that galaxies are considerably
more massive than is inferred from studying their inner regions
where UIOst of the light originates. Indeed. from studies of the
dynamics of Binary galaxies and Small Groups of galaxies. Faber
and Gallagher8 obtain

~1 thus

M
Ps = L

S
N

·il:: 1.5 x 10- 32 .!!
LS

N

h g/cm3 > 1 5 x 10-32h glcm 3
a _. 0

(M/L)B.SG ~ 70 to 100 ho

which yields

p ~ = 1 to 1.5 X 10- 3 0 h 2 g/ cm3
B ....G o

o = 0.0007
s -h--

o

~r for the limiting value of h
o

~ 1 (ref. 7) we obtain

:2s ~ 0.0007

Sir.ce 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 O. It is also an extr'eme lower limit on the density of baryonic
matter. r~. ~ot all density estimates must be baryon matter. In
;.articular. estilllate:. of 0 from dynamics are not necessarily limit
~ng the den,dty of baryeus ,

anll

~.SG : 0.05 - 0.075

If we take into account the un.:ertaiCity in.e this m~ght go as low
as 0.025. As implied by the results of Gott et ale fOr reasonable
valu~s of H on s~ales up to those of binaries and small groups.
most of theOinferr-ed rrGss can be in ordinary matler. There is
still a "missing mass" (or rather missing light) problem since the
MIL implied from binary and group dynamics is greater than that
implied by normal stellar population or that implied by internal
galactic motions. howe~er. this pr~blem may be due to non-luminous
ol-dinary matter. However. as mentioned by Schramm and Steigman
(again. ref. 1). if the u~per l~it on Y is pushed below ~ 0.22
then baryonic noatter would no Longer- be able to satisfy chese mass
constrctints. We will see that for Lar-ge clusters of galaxies we



may already have reached the point whele baryvnic mattev cannot do
tbe jGb.

After years of ext ens Ive investigation using dynamic ..rguJllents,
the cODcl~sion remains that clust~rs of galaxies are vevy mossive6,lO
with ilIIplied

(KlL) ~ 500 t 200 hc 0

yielding

Pc ~ 7.5 X 10- 3 0 h
0

2

and

n ~ O.~
c

ilithin the factor of 2 uncertainty in .l.and the uncertainties in MIL
and ether- data contributing to this value of n it is probably true
that a value as low as 0.1 cannot be excluded fror example see
ar&UBIents by Aarseth, Gott and Tumerll). (It is also probably true
that if one really pushed the data in the other direction n as large
as unity might not be completely excluded.) However, it is also
clear that the current best fit values are somewhat above 0.1.

OEl-'SITY INFERRED FROM NUCLEOSYNTHESIS
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the critical density in the form vi baryons.

T 3

~h02 ~ 0.01~ 2:7

As pointed out by YS2R13 this limit is ideutical with the one which
follows from the deuterium abundance and is consistent with (but
:DOre restrictive than) thtt limit from 7Li. A finn~ limit to
~ follows u"ing a lower lilnit to H (h ~ O. 5)1~ and an upper lindt
to T,,(T

o
:S 3.0 K)lS. . IJ 0

~ :S 0.12

This limit CObstl'ains any matter which was in the form of bavyons
Wh61 T ~ 10' K even if the matter is now locked up in blackholes.

Therefore, if the "best fit" mass inferred froIII clusters weL'e
(at the time of primordial nucleosynthesis) in the fot'lll of I.ucleons
(e.g.: touay the~ might be in black holes, neutron stars, etc.),
too much "He and Li and too little 0 would have Leen produced.
Additional suppor-t for such a disparity is provided by tho! 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 ro!sides. Using
the results of Lea et al.16 and assuming the ~liversality of the
re~ults yielUs -----

n ~ 0.2
c

The nwubel' density of black body photons is nyc. : 1000 (T n.7)
which leads to an upper limit on ~hv2, where ~ is the ~action of

During primordial nuclevsynthesis the light elements (D, 3Me ,
"He and 7Li) are formed by two body reactions whose rates depend
on nuclear density (c. f. Zchralllin and Wagonerl2 and references
therein). High nuc.Lear- density results in the production of more
~He and 7Li and less 0 and 3He since nucleons are conser-ved (for
T ~ 1 KeV, baryon nonconser~ing processes are entirely negligible),
an upper limit to the pr-es enr density in nucleons may be inferred
from an upper limit tv tho! primordial abundance of deuterium.
Since phutons ar-e also conserved (with account taken of the extra
pbutons created when electron-positrun pairs annihilate as the
universe cools below m ), it is convenient to compare nucleons and
photons. For an upperelimit to the primordial abundance by mass of
"He, Y:: 0.25 (see arguments supporting this upper limit in Yang
et al. l 3, hereinafter referred to as YS2R) and, for three, two
~n.mt neutrinos: v, v. , v the nuclevn to photon ratio is
limited by, e . i.I T

llb
n

yo
~ ~.:: x 10- 10

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 po5sibility that n. may be significantly greater than ~ and we
will assume thatLhe <lIfi'erencO! is due to the existenCE: at I'elic
neut~incs with a small maSb (m =5 eV).

It should be noted that i¥ the upper- limit to the Helium
abundance , Y, is found to be Les s than 0.25 as discussed bySteckerl7

(and references therein) then the upper limit on ~ decreases which
incL'eages 'the ueserepancy with "c and argues more strongly for the
existence of mas,;ive neutrinos or sOllIe other non-baryonic matter.
It should also be noted as pointed out by Olive et al. 2 that with
the lower limit tv ~ inferred from the inneI' regions of galaxies
yields no serious inconsistency with big bang nucleosynthesis with
three neutrino species as long as Y is 2: 0.15.

Our select ion of low mass neurr-Incs as the solution to the
dark matter problem is a nalural consequence of the l1ucl~synthetic

upper- lUdit eliminating such things as l"w mass "tars, rocks,
planets, clouds and stellar mass black hules and radiation limits
elin,indtill~ IIlCISt l'eabonable mass ranges for primordial mini-black
holes dnd n.agnet Lc monopoles. This leaves only the low mass
neutrino~ proposed Ly Cowsik and HcClellan18 and Marx and Szalayl9
and the high maSb (2: 10£ eV) ueutr-Inos discussed by Gunn ~.20



Since high mass neutrinos are more ad hoc &ld exclude the known v ,
v.. ' 'lit we will eoncentr-at e here on low but finite neutrinos. e

RELIC HEl1rRmOS
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During the early evolution of the universe, all par-t Icfas ,
including ne:utrinos, were produced copiously (c.f. 3teigman21 ) .
Here we focus on the IQlown e-, ..- and r neutrinus and entertain
the possibility that they have a SIIla11 but finite mass. Neutrinos
with full strength, neutral current, weak interactions were pro
duced by reactions of the type

e~ ~ e- ++ v. ~ v.; i = e, .. , T.
1. 1.

At high termperatures (JtT > mvc
2

) , these neutrinos were approxi
.....tely as abundant as photons.

where m is in eV and the swn is over all treu t r-Lno species with
Ul « ::. MeV. We have L.plicitly assumed that the neut r Incs still
exist today and thus have a lifetime greater than the age of the
universe for decay into anything other than neutrinos. Because
~2 ~ 1, this limit:; the sum of n~sses

tm. ~ 100 eV for g = 2
1.

and

I:m
i

~ SO eV for g = ~

From the pr-esent density of photons we obtain the pr-es ent, numbes
density of neutrino,,; multiplying by the neutrin0 maoiS we vbtain
the neut r-Ino mass density (pv) which lIdy be expressed in terms of
the densi ty param"teI',

where g.,; is the number of n eutrIno helicity states. For' massless
.>pin ~ neutr·inos with V t- v, then i., = 2. If the neutrinos have
a mass then each spin ~eparttcle would have 2 helicity states thus
for \i ;. v, g = ~ however because known n.,utl'ill<)s appear to be c.nly
left ffand",d t~en, if massive, they may be of the Kajorana type
(v, = V.), in which case Sv is still 2. As for the numerical factcr
faator,L3/~ comes from the difference between Fermi-Dirac statistics
(neutrinos) and Bose-Einstein statistics (I'hotons); the remaining
factor of ~ is from the number of photon spin states (~ = 2).

For light neutr·inos (m. «! MeV), equilibrium was maintained
until T ::: 1 MeV. At lower :temperatures the weak intel'action rate
L> t oo slow to keep pace with the universal expansion rate so tbat
few new neutrinos are produced and, equally important, few
annihilate. Thus, for T =1 MeV, the neutrinos decouple; at this
stage tl,eiI' relative abundance is given abuve. Wht:n the tempera
tur'e drop~ below the electron mass, electl'On-positrun pair:;
annihilate heating the photon~ but not the decoupleJ neutrinos.
The pr-esent rat io of neutrinos to photons must account for the
ex.ra photons prodUced when the e~ pairs Jisal'peared (c.f.
St",igJllan21 ) .

Ny(T < me)

n
'; i

ily

3asv.
1.

. nv 3
11 N (T > m ); n = 22 &V.
4 Y e Yo

For T ~ 3 K and h < 1 and assuming Majorana mass neutrinos
with ~ =~ we find tha~

o ~ 0.014 mvVi i

From our limit on ~ we obtain the relationship with !!tv. = 2
L

1: m
0." i 'II i
r.:- ~ 10
'b

which is Independent of he and T. Therefore if neutl·inos have
masses of the order of 10 eV or ~reater than neutrinos are the
dominant mass compor,ent of the universe t oday ,

Hdssive neutrinos gr-av itate and they will have participated in
grdvitational clustering (see Gunn et al. 2O,. However, since
neutrinos are !Jon-inter",cting, their phas e space density is con
served and they will cluster only in the deepest potential wells;
the slowest moving (i.e.: the he..viest) "ill c.Lus t er- lll<.Ist easily.

Tremaine and Gunn22 point out that neutriuos lighter than
'" 3 eV will nut cluster at all due to the fa..:t that their veloclties
in clusters will be greater than that necessar-y to escape.
Nl!utrinos with a mass between 3 and 10 eV will be in clusters of
galaxies (the deepest potential wells) but not (significantly)
contribute to the mass on smaller scales. Sut recdll, the scale on
which the missing light problem truly emerges is that uf c Lus t er-s of
galaxies (and to the mass of the universe) is from !'ellc neutrinos
with a finite mass mil :: 6 ~ 3 eV.

Obviously, if 0'11 =n were> 1 the Fr-ledmdn un Iverse woald be
closed by neutrino". As :iientioneu before, c\.lrrent e"timates put
n < 1 and thus n would a Lso be constrained to be < 1 however thec v



uncertainties are sufficiently large that cLosuz-e by neutrinos can
not be completely excluded. Note that if

Un > 100 h 2 ~ eV
Vi 0 To

then the Friedman lDlivel'Se 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 lIImOth background. However, the contrihutial
to 11 from such low IllaSS n..utrinos is small. Thus, it is probably
true that ~ is constrained by I1c •

LIMITS ON NEUTRINO FLAVORS

ys 2 R13 (and references therein) showed that Y ~ 0.25 and a
lower limit on

~ of 'I. 2 x 10- 10
nr

set a limit on the number of n eutr Ino flavors N to be s «. It has
been shown by Olive et al. 2 that as long as thesevlimits on Y and
nbln are valid this limit on N holds. However, as Olive et al. 2
point out the limit on ~/n us~ above comes from binary galaxies
and small groups of gala!tiel. If these systems al'e dominated by
low mass neutrinos with .asses between 10 and 20 eV then one could
no longer use that limit on n, In. ~ The limit on nblll from the
central regions of galaxies o81y fyields n. loy ~ 3 X 1~-11 when all
the wlcertainties clre included. This limft could allow N to be
infinite for Y ~ 0.25 or to still be extraordinarily laI·g~ even for
a limit on Y of ~ 0.22. A less certain lower limit on nbln comes
from the hot x-ray emitting gas in clusters. This yieldS Y
n In ~ 10- 10

, which in turn limits N to ~ 5. It is obvious from
tKe Xoove that the strslgth depends oX the mass of the neutrino. If
neutr-Inos have IISsses .s 10 eV then Binaries and small groups of
galaxies will not trail neutrillos <and the old limits on N ~ .. hold
however if ~. > 10 eV. The lower limits un ~./n . must b~ revised
with a tentafive limit on N of 'I. 5 but no flt:m limit being
available. The ilI'guJleut fo~ m > 10 eV would be enhanced if Y were
found to b.! ~ 0.23 since then Xo :3 v solut ion would ..xht for
n In ~ 2 x 10- 11 .by·

SUMMARY

Low IIlaSS neutrinos appear- to ::'e the most l'easondble solut ion to
the missing mass (light) problem in cosmology. The cosmolo~ical

impliCdtions on mv place it betwe..n 3 eV with the best fit near
10 eVe With these aa~sive neutrinos consistent big bang solutions
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are found for Helium mass abundances ~ 0.15. If neutrinos have mass
~ 10 eV the cosmological limits on N

v
can be loosened.
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WHAT LIHITS (IF ANY) DOES BIG BANG NUCLEOSYNTHESIS
PLACE ON THE NUMBER OF NEUTRINO FLAVORS?

Michael S. Turner
The University of Chicago, Chicago, Illinois 60637

ABSTRACT

The mass fraction of -He synthesized in the big bang, Yp,
depends upon the neutron half1ife, T~, the baryon-to-photon ratio, n,
and the number of 2-component neutri~o species, "". 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 Nv must be S 4.
However, if massive neutrinos (or other non-baryonic matter) provide
this mass, then at present no finn limit can be placed on ~,. In
addition we find that n must lie in the range lo-'·'t l , impfying
that baryons alone cannot close the universe; the related baryon-to
specific entropy ratio must lie in the range 10_IO.8t l • 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 ~ 0.15.

I. INTRODUCTION

There is an impressive body of evidence which supports the hot
big bang theory. This evidence includes: (~) the expansion of the
universe discovered by Hubble and others, (~) the 3K cosmic micro
wave background discovered by Penzias and Wilson, (~) the singular
ity theorems of Hawking and Penrose, (~v) 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 anti baryons having evolved during the epoch of baryosynthesis
(t ~ 10- 3 5 sec), and later when all the antibaryons and most of the
baryons annihilated (t ~ 10-' sec) the ~ 1 baryon per 101 0 photons
we see today was left due to this excess. 2 The time-temperature re
lation in the standard hot big bang model (Friedman-Robert~on-Walker
cosmology) when the energy density of the universe is dominated by
relativistic particles (t ~ 101 2 sec) is

t • 2.42 X 10-7 sec (lOO/N)~ TGeV- 2 (1)

where N is the sum of the statistical weiahts of all the particle
species present [= $I: gi + (7/8) f ( g.] and T is thebo ons ermions 1-
temperature measurea rn GeV (1.16 X 1013 K = 1 GeV). From (1) it is
clear that at early times particle energies were very high. At the
planck time (t ~ 10-- 3 sec) particle enerqies were as large as




