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=1.5&&10" Hz. This implies @,=@&or =9.5&&10 "
erg. Such a small gap makes sense only because
of the large number of electrons involved in mo-
tion of the CDW.

The success of the tunneling theory when ap-
plied to NbSe, and TaS3 suggests the possibility
of applying the theory to non-Ohmic conduction
observed in other linear-chain compounds.

I am indebted to G. Gruner, N. P. Ong, and
P. Monceau for valuable correspondence and to
them as well as to T. Sambongi for sending pre-
prints of their data in advance of publication. I.
am also indebted to J. B. Tucker for a discussion
of his theory.
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If neutrinos dominate the mass density of the Universe, they play a critical role in the
gravitational instability theory of galaxy formation. For neutrinos of mass 30m3& eV, a
maximum Jeans mass M&~ ~ 4& 10 m30 && is derived. On smaller scales, neutrino fluc-
tuations are damped, and the growth of baryon fluctuations is greatly inhibited. Structures
on scales )~&m may collapse, forming galaxies as in Zel'dovich's 'pancake" theory.

PACS numbers: 98.50.Eb, 14.60.Gh, 95.30.Cq, 98.80.Ft

The idea that massive neutrinos may solve the
missing-mass problem in galaxies and in clusters
of galaxies, as well as dominating the mass con-
tent of the Universe, has been explored by many
authors. " The recent experimental reports of
electron-neutrino mass detection' and neutrino

oscillations, 4 coupled with the natural appearance
of a neutrino-flavor mass spectrum with split-
tings of order of those between the three lepto-
quark families in extensions of grand unified
theories to So(10),' suggest that we take serious-
ly the astrophysical implications of a neutrino
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mass. Here, we consider the role of light mas-
sive neutrinos in the early Universe and in galaxy
for mation.

The mean occupation number of the neutrino
background in the standard big-bang model as a
function of momentum p and time t is n(p, t)
= (exp[pc/T„(t)]+ I] ', which is valid even in the
nonrelativistic (NR) regime, where it is neither
Fermi-Dirac nor degenerate. The neutrino "tem-
perature, " T„(t), for left-handed neutrinos (v~)
is now 1.9 K, red shifted from 1 MeV when they
decoupled. If right-handed neutrinos (v~) couple
only as in the Weinberg-Salam model extended to
include a neutrino Dirac mass, rates for reac-
tions such as e'e —v„P~ [-(m„/T„)' times the
e+e —v~v~ rate] were always substantially less
than the expansion rate. ' The resulting number
ratio of right-handed to left-handed neutrinos is
g-1s10 4, valid for all v flavors. Subsequently,
however, left and right helicities can mix through
deflections in a gravitational field, though spin
projection along a fixed axis is conserved.

We then obtain a neutrino plus antineutrino
mass density in the NR epoch (in units of the
cosmological closure density) of Q„=0.93m3oh ',
where h is Hubble's constant in units of 100 km
s ' Mpc '. (Mpc is 10' parsec. ) If the average
neutrino mass m»= 3(ggm») (where the sum is
over v flavors) exceeds -h', the Universe is
closed. Here m„ is the neutrino mass in 30-eV
units. Observations of the deceleration param-
eter' suggest 0„2, which slightly modifies the
well-known constraint on light-neutrino masses, '
m, , ~ 2h'.

Recent estimates' of the mean luminosity den-
sity in the Universe imply baryons in galaxies
contribute a fraction Qe = (M/L) c/2315h -0.004-
0.007 to the mean density required for closure.
The mass-to-blue-light ratio of a typical galaxy,
(M/L) c (in solar units), due to "conventional"
stars probably lies in the range 9h-16h, ' yield-
ing the above spread. This gives the baryon den-
sity in luminous forms of matter, which is small-
er than the mass density in neutrinos by the fac-
tor Q„/Q~" (140 240)m»h -' Neutrinos . need only
have m ~ 0.2h' eV to dominate, unless most

baryons reside in dark forms of matter, such
as very-low-mass stars or black holes. "

In the primordial nucleosynthesis era, the neu-
trinos are extremely relativistic (ER), and, as
discussed above, g is not 2, though there are two
spin states, but =1. Thus, light element produc-
tion remains essentially &@changed from the stan-
dard picture. This is not true if right-handed neu-
trinos couple, for example, through weak vector
bosons" at a strength of G~210 'GF, where GF
is the usual Fermi coupling constant for left-
handed neutrinos. The right decoupling tempera-
ture is then lower than the temperature at which
copious quark-antiquark production occurs. Its
red shift then results in the right- and left-handed
neutrino temperatures maintaining approximate
equality through the nuclear burning era. Thus,
g~ 2, which increases the expansion rate, and
consequently raises the final helium and deuter-
ium abundances above those of the standard mod-
el.' To get the observed deuterium abundance in
the standard model with g=1 requires" 0.01
~ Q~h' & 0.02; to explain low helium measure-
ments may require QP' to be as low as 0.003."

When the red shift falls below zN&~1.8x10'm»,
the neutrinos go NR. The neutrino distribution
function then results in a velocity dispersion of
the left-handed background (v')'~' = (12'/g, ) '~'T„/
m, c =6m» '(1+z) km s ', where q„ is the Rie-
mann eta function. This is now smaller than the
dispersion in rich clusters (-1500 km/s) and in
galaxies (-250 km/s). Assume now that one neu-
trino flavor carries almost all of the mass'; our
general conclusions do not depend upon this as-
sumption. A slight modification of the Tremaine
and Gunn' argument to one neutrino flavor shows
that nondegenerate neutrinos cannot form the
dark matter in galactic halos unless m„& 25 eV.
Such a high value is certainly not ruled out by
cosmology; therefore it is possible that massive
neutrinos are the dark matter in the halos of
spiral galaxies and the "missing mass" in clus-
ters. We thus consider the role which neutrinos
play in large scale clustering.

The velocity dispersion and the mass density
imply a Jeans mass of

MJp =M„~x ' 'f(x), x =(1+z„~)/(1+z),

f(x) =26.6(
g5 (e "+1)(y'+x')'~' 2xq, e'+1

which peaks at the maximum Jeans mass M„=3.9x 10"m» 'M attained at the red shift z =42900m».
The function f (x) involves integrals of the distribution function which we evaluate numerically in the
semirelativistic regime. In the ER regime, f =0.32x"', and so the Jeans mass rises as (1+z) ' as z
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drops. In the NR regime, f =26.6, and the Jeans
mass falls as (1+z)"' through the hierarchy of
structural mass scales observed in the Universe
until the present epoch, when it is 1.4x 10 ~3p
xM . (See Fig. 1.)

%hen neutrinos are ER, but decoupled from
matter, perturbations decay on all length scales
smaller than the horizon. " Further, in the NR
regime, neutrinos Landau damp on all scales
smaller than the Jeans length, " in the same
manner as collisionless baryons. " We conclude
that all primordial neutrino perturbations soill be
erased on mass scales sma/ler than the peak
valise M~ and on all scales smaller than the as-
sociated length A. „(z)~m„'(1+z )/(1+z) kpc.
Neutrino damping does not drive the damping of
baryon fluctuations. " However, adiabatic per-
turbations do damp prior to and during the re-
combination epoch by the viscous coupling of the
baryons to the photons on all scales below the
Silk mass in baryons, "'"M~s =3 x10"Q~

' '
x 0 '~ h ' 'M —10"I for an Einstein-deV 0
Sitter universe with 0~=0.01 and m»=1. The
maximum neutrino Jeans mass encloses a mass
in baryons in our standard case Me ~(Qe/Q, )M~
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FIG. 1. The Jeans mass in solar mass units for one
neutrino flavor vs red shift, along arith approximate
ranges for various large-scale structures. The neu-
trino mass in units of 30 eV is m30. Perturbations on
scales smaller than the maximum value of the Jeans
mass are damped.

= 1.2 &&10' m» '(Q~h'/0. 01)M . Depending upon
parameter choice, M» may be greater or less
than M~, but they are of same order.

In the conventional picture of galaxy forma-
tion, " isothermal fluctuations (which do not
suffer viscous damping) and all surviving adia-
batic fluctuations grow at a rate -(1+z) ' in an
Einstein —de Sitter universe after photon decoup-
ling. In the presence of massive neutrinos, this
result is drastically altered: Baryon fluctuations
smaller than the critical mass M~ gxozv ex-
tremely slovenly in the linear regime until they
first exceed the instantaneous Jeans mass The.
growth of perturbations of wavelength A. is de-
scribed by the linearized Einstein field equations
perturbed about a Friedmann background. After
recombination, these reduce to an equation for
the spatial Fourier transform of the fractional
baryon and neutrino density fluctuations 5s(k, t)
and b„(k, t):

d 5~ 2a d6~ p~ pv-'+ — =4~Op, —' ~, + —"e„dt' a dt r Pr e Pr
(2)

which is valid in the linear regime, 6~ «1, 5„«1,
when matter pressure is neglected. Here, a(t)
is the Robertson-Walker scale factor and p~= pv
+p~. This is coupled to an integral equation for
5„obtained from the linearized Vlasov equation
for the collisionless neutrino distribution function
describing growth for A. ~ A.» and damping for ~
-&~„, where A, &„(z) is the instantaneous Jeans
length. " Growth of neutrino density fluctuations
occurs on scales A. &A, „ for z &z, but is sup-
pressed in the radiation-dominated era." Not
until the epoch of photon decoupling can the
baryons respond to the neutrino perturbations.
Prior to recombination, no growth of baryon or
photon fluctuations occurs on scales below the
photon Jeans length, which is approximately the
horizon size. After decoupling, 5~ rapidly re-
sponds to the neutrino perturbation (even if ate = 0
initially), until 6z = 6, on scales A. )A. ~. Growth
continues until 5„-(1+z) ' exceeds unity, when
the enhanced self-gravity enables the first struc-
tures of mass -M~ to condense from the expand-
ing background.

To consider scales A. -A, , we take 6„ to be
zero below A., as our initial condition. For
wavelengths (A.J„(z), we find the solutions in the
Einstein-de Sitter case: be-t~', where p+=~g(1
+24pz/pr)'~'+ I]. Only the p mode grows. If
baryons dominate the mass density, p+= ~s, yield-
ing the usual growing mode. If neutrinos domi-
nate, p+ is very small, -~20 for Qeh'=0. 01, and
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m3Q = 1: Growth is negligible.
The growing part of the solution for A. &„(z) ~A.

-A. J„(z„)yields the fluctuation spectrum 5pz/
p (z)=~[5p /p (z„)](Q /Q„}[M/M, „(z)]'~s. +le
write the fluctuation spectrum at z„as 5pgp~(z„)
= ~pz/p~(z }= (M, /M)" '+ ' which corresponds to
a Fourier power spectrum )6~ j'~k". Note that
the mass spectrum flattens by M'~' at M &M &„(z„),
which corresponds to a power spectrum (6~~'
~k" 4. If n &1, fluctuations on scale M„are the
first to condense after the recombination epoch.

We now show that condensation of galactic or
subgalactic masses requires that either galaxies
were formed in the nonlinear neutrino regime,
5„~1, or the baryon fluctuations were substan-
tially nonlinear on galactic scales, 6~ a 1, at re-
combination. The nonlinear evolution of neutrino
structures of mass M„ is likely to resemble a
variant of Zel'dovich's "pancake" theory of galaxy
formation from adiabatic fluctuations. " Accord-
ing to this theory, the generic type of collapse is
asymmetric, with preferential collapse along one
axis occurring at red shift z„&. The Zel'dovich
theory faces a serious constraint due to the rela-
tively large amplitudes required for the initial
adiabatic fluctuations: 6z ~ 10 ' (1+z „)at decoup-
ling. Since neutrino fluctuations grow between z
and z„, the value of 6~ at decoupling is reduced
to 5„(z„)s5x10 ' (1+z~)m» '. The associated
temperature fluctuations in the cosmic background
radiation are" a~ 5~(z„}= 45„(z„)over scales
-A.~ and are below recent observational upper
limits (AT/Ta 2&& 10 ' over scales -4')."

A difficulty appears in the galaxy distribution
where significant power would be expected over
large scales, corresponding to M~ . The two-
point galaxy correlation function" has the form
$(r) =(r,/r)''with r, =4h ' Mpc, whence the mass
scale below which clustering is nonlinear is M~„&
=5X 10"Qg '[r,h/(4 Mpc)]'M . There is, how-
ever, tentative evidence for larger-scale nonlin-
ear structure. " If we require M~~ to exceed
M~, we require m30&2. 9[(4 Mpc)/r, ]. This re-
quires Q„h2-1 and Mz ~4.6X 10"(Q~h2/0. 01)M
This mass scale corresponds to a group of -80
galaxies. "

The mass limit deduced using the correlation
function disagrees with the neutrino mass inferred
from measured mass-to-light ratios if we assume
that the luminous baryonic matter has not segre-
gated from the dark neutrino matter. Since M„j
Ms =800(U/L) 'mao' ', andM/L=500h for rich
clusters, we require rn3Q=0. 6h' and hence M „
=10"h 'M . The problem is still more severe0'

in the case of groups of galaxies, where M/L
& 500h. We conclude that substantial dissipation
on cluster scales is required in order to segre-
gate the luminous matter from the neutrinos. We
cannot rule out this possibility. Since in such a
picture, galaxy formation occurs after the col-
lapse of the pancake, it is difficult to see how

galaxy halos composed of neutrinos could form
given the high velocity dispersion expected of
this cluster material [-1300m» '(1+z„,) km/s].

The alternative possibility that ~, -0 initially
constrains the initial amplitudes of isothermal
baryon density fluctuations. To achieve 5ps/ps
-1 now on scales -Ms„&, we infer that &ps/ps
-0.02(0.01/Qz)[(4 Mpc)/rob] m» [Ms„g/Ms]"~ +'~

at ~„on scales corresponding to a mass in bary-
ons of Mz. Hence, on galactic scales 5pz/ps

Ps 3Q
' for 1 & n ~ 4. A value of n in this range is

required for isothermal fluctuations to account
for the galaxy correlation function. " Such a theo-
ry seems unattractive (galaxies exist because
galaxies have always existed).

In summary, the ratio of right- to left-handed
neutrinos is likely to be «1 and thus primordial
nucleosynthesis is unaffected by the presence of
a neutrino maes in the standard big-bang model.
To avoid conflict with qQ determinations implies
that m „&190 eV, otherwise „&2. If the domi-
nant mass density of the Universe is in massive
neutrinos (e.g. , m, & 1 eV if Qzh'-0. 01), the
gravitational growth of density fluctuations is in-
hibited in the linear regime on mass scales
&M, . Moreover, the large-scale structure dis-
plays a prominent feature atM„-4x10"rn3Q Mo,
in which case comparison with the galaxy distri-
bution requires m „&85 eV. Alternatively, non-
linear structure on galaxy scales must be present
in the very early Universe. We conclude that con-
firmation of a neutrino mass will require a sig-
nificant revision of the gravitational instability
theory of galaxy formation as outlined here.
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