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Several arguments are presented indicating that the apparently non-luminous matter forming massive halos of spiral
galaxies is not baryonic. There are difficulties with a halo dominated by gas, snowballs, dust and rocks, jupiters, low mass
stars, dead stars and neutron stars. Also, halos may not be composed of black holes unless they are either extremely efficient-
ly accreting or primordial. Consequently, it appears that a significant fraction of the universe may be in the form of massive

neutrinos, gravitinos, monopoles, etc.

There appears to be no escape from the conclusion
that spiral galaxies are surrounded by a large amount
of sub-luminous or non-luminous mass [1]; the conclu-
sion is based on an application of simple newtonian
mechanics to a system in equilibrium. The central issue
at the present time concerns the nature of the halo
mass. We have assembled several arguments pointing
out the problems associated with baryonic halos thus
suggesting that halos may not be made of baryons.
These problems force one to seriously consider the pos-
sibility that halos which comprise a significant fraction
of the mass of the universe, are either composed of
massive neutrinos, photinos, gravitinos, etc., or of very
efficiently accreting or primordial black holes.

The strongest evidence for the existence of massive
galactic halos is based on the measured velocity of mat-
ter in stable circular orbit in the disks of spiral galaxies.
The corresponding centripetal acceleration, calculated
from the measured velocities, is larger than can be un-
derstood from the gravitational field arising from the
visible galactic matter; additional matter, a massive
halo, is postulated to explain the observed centripetal
acceleration. Measurements [2,3] on more than 50
spiral galaxies for which symmetric rotation curves
have been obtained support the equilibrium condition,
M, =(K/G)v?r, (1)
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where K is a constant of order unity, G is the gravita-
tional constant, v is the observed rotational velocity,
at galactic radius r, and M, is the mass contained with-
in radius 7. One would expect that if the bulk of the
mass were contained in the luminous central regions,
the rotational velocity would fall asv o« r— /2 Instead,
one finds that v is independent of 7 indjcating that M,
o r, or dM/dr = const. Thus, there is an equal amount
of mass per increment of galactic radius unlike the
galaxy luminosity distribution which is centrally con-
centrated.

Other evidence supporting massive halos, though not
as compelling as the galaxy rotation curves, includes
binary galaxies [4,5] and the stability of spiral arms
{6]. Investigations [7,8] pursuing independent direc-
tions have argued that the unseen mass is distributed
spherically symmetrically.

Let us now explore the possibility that massive galac-
tic halos are composed of baryons by considering a
halo made of gas. Since we will require the halo to be
both stable and static we assume that it must be in hy-
drostatic equilibrium, i.e., the halo is maintained only
if it is at a temperature T, . For temperatures less
than T, , the halo would collapse in a gravitational
timescale 7= (37/32Gp)!/2 ~ § X 108 yr, much less
than the age of the galaxy. To determine Teq, we use
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the following
dP,/dr = — GM,p,/r? (2)

where P, and p, are the pressure and density, respec-
tively, at radius r and

P, =(2p,/my)kT (3

is the equation of state. Solving eqgs. (2) and (3) for
Toq With M, o7 and p, o r=2 we have,

Teq = (Gmy[2k) (M, [r) ~ 1.9 X 108 K 4)

for M, ~ 1012 Mg at r ~ 100 kpc.
A hot gas halo at temperature Togqs however, would

be emitting a thermal X-ray background which is in ex-

cess of the limits of the observed X-ray background.
To see this, we compare the quantity §CQ2, which is
a measure of the X-ray emissivity of the halo matter
evaluated at T, with the observed upper limit derived
from the X-ray background. Here § =~ hg where ki
= Hy/(100 km s~ ! Mpc~1), Cis a clumpiness param-
eter, and Q = p/p ... The quantity, p, is the average den-
sity of matter in the universe, oy is the average halo
density, 1.7 X 1026 g cm—3 corresponding to our
standard halo containing 1012 Mg in 100 Kpc, and Pe
= 3H(2)/81rG =1.88X10-29 h(z) g cm—3. To evaluate
8C22 for halos we use [1] 2> Qyy = [M/L ] pivats/
[M/L] criticat = 35/700 = 0.05 and C§2 = py/p, which
follows directly from the definition, C = (p2)/{p)2.
With 25 =3 to obtain a lower limit on the halo X-ray
emission, we find that for halos §CQ2 > 22. Silk [9],
based on observations of the X-ray background, finds
that at T=2 X 106 K, 8CQ2 < 1. A halo of hot gas
violates the upper limits by a factor of at least 20.
Another possibility for the halo matter is low mass
stars [10] or jupiters, that is, non-nuclear burning ob-
jects with mass < 0.08 Mg. We shall show that if one
uses a single power law for the distribution function
describing the number of stars and jupiters of a given
mass as a function of mass, where the index in the
power law is chosen to match the observed stellar (nu-
clear burning) distribution function, such a halo will
radiate much more light than is observed.

To draw this conclusion it is necessary to use an up-

per limit on the index, x, in the stellar mass distribu-
tion function which is defined by

o(m) = Am= 1+, (%)

where ¢ (m) is the number of stars per unit volume per
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unit mass. Constraints on x which have been obtained
from observation of narrow band spectral features [11]
and stellar data in the solar neighborhood [12] for
stars of mass < 0.8 Mg require x < 1 at the 20 level.
Other data in the infrared [13,14], though intrinsically
less sensitive as a discriminant, are satisfied by the
weaker constraint, x < 1.35.

Our conclusion is also sensitive to a second quantity,
the smallest mass object which can gravitationally col-
lapse, m,,;,, also known as the Jeans’ mass. Arguments
on the fragmentation of gas clouds [15—-17] place a
lower limit on the Jeans’ mass of 0.007 Mg for a col-
lapsing cloud consisting of hydrogen and helium. Be-
cause there are complications handling the radiative
transfer in this mass range, we shall adopt m,;,
= 0.004 Mg since this limit was determined using an
optically thin cloud which avoids these complications
and should be a lower limit on m ;. [18]. In fact,
others argue [19] that the first stars to form may have
masses 2> 1500 Mg, -

We shall summarize the calculation of the surface
brightness of the halo here and shall present the details
elsewhere. Using the data of Tinsley and Gunn [11] for
both dwarfs in the mass range 0.08 M to 0.8 Mg and
for giants with Mgiant = 0.8 M we have calculated the
ratio of mass-to-luminosity in the I and K Johnson
spectral bands for the halo of NGC 4565, The rate of
evolution of giants from the main sequence has been
corrected for low metal abundance (Z = 10-35) based
on model calculations [20}. The calculated surface
brightness must satisfy the observational data in the I
and K band. The 2¢ lower limits on the mass-to-light
ratio, M/L, for the halo of NGC 4565 expressed in so-
lar units corresponding to the I data [21] and the K
data [22] are,

M/Ly> 60 Mo/Le, | (62)

MLy >38 Mg/Le, K. (6b)

If we choose m,;, = 0.004 Mg and determine the
power law index, x, necessary to satisfy the observa-
tional data, we find x > 1.6 and x > 1.7 for the I and
K bands, respectively.

Alternatively, rather than solve for a lower limit on
x, we can choose x and try to solve for m, ;. Forx
<1, there is no solution for m,;, consistent with the
observations; it is not possible to put enough mass in
the halo to satisfy the rotation curve and the surface
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brightness constraints. If we relax the constraint on x
and use the Salpeter value, x = 1.35, we find that x;,
must be less than 2 X 10—4 Mg, more than a factor of
20 below the calculated lower limit on m,;, . On this
basis we find a halo filled with either low mass stars or
jupiters inconsistent with present observations.

A recent observation [23] suggests that we are being
much more conservative than may be necessary. It ap-
pears that the initial mass function turns over for m
2 0.1 M. This result was based on stars with a metal
abundance similar to that of the sun. For stars without
metals, m,. . is expected to be larger since metals al-
low a collapsing star to cool and fragment more effec-
tively.

Next, we consider a halo composed of stars with an
initial mass greater than 2 Mg which are now either
white dwarfs or neutron stars. The maximum mass of
white dwarfs is ~ 1.4 Mg, [24], which coincidentally,
appears to be about equal to the mass of neutron stars.
Because the two most precisely determined neutron
star masses are the same to within the 1% measuring
uncertainty [25], and because all neutron star mass
determinations are consistent with 1.4 Mg, we shall
take this value for the mass of all neutron stars. Since
stars with masses larger than 2 Mg must evolve to a
remnant of only 1.4 Mg, at least 40 percent of the
present halo mass contained in these remnants must
have been ejected. The problem with massive stars is
to find a suitable place to hide their ejecta. The ejected
mass cannot be in hot gas because of previous argu-
ments and it cannot be in cool gas or it will quickly
collapse into the disk. Depending on the exact distribu-
tion of stellar masses, there would be an additional
problem. A significant amount [26] (2 10%) of the

ejected mass would be in the form of helium and metals.

One might expect an interstellar medium with metal
in the halo to lead to a second generation of stars with
a mass function similar to the solar neighborhood yield-
ing a halo which is too bright. A second problem in-
volves the contamination due to the ejected metals of
the oldest stars in the galaxy. Observations show there
exist old low mass stars in the nuclear bulge [27] with
a metal abundance of Z ~ 105, The metal abundance
of these stars should be characteristic of the interstellar
medium at the epoch when the stars formed. Unless
the nuclear bulge formed substantially later than the
massive halo (in which case the above arguments still
apply) it is difficult to understand how the oldest stars
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would not be contaminated at a level which is larger
than Z ~ 10-3.

A similar argument applies to a halo composed pri-
marily of metals, including rocks, dust or grains, etc.

If the halo is composed primarily of metals then
Qetals = 0.05. Since the mass in the disk and nuclear
bulge of the galaxy corresponds to an Q ~ 10—3 then
it would be impossible to find stars with a metal abun-
dance as small as Z ~ 103 if more than one part in

5 X 105 of the halo material contaminated the first
generation of stars, The above arguments for the evolu-
tion of stars with initial masses greater than 2 Mg also
rule out a halo of neutron stars for the same reasons.

We now consider a halo composed of snowballs, ob-
jects consisting primarily of condensed hydrogen which
are held together by electrostatic forces. Snowballs,
consequently, are not ruled out by arguments based on
the Jeans’ mass which only involve gravitational bind-
ing. We shall show, nevertheless, that though we cannot
envision any way in which snowballs might form, they
would rapidly evaporate into a gaseous state, if they
did form.

For our standard halo, 1012 Mg in 100 Kpc radius,
snowballs of density equal to that of solid hydrogen,
pg~ 7% 1072 g cm~3, must have a radius greater than
1 cm to avoid all collisions during their lifetime, 1010
yr. At typical halo velocities ~250 km s~1 or 500 eV
per hydrogen atom, kinetic energies are so much larger
than typical binding energies, ~1 eV, that a single col-
lision would destroy a snowball. Consequently, under
such conditions, they must form without dissipation
at a density about equal to the present halo density,
py ~ 1.7 X 10-26 gcm—3 in a timescale 7, ~ (371/
32Gpy)V2.

The snowballs will be most stable against evapora-
tion in a universe with the lowest temperature cosmic
background radiation. Assuming that £ < 2, this will
occur with £ =2 and Ay = 1. Because of the lack of
dissipation during the formation of snowballs, they
must form when the universe has an age equal to 27,
Under these most favorable conditions the temperature
of the cosmic background radiation is ~ 7.6 K. At this
temperature, in equilibrium, the vapor pressure of solid
hydrogen is 0.045 mm [28]. This is sufficiently high so
that there is no equilibrium between the gaseous and
solid phases of hydrogen; all the hydrogen is in the gas-
eous state. It may be shown using standard two phase
thermodynamic equilibrium methods [29] that, in fact,
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the halo density would have to increase by a factor
~ 1019 before any solid hydrogen could remain in
equilibrium with the gas.

Having established the ultimate equilibrium state,
we consider the rate at which evaporation takes place.
The time for evaporation of an H, molecule, ¢
should be [30]

toy ~ vt exp(b/kT).

ev:>

where vy ~ 1012 s=1 is the characteristic vibration fre-
quency of a solid hydrogen lattice and 5 is the binding
energy of a hydrogen molecule to the surface of the
solid. It is possible to estimate b by using the principle
of corresponding states [31]. For a Lennard Jones po-
tential the depth of the well, which we shall use as an
approximate value of b,is, b ~ 0.77 T k. T is the
critical temperature, equal to 33.3K for H, and % is
Boltzmann’s constant. With these numbers, £,

~ 10— 115, so we may conclude that evaporation pro-
ceeds rapidly. It is also possible to show that snowballs
would evaporate at 2.7 K.

The final possibility is that the halo is composed of
black holes. While it is not possible to rule them out,
particularly massive black holes with masses larger than
102 My, some general statements can be made. Con-
sistent with our argument, however, we point out
though black holes are certainly of interest here, they
have no well defined baryon number.

The initial mass function which evolved into a halo
of black holes cannot have had many low mass stars
(< 1 Mg); otherwise, the stars would be observable to-
day. One might expect a halo composed of black holes
of mass ~ 10 Mg to have evolved from similar mass
stars. But since the evolution of stars in this mass range
appears to reliably lead to mass loss, black holes in this
mass range are not favored. However, any black hole
which can very efficiently accrete its ejecta remains a
possibility. While this may not appear likely for low
mass black holes, no such statement can be made about
supermassive black holes because so little is known
about them. Also, it is not possible to rule out primor-
dial black holes.

In conclusion, we have argued that there may be
significant amounts of stable non-baryonic matter on
galactic scales. In addition, it does not appear likely
that the halo is composed of black holes, unless they
are very efficiently accreting or primordial. Consequent-
ly, other constituents for the halo should be seriously
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considered. Popular suggestions include massive neu-
trinos [32,33] and, from supersymmetric theories,
massive gravitinos [34] or photinos. Depending on
their type and velocity, magnetic monopoles could
provide the halo mass; however, because of the con-
straints on monopoles [35—39], they appear to be less
likely.

We would like to thank J. Ellis, G.W. Ford, F. Palla
and D. Schramm for helpful discussions.
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