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Can Galactic Halos Be Made of Axions?
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If axions exist, they contribute significantly to the present energy density. These axions
have been collisionless and nonrelativistic since their appearance at ~1 GeV. Hence axion
density perturbations survive on essentially all scales, and once the axions are dominant,
grow and in turn create and amplify baryon fluctuations. Axions can cluster into galactic
halos even though the axion mass <1072 eV. If galactic halo matter is mainly axions, the

Peccei-Quinn order parameter = 101° GeV.

PACS numbers: 98.50.Eb, 14.80.Gt, 95.30.Cq

The evidence! that individual galaxies possess
massive dark halos with masses exceeding that of
the luminous galactic matter by a factor ~10 has
generated extensive investigation into the makeup,
origin, and influence of such halos. While alter-
native possibilities, e.g., involving black holes,?
have been considered, perhaps the most popular
of all has been the suggestion® that the dark halo
material is composed mainly of massive neu-
trinos.* It has become increasingly clear recent-
ly, however, that neutrino-halo models run into
rather serious cosmological problems.

First of all, it appears that the neutrino mass
is constrained to lie in a somewhat narrow range.
An upper limit arises from measurements of the
deceleration parameter, which suggest that

B Emu><100 kms’lMpc'1>2
Q,,O—(O.31)<30 v i, =2,

(1)

where Q,, is the present ratio of neutrino density
to closure density, H, is the present Hubble con-
stant and Y m, isthe sum of the neutrino masses.
It is thus required that ) m,= 200 eV. On the
other hand, a lower limit arises because neu-
trinos, being collisionless, preserve their max-
imum phase-space density. Following Tremaine
and Gunn,® one finds that a given neutrino type
can cluster sufficiently to make galactic halos
only if

300 km /s \/4/10 kpc\/2
v v ’ (2)

e c

m, 2 (30 eV)<

where 7, is the galactic core radius and V, the
galactic velocity dispersion. The Pauli exclusion
principle places a limit on m, similar to (2) and
only less severe by a factor 2%,

But even if the neutrino mass satisfies the
above constraints, there are other problems:
Neutrino free streaming implies that all primor-

dial neutrino density fluctuations in a Friedman
universe are wiped out on mass scales less than
the effective maximum neutrino Jean’s mass®”

M.I.v.max <4x10'(30 eV/Zmy)zM@’ (3)

where M is 10%3 g. Moreover, the growth of
baryon fluctuations on scales smaller than
My 5 max=(25/2)M, , ma 1S greatly inhibited.®”
Q5 is the ratio of baryon density to closure den-
sity. One is apparently forced to conclude that
either large nonlinear baryon perturbations al-
ready exist on galactic scales (10°M_ =My

< 1013MO) at recombination, or condensations
first appear on scales appropriate to rich clus-
ters of galaxies and only later do processes with-
in clusters lead to galaxy formation. The form-
er alternative appears unnatural. The latter one
presents the stark problem of explaining how neu-
trinos that pick up random velocities of order
1500 km/s during the initial cluster collapse can
subsequently be trapped around galaxies in halos
whose velocity dispersions are only about 300
km/s,

It is our purpose in this Letter to point out that
the above problems can be circumvented in one
fell swoop by replacing the neutrinos in galactic
halos with other weakly interacting particles, the
axions. These spin-0 pseudo-Goldstone bosons
arise as a consequence of incorporating the
Peccei-Quinn® U(1),o quasisymmetry into the
standard model of elementary particles to ex-
plain in a natural way the absence of CP invari-
ance violation in the strong interactions. The
mass of the axion® m,= f,m /v and its couplings
[~ia(m /v)fysf to fermions and ~N(g?/3272)(a/v)
xF“,,F‘“’ to photons and gluons | depend inversely
on the vacuum expectation value'® v of the scalar
field ¢ that spontaneously breaks U(1) ;5. Con-
straints on axion models arise from laboratory
experiments, from astrophysics,'* and from
cosmology.'®'® The fact that axions have not
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been found in the laboratory requires that v = 300
GeV (although some varieties of heavy axions
might still be compatible with the data). The
astrophysical constraint'! arises because axion
emission can lead to excessive energy loss from
stargs. To avoid this one must exclude the range
300 GeV=v=10® GeV. Further, it has been
shown' recently that axions close the universe
several times over unless v < 10'2 GeV, It thus
appears that if axions exist, v should lie some-
where between 10® and 10'2 GeV, in which case
axions are an important component of the present
energy density and hence may have important
cosmological consequences. Before going on, we
should mention that another cosmological con-
straint'? arises because axion models have spon-
taneously broken discrete symmetries and hence
domain walls.' In the standard cosmological
model, the domain walls will dominate the energy
density before decoupling and produce the unac-
ceptable behavior R ~¢%, The domain-wall prob-
lem can be avoided either by adopting an inflation-
ary cosmology™ where the inflation occurs after
the U(1) po symmetry is spontaneously broken,
or by expressly constructing the axion model in
such a way that its vacuum is unique,'? ®
Concerning the formation of galactic halos, it
might at first appear that axions present worse
problems than do neutrinos, since their mass

m,~10"% eV (10 GeV/v) (4)

badly violates (2) for 10® <v <102 GeV. This is
not so, however. To show this, we describe
briefly how the v = 10'2 GeV cosmological con-
straint is derived. U(1),o is spontaneously brok-
en when the temperature drops below a critical
temperature Tpg of order v. The Peccei-Quinn
order parameter (@) now lies at a random point
on a circle:

(@)=vei®, (5)

When the temperature reaches about 1 GeV, QCD
effects switch on. The vacuum energy becomes
a dependent and has its minimum value at a par-
ticular point on the circle, say at =0, for which
there is no CP invariance violation in the strong
interactions. The square of the axion mass is
(1/v?) times the second derivative of the vacuum
energy density with respect to @ at «=0. The
misalignment of « (with respect to a=0) when
QCD switches on at tocp =107 s corresponds to
a coherent state of nearly zero momentum axions
linitial velocity dispersion V,~(1/tocpm,) ~1078
X(v/10'° GeV)]. It is these axions which close the
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universe® unless v is well below 10'2 GeV. They
have the unusual property of being nonrelativistic
when they first appear at temperatures (~1 GeV)
much larger than their mass. However, for 108
<v <10 GeV, these axions are effectively de-
coupled®® and hence collisionless. The present
axion energy density was found™ to be

v 7/6
pa,Oﬁpcn’t,O(loll Gev) ’ (6)

where p. o is the present closure density.

Since the velocity dispersion of these axions is
so small, their phase-space density is much larg-
er than what is required to cluster into galactic
halos. Another consequence is that the axion
free-streaming distance is very short and thus
axion density fluctuations are preserved on all
scales., Hence, axions easily obviate the two dif-
ficulties confronting neutrino galactic halos.

Consider then the growth of fluctuations in a uni-
verse whose matter density is dominated by
axions. While it is not the purpose of this paper
to discuss what caused the primordial density
perturbations, we do note that these could be
caused by the presence of domain walls for a
limited time period after £ ~107* sec, as has
been proposed earlier by one of us.? Since these
axions are pressureless and decoupled, axion
density fluctuations are preserved and permitted
to grow on essentially all mass scales that have
come within the horizon at a given time. For
length scales greater than Vi~[¢/R(¢)], they
obey the equation

5a+2§5aﬁ4ﬂ6paéu, (n

where p, is the axion energy density, 6,=(%p,/
Pa), R is the scale factor, and a dot denotes dif -
ferentiation with respect to cosmic time. The
solution'” is as follows:

. =const(l+%p /pg) (8)

with px~R™ and p, ~R~3, By the time of recom-
bination initial axion perturbations have amplified
by ~100% xX(2,/Q;), and in the matter dominated
phase their growth accelerates. Hence, unlike
neutrinos, axions are afforded the opportunity to
condense first on galactic scales rather than on
significantly larger scales. As was mentioned
earlier, the reverse scenario (condensation first
on the scale of clusters of galaxies) suffers from
the serious difficulty of trapping fast particles in
gravitational potentials whose virial velocities
are smaller than the velocities of the particles
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by factor ~5.

Once the baryonic matter decouples from the
radiation, it is free to pick up existing axion
perturbations. 65=0p/py obeys Eq. (7) with 5,
replaced by 0 on the left-hand side. The result-
ing inhomogeneous equation yields a solution 0y
=C,+C,t="3+6, (C, and C, are integration con-
stants) that grows and approaches 6, on the
Hubble time scale, even if 65 vanishes initially.
Hence in this picture there is no problem with
having 6;=107* at recombination in order to
guarantee consistency with the observed isotropy
of the cosmic radiowave background.

In summary, axions might be useful in con-:
structing galactic halos. Their utility derives
from the following key properties: They are
pseudo-Goldstone bosons, they have a “soft”
mass (i.e., their mass falls off sharply above a
certain temperature T,; T,~1 GeV for axions),
and they are sufficiently well decoupled (v > T).
Any other such particle is potentially useful to
construct galactic halos. But the axion fits the
bill remarkably well.
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