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ABSTRACT

1+ the Universe is axion-dominated it may be possible to detect
the axions which comprise the bulk of the mass density of the
Universe. The feasibility of the proposed experiments depends
crucially upon knowing the axion mass (or equivalently, the P@
symmetry breaking scate) and the local mass density of axions.
In an 2xion-dominated Universe our galactic halo should be
composed primarily of axions. e calcgulate the local halo
density to be at least § x 10-% gem~?, and at most a tactor ot
2 larger. Untfortunately, it is not possible to pin down the
axion mass, sven to within an order of magnitude. In an
axion-dominated Ugiverse we place an uppar limit to the axion
mass of 4.5 x 1079 eV. We give precise formulae for the axion
mass in an axion-dominated Universe, and clearly point out all

the uncertainties involved in pinning down the precise value of
the mass.
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INTRODUCTION

One of the most pressing issues in cosmology is the nature
of the ubiguitous dark matter which prevades the Universe,. In
the past few years one of the most popular and attractive
explanations has been that the dark matter is comprised cof a
cosmic sea of very weakly~interacting relic particles left over
from an early, very hot epoch cof the Universe. Candidate relics
include magsive neutrinos, photinos, superheavy monopolss, and
axions just to mention a few. Ot these many candidates, axionsi‘3
are in many ways the most intriguing possibility. The energy
density in axions corresponds to large-scale, coherent scalar
field oscillations, set into motion by the initial misalignment
of the field with the minimum of 1ts potentiafps Thase axions
are very waakly-interacting {(and in fact were originally dubbed
'invisible') and veary cold (i.,e., v/c << 1). Axions behave as
cold dark matter6 and a8 a result should be found in, and should
be the dominant component of, the halos of spiral galaxies
(including our own Galaxy).

Although cosmic axions were originally thought to be so
weakly=intaracting as to be invisible 2nd undetectable, Sikivie?
haa recently pointed out that they might be detected by using a
vaery strong, inhomogeneous magnetic field to convert cosmic
axions to photones {(taking advantage of the axion- photon-photon
coupling through the axial anomaly). The feasibility of this

experiment depends upon a2 number of tactors including the mass



density of halo material (presumed to be axions) in the solar
nelighborhood and the mass (or eguivalently, the PQ symmetry
hreaking scale) of these axions. In this brief paper we comment

on hoth of these issuaes.

COSMIC DENSITY OF AXIONS

Cosmic axions come into existence as coherent scalar field
when the temparature ot the Unlverse 1s about a GeV. These
oscillations are set into motion by the initial misalignment of
egthe axion degree of freedom. Initially, when the Peccai~Quinn
(PQ) symmetry is broken (temperature of order f, ) B is left
undetermined because the axion is massless., However, at low
temperatures ( § order a GeV) the axion develops a mass due to
ingtanton effects, When the tempsrature of the Universe (rﬂTl)
is such that the mass of the axion is abcut 3 times the
expansion rate of the Universe the coherent fleld oscillations
beginﬁn Estimating the energy density in these czcillations
depends upon many things, including, f. : g, , the initial

a

migalignment angle; and the finite—-temperature behavior of the
5,11

axion mass, A careful estimate of the energy density glves ’
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where {),= Pa/))cr\’fJPcn*' l%‘&)\f\slo sc,mﬂam the critical

density, H = 18@8h km Mpc sed* ig the present value of the

Hubble parameter, 2.7 Tzq_K is the present value of the
temperature of the microwave background radiation, j&. '200}&&!15
the QCD scale factor. N depends upon the PQ charges of the
quarka (N = &6 in the simplest modelsg), and‘%’is the ratio of
the entropy per comoving volume now to that when T &2 Ti' [Any
entropy production since T~ tidilutes the energy density in
axions, which can only be calculated relative to that in
photons. Entropy production could result due to the very
out-ot-equilibrium decay of a masaive particle species, such as
the gravitinCL9] The initial misalignment angleit must be in
the interval EﬁﬁJ;W/N:1 ag the axion potential is periodic with
period Jﬁﬂ/bl- Although ei is moat likely to be of order unity,
in intlationary modals all values of Eﬁ_ occur in some bubble or
tluctuation region with finite pmbability}’u The

zero-temparature mass ot the axion and the PQ symmetry breaking

scale are related by

~ N txwg
Ma = ez ﬁ{: N = oM N ome/Fa (24)

% oLl 215%eV (/10 , (2b)

where z = m“/mdzo.SS.

Bringing together Eans(1,2) we can solve for the predicted

axion mass or symmetry breaking scale

a0 e0) > TR BAT AT | B
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Even taking 1, = 1, and ignoring the dependence of m, on the
initial migalignment angle there is a great deal of laaway;
allowing the following uncertsintiss: hehsl L&T4 10,
ASA,O.,“"Z reaults in a factor of g uncertainty in the predictad
axion mags. Ean(3) does not take tnto account the theoratical
uncartainities in calculating the tinite~temperature axion mass}z
which is crucial for determining Ti r Or axion damping
mechanisms which have bean racently discussad {although the
damping expected seems tikely to be very smallﬁ? The
uncertainty in Ti is apt to be considerable, as the
tinite-temperature mass is calculated in the limit T > A

QRCh
anct Ti is tyocically of the order ot a GeV,

Ta = GroMeV A T 0%l ™™ (£ 452 e

= 45 MeV (o /100y )7 (faranld - 10%ey

fNote that the predicted value of Il& <z:'11‘{ } For very large
valuea of ﬁa this is not a problem, because the axion
oscillations do not begin until T i lass thanjﬁeci)when the
zaro-temperature mass {g the appropriate one to use. In sum, it

is probably fair to say that one cannot predict the axiaon mass



to vetter than an order of magnitude. To this I might add that
one can however place an upper limit to the axion mass in an fkfz

1 , axion-dominated Universe, by taking: ﬂ'!o 9‘ ‘IT/N Y= L, :‘.‘/3_}

Toz =11, .ﬂ— = |
m, £ 4.5x10™° eV (4)

LOCAL MASS DENMSITY OF AXIONS

If axions are the dark matter, then they should provide
the halo material in our Galaxy and other spiral ga[axies}q
Predicated upon this agssumption Sikivié% has proposed an axion
detection scheme which might be capable of detecting the local
reservoir of axiong. The feasibility of his (and other)
detection scheme(s) depends upon the local mass density aof
axions which should just be the local halo mass density. As an

estimata Sikivie takes

Ao = W0 gem (5)

In this section [ will derive an estimate forJD alo based upon
Bahcall's modelss of the Galaxy which is about a factor of 2
smaller, and I believe more realistic.

The Galaxy is thought to consist of three components; the
disk, the spherical bulge, and the extended halo (=zee Fig. 1).

The mazs dengity then is given by

P‘r'o'f - Pdt&k ' Pbu\roe +Pka\o' (6)



The halo ic believed to be well represented by an isothermal

spheres model

A\alotr) >R /CVL‘!'Ql) ) F

where a 12 the core radiuz of the isothermal sphere. (Such
madels are believed to describe self-gravitating systems ot
non-interacting particles: in particular, they predict the flat
rotation curves, i.e.,iqbfﬁfcbnsfahﬂj that are obsarved in
virtually all spiral galaxies,]

Keoler's third law implies that the orbital velocity of 2

star in a circular orbit is given by

Mg = GM ) - Gy gbr) ¥ GM M) (8)

%
where rﬂk&k;r) is the hale mass interior to the orbital radius
r, Hb“\_‘aQ_Lr) 18 the bulge mass interior to r, and Mms,U') is
the eauivalent central mass which is needed to account for the
gravitational ettect of the digk.

For r >> R the contribution of the bulge and ot the disk
to the rha of Ean(8) is negligible, while for r ¢ R, riﬁv;' is
almost totally accounted for by the disk and bulge compenents.
Here R % 8 kpc is the distance from our position to the center

ot the Galaxy. For reference



ipc, ~ 3,09 xlole’cm
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In terms of))o and a , M'Aaloun) is given by
g
ML\MOU‘) = U So Pralsr ) e A )
!"/a\_l_
= Hﬂ?}tf‘ QJ/Y;)S;,K tiry/t|*xz))
LILTT/JOY‘ T(r‘/a).
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I

The integral J is tabulated in Tabla ! for r/a = 1, .3, 1., 3.,
10., 30., and 108. For r/a << 1, T4 (r/fa)> | and tor r/a >
1, J 2 1. MUsing the fact that r‘lrrb}(' ~ G-Mka&’r') for r > R

and 1ﬁ3t(f7bp):110kw\5ﬂ we can solve for‘ji (for a discussion

of the rotation curve of the Galaxy see ref, 17)

j; x 5.8 rla " 9 ™ , 10a)
yMQCR) = 1.5+ lD'lsa cvv\’3/[ 1+ @/R)* | . (Aob)
Mhale®) = 400 10" M, T (@/a) Goc)

oMt/ v I 2 220 ksec Theay, (God)
Cralo(R) = Sb; JJME( Rrp)] dy = TR (R L1+ o/R)'] "

FIM T/ T/ (doe)

Slolo (Rfenlg) = 55 Mo pc/ Tie ). (fof)



Hare CﬁMAbUR) ig the total column dengity of halo material at
our position and G—\ralo(P\)&V’k\"’) is the column density ot halo
material within a few kpc of the plane of the Galaxy at our
poition. Note that based upon1ﬁ$t(r)>?i) alone, the local halo

=25 3

density can be at most 7.5 x 107 g am .

The orbital velocity at our radius is about 2Ho kwsec™}

The Galaxy models of Bahcall and his (:(:11lat:u:u's:\tors‘5

indicate
that about half the orbital velocity saquared at our position is
accounted for by the gravitational effects of the bulge and disk
componants, From Ean(10d) and Table 1! this indicates that R/a

must be about 2, implying that

Pral®) = 5x107% gem™?, (3a)
Sinalo (R, s kpe) = Yo Mg pc™ (1)

Bahcall and his collaborators have constructed detailed,

3~-component models of our Galaxy. Their modals\s indicate that

Prae (W) = 6% 10"155 e (I1c)

J

2 local density which is very consistent with my estimate. In

addition, Bahcalllb has constructed detaliled models of the
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digtribution of matter in the vicinity ot the sun. He uses the
obgerved motions of stars perpendicular to the galactic disk to

determine the total amout of local matter, and obtains:

}')TbT_QP\) ¥ 01 M, pcja ~\.1 %lO“u@ cm™> (1xa)

G'TCTCW\,?&AW(-) =~ Fo Y, pcf)’) (A2b)

Some ot the quantities that he calculates in his models
can be determined by a direct inventory ot material in the solar

neighborhood. In particular

j’S&“U)\) = 0095 M, Pcf3 ~ 6*[0"w3cm‘3, (13a)
GE““Q&) ~* o MQ W:% UBB)

where the 'seen’ component includes all the material that has
been detected one way or another--gtars, gas, duat, etc. Based
Jpon his model of the solar neaighborhood and the local
inventory, Bahcall (as well ag Dortwbearlier) conclude that
thare are about equal amounts of seen and unseen material in the
solar netghborhood.

Could this unsean material be halo material? Bahcall (and
I believe any reasonable parson would) concludes NO. To see how
implausible this hypothesis is, assume that the local halo mass
density were this large and that the halo deneity interior to R

is conatant (i.e., a >> R)Y. We would then find that due to the

halo material alons
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L GM /] T 360 kmse”) (4a)
G By foskpe) = 450 My g (146)
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which is clearly in conflict with the observation data.

[Bahcall has not used his models of the local neighborhood to
place an upper limit on OICR;G&al<pc) ; however, it seems
likely that such a larze column density of material would have a
big effect on the motions of nearby stars perpendicular to the
Galactic plane.] In addition, such a local density of halo

material would result in:

Vot (T?7%,a) = L20(a/p) om 2 (15)

(based upon the isothermal model)--which too is clearly absurd.
Bahcalllaccncludes that the unseen material must be in the form
of a dark, disk component. Clearly this cannot be axions as
they have no way to dissipate their gravitational energy, which
they would have to do in order to settle into the disk.'?

All of these estimates for the halo density are predicated
on the assumption that the halo ig well described by an
isothermal sphere. OQur knowledge of the ellipticity of the halo
is poor; however the few obsarvationslo which bear on this
quastion seem to indicate that the ratic of minor/major axes is

» 0.8. One might have expected that the presence of the disk



would tend to flatten the halo. Numerical simulations done by
Barnele indicate that this is likely to be a2 small effect,
parhaps causing a spherical halo to be compressed to an
elliptical halo with miner/major axis ratio of 0.8-0.9. If this
were the case for the Galaxy, then the nalo density in the

Galactic plane might be 10%-20% larger than my estimates.

Bagsed upon my simple analysis of the Galactic rotation
curve and Bahcall's detailed models of the Galaxy, one would
conclude that the local mass density of halo material must be at

least
Pk)lo(p‘) = 5-* loﬂls 6 C’m“s) (_lb)

in order to support the observed rotational velocities at r >
R. If a/R is <« 1, 1t Ve ,x 18 signiticantly larger than 220
km sec”', or if the halo is highly non-spherical, then the local
halo density could be a factor of 2 or so higher. My estimate

ig about a factor of 2 smaller than Sikivie's estimate.
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Table 4- Numre/mca,\ Evelurhon of
Tz (o/v) goaxldx/(wx")

/& J T
0\ 0.00%31 00535
0-3 0-0285 0169
|0 0-215 0-Hb4
3-0 0-984 0-teH
10-0 0- 953 0924
0.0 ||O- 949 6- 934
100. 0- 994 0-992
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