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ABSTRACT 

If 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 cru- 
cially upon knowing the axion mass (or equivalently, the PQ sym- 
metry breaking scale) and the local mass density of axions. In an 
axion-dominated Universe our galactic halo should be comprised 
primarily of axions. We calculate the local halo density to be at 
least 5 X 10-2sgcm-3, and at most a factor of two larger. Unfor- 
tunately, it is not possible to pin down the axion mass, even to 
within an order of magnitude. In an axion-dominated Universe we 
place an upper limit to the axion mass of 2.5X lO-‘e V We give 
precise formulae for the axion mass in an axion-dominated 
Universe, and clearly point out all the uncertainties involved in 
determining the precise value of the mass. 
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introduction 

One of the most pressing issues in cosmology is the nature of the ubiquitous 

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 

of a cosmic sea of very weakly-interacting relic particles left over from an early, 

very hot epoch of the Universe. Candidate relics include massive neutrinos, phc- 

tinos, superheavy monopoles and axions, just to mention a few! Of these many 

candidates, axionslm3 are in many ways the most intriguing possibility. The 

energy density in axions corresponds to largescale, coherent scalar field oscilla- 

tions, set into motion by the initial misalignment of the field with the minimum 

of its potential’,“. These axions are very weakly-interacting (and in fact were ori- 

ginally dubbed ‘invisible’) and very cold (i.e., v/c << 1). Axions behave as cold 

dark matter’ and as 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-interacting 

as to be invisible and undetectable, Sikivie’ has recently pointed out that they 

might be detected by using a very strong, inhomogeneous magnetic field to con- 

vert cosmic axions to photons (taking advantage of the axion - photon-photon 

coupling through the axial anomaly). The feasibility of this experiment depends 

upon a number of factors including the mass density of halo material (presumed 

to be axions) in the solar neighborhood and the mass (or equivalently, the PQ 

symmetry breaking scale) of these axions. In this brief paper we comment on 

both of these issues. 
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Cosmic Density of Axione 

Cosmic axions come into existence as coherent scalar field when the tempera- 

ture 01 the Universe is about a GeV. These oscillations are set into motion by 

the initial misalignment 01 0, the axion degree of freedom. Initially, when the 

Peccei-Quinn (PQ) symmetry is broken (temperature 01 order 1.) 0 is left under- 

termined because the axion is massless. However, at low temperatures (5 order 

01 a GeV) the axion develops a mass due to instanton effects. When the tempera- 

ture 01 the Universe (T N T,) is such that the mass of the axion is about 3 times 

t,he expansion rate of the Universe, the coherent field oscillations commence’. 

Estimating the energy density in these oscillations depends upon many things 

including: /,, the scale 01 PQ symmetry breaking; B,, the initial misalignment 

angle; and the finite-temperature behavior 01 the axion mass. A careful estimate 

01 the energy density gives4’5,11 (for a detailed discussion, see the Appendix) 

(fl,h*/ 7&)=1.0X 10*“~4~NB,)(N/6)0~825(~~10’2Ge1/1’~’75~~~’A~~, (la) 

(/&1.6x 10’8*1~‘Ge~N/6)h&,s) 

(fl,h*/ c,‘)=3.5 x 10 “*“~‘~~~,)(N/6)1~2(~~/10’8Ge k’)‘.‘e7-‘, (lb) 

(f~1.6x10’8*1~‘GeV(N/6)A,~63) 

where R,=p,fp,,,=1XBh*~ 1@‘gcm4 rs the critical density, H=lOOh km Mpc-’ 

set -r is the present value of the Hubble parameter, 2.7 T2,K is the temperature 

01 the microwave background radiation, A2oo 200 MeV is the QCD scale factor, 

JNB,) is a correction factor for anharmonic effects (for N0,Sl, 1~ 1; see Fig. A2 

and the Appendix), N depends upon the PQ charges of the quarks (N=6 in the 

simplest models*), and 7 is the ratio 01 the entropy per comoving volume now to 

that when T z T,. [Any entropy production since TN T, dilutes the energy 
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density in axions, which can only be calculated relative to that in photons. 

Entropy production could result due to the very out-of-equilibrium decay of a 

massive particle species, such as the gravitino’.] 

The initial misalignment angle 8, must be in the interval [-n/.V,n/h) as the 

axion potential is periodic with period 2r/N. Although 8, is most likely to be of 

order unity, in intlationary models all values of 8, occur in some bubble or 

fluctuation region with finite prohability’O~‘l. If the Universe never underwent 

inflation, or if inflation occured before PQ symmetry breaking, then it is possible 

to accurately estimate 8,. In that case, at the onset of coherent axion oscilla- 

tions, 0, is correlated on the scale of the horizon, but is uncorrelated on larger 

scales. All values of 0, in the interval [+r/N,a/Nl are equally probable, and so 

the RMS value of 6’i (which is what is relevant for computing the mean energy 

density of axions in the Universe) is just (n/N)/& Of course, in the case of 

intlation the RMS value of B,, averaged over all bubbles, is also (rr/N)/fi. But 

since we live in a particular bubble, that fact is of no relevance (see Fig. 1). 

The zero-temperature mass 01 the axion and the PQ symmetry breaking 

scale are related by 

J; Lm, 
--N=&48N/,m,/f,, 

mr= 1+t f, 

=3.7(N/6)x 10”cV(/&0r2GeV)-‘, 

where z==m,/m,, N 0.55. 

(24 

PI 

Bringing together Eqns(l,2) we can solve for the predicted axion mass or 

symmetry breaking scale 
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(4b) 

(&1.6x 101**1~7C~V( N/S)A$) 

Even taking R,=l, and ignoring the dependence of m, on the initial 

misalignment angle there is a great deal of leeway; allowing the following uncer- 

tainties: 0.451r<l, 15 T2,7<1.1, 1/25A,,<2 and the intrinsic uncertainty in 

computing the axion energy density (see Appendix), results in a factor of about 3 

uncertainty (either way) in the predicted axion mass. Eqn(3) does not take into 

account any systematic uncertainties, for example, in calculating the finite- 

temperature axion ma.ssr*, which is crucial for determining T,, or axion damping 

mechanisms which have been recent~ly discussed (although the damping expected 

seems likely to be very small)‘3. 

In sum, it is probably fair to say that one cannot predict the axion mass to 

bett,er than an order of magnitude. To this 1 might add that one can however 

place an upper limit to the axion mass in an R,=l, axion-dominated Universe, by 

taking A,,=1/2, No,=*, r=l, h=O.4, T,,r=l.l, and R,=l 

msl.1 X 1OA*0.35 eV 

Local Mass Density of Axions 

(41 

If axions are the dark matter, then they should provide the halo material in 

our Galaxy and other spiral galaxies”. Predicated upon this assumption Sikivie’ 

has proposed an axion detection scheme which might be capable of detecting the 
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local reservoir 01 axions. The feasibility of his (and other) detection scheme(s) 

depends upon the local mass density of axions which should just be the local halo 

mass density. As an estimate Sikivie takes 

pn~o=10-24gcm3 (5) 
In this section I will derive an estimate for PAdo based upon Bahcall’s mod&r5 01 

the Galaxy which is about a factor 012 smaller, and I believe more realistic, 

The Galaxy is thought to consist 01 three components: the disk, the spherical 

bulge, and the extended halo (see Fig. 2). The mass density is given by 

PTOT=Pdi.k+Pbdgr+Phdo (6) 

The halo is believed to be well represented by an isothermal sphere model 

&do(r)=pO/(?+2), (7) 
where (I is the core radius 01 the isothermal sphere. [Such models are believed to 

describe sell-gravitating systems of non-interacting particles; in particular, they 

predict the flat rotation curves, i.e., u ,0L N constanl, that are observed in virtu- 

ally all spiral galaxies.] 

Kepler’s third law implies that the orbital velocity 01 a star in a circular 

orbit is given by 

r~,~=GM,d,(r)-CGMbdg,(r)+ G&,(r), (8) 
where MAdJo is the halo mass interior to the orbital radius r, Mb+(r) is the 

bulge mass interior to r, and M,,(r) is the equivalent central mass which is 

needed to account for the gravitational effect 01 the disk. 

For r>>R the contribution 01 the bulge and 01 the disk to the rhs of Eqn(8) 

is negligible, while for r<P, r~,,e is almost totally accounted for by the disk and 
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bulge components. Here R N 9kpc is the distance from our position to the center 

01 the Galaxy. For reference 

1 pc=3.09 X 10’scm 

1 M+l.QQx 103’g 

1 hpce3 ~6.7 X 10-‘3gcm-3 

In terms 01 p. and a, MA&,(r) is given by 

The integral J is tabulated in Table 1 for r/a=O.l, 0.3, 1.0, 3.0, 10.0, 30.0, and 

100. For r/a<<l, J=(r/a)*/3, and for r/a>>l, Jzl. Using the fact that 

rzf,i~GM~.J r) for r>>R and u,,J r>>R)E220 km set-‘, we can solve for p. 

(for a discussion 01 the rotation curve 01 the Galaxy see ref. 17) 

p0=5.8X lO*‘g cm-i, (104 
p~do(R)=7.5xIO-25g cm-3/[1+(a/R)2], (1Qb) 

~~,,,,(R)=~.OX~O”~JIR/~), (1Qc) 
[ GA4hd,(r)/r]‘/2=220km set-‘?I*( r/a), (104 

~~~~(R)~~~~P~d,~(~2+~)112]~T=~RP~da(R)~l+(~/R)zi112, (lQ4 

=313M$pc-*/[l+( a/R)*]‘/*, 

b,$,&( R&w kpc)=55&pc-‘/[1+( a/R)*]. (101) 

Here ChdO(R) is the total column density 01 halo material at our position and 

uhdo(R, leu, kpc) is the column density 01 halo material within a few kpc 01 the 

plane 01 the Galaxy at our position. Note that baaed upon w,Jr>>R) alone, the 

local halo density can be at most 7.5~1O~*~g cm3. 

The orbital velocity at our radius is about 240 km set-‘. The Galaxy models 
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of Bahcall and his collaborators” indicate that about hall the orbital velocity 

squared at our position is accounted for by the gravitational effects 01 the bulge 

and disk components. From Eqn(lOd) and Table 1 this indicates that R/a must 

be about 2, implying that 

pnd,( R)=5 x 10-25g cm3, (114 
uhdo( R, /ew kpc)=4O%pc-*. (lib) 

Bahcall and his collaborators have constructed detailed, three-component 

models 01 our Galaxy. Their models15 indicate that 

phdo( R)=6 X 10-25g cm3, (llc) 
a local density which is very consistent with my estimate. In addition, Bahcal116 

has constructed detailed models 01 the distribution 01 matter in the vicinity 01 

the sun. He uses the observed motions 01 stars perpendicular to the galactic disk 

to determine the total amount 01 local matter, and obtains 

pTO~R)=0.2~pc~3=1.2~10~23g cmw3, (124 
rTo,jR, Jew kpc)=70%pc-*, (12b) 

Some 01 the quantities that he calculates in his models can be determined by 

a direct inventory 01 material in the solar neighborhood. In particular 

p,,,,,( R)=0.095&pf3=6x lo-*‘g cm4, 

u,,,,(R)=30&~~-*, 

(134 

(13b) 
where the ‘seen’ component includes all the material that has been detected in 

one way or another - stars, gas, dust, etc. Based upon his model 01 the solar 

neighborhood and the local inventory, Bahcall (as well as Oort’* earlier) conclude 

that there are equal amounts 01 seen and unseen material in the solar neighbor- 

hood. 



Could this unseen material be halo material? Bahcall (and I believe any rea- 

sonable person would) concludes NO. To see how implausible this hypothesis is, 

assume that the local halo mass density were this large and that the halo density 

interior to R is constant (i.e., a>>R)--which is a very conservative assumption. 

We would then find that due to the halo material alone 

[ GMndo( R)/R]‘~*=360km set-‘, (144 

On&R, /em kpc)=450h&pc-*, (14b) 

h&,=2.7X lo”E/6, (14c) 
which is clearly in contlict with the observational data. [Bahcall has not used his 

models 01 the local neighborhood to place an upper limit on u (R, Jew kpc); how- 

ever, it seems likely that such a large column 01 material would have a big effect 

on the motions 01 nearby stars perpendicular to the Galactic plane.] In addition, 

such a local density 01 halo material would result in: 

u,,(( r>> R, a)=620( a/R)km set-I, (15) 
(based on the isothermal model) - also clearly absurd. Bahcall” concludes that 

the unseen material must be in the form 01 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 disklg. 

All 01 these estimates for the halo density are predicated on the assumption 

that the halo is well described by an isothermal sphere. Our knowledge 01 the 

ellipticity 01 the halo is poor; however, the few observations?0 which bear on this 

question seem to indicate that the ratio 01 minor/major axes is > 0.8. One might 

have expected that the presence 01 the disk would tend to flatten the halo. 

Numerical simulations done by Barnes*’ indicate that this is likely to be a small 
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effect, perhaps causing a spherical halo to be compressed to an elliptical halo with 

minor/major axis ratio ol O.%0.9. 11 this were the case for the Galaxy, then the 

halo density in the Galactic plane might be 20%40% larger than my estimates. 

Baaed upon my simple analysis 01 the Galactic rotation curve and Bahcall’s 

detailed models 01 the Galaxy, one would conclude that the local mass density 01 

halo material must be at least 

phdo(R)=5x 10-25g cme3, (16) 

in order to support the observed rotational velocities at r> >R. If a/R is < < 1, 

if hi is significantly larger than 220 km see-‘, or if the halo is highly non- 

spherical, then the local density could be a factor 01 2 or so higher. My estimate 

is about a factor 01 2 smaller than Sikivie’s estimate’. 
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Fable 1 - Numerical Evaluation 01 

J E (tz/r)&“‘~dz/(1+~) 

da 

0.1 

0.3 

1.0 

3.0 

10.0 

30.0 

100 

J 
0.00331 0.057: 

0.0285 0.169 

0.215 0.464 

0.584 0.764 

0.853 0.924 

0.949 0.974 

0.984 0.992 
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Appendix 

In this Appendix, I brielly outline how the formulae for the present axion 

density, Eqns(la, b), are obtained. While this is basically a review of reIs. 4, 5, 

and 11, I will pay particular attention to the uncertainties in the calculation. 

This Appendix is meant to subsume all the above references; in the process I have 

corrected errors and have been as accurate as possible. 

The equation of motion for the axion degree of freedom 0 is 

ii -I- 3Hi + v (e) = 0 (Al) 

where for small 8, V’ (t?)=m$%-this is the usual assumption which is made, and 

for the moment I will take V to be mi@. At early times, when the axion mass is 

much less than 3H--corresponding to temperatures much greater than AecD, the 

solution to Eqn(A1) is 

e N cOnafdl. 

When the axion mass is much greater than 3H, 0 oscillates with angular fre- 

quency mi( I)? and the axion energy density, 

evolves as 

p~lm,=consf. (-4’4 

[I refer the reader to refs. 4, 5, and 22 for further details about the solution to 

b(Al).l 

It is also usually assumed that Eqn(A2) is valid for T< Tr, where Tr is 

defined by 
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4 TJ=3H( Td 

Making this assumption and taking 0 to be equal to 0, at T=T,, it then follows 

that 

pa=+4 Tl)m,&%41R)3. 
where R, is the value of the cosmic scale factor when T=T, 

(A3) 

I have integrated Eqn(A1) numerically, assuming that around T=T, the 

axion mass varies as T”. I 6nd that Eqns(A2, 3) are not exactly correct, rather, 

for T<< T,, 

pd=c/xl$m.( Th~~/~(RJR!31 

where cj is a correction factor which depends upon m and is plott,ed in Fig. Al. 

My numerical results for cl are well fit by 

cj=0.44+0.25m. 

I should emphasize that only the behavior of the axion mass for TN T, is cru- 

cial for determining the correction lactor cf. For T<< T,, corresponding to 

m,>>3H, Eqn(A2) is a very good approximation 

In order to find the average energy density in axions one would simply 

replace 0: by <t$>. Assuming that all values of 6’i are equally probable, 

<e;>=(n/W/3=ftRM9 

Let’s return to the approximation 1” -&,e. This approximation is only 

valid for small B; however, to find the average energy density we must average 

over all values of 0. Note, NBiRMr -x/&>l. One might expect V to be 

o I-cos(NB), in which case V (0) o sin(N6) (see ref. 12). I have integrated 

Eqn(A1) using 
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V (e)=mJ Z’)*sin(NO)/N. 

Due to anharmonic etlects the energy density obtained using this form for V is 

larger than that obtained using V &e, by a O-dependent factor JINO), which is 

plotted in Fig. A2. The primary eflect here is that for O>l, sine is Batter than 0 

and so the axion oscillations commence later. Taking into account these anhar- 

manic effects the average energy density is obtained by using a value of e in 

Eqn(A3) equal to 

<e$,>+o~uqu)du/~~ 
For m-6-8, <O&>rv( 1.9-2.4)8;RM~(x/Nj2/(1.2-1.6). 

Assuming that the expansion has been adiabatic since T=T,, the entropy 

per comoving volume, 5 o ds, remains constant, so that 

(RI/R~~=(~) sx ; ) p . 
1 I 

If the entropy per comoving has increased since that epoch, then 

(R,/RJ”=($) g4;;p. 
I I 

(A44 

Wb) 

where r=qfoday)/q T= TJ and a is the entropy density: s=(2xe/45)g,7e. Dur- 

ing the epoch when the axion field begins to oscillate the Universe is radiation- 

dominated and 

H=1.66gd Tj 112 p/m,. t.45) 

As usual g,( 7’) counts the total number of effective relativistic degrees of freedom: 

g’B;re+W8) C gF. 
0 FCW?li 

For the temperatures of interest g,( 7) and the (known) relativistic species are 
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g,( r>SCcb~>86.25 u, d, c, 8, b; e, p, q 3vF; 8G, -J 

g.j T>2CeV)>75.75 u, d, c, 8; e, p, r, 3vF, 8G, 7 

g-! DA~cd261.75 u, d, 8; e, p; 3wi7 8G, -J 

g,( T> lOOMe k’)>17.25 x*, TO; e, /J; 3uq 7 

g,( r>lMeV)>10.75 e; 3uq -f 

Using Eqns(A4,5) the axion energy density to entropy density ratio can be 

written as 

pJs=5.7&‘/‘( T,)mde/ T,mpr. (-46) 

The present axion energy density is then obtained by multiplying this by the 

present entropy density 

STOD,JY z 1.7Tr 2: 7.04x, N 2809 c.7 cmT3 

In order to evaluate this expression for the axion energy density, Ti must be 

determined. Ti depends upon the finite temperature behavior of the axion mass, 

Recall that t,he axion mass arises due to instanton effects. Gross, Pisarski, and 

YaIIe’? have calculated these eIIects using the dilute instanton gas approximation. 

In the high temperature limit, T>>AQoD, the axion mass is given by an integral 

over instantons of all sizes (cf., Eqn(6.15) in ref. 12): 

m?,( r) = y m' mxf (,,/ q7+N,/31, 

a AN' 
(A7) 

I E 0.130078( vs+N,/3[ln( T/uA)]aV expV(o)]dv, W) 

where <=1.33876, o=O.O1289764, 6=0.15858, a=( 15%19,%))/(33-2,V,), 

hAQc~=11,,,200MeC’, and N, is the number of light quark flavors, i.e., with 

mass < T. Since the temperatures of interest span the range from a few I00 
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MeV to many GeV, it is not clear what number should be chosen for N,-- 2, 3, 4, 

or 5. Eqn(A7) has been numerically evaluated for Nil - 6, and can be written 

in the following form: 

4 T)/m,=ah~oo(UT)‘Il-ln(A/ W, 
where 

N/= 1 

2 

3 

4 

5 

6 

a 

0.277 

0.0349 

0.0256 

0.0421 

0.118 

0.974 

b 

312 

1 

112 

0 

-l/2 

-1 

c 

3.67 

3.83 

4.0 

4.17 

4.33 

4.5 

d 

0.84 

1.02 

1.22 

1.46 

1.74 

2.07 

The [rn( T/uA)]s” factor has been taken out of the integrand and evaluated at the 

value of v where most of the contribution to the integral I arists-- 

v-‘ue=2.7182818.... The error made in doing this is typically less than. 10%. 

The finite temperature axion mass calculated from Eqn(Al0) is shown in Fig. A3 

for N,=2, 3, 4, 5. That ln[eT/A] vanishes for T=A/e and then becomes negative 

is indicative of the fact that the dilute instanton gas approximation is a high- 

temperature approximation which breaks down at low temperatures. The power 

law forms 

m,( T)/m,=0.3(A/ TJ3.8,. O.Ol(A/ T)3.a 

span the spread of the calculated axion masses for N,==2, 3, 4, and 5. Based 

upon that, I will take the finite temperature axion mass to be 
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m,( T)/m,=7.7X 10-2f0~s(A/ T)3.7*o.‘. 

Using this formula it is straightforward to solve for T’: 

(All) 

Tl=1.2x ~0i0.l5~e~~/~)0.l75i0.003(/~~~l2~e~-o.175i0.003~~~o 

(/,<1.6~10’~*‘~‘Ge~N/6)A~&s) (A12a) 

T’Z1.6X 10-‘*~~~~Ge~N/6)‘~~(/~lo’*CeV)-‘~~, 

(/,>1.6X 10’8*‘~7Cc~N/6)A&s) (A12b) 

where I have propagated the uncertainties in all quantities-g,( T,), m,(r), etc., 

and the ‘* factors’ in the exponents are meant to be an estimate of the known 

uncertainty in the quantity calculated. For 121.6~ 10’8GeYN/6)A&s, T, 

occurs at a value less than that where the extrapolated power law exceeds the 

zero temperature mass (in which case the zero temperature mass has been used). 

Bringing everything together we obtain 

(fI,,/?/Tss7)=1.0~ 10*0~4/(NBl)( N/6)0ss5*0~003(/~1012GeV)‘~‘7s*o~~30~A&r~-1, 

(/~1.6~10’**‘~‘Ge~N/6)A~~~) (A13a) 

(n,l?/ T&)=3.5x 106*o.‘flNB’)( N/6)‘/2(jJ10’8Ge V)3/20~~~‘, 

(~,~1.6X101**‘~7Ge~N/6)A&s) (A13b) 

where the estimated uncertainties, a factor of about 3 for /&1.6x 10”GeV and a 

factor of about 1.3 for /&1.6X 10L8GeV, have been obtained by merely propagat- 

ing the uncertainties discussed above. In addition, the correction factor to 

Eqn(A3) discussed above has also been included--a factor of 1.37 for Eqn(A13a) 

and a factor of 0.44 for Eqn(A13h). The factor JNS’) is the correction factor for 

anharmonic effects (see Fig. A2). I caution to add that there may be other sys- 

tematic effects which modify Eqn(A13) such as additional particle species (which 

increase g,), errors associated with the dilute instanton gas approximation, the 

effect of the higher momentum modes on the evolution of the zero momentum 
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mode considered here, additional anharmonic elYectsZ2 and the possible effect of 

the chiral symmetry breaking transition on the evolution of m,( ZJ (refs. 13 and 

23), all of which, of course, have not been included in my estimates of the uncer- 

tainty of Eqn(A13). 

Finally, if we take ANQ@(n/N)‘/L5--the value which results from 
a-4 usq v+lv - (m:/p)sln(Ne), 

averaging over all initial angles ‘7,: we obtain 

(f-l,h2/ T&)=1.8x 10-‘*0~4(N/6)-‘~‘75(/~10’2GcV)‘~’75A&r~-’, 

The values of 1. and m, corresponding to the axion-dominated, f-It,=1 Universe 

are 

/,=4.3X 10’2*0~34Ge V( N/6)( A2r/ ~,7)o.s5A~&, W4) 

m,=8.3 X 10-“*0~34e V(A’r/ T&)d.85A&s. W5) 

The age of the Universe (210 Byr) and h>0.4 imply that (n,h2/T&) must be 

less than about 1 which leads to the bound: 

(jJI950.7 x 10’2*0~34GeV~s5A@,. b4w 

Again, let me emphasize that Eqns(A14-16) were derived assuming that 

AN0,)6’~=(n/N)2/l.5, which is an unfounded assumption in an axion-dominated, 

inflationary Universe. 
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Figure Captions 

Figure 1 

Distribution of initial misalignment angles, B,, in a Universe which inEates 

after or during PQ symmetry breaking. Each circle denotes a bubble or 

fluctuation region. The values of 8, were selected at random from the inter- 

val (0, x/6/ --corresponding to N=6; the RMS value of tit for the sample is 

0.306 (compared to the expected RMS value of 0.3023). In such a Universe 

the RMS value of 0, has little relevance for us, as we reside within a single 

bubble or fluctuation region. 

Figure 2 

Schematic view (edge on) of the three components of our Galaxy, and our 

position in the Galaxy. 

Figure A1 

The correction factor cJ, as a function of m, where m parameterizes the tem- 

perature dependence of the axion mass: m,( 2) a T”‘. Error bars denote the 

accuracy of t~he numerical integration. The line cJ=0.44+0.25m is a very 

good fit to the numerical results. 

Figure A2 

The correction factor due to anharmonic effects, JNS), as a function of NB, 

for m=O. 4, and 8. This correction factor is just the ratio of the axion 

energy density obtained by using V (0)=(m2JiV)sin(N0), to that obtained 
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using the linearized form V’ (e)=miS. As expected, for small NB, Jzl. For 

Nf&rr, /1Ne)+oo; this occurs because for NB=n the axion field just sits at 

the maximum of the potential (where V =O). 

Figure A3 

Finite-temperature axion mass divided by the zerotemperature mass, 

m,( T)/m,, calculated in the dilute instanton gas approximation for NF~, 3, 

4, 5 light qua,rk flavors. The calculation is only valid in the high tempera- 

ture limit’ T>>A, and due to the [m(cT/A)jd factor in m,( Tj, mS( 7) actually 

vanishes for T=A/e N 0.37A. The power laws, O.O2(A/ 7’)‘.’ and 0.3(A/ TJ~.~, 

nicely bracket the spread in m,( 7)/m, for NF~-5. 
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