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transition in axion models with N = 1 assuming
the axion field is not homogenized by inflation.
In the simulations, the walls decay immediately,
i.e. in a time scale of order the light travel time.
The simulations provide an estimate of the aver-
age energy of the axions emitted in the decay of
the walls: {w,) >~ 7m, when \/)_\"ua/ma ~ 20.

Because of restrictions on the available lattice
sizes, the simulations are for values of v, /mg of
order 100, whereas in axion models of interest
v /M, is of order 10%°. To address this problem,
we have investigated the dependence of (wa)/ma
upon v Av,/m, and found that it increases ap-
proximately as the logarithm of this quantity.
This is because the decay process occurs in two
steps: 1) wall energy converts into moving string
energy because the wall accelerates the string,
and the energy spectrum hardens accordingly; 2)
the strings annihilate into axions without quali-
tative change in the energy spectrum. If this be-
haviour persists all the way to v va/ma ~ 10%,
then (w,)/mq ~ 60 for axion models of interest.

This has interesting consequences for the axion
cosmology and the cavity detector experiments of
dark matter axion as discussed in Ref. [8].
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It is shown, that the energy density of coherent axion field oscillations in the cosm invisi
axion .should be distributed in the Universe in the form of archioles, being nonﬁnemoilr(:hggnggsglggfsdsgést:ﬁ::e
reffectmg the large scale distribution of Brownian structure of axion strings in the very early Universe. Spectmrr;
of 1ﬂ1omogeneiﬁcs, generated by archioles, is obtained and their effects in the spectrum and quadrupole anisot-
ropy of relic radiation are considered. The axionic-string-decay-model-independent restriction on the scale of

axion interaction is obtained.

1. INTRODUCTION

In this paper we analyze the problem, inherent to
practically all the cosmological cold dark matter
models of invisible axion, that concerns primordial
inhomogeneity in the distribution of the energy of
coherent oscillations of the axion field. This problem,
referred to as the problem of archioles, invokes non-
Gaussian component in the initial perturbations for
axionic cold dark matter. Archioles are the formation
that represents a replica of the percolation Brownian
vacuum  structure of axionic walls bounded by
sn:mgs, which is fixed in the strongly inhomogeneous
primeval distribution of cold dark matter. They can
give rise to interesting alternative scenarios of axion
mini-clusters formation that relate the mechanism
r_eSponsible for structure formation to inhomogeneci-
ties of the type of topological defects. The analysis of
observable effects associated with archioles leads to

a new model-independent constraint on the mass of
1nvisible axion,

2. FORMATION OF THE ARCHIOLES

In‘ the standard invisible axion scenario [1] the
breaking of the Peccei-Quinn symmetry is induced
by the complex SU(3)® SUQR)® U(1)- singlet
Higgs field ¢ with a “Mexican hat” potential

V(¢)=%(w*¢—Ff)z- (1)

Such field can be represented as ¢ = F,exp(i0),
where 0 =a/F and a is the angular Goldstone

mode-axion. QCD instanton effects remove the vac-
uum degeneracy and induce effective potential for 0

V(©)=A," (1 -cos(0-N)). )

Below we will simply assume for standard axion
that N =1. In the context of standard big bang sce-
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nario it is usually assumed that the phase transition
with U(1)- symmetry breaking occurs when the Uni-
verse cools below the temperature T =F,. Thus, in
the standard case the crucial assumption is that from
the moment of the PQ phase transition and all the
way down to the temperatures T = A, , the bottom
of the potential (1) is exactly flat and there is no pre-
ferred value of a during this period ((2) vanishes).
Consequently, at the moment of the QCD phase tran-
sition, when the instanton effects remove vacuum
degeneracy, a rolls to the minimum and starts co-
herent oscillations (CO) about it with energy density

(11

pa(T,e):19,57(3%J[T1J 0°F”. A

P 1

The coherent axion field oscillations turn on at the
moment 7 ~88-107s .

It is generally assumed, that PQ transition takes
place after inflation and the axion field starts oscilla-
tions with different phase in each region causally
connected at, 7' = F, and, so one has an average over
all the possibilities to obtain the present-day axion
density. Thus in the standard cosmology of invisible
axion, it is usually assumed that the energy density of
coherent oscillations is distributed uniformly and that
it corresponds to the averaged phase value of
0= n/ \/5 (p, = p(@)). However, the local value of
the energy density of coherent oscillations depends
on the local phase 6 that determines the local am-
plitude of these coherent oscillations. It was first
found in [2], that the initial large-scale (LS) inhomo-
geneity of the distribution of 6 must be reflected in
the distribution of the energy density of coherent
oscillations of the axion field. Such LS modulation of
the distribution of the phase 6 and consequently of
the energy density of CO appears when we take into
account the vacuum structures leading to the system
of axion topological defects.

As soon as the temperature of Universe becomes
less then F,, the field ¢ acquires the vacuum ex-
pectation value (VEV) (p)=F.e", where 0 varies
smoothly at the scale F'. The existence of noncon-

tractable closed loops that change the phase by 2kn
leads to emergence of axion strings. These strings
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can be infinite or closed. The numerical simulation
of global string formation [3] revealed that about
66%-~80% of the length of strings correspond to infi-
nite Brownian lines. The remaining 34%-20% of this
length is contributed by closed loops. Infinite strings
form a random Brownian network with the step

L({t)=t . After string formation when the tempera-

ture becomes as lowas T = A the expression (2)

QCD ?
makes a significant contribution to the total potential
so that the minimum of energy corresponds to a vac-
uum with 0 =2k , where k is an integer- for exam-
ple, k =0. However, the vacuum value of the 0

cannot be zero everywhere, since the phase must
change by A0 =2n upon a loop around a string.
Hence, we come from the vacuum with 0 =0 to the
vacuum with 0 =27n as the result of such circum-
vention. The vacuum value of 0 is fixed at all points
with the exception of the point 6 =7 . At this point,
a transition from one vacuum to another occurs, and
the vacuum axion wall is formed simultaneously
with CO turning on. The width of such wall bounded
by string is 8 =m_'. Thus, the initial value of 0

must be close to 7 near the wall, and the amplitude
of CO in (3) is determined by the difference of the
initial local phase 0(x) and the vacuum value, which
is different from zero only in a narrow region within
the wall of thickness & = m;'. Therefore in this re-
gion we can write 6(x)=n—¢(x), where [2]
g(x) = 2tan (exp(m,x)) and x =m]'. Thereby the
energy density of CO in such regions is given by

p* ~m’p, . @

And so we obtain, that the distribution of CO of
axion field is modulated by nonlinear inhomogenei-
ties in which relative density contrasts are
dp/p = (p" -P. )/5 >1. Such inhomogeneities
were called archioles. In the other words archioles
are a formation that represents a replica of the per-
colation Brownian vacuum structure of axionic walls
bounded by strings and which is fixed in the strongly
inhomogeneous initial distribution of axionic CDM.
The scale of this modulation of density distribution
exceeds the cosmological horizon because of the
presence of infinite component in the structure of
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axionic wall bounded by strings system. The super-
weakness of the axion field self-interaction results in
the separation of archioles and of the vacuum struc-
ture of axionic walls-bounded-by-strings. So these
two structures evolve independently. The structure of
walls bounded by strings disappears rapidly due to
axion emission. The structure of archioles remains
frozen at the RD stage. On the large scales, the
structure of archioles is an initially nonlinear forma-
tion, a Brownian network of quasi-one-dimensional
filaments of dustlike matter with the step

L) =21 5)

(where A’ =1). At the moment of creation t, the
linear density of this quasi-linear filamentary forma-
tions given by

n, =n'p,18. (©6)

The nonlinear character of dustlike infinite filaments
along to crosscut direction allow us to adopt follow-
ing consideration, namely the cosmological evolution
of archioles in the expanding Universe is reduced to
the extension of lines along only one direction (see
[4] more detail).

We have studied in [4] the spectrum of inhomo-
geneities that the density develops in response to the
large-scale Brownian modulation of the distribution
of CO of axion field. Density perturbations, associ-
ated with Brownian network of archioles, may be
described in the terms of a two- point auto-
correlation function [4]. To obtain such auto-
correlation function, it is necessary to perform aver-
aging of energy density of infinite Brownian lines
over all lines and over the Winner measure, which
corresponds to the position along of Brownian line
(see [4]).

The two-point auto-correlation function in the
Fourier representation has the form

(S—p(l()§E (k) =12p,p, k%8 (i + k') x @)

0 0

x 1 f2'G?,

where p, is background density, f,,, =3/(32x) for
dust-like stage, f,, =(6m)" for RD stage, G is the
gravitational constant, p, is the total cnergy density

of the Brownian lines. The mean- square fluctuation
of the mass is given by

2
[%M) (k,t)=12p,p, TGkt 8)

3. COSMOLOGICAL IMPACT OF
ARCHIOLES

3.1 CMBR anisotropy

Let us estimate the perturbation amplitude that is
induced by archioles in relic radiation at the scale of
the modern horizon. One can see from (8) that this
amplitude is expressed by following formula

2 4 23
(S—M] =700 B (]|, ©
M 10°GeV ) | 1s.

t 13
s (_llsr:] (khortpm)

It implies that

&) =1.3-10 6["1—0@) (10

there &, is the perturbation amplitude at the present
Hubble radius,

The COBE data determine the perturbation am-
plitude with the accuracy of about 10%. Its most
useful application is to normalized the density spec-
trum [5]

3, =1_91-10'5Mz2-10% (11)

+1+0.75r

Here 1 is approximately the measure of the relative
contribution of gravitational waves and density per-
turbations in the anisotropy and n is the spectral
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index. From the condition that the effect of archioles
does not exceed the measured amplitude (11) one
puts the restriction on the model of an invisible
axion,

If we take into account the uncertainties of our
consideration such as the uncertainties in correlation
length scale of Brownian network (\'~1+13 ) and in
temperature dependence of axion mass we can obtain
a constraint on the scale of PQ symmetry breaking
and on the mass of axion given by

F, <1.7-10"GeV +4.2-10°GeV , (12)
m, =370uelV +1400 uel’ .

This upper limit for F, is close to the strongest
upper limits in [6-8], obtained by comparing the den-
sity of axions from decays of axionic strings with the
critical density, but has an essentially different char-
acter.

The point is that the density of axions formed in
decays of axionic strings depends critically on the
assumption about the spectrum of such axions (see
[6-7]) and on the model of axion radiation from the
strings (sce [8]). For example, Davis [6] assumed
that radiated axions have a maximum wavelength of
o(t)=t™" while Harari and Sikivie [7] have argued
that the motion of global strings was suppressed,
leading to an axion spectrum emitted from infinite
strings or loops with a flat frequency spectrum
oc k™. This leads to an uncertainty factor of 100 in
the estimate of the density of axions from strings and
to the corresponding uncertainty in the estimated
upper limit on F,

F, £2:10°¢GeV, m, >300/cpeV . (13)

Here, ¢=1 for the spectrum from Davis [6], and
¢ =70 for the spectrum from Harari and Sikivie [7].

In their treatment of axion radiation from global
strings, Battye and Shellard [8] found that the domi-
nant source of axion radiation are string loops rather
than long strings, contrary to what was assumed by
Davis [6]. This leads to the estimations

F, £2.5:10"GeV +4.7-10°GeV (14)
m, 2 24,6V +1304£V .

Arguments that lead to the constraint (12) are free
from these uncertainties, since they have a global
string decay model- independent character.

3.2 Axionic mini-clusters
The creation of axionic mini-clusters [9,10] can
find interpretation in framework of archioles. Actu-

ally the Brownian step L (t) = 1'{ extracts the scale

at which the evolution of archioles just in the begin-
ning of axionic CDM dominance in the Universe (at

the moment t, ~3-10"h™s.) should lead to forma-

tion of the smallest gravitational bound axionic
mini-clusters with the minimal mass

2 3
MR TR 09

Tl
=01 1078 M,

and of typical size 10"sm. (here g(T,)~62 is the

number of an effective massless degrees of free-
dom). To sustain this consideration it is useful to
analyze the process of accretion of surrounding
axionic CDM onto archioles filaments. For reason-
able estimations we have used Zeldovich approxi-
mation and revealed that the scales which has gone
non-linear just after beginning matter domination
epoch in the crosscut direction is given by formula

3 T & 18 “
1, ¥ =t | — —’-‘—?G) 16
nl -\/1_0 eq Wﬂ(t"J ( 8 ( )

and close to 10*cm at the epoch just after begin-
ning of CDM dominance in the Universe.

The abundance of such axionic mini-clusters is
easy to find by using the numerical results of [8[¢))
string formation [3]. The point is that the probability
for element of string pass through isolated cell with
the Hubble scale at the moment 1 is equal to 0.88.
Thus it is possible to say that 88% of axionic CDM
are is mini-clusters, and 66%-80% of these mini-
clusters are distributed in the form of Brownian
chains with far correlation exceeding the Hubble
scale,
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3.3 Spatial variation of axion CP- violation and
spatial dependent baryon excess

In the early Universe after PQ phase transition
axion plays the role of spatially varying CP-violating
phase until the temperature falls down T, when the
axion mass is switched on. So if axion induced CP
violation contributes baryosynthesis, the corre-
sponding contribution into baryon excess is spatial
dependent. The distribution of inhomogeneous bar-
yon excess reproduces in this case the distribution of
axion phase in the period of baryosynthesis. Since
the latter distribution follows the crosscut of axion
string distribution one obtains fractal distribution of
the baryon density due to effect of infinite axion
strings. The maximal baryon density corresponds to
0(x) = n/2 whereas the maximal axion CDM density
follows the direction 0(x) = m, what may provide the
physical mechanism for biasing in axionic CDM
models of structure formation.

The extreme case of axion induced CP violation is
the axion phase dominance in baryosynthesis. In [11]
phenomenological model of baryon excess being the
sum of constant, B, and axion phase induced,
Asind(x), parts was considered. Axion dominance,

taking place at A>B, should lead to antibaryon ex-
cess generation with the maximal effect along the
axion phase equal to 6(x)=3zn/2. Antimatter do-
mains are formed initially as bents along the axion
strings with the angular width in the crosscut around
3n/2 determined by the ratio (A-B)/(A+B). So the
model represents an interesting example of antimat-
ter domains in baryon dominated Universe, first con-
sidered in [12].

It was shown in [11] that such a scenario can
naturally lead to annihilation of the most part of an-
timatter before the cosmological nucleosynthesis, so
that the amount of antimatter surviving in domains
and annihilating on their border does not contradict
the astrophysical constraints on antimatter annihila-
tion after big bang nucleosynthesis [11-12]. The
scale of domains surviving up to the modern period
turns to coincide with the Jeans scale for baryon
matter after recombination. So the model [11] pre-
dicts the existence of isolated antimatter objects of
globular cluster type even in our Galaxy. The exis-
tence of such objects can lead to antinuclear compo-
nent of cosmic rays accessible in the antimatter
searches planned in AMS and PAMELA experi-
ments,

4. CONCLUSIONS

High PQ-symmetry breaking scale makes axion
elusive for direct experimental study, but the model
of invisible axion can be tested in the combination of
its cosmological, astrophysical and physical effects.
This approach of cosmoparticle physics is even more
important in the unification of axion with other ex-
tensions of the standard model such as horizontal
unification [13], identifying PQ symmetry with
family symmetry breaking. The development of
cosmoparticle physics will fix the proper place and
relevance of invisible axion as the necessary element
in the future complete particle theory.
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