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We study the possibility that the axion Peccei-Quinn symmetry is spontaneously broken after the
beginning of inflation. This scenario interpolates between preinflationary and postinflationary axion
cosmology with significant phenomenological differences from both. Since the axion is not present at the
early stages of inflation large inflationary fluctuations are produced only at scales not constrained by
cosmic microwave background (CMB), avoiding the strongest isocurvature constraints. The energy density
in isocurvature perturbations at short scales however can be comparable with the adiabatic contribution
from misalignment. These large overdensities can lead to the formation of axion miniclusters and also to
constraints from Lyman-a forest and future CMB spectral distortion measurements. If Peccei-Quinn
symmetry is broken during the first O(25) e-foldings of inflation no axions are produced from the string
network but contributions from the annihilation of domain walls can further boost the abundance. This
scenario is minimally realized if the Hubble scale during inflation drops below the Peccei-Quinn symmetry

breaking scale but other realizations are possible.
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I. INTRODUCTION

The success of the QCD axion [1-3], a CP-odd real
scalar field a(x), stems from its elegant solutions to two
apparently unrelated mysteries of the Standard Model
(SM): the strong CP problem and the nature of dark matter
(DM), see Refs. [4,5] for reviews. The first is solved
because the axion is a Nambu-Goldstone boson of the U(1)
Peccei-Quinn (PQ) global symmetry anomalous under
QCD. This sole ingredient is enough to provide a potential
for the axion, generated by QCD confinement, that in the
minimum relaxes the -angle to zero predicting the mass

Ay a—Fal 4 sp 102 GeV
gTGﬁyGW - m,~57 peV(T (1)

DM is explained by the same ingredients: at temperatures
around GeV the axion starts to oscillate around the
minimum of the potential behaving as cold DM.

Such a remarkable extension of the SM however suffers
from a few complications associated to ultraviolet physics.
The so-called quality problem of the QCD axion can be
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summarized by saying that the global PQ symmetry has to
be exact with exquisite precision [6]. The axion abundance
on the other hand depends on unknown inflationary
physics. Traditionally axion cosmology falls in two cat-
egories depending on the size of the PQ breaking scale f,
compared to Hubble during inflation and the maximal
temperature during reheating 7',:

(i) Max[H /27, Tha) > foa: PQ symmetry is restored
during inflation or reheating. The axion emerges
from the spontaneous breaking of the symmetry
during reheating or radiation domination together
with a network of global strings. The relic abun-
dance is uniquely determined by the nonlinear
evolution of the cosmic string network that however
is uncertain [7-10].

(ii) Max[H /27, Tyal < fo: PQ symmetry is broken
during the whole evolution of the visible universe so
that the axion field exists always exist. In this case
the initial field value ay = 6,f, cannot be a priori
determined but it can be fixed requiring that the
axion reproduces the DM abundance. Importantly
dangerous axion isocurvature perturbations are gen-
erated that imply an upper bound on the scale of
inflation H; < 10% GeV(f,/10'> GeV)'/2.

In this letter we study the third scenario where PQ
symmetry gets broken after Npg e-foldings from the
beginning of inflation and not restored afterwards. The
attractive feature of breaking PQ symmetry during inflation
is that the axion initially is not a physical degree of freedom
so that large isocurvature perturbations are not generated on
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the scales tested by the CMB. This scenario has however
striking phenomenological features.

After the PQ transition, the axion can be produced from
quantum fluctuations during inflation with an amplitude
H;/(2x). Contrary to the inflationary scenario the power is
confined on small scales and can be a dominant component
of the axion abundance. The mechanism is similar to
gravitational production of [11], and we compute it here
for the QCD axion. Such a power contributes as a calculable
DM isocurvature component: on intermediate scales it
generates DM substructure in the form of axion miniclusters,
while on cosmological scales it is suppressed though not
irrelevant. We find indeed a strong constraint on our model
arises from the matter power spectrum measured through
Lyman-a forest observation. In the most extreme case this
scenario leads to late annihilation of unstable string/domain
walls network increasing the axion abundance so that DM is
reproduced for f, as low as 10° GeV.

While our discussion is framed for the QCD axion given
its relevance, most of the key results hold in general for any
spontaneous breaking of continuous symmetry that gen-
erates light Nambu-Goldstone bosons during inflation. This
allows us to construct viable scenarios of inflationary
produced DM avoiding isocurvature constraints.

II. PECCEI-QUINN BREAKING DURING
INFLATION

We focus on the KSVZ QCD axion model [12,13]
where the PQ symmetry is broken by a complex scalar
field @ [14]. The potential is given by

fatp ;
V=MD - 222+ PO, d=L_Leialfa. (2
(0] ~£2/27 +|@| st (2)

We assume that the operator O has a time dependent
vacuum expectation value (VEV) during inflation, while
(O) ~ 0 during big bang cosmology. The simplest reali-
zation of this is when the operator depends on the inflaton
field ¢, for example O = k¢?.

The VEV (O) during inflation allows for a broader
parameter space and also a more complex phase diagram
for the PQ model compared to the scenarios reviewed in the
introduction [15]. Recent works exploiting the inflaton
dynamics to suppress isocurvatures are [16-20]. Here we
consider the possibility that (O) restores the symmetry in
the early stages of inflation. Let us first consider H;/2x <
f. assuming that H; is roughly constant during inflation
and that reheating does not restore the symmetry. If the
VEV of O is initially large than the symmetry is unbroken.
The critical condition for spontaneous symmetry breaking
corresponds to

(0) < Afa 3)

Note that before this condition is satisfied ® is generically
heavy compared to H;, so it does not fluctuate during
inflation.

A different possibility is that H; > 2z f, at the beginning
of inflation but varies significantly afterwards so that PQ
breaking takes place for H; ~ f,. This can be realized in at
least two ways. If the PQ field @ is minimally coupled as
typically assumed, stochastic inflationary fluctuations effec-
tively restore the symmetry provided that the quartic is
sufficiently large [21]. In the unbroken phase the complex
field @ is light but isocurvature perturbations are erased by
the dynamics. Alternatively one can assume that the PQ field
is conformally coupled to the curvature. This corresponds
to O = — éR, where R is the Ricci scalar. During inflation
this coupling generates an effective mass 2H? so that the
symmetry is restored when H? > 1f2/2. Moreover, for
large H; there are no inflationary fluctuations of @ in the
unbroken phase due to Weyl invariance of the action, see
Ref. [22] for more details.

Since the axion abundance is determined by f,, in this
scenario the scale of inflation is linked to the axion decay
constant, H; ~ f, ~ 10! GeV assuming that the DM
abundance is reproduced. Breaking PQ symmetry through
Hubble would require non trivial inflationary dynamics.
In slow-roll single-field models, the amplitude of curva-
ture perturbations ¢ at the CMB scale [23] implies
€lovp & 1070(HM /10" GeV)2. Here ¢ = —H/H? and
H7P* the Hubble scale during the first e-foldings of
visible inflation. From the equation above it follows that
the variation of H is initially very small. It is however
possible to construct scenarios where € rapidly increases
or changes discontinuously through a phase transition
allowing for larger variation of H. We leave the model
building aspects to future work.

II1. DM ABUNDANCE

We assume that PQ symmetry is spontaneously broken
after the beginning of inflation, so that the axion emerges
after Npg e-foldings of visible inflation. This corresponds
to a length scale today

1 1
d~v—=— —Npol, 4
ko Ho exp| PQ] (4)

where H,, is the Hubble constant and kpy the comoving
wave-number associated to the PQ breaking. After the phase
transition the field ® rolls to the minimum of the potential
with a random phase 6 = a(x)/f,. The exponential quasi
de-Sitter expansion stretches the wavelengths so that the
axion becomes homogeneous over patches of macroscopic
size. Assuming the correlation length to be of order 1/H, at
the phase transition this grows with the scale factor up to
Eq. (4) today.
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Following standard computations in each patch the
abundance due to misalignment @ is given by,
mis 1

oh m,fa6°

§ V g*(T*) MPIT* ’

where s = 27%/459,T> is the SM entropy density and
T, =~ GeV the temperature where the axion starts to oscillate.
This is similar to the postinflationary scenario with the
notable difference that the correlation length of the axion in
our scenario is macroscopic. Neglecting possible contribu-
tions from the string network (see discussion below) the
axion DM abundance is found by averaging over the
domains. One finds the energy fraction

fa 7/6
2 x 10" Gev> ' (©)

(5)

QUish? 0.12(

In deriving this expression one assumes that m2(T) =
gm?%(GeV/T)%, where ¢ is the ratio of topological suscep-
tibilities g = y(GeV)/x(0). The numerical value corre-
sponds to @ =8 as determined by lattice computations
and instantons estimates and g ~ 1.46 x 10~7 matching the
zero temperature contribution at 150 MeV.

The axion is also produced by inflationary fluctuations
that however are not strongly constrained. Modes with
wave number k > eV H,, exit the horizon after the PQ
phase transition and therefore are produced with a flat
power spectrum. Modes with larger wave number are
instead suppressed because the wavelength is already
outside the horizon when the axion is born. We parametrize
the power spectrum at the end of inflation,

3

%mwmzkz/d%fmmmw@amﬁ»

2
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The spectral index n > 0 that controls the IR behavior is
determined by the fundamental mechanism at the origin of
the symmetry breaking. For a phase transition taking place
during inflation the power spectrum vanishes on distances
larger than 1/H; by causality. In Fourier space this gives a
power spectrum proportional to k3 (white noise), see
Ref. [24]. We will thus take n = 3 in what follows.

From the power spectrum (7) at the end of inflation we
can compute the energy density today determining its
classical evolution in terms of the transfer functions, see
for example [11] for analogous computations. The energy
density of the axion is at any time p, =1 (¢"a* -
g(0;a0;a) + m%a*) so that

dpt A,(n,.k .
= ( )[900|Mk|2

T =" (g7kiks = m2)uc). (8)
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FIG. 1. Shape of the differential energy density dp,/dlogk of

the axion field at a fixed time H/m, = 0.01.

where u; is the transfer function, i.e., solutions to the
wave-equation, from the end of inflation (with initial
conditions e = 1, gl = 0) until the time of inter-
est. The numerical result is found in Fig. 1 at a fixed time.
The differential energy density today is approximately
given by [22]

b k>«
inf 1 H2 m,
ld‘ip = I kelkeg.k]. (9)
sdlo V9.(T,) 2z MyT, | .,
g g*( pl kk3_ k<kPQ7

where k, X deqr/my(T,)Heq and aeq = 1/3300 is the
scale factor at matter-radiation equality. This expression
leads to an abundance from inflationary perturbations,

pint _log(k./keq) H? m,
s g.(T,) (2m)*MyT,’

(10)

valid for kpg < k.. This condition demands HyeNre <k,
and thus Npg < 25. For kpg > k, the power in fluctuations
is still significant but suppressed compared to the zero
mode. In terms of the fractional energy density it corre-

sponds to
Qinf k H 2
4 log——) x (=) . (11)
Qs kpg 2nf

Let us comment on our results. For H; ~2zf the
abundance from inflationary fluctuations (10) is compa-
rable to the one from misalignment (5). This is naturally
realized in the scenario where the PQ breaking is due to the
coupling to curvature. Note that the power in isocurvature
perturbations is peaked at intermediate scales k 2 kpg not
constrained by cosmological observations.
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IV. COSMIC STRINGS AND DOMAIN WALLS

The scale kpg in Eq. (4) corresponds to modes that
reenter the horizon at a temperature

TPQ ~ TO eXp[NpQ —+ 4], (12)

where we assumed radiation domination.

Inflationary perturbations of the axion reenter the horizon
for T > Tpq. On top of these, the PQ phase transition itself
produces inhomogeneities that will appear at somewhat
smaller scales or equivalently larger temperatures, depend-
ing on the details of the dynamics. Normally the breaking of
PQ symmetry in the postinflationary QCD axion generates a
network of cosmic strings that quickly reaches a scaling
solution emitting axions. The final DM abundance depends
on the spectrum of the axion emitted that is difficult to
determine precisely [7-10]. In our scenario the formation of
the string network can be vastly modified compared to the
standard picture. The string network can only form at a
temperature Ty 2 Tpy Where the field becomes strongly
inhomogeneous. Since the axions are emitted with energy of
order Hubble this process is only possible if H > m,(T) at
that time. It follows that the axion can only be emitted for
Tt = GeV. Conservatively we will assume that no axions
are emitted if 7p, < 150 MeV. Using (12) this corresponds
to a number of e-foldings Npgp < 23.

While contributions from the string network would be
suppressed [as we have implicitly assumed in Eq. (6)]
contributions to the abundance from domain walls are
enhanced. For T, < 150 MeV the inhomogeneities asso-
ciated to PQ breaking reenter the horizon after the QCD
phase transition. Assuming domain wall number 1 an
unstable system of topological defects emerges that quickly
annihilates into axions. We can estimate the energy density
assuming one domain wall per Hubble volume at that time,
Paw X 6H ~9m,f>H [7,25]. Since the energy density is
proportional to 72 the abundance pg, /s grows if T, is
small and dominates the energy budget if 7, < GeV.
The net effect is equivalent to a slow decay of domain walls
in the postinflationary axion scenario.

The abundance of domain walls can be written as,

Qv < QiseWor V) Ny < Ngyo  (13)
where the exact value of Ny,, depends on the details of the
phase transition and the spectrum of axions produced by the
annihilation of the network. We estimate 20 < Ny, < 23.
Note that the energy density above corresponds to an
isocurvature component with a power spectrum peaked at
scales of order kpg or slightly larger. For N, < Ngy, the
axion abundance is dominated by the production from
domain walls and the cosmological relic density is repro-
duced for f, < 10" GeV, up to the astrophysical bound

~

. > 108 GeV. This implies Npg % 20. Scenarios with

domain wall number greater than 1 are excluded as in the
postinflationary QCD axion scenario.

V. INFLATIONARY ISOCURVATURE POWER
SPECTRUM

We now discuss one of the main phenomenological
consequence of our scenario: the power spectrum of axion
DM overdensities induced by inflationary fluctuations. The
presence of the population (10) modifies the QCD axion
DM overdensities at small scales introducing an isocurva-
ture component. We can compute the power spectrum
A°(k,n) associated to isocurvature overdensities &, =

8pal(pa) as

) i3 =/ ,X)6 ,0
87 010) = [ e 2elr D 30,0

277 Pa Pa

(14)

iso

where the homogeneous p, contains both the misalignment
and inflationary contributions. Here 8p, (17, X) is computed
only with the contributions from Eq. (10). On the relevant
scales, after H(T) = m,(T), the energy density is simply
given by p,(n,X) ~ m2a*(n,X), so that fluctuations in the
above equation can be computed directly from the 2-point
function (a(x)a(0)) and hence from the power spectrum
A,(n, k). By means of this approximation we obtain

)
Pa Pa

This expression shows that for the relevant modes k, >
k > kpq there could be sizable overdensities if the mis-
alignment and inflationary populations have comparable
sizes. From the explicit form of the correlation of over-
densities we also see that the density contrast 6,(x) has
some degree of non-Gaussianity, since only the fundamen-
tal field a is a Gaussian variable. The power spectrum can
be cast in the form

_la(n.x)a(n,0))> + 4ag{a(n, x)a(y, 0))

~

iso (a(z) + <a('7)2>)2

(15)

. Qi K Ay, q)A(n. |k = G|)
Alo(p k) = ainf ™ d3 a\'l> _)a ’
o) Qé<a2>24n/ NPT
Qa,infga.mis
Q%(a?)

+4 A, (k), (16)

where A, is to be interpreted as averaged upon oscillations.
This is the power spectrum as a function of time, to be
computed at the epoch of interest depending on the
observables under consideration. We notice that the iso-
curvature power spectrum depends on two contributions.
The first line of Eq. (16) shows the pure quantum (non-
Gaussian) contribution proportional to the square of the
axion power spectrum (a situation also found in vector
DM [11]), while the second line is the usual isocurvature
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FIG. 2. Isocurvature power spectrum A for Qiif = Qmis, We
assume no contribution to the abundance from string-domain wall
network. Solid black line full prediction (16); blue dashed line
contribution linear in the primordial power spectrum; dotted line
quadratic contribution.

power spectrum in presence of misalignment and it is
Gaussian.

The amplitude A°(k,7) computed numerically (aver-
aging out the oscillatfons) is found in Fig. 2. One can show
that irrespectively of the shape of A, (1, k) for k < kpq the
contribution from the first line goes as k* at small
momenta [26]. The pure quantum contribution (dotted
line in Fig. 2) scales as

Aiso ( k) Qz,inf k3
2P T01 log (k. ke

k < kpg, (17)

which is then power suppressed at cosmologically large
scales. On the contrary, on shorter scales k 2 kPQ there is
order one power that could lead to effects in structure
similar to the ones studied in [27].

VI. BOUNDS FROM CMB AND LARGE SCALE
STRUCTURE

The power spectrum (16), evaluated at a cosmologically
relevant time, corresponds to an isocurvature perturbation
of DM. The infrared tail k¥* of the spectrum, despite being
power suppressed compared to the peak, can be sizable
compared to the DM adiabatic perturbations leading to
constraints that we now discuss.

There are two types of constraints that one can infer from
cosmological scales: the photon power spectrum measured
by PLANCK [23] and the matter power spectrum tested by
galaxy surveys and Lyman-a forest data. The first corre-
sponds to a modification of the photon density perturbations
in presence of DM isocurvature component [28]. This tests
the power spectrum on the largest scales corresponding to
k ~0.05 Mpc~! (see also the study in [29]). The second
constraint is due to the fact that when DM isocurvature

perturbations reenter the horizon they start behaving as
ordinary density perturbations, see Ref. [30]. While the
CMB provides the most precise measurement, in light of the
growth of the amplitude (17) with k°, the strongest con-
straints actually arises from the matter power spectrum
measured at the shorted scales. Therefore, while on CMB
scales we use bounds from [23], on shorter scales the effect
on the matter power spectrum is equivalent to a rescaling of
the adiabatic curvature perturbations. We have checked this
numerically using the code cLASS [31].

To determine the bounds we parametrize the isocurva-
ture power spectrum as Agsa"(k) = Aiso(k/ky)?, where ky =
0.05 Mpc™! is the CMB pivot scale. Observations at
different scales will set different bounds on A;,,. From
PLANCK [23] we derive Ajqlcyp < 0.8 x 10710, For
smaller scales, where Lyman-a data are important, we
find conservatively that A, |1 yman o < 107'%. This number
is obtained requiring Ag‘a"(S Mpc~!) is at most equal to
amplitude of curvature perturbations A, ~ 10~°. For an
isocurvature amplitude proportional to k3, this effect
manifests itself as a plateau in the matter power spectrum
at large wave-numbers. The bounds on the isocurvature
power spectrum are shown in Fig. 3. Using (17) the bounds
correspond to Npg > 13, 16 respectively. A detailed study
will appear elsewhere.

On even shorter scales a large isocurvature perturbation
produces p-distortions in the CMB. Spectral distortions
[32,33] can be sensitive to the photon power spectrum [34].
In our case the presence of O(1) axion DM isocurvature
on short scales alters the power spectrum of the photons
at horizon reentry on the corresponding scales, A, | fge s
prior to their subhorizon evolution [28]. The large primor-
dial contrast &,;, gives approximately [28], A, |, .n~
0(10)k3,/k*A5°, which allows us to estimate the
p-distortion as =~ A,(Mpc™'). Due to the suppression
kZ,/k* ~ 107 for the relevant modes, present COBE and
FIRAS data [35] do not give competitive constraints. This is
due to the fact that DM density fluctuations are suppressed in
radiation domination. Future experiments such as PIXIE [36]
will set a bound A, < 107" [37]. In our model this
corresponds to Npg 2 14 shown as adashed red line in Fig. 3.

VII. MINICLUSTERS AND COLLAPSED OBJECTS

In [27] it was considered the impact of an O(1) peak at
short scales in the power spectrum of inflationary produced
Stueckelberg dark photons. Similarly to the axion scenario
the isocurvature spectrum is maximal at k, ~ deq+/HeqM
[I1]. It was shown that for k ~ k, quantum pressure is
marginally irrelevant and DM can collapse into bound
(solitonic) structures soon after matter-radiation equality,
owing to perturbations being almost nonlinear at horizon
reentry. While we foresee analogous results for our QCD
axion, we also would like to highlight qualitatively different
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FIG. 3. Power spectrum of axion DM isocurvatures as a

function of k and the number of e-folds of inflation.
Qinf — Qmis - (solid line), QM = 0.1 QM. (dashed line) for
Npqg = 25. Green regions would be excluded from CMB and
Lyman-a cosmological data. In the light yellow region axion
strings form at 7 > GeV. Also shown the primordial adiabatic
power spectrum of curvature perturbations ¢.

behavior. Differently from the Stueckelberg dark photon, the
scale k, is smaller because it is controlled by m, (T, ) where
the axion starts to oscillate. This leads to larger structures
compared to dark photon scenario where the quantum
pressure is also suppressed. Moreover the QCD axion
displays a large power on all scales between kpg < k < k...

One should also consider the contribution to the power
spectrum from the overdensities at the QCD phase tran-
sition leading to axion miniclusters [38]. For kpg < 23 the
abundance can be dominated by the delayed annihilation of
the string-domain wall network. In this case the peak of
isocurvature arises at smaller wave numbers producing
larger miniclusters than in the standard post-inflationary
scenario with size up to 10'° km.

VIII. CONCLUSIONS

We presented a novel axion scenario where the Peccei-
Quinn symmetry of the QCD axion is broken after the
beginning of inflation. This scenario interpolates between
pre-inflationary and post-inflationary axion DM with new
phenomenological features. Differently from traditional sce-
narios, inflation produces large isocurvature perturbations but
these are not excluded by CMB data because they arise at
scales much smaller than Mpc. The isocurvature component
is sizable and can even dominate the abundance if the phase
transition takes place between 20 and 25e-foldings from the
beginning of inflation. At the lower end the collapse of the
long-lived domain wall network boosts the axion abundance
requiring smaller f, to reproduce the cosmological abun-
dance, eventually in conflict with stellar cooling bounds. In
this limit we predict larger axion miniclusters than in the
standard postinflationary axion scenario.

Due to the large quantum inhomogeneities, axion soli-
tonic structures might be formed with size around
107-10'% km. Interestingly the infrared tail of the isocur-
vature power spectrum is constrained through the matter
power spectrum measured by the Lyman-a forest. Future
determination of the isocurvature power spectrum at short
scales might thus test the phase transitions that produced
the QCD axion.

In this work we focused on the QCD axion but the same
mechanism works in general for inflationary production of
DM, avoiding isocurvature constraints. In particular this
can be applied to axionlike particles and more in general to
light scalar DM, by studying the phase transition associated
to the generation of a light particle during inflation.
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