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The QCD axion cosmology depends crucially on whether the QCD axion is present during inflation or
not. We point out that contrary to the standard criterion, the Peccei-Quinn (PQ) symmetry could remain
unbroken during inflation, even when the axion decay constant, f,, is (much) above the inflationary
Hubble scale, H;. This is achieved through the heavy lifting of the PQ scalar field due to its leading
nonrenormalizable interaction with the inflaton, encoded in a high-dimensional operator which respects the
approximate shift symmetry of the inflaton. The mechanism opens up a new window for the post-
inflationary QCD axion and significantly enlarges the parameter space, in which the QCD axion dark
matter with f, > H; could be compatible with high-scale inflation and free from constraints on axion
isocurvature perturbations. There also exist nonderivative couplings, which still keep the inflaton shift
symmetry breaking under control, to achieve the heavy lifting of the PQ field during inflation. Additionally,
by introducing an early matter domination era, more parameter space of high f, could yield the observed

DM abundance.

DOI: 10.1103/PhysRevLett.130.241001

Introduction.—The QCD axion is of great interest in
solving the strong CP problem of the standard model [1-4],
and serving as a classical cold dark matter (DM) candi-
date [5-7]. It is a naturally light pseudo-Nambu-Goldstone
boson from spontaneous breaking of a global symmetry—
the U(1) Peccei-Quinn (PQ) symmetry—at a high energy
scale f,, which is often referred to as the axion decay
constant. It is one of the best motivated feebly coupled
particles beyond the standard model and has attracted
continuously growing theoretical and experimental studies
even four decades after the original proposal (e.g., dis-
cussions of future plans and open questions in some recent
Snowmass studies [8—10]).

The QCD axion has a close intriguing interplay with
cosmic inflation, a leading paradigm to understand the
origin of our universe [11-13]. Depending on when the
PQ symmetry is broken, the QCD axion cosmologies
fall into two classes: the inflationary axion with the PQ
symmetry breaking during inflation and the post-inflation-
ary axion (PIA) with the PQ breaking happening afterward.
To determine which class the QCD axion is in, we need
to compare f, with the temperature of the universe dur-
ing inflation, which is given by the Gibbons-Hawking
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temperature [14], Tgy = H;/(27) with H, the inflationary
Hubble scale. More details could be found in recent
reviews [15-17].

When f, > H;/(2z), the QCD axion is in the first
category and is present during inflation [18]. In this case,
the exponential expansion stretches each patch of the initial
misalignment angle ;, and our current Hubble patch owns a
single uniform central value of ; at the end of inflation. The
massless axion during inflation undergoes random quantum
fluctuations set by T'gy, resulting in an axion isocurvature
perturbation (667) = H?/(2xf,)* [21-25]. This leads to the
serious axion isocurvature problem: inflationary QCD axion
DM could be incompatible with high-scale inflation (e.g.,
fa~ 10" GeV requires H; < 107 GeV), due to the obser-
vation bound on the isocurvature perturbations [26].
(Solutions to the axion isocurvature problem have been
proposed. For example, the isocurvature perturbation is
suppressed if during inflation, the PQ breaking scale is
temporarily enhanced [25,27-33] or QCD is much
stronger [34]).

When f, < H;/(2x), the QCD axion is in the post-
inflation regime, with a quite different cosmic evolution.
Because of the absence of axion during inflation, there is no
axion isocurvature problem. Each Hubble patch has a 6;
drawn randomly from a uniform distribution between —z
and 7, with (6?) = z%/3. In addition to the misalignment
component, topological defects such as axion strings and
domain walls (If the axion domain wall number is larger
than one, the domain walls could be long-lived and
incompatible with the observations [35]. We will assume
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the domain wall number to be one and thus the walls decay
during the early universe [36-38].) are generated, and
their decays contribute to the axion abundance [39-48].
The latest simulation indicates that the decays of the
topological defects could be the dominant contribution
and f, ~ 10'°=1" GeV for the QCD axion to be the major
component of DM in the minimal scenario [47,48]. For this
case, ultradense compact minihalos might be formed as
proposed in [49-52], giving rise to a plethora of interesting
phenomenology and detection opportunities [53-61].

In this Letter, we will point out that the inclusion of the
leading high-dimensional operator between the inflaton and
the PQ scalar field (the phase becomes the QCD axion after
symmetry breaking) could change the standard story briefly
reviewed above significantly. In particular, it will modify
the conventional boundary between inflationary and post-
inflationary axion drastically. We require the operator to
respect the (approximate) shift symmetry of the inflaton.
(References [25,62—-66] discuss renormalizable interactions
between the inflaton and the PQ scalar field, which could lead
to large quantum corrections to the inflaton potential and
works only in the specific hybrid inflation scenario.) The
nonrenormalizable operator, though suppressed by a high
cutoff scale, could open up a new window for the PIA. More
specifically, we will show thateven when f, > H;/(2x), the
PQ symmetry could remain unbroken during inflation thanks
to “heavy lifting” of the high-dimensional operator. As a
result, part of the region in the (H;, f,) plane used to be
labeled as an inflationary axion and suffers from the axion
isocurvature problem that could belong to the PIA. The
cosmological evolutions and consequences will be modified
correspondingly. We will also comment on other types of
operators that could achieve the same goal.

Our mechanism also enlarges the parameter space in
which high-scale inflation scenarios and the QCD axion
DM could be compatible with each other. QCD axion DM
with f, > H;/(2z) will not lead to unacceptable isocurva-
ture perturbations since it is not present during inflation in our
model. Large f, may lead to too much QCD axion DM relic
abundance through the standard production, which could be
diluted subsequently to the observed value by the early
matter domination (EMD) mechanism [21,67-76].

We present our inflationary heavy-lifting mechanism in
Sec. I and map out the new window for PIA in Sec. III. We
conclude in Sec. IV. Details of the relic abundance compu-
tations in the EMD epoch are collected in Appendix A.

Inflationary heavy-lifting mechanism.—During inflation,
we have the following effective field theory (EFT) for the
inflaton, denoted by a real scalar ¢, and the complex PQ

scalar field y in the (+———) convention:
= (aﬂ¢)2/2 + |a;4)(|2 - V((b,)(),
A 2\ 2 o)?
V) =V +5 (1P -5) + G )

where A denotes the UV cutoff of the EFT, ¢ and A are
positive dimensionless Wilson coefficients, and V(¢)
stands for the inflaton potential that drives inflation.
Here y is the spectator field during inflation, and our
discussions below are insensitive to different forms of
V(¢). Our key new ingredient is the dimension-six oper-
ator [77] in Eq. (1), which is the leading operator coupling
¢ and y while respecting the (approximate) shift symmetry
of ¢. This type of operator has been discussed in com-
pletely different contexts, such as cosmological col-
lider [78,79]. (An operator of this form coupling inflaton
to the Higgs field could also lead to imprints on the inflaton
spectrum from oscillating electroweak symmetry breaking
during inflation [80].) Following [78], we name our
mechanism inflationary heavy lifting of the PQ field.
During inflation, the homogeneous background (d,¢) =

(jﬁoéﬂo then generates the effective quadratic term of the PQ
scalar:

Vidz) > (%—ﬂﬂ) L. @)

Note that the first term « ¢ has the opposite sign of the
second term. When it is large enough, it can protect the PQ
field from breaking during inflation. After the inflation
ends, the expectation of d¢p becomes smaller, allowing the
PQ symmetry to be spontaneously broken by the tachyonic
mass term. In addition, to reproduce the conventional post-
inflationary behavior, the PQ scalar needs to be heavier
than the Hubble scale during inflation to settle at the
minimum, with its large-scale fluctuations exponentially
suppressed. This translates to

C ¢() A
2
MpQ et ~ f

(1.5H,)?, (3)
where 1.5H; is the boundary value for a field to be heavy
enough in the inflationary background [81].

We then turn to determine the range of parameters
in Eq. (3). First, the validity of the EFT requires A to be
sufficiently larger than the scale of infrared degrees
of freedom. Without referring to a specific UV comple-
tion, the heavy-field-induced corrections to inflaton
self-interactions generically scale as (g3 /A4)(0¢)
Requiring that the power expansion in series of ¢0 /A* does
not spoil the EFT during inflation imposes the condition that
AZ ¢1/ %178,82]. Second, there is a lower limit of coupling 4
when the ¢ term is present. Considering the theory to be
natural, the radiative correction to A4, o4, induced by the
inflaton loop shall be subdominant. Integrating out the loop
momenta to the cutoff scale A, we have

2

SA~——55 A= cS4nVi. (4)

167>~
Similarly, we require the radiative correction to the quadratic
mass term of y from the inflaton loop, émlz,Q, to satisfy
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c

o2 A2 SAf2. (5)

6m12,Q ~
Lastly, after inflation, the PQ field will acquire a vacuum
expectation value (VEV) and the heavy-lifting operator
contributes to the inflaton’s kinetic term. To avoid a
wrong-sign kinetic term,

cf? < N2 (6)

As a benchmark, we choose A = 3\/(}50 and ¢ = 7v/1.

Then Eq. (3) turns into a quadratic relation for /A
Requiring that 4 satisfying this relation is real, we find that

fasY2md )
¢~ 27 H,’

which is saturated when /A = 81H?2/(2z¢h,). One could
check that all the requirements listed above are satisfied. It
is also worth mentioning that our benchmark is chosen so
that the EFT stays away from the boundaries of all the
theoretical constraints but not to maximize the f,/H; ratio
[i.e., a smaller A and larger ¢ can lead to a larger upper

bound on f, than Eq. (7)]. Generically, as \/(}50 > H;

during inflation, PQ symmetry is not broken even for f,
exceeding the conventional upper limit on the PIA,
H,;/(2rx), significantly. Note that 1 < ¢ < 1 at the upper
bound of f,, which implies that the PQ field has a shallow
potential. This could be realized similarly to the super-
symmetric saxion scenario in [83,84].

The size of ¢, can be estimated by the CMB observa-
tions. For single-field slow-roll inflation (case 1), bo is
constrained by the observed primordial scalar power
spectrum A, ~ H*/(4m2¢3). From the Planck measure-
ment that A; ~2.1 x 107 at large scales [26], we have

\/d’o ~ 60H,;. From Eq. (7), the viable range for the post-
inflationary axion becomes

casel: f, <600H,. (8)

There is an interesting alternative with gbo determined
differently. In this scenario, A, is generated by another
spectator field ¢ with a mass m, < H; instead of the
inflaton. Such a light field ¢ is often referred to as the
curvaton [85-87] (case 2). During inflation, the expected
value of o is frozen due to the Hubble friction, while its
quantum fluctuations generate A,. (We do not consider the
intermediate scenario with both the curvaton and inflaton
contributing to A, significantly as it is even more con-
strained [88].) It only dominates the universe much later
after the inflation ends and eventually decays back to

radiation. The constraint on ¢, in this case, is given by the
slow-roll parameter e~ ¢3/(2H2M?) with the reduced
Planck scale Mp ~2.4 x 10'® GeV instead. The upper
bound f, in Eq. (7) then relaxes to

2: £, S8x 10 GeV, |~ 9
case2: f, S8 x Vi/o02 9)

The benchmark of e is the observational upper bound,
determined by the relation that n, — 1 ~ —2¢ [89-91], with
n, ~0.96 the scalar spectral index [26]. [Notice that the
other constraint € < 0.004 reported in [26] does not apply
to the curvaton case since the relation r = 16¢ (from single
field inflation) it relies on no longer holds].

While we focus on the inflaton derivative coupling, it is
also possible to consider nonderivative coupling which still
keeps the inflaton shift symmetry breaking under control.
As an example, we could consider an operator

c'V(g)
A/2

I, (10)

where we treat V(¢) as the inflaton shift symmetry
breaking spurion and do not introduce additional
symmetry-breaking sources. In general, we could consider
a different expansion series of inflaton coupling to the PQ
field in powers of V(¢)/A*. For this series to hold,
AN 2 V(p)'/*. (When A~ M,, this term is reduced to
the Hubble-induced mass term [92,93]. In addition, the
Hubble-induced mass term in the Einstein frame could be
transformed into the nonminimal coupling of the PQ field
to gravity, R|y|?, with the Ricci scalar R = 12H? during
inflation.) The computation for the f, range is similar to the
derivative coupling, with ¢, replaced by V' V(). Since

V(@) ~ ¢/ /€, the upper bound on f, in Eq. (7) could
be raised by a factor 1/y/e [~O(10) for current upper
bounds on €].

New window of post-inflationary axion.—We illustrate
how the heavy-lifting mechanism changes the classification
of QCD axion cosmologies in Fig. 1. One could see that in
the two panels representing case 1 (single-field slow-roll
inflation) and case 2 (curvaton scenario), respectively, the
upper bounds of f, based on Eq. (8) and Eq. (9) extend
the conventional PIA region (blue) substantially. In case 2,
the entire space in the (Hy, f,) plane could belong to PIA.

However, with a high f,, the post-inflationary scenario
often overproduces axion DM via the radiation and decay of
the axion string network. For the case that the universe is
purely radiation dominated between inflaton reheating and
matter-radiation equality, only when f, ~ 109! GeV the
axion string network can produce the observed DM relic
abundance Qpy A% ~ 0.12 [47,48]. Here we take the numeri-
cal benchmark of f, € [3.1,14] x 10'° GeV [48], repre-
sented as the meshed horizontal bands in Fig. 1. PIA is still
allowed when f, is lower, but additional sources of DM are
needed (shown as orange regions in Fig. 1). More parameter
space with a higher f, is accessible if the DM abundance can
be modified in a nonstandard cosmology. In this Letter, we
focus on the EMD scenario, where the universe’s energy
density is dominated by some nonrelativistic particles after
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New post-inflationary QCD axion window in the (H,,f,) plane. Left: case 1 single-field slow-roll inflation. Right: case 2 the

curvaton scenario. Blue: the conventional PIA region with f, < H;/(2x); orange: new PIA window with axion relic abundance
Q,h? < 0.12; meshed horizontal band: PIA with Q,4?> = 0.12 without EMD; green: new PIA window in which Q4% = 0.12 with EMD.
Region right to the purple dashed line could be probed by CMB-S4 [99]. The gray regions are either ruled out by the upper bound on the
tensor-to-scalar ratio r [26] (right vertical) or axion DM relic abundance overclosing the universe even with EMD (upper horizontal).

inflation reheating [67-71]. (Though nonminimal, EMD is
highly motivated theoretically, e.g., it could be sourced by the
moduli arising ubiquitously from string theory construc-
tions [94,95] or dark glueballs [96].) In this case, the axion
first oscillates during the EMD at a time #*, which satisfies
3H(r*) = m,(t*) [68,97]. (In this case, r* could be very
different from the one when the QCD axion starts to oscillate
during the radiation domination epoch.) After that, the
massive particles causing the EMD decay at the time scale
of their lifetime ~I'g)p,- The universe undergoes a secondary
reheating as the energy density of the massive particles is
converted into radiation, which dominates afterward. The
entropy created by massive particles greatly dilutes the axion
number density per comoving entropy density. The axion
relic abundance Q,h? is thus suppressed. Because of tight
constraints, the EMD has to end before the big bang
nucleosynthesis (BBN) era: ['gip must be shorter than the
onset of BBN around O(1) second [98]. Equivalently, the
radiation temperature right after the EMD ends, T, must be
larger than O(1) MeV. When Tk > 1 MeV, Q, h?> = 0.12
can be satisfied when f,<2.7x 10" GeV. For a
conservative range of Tz > 10 MeV, a large f, of
O(10"3-10') GeV is still allowed. More detailed compu-
tations can be found in Appendix A. The new parameter
regime satisfying Q,h% = 0.12 after introducing the EMD
dilution mechanism with T > 1 MeV for the inflaton
(curvaton) case is shown in green in Fig. 1.

One potential concern is that the EMD-inducing particles
may have its own independent fluctuations as curvatons,
resulting in additional isocurvature constrains. This is not

always true, at least in case 1. They could be generated by
the thermal bath created from the inflaton reheating
(see [100,101] for examples) so inheriting the inflaton’s
perturbations; or they could have time-dependent potentials
with much larger masses during inflation and thus have
much suppressed quantum fluctuations [102,103]. Then in
case 1, the density perturbations originate from a single
source, the inflaton perturbations. Then there is no iso-
curvature constraint on the PIA in the new window.

In case 2, the curvaton scenario, the situation is more
subtle. Now the curvaton o induces the EMD. As a
spectator field during inflation, the curvaton’s quantum
fluctuation do is not correlated with the inflaton’s fluc-
tuation. Such differences can again introduce isocurvature
perturbations between radiation, baryon, neutrino, and DM.
Consequently, the isocurvature bounds could still be
stringent if the PIA DM from the string networks obtains
its perturbations from early radiation before the EMD [88].
While the axion string network is created much before
EMD, it does not behave as the regular cold DM with a
fixed comoving density. In contrast, it is well known that
the comoving string density follows the attractive solution
of the scaling law, which is insensitive to the initial
conditions [104-109]. In other words, the large-scale
correlation carried by the axion string network in the early
universe could be washed out during the long EMD era.
More discussions on axion dynamics with an EMD era can
be found in the Appendix.

For other observational constraints, several -cavity
searches have already probed the QCD axion within
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m, C(1.9,24.0) peV, or, correspondingly, f,C(2.5-32)x
10" GeV (not the full range; only discrete subsets) through
the axion-photon coupling, assuming QCD axion is the
entire DM [110-121]. More parameter space in Fig. 1 is
still open to be explored.

Conclusions.—In this Letter, we propose an inflationary
heavy-lifting mechanism to make the PQ field heavy during
inflation, and thus the PQ symmetry remains unbroken
even when f, > H;. This could be achieved by including
the leading high-dimensional operator coupling the inflaton
to the PQ field, which is inflaton shift symmetric. This
simple inclusion drastically modifies the landscape of the
QCD axion cosmologies. The post-inflationary QCD axion
parameter space expands significantly in the (Hj,f,)
plane. The region subject to the axion isocurvature con-
straint shrinks in a correlated way, alleviating the tension
between the QCD axion DM and high-scale inflation. Other
types of operators, which keep the inflaton shift symmetry
breaking under control, also exist to achieve the same goal.
We also apply EMD to make more parameter space of high
f. consistent with the observed DM abundance.

We will outline several interesting consequences and
possible future directions: (i) We describe our mechanism
using an EFT. It could be useful to construct the UV
completions and examine whether there could be other
cosmological observables beyond r, such as primordial
non-Gaussianities; (ii) our proposal demonstrates that the
intriguing late-universe phenomenologies of PIA, such as
the formation of miniclusters, could happen in a much
larger territory of the inflation-axion parameter space than
considered before, and thus calls for more studies;
(i1i1)) while we focus on the QCD axion, the mechanism
could also be applied to axionlike particles in general and
expand their post-inflationary regimes as well; (iv) beyond
the well-motivated EMD, one could consider other mech-
anisms (e.g., [122]) to open up more parameter space for
PIA DM of high f, without overclosing the universe, and
their associated model-dependent signals.

We thank Keisuke Harigaya, Mark Hertzberg, Soubhik
Kumar, Matt Reece, and Yi Wang for enlightening dis-
cussions and comments on the draft. J.F. and L.L. are
supported by the DOE Grant No. DE-SC-0010010 and the
NASA Grant No. 80NSSC22KO081.

Appendix: Axion relic abundance in early matter
domination.—In this appendix, we first review the
calculation of Q k%> from misalignment mechanism
without EMD [5-7]. During the radiation domination, the
cosmic evolution of the homogeneous axion background
is governed by the equation of motion:

i+ 3H(T)a+m,(T)*a =0, (A1)

in which H(T) denotes the Hubble scale at the
temperature 7. In the early universe, we have H > m, so
that the axion field value is frozen due to the Hubble

friction. However, as the radiation temperature drops,
m,(T) increases while H(T) decreases. Eventually, at the
axion oscillating temperature 7', around 3H(T,)~m,(T.),
the axion potential becomes important, and the axion
starts to oscillate about its minimum. The axion energy
density at 7', can be approximated by

1
ma(T*)za‘z = 7mu(T*)2f59127

=5 (42)

T2
in which the dimensionless angle 6 =a/f, and the
subscripts i denote the initial values of the quantities.
In the discussions above, we assume that the axion
potential is harmonic, which is not exact. However, as
long as 6; is not very close to z, the harmonic potential is
still a good numerical approximation with only mild
corrections [123—-125]. With the approximate harmonic
potential, the comoving axion number density is an
adiabatic invariant when 7 < T, :

my(T.)f207.

(A3)

where R(T) is the scale factor at temperature 7" and n,(7T')
is the axion number density. It is then easy to estimate Q,
since Qa = pa<T0)/pcrit = ma(TO)na(TO)/pcrit’ where Ty
is today’s radiation temperature and p.; is the current
critical energy density of the universe.

The result above changes after a phase of EMD is induced
by a massive particle y. In particular, if the axion starts to
oscillate before the EMD ends, Q, will be diluted by the
entropy generated during the reheating. We first estimate the
new oscillation temperature 7', given the reheating temper-
ature Tr. Here Ty is defined by the radiation temperature
immediately after the massive particle decays. It is well
known that during the EMD, the temperature of the radiation
bath scales like 7 o ! p.}/  [21]. Then, using the
approximation that H(T,) ~ m,(T,)/3 and the Friedmann
equation, we have [68]

T8
3H<T*)2M1291 zpw(TR)F
R
2
T
= m,(T,)Mp TS ~ %(OR)T:&, (A4)

where g, (T) is the effective degrees of freedom at 7" and we
use pl//(TR) = ﬂzg* (TR)T??/30
After the reheating of EMD, Q, can be estimated via

1 pa(Tr) s(To)
Perit ma(To) m,(Tg)s(Tg)

where s(T) is the entropy density at 7. The relation above
uses the fact that after EMD ends, n,/s is conserved. The
axion energy density at T'; is estimated by

Q, ~ (A5)
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ma(TR)pV/(TR)
ma(T*) pl//(T*) .

In Eq. (A6) we used the fact that n,(T)/n,(T) = const
during EMD. Combining Egs. (A2), (AS5), and (A6), one
finds that the axion relic density generated by the misalign-
ment mechanism during EMD is

n? h(Ty) T3TS
T T 292 *\ 40 0 R’
m ( *)ma( O)fu i ]’l*(TR) Ti

QmishZ — ,
¢ 2pcrit ‘

(A7)

where h,(T) is the effective degrees of freedom that
contributes to the entropy at 7 and 4 = 0.7.

To estimate the temperature dependence of m, (T, ), we
use the result extrapolated from lattice simulations [126]

V20, T <T,,
mo(T) = § 2Tty 7, o <7, (AS)
S @i 77,
in which the zero-temperature QCD susceptibility

7(0) =3.6 x 107 GeV*, the demarcating temperature
for the high-temperature regime 7, = 1.5 GeV, the
high-temperature susceptibility y(7,)=3.7x1071*GeV*,
and the intermediate-temperature benchmark 7,=
[¥(To)/x(0)]'/"T, which makes y(T) continuous. The
intermediate power dependence n is a number ranging
from 7 to 20. Combining Egs. (AS5), (A6), (A7), and (A8S),
one can obtain the relic density of the QCD axion DM from
misalignment mechanism as a function of f, and 7. For
PIA, the effective 67 takes the average value (67) = 7%/3.

However, the dominant contribution to Q, in the PIA
case is the radiation and decay of the axion string network,
which could be much larger than QM. The numerical
simulation of the axion relic density contributed from the
string network Qf" is known to be difficult. Here we take
the simplified approach that the ratio between Q5" and Qs
is a fixed constant a > 1 [97]. Recent simulation [48]
estimates that o ~ 6 to 8. Using a ~ 8, we find that for
Tr = 1 MeV, the constraint that Q™ 4+ QS = Q) pro-
vides an upper bound on f, <2.7 x 10'* GeV, which is
insensitive to the choice of n in Eq. (A8). On the other
hand, when T; = 10 MeV, the parameter n could be a
dominant source of uncertainty. Nonetheless, one still
find that the upper bound for the PQ scale lands on
~0O(103-10'*) GeV for Tz = 10 MeV.

For the complicated axion string dynamics, multiple
uncertainties may be present in our calculation. For
example, the axion string density may scale with time
differently from the one extrapolated in lattice simulations
as the physical time span greatly exceeds the capability of
simulations [127]. It is also possible that dimensionless
parameters describing the string network evolution differ

from our reference values by O(1) factors [128], as most
lattice simulations assume a radiation-dominated back-
ground cosmology. Therefore, the upper bound on f,
derived when T, =~ 1 MeV is a suggestive value, while a
dedicated lattice simulation during EMD is needed for
more precise predictions. However, most newly opened-up
parameter space pointed out by this Letter is still valid aside
from the part very close to the overclosure line.

Finally, we would like to comment briefly on other
possible sources of isocurvature in the curvaton scenario
with PIA DM. In Sec. III, we focus on the isocurvature from
axion string decays. We argue that the attractor solution of the
string network washes out the initial-condition dependence
of the PIA profile. The fluctuation of PIA relic density is
mainly due to that of the curvaton. Other components of PIA
DM either come from axion string radiation before the string
decays or the misalignment mechanism. However, PIA DM
from string radiation is relativistic and redshift as radiation;
thus, this contribution is expected to be minor and dominated
by late-time contributions during the EMD without signifi-
cant isocurvature [109]. On the other hand, for the misalign-
ment mechanism contribution to the PIA DM abundance, the
misalignment angle is randomized over [—z, ). Hence, no
large-scale isocurvature is generated like the standard PIA in
aradiation domination epoch. Only small-scale fluctuations,
such as axion minihalos, can be produced and observed.
A dedicated numerical study of this scenario is needed in the
future to validate the arguments above fully.

*Corresponding author.
yunjia.bao@uchicago.edu
Corresponding author.
jiji_fan@brown.edu
iCorresponding author.
lingfeng_li@brown.edu

[1] R.D. Peccei and H.R. Quinn, CP Conservation in the
Presence of Instantons, Phys. Rev. Lett. 38, 1440 (1977).

[2] R. D. Peccei and H. R. Quinn, Constraints imposed by CP
conservation in the presence of instantons, Phys. Rev. D
16, 1791 (1977).

[3] S. Weinberg, A New Light Boson?, Phys. Rev. Lett. 40,
223 (1978).

[4] F. Wilczek, Problem of Strong P and T Invariance in the
Presence of Instantons, Phys. Rev. Lett. 40, 279 (1978).

[5] J. Preskill, M. B. Wise, and F. Wilczek, Cosmology of the
invisible axion, Phys. Lett. 120B, 127 (1983).

[6] M. Dine and W. Fischler, The not-so-harmless axion, Phys.
Lett. 120B, 137 (1983).

[7] L. F. Abbott and P. Sikivie, A cosmological bound on the
invisible axion, Phys. Lett. 120B, 133 (1983).

[8] C.B. Adams et al., Axion dark matter, in 2022 Snowmass
Summer Study (2022), arXiv:2203.14923.

[9] P. Agrawal, K. V. Berghaus, J. Fan, A. Hook, G. Marques-
Tavares, and T. Rudelius, Some open questions in axion
theory, in 2022 Snowmass Summer Study (2022), arXiv:
2203.08026.

241001-6


https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90638-X
https://arXiv.org/abs/2203.14923
https://arXiv.org/abs/2203.08026
https://arXiv.org/abs/2203.08026

PHYSICAL REVIEW LETTERS 130, 241001 (2023)

[10] P. Asadi et al., Early-universe model building, arXiv:
2203.06680.

[11] A.H. Guth, The inflationary universe: A possible solution
to the horizon and flatness problems, Phys. Rev. D 23, 347
(1981).

[12] A.D. Linde, A new inflationary universe scenario: A
possible solution of the horizon, flatness, homogeneity,
isotropy and primordial monopole problems, Phys. Lett.
108B, 389 (1982).

[13] A. Albrecht, P. J. Steinhardt, M. S. Turner, and F. Wilczek,
Reheating an Inflationary Universe, Phys. Rev. Lett. 48,
1437 (1982).

[14] G. W. Gibbons and S.W. Hawking, Cosmological event
horizons, thermodynamics, and particle creation, Phys.
Rev. D 15, 2738 (1977).

[15] P. Sikivie, Axion cosmology, Lect. Notes Phys. 741, 19
(2008).

[16] D.J. E. Marsh, Axion cosmology, Phys. Rep. 643, 1 (2016).

[17] L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli, The
landscape of QCD axion models, Phys. Rep. 870, 1 (2020).

[18] The assumption here is that PQ symmetry is not restored
during the (p)reheating epoch after inflation. This could
happen if the maximum thermalization temperature
achieved before reheating starts is very high and above
fa [19]. It is model dependent: e.g., it is not realized in the
simple perturbative reheating scenario with inflaton
decaying through nonrenormalizable operators suppressed
by the Planck scale, after taking into account of the
maximum thermalization temperature. Thermal restoration
could be more likely to happen in more complicated PQ
models with light PQ fields [20]. Our key new point will be
independent of the (p)reheating model, and could be
viewed as an alternative way to restore the PQ symmetry.

[19] M. P. Hertzberg, M. Tegmark, and F. Wilczek, Axion
cosmology and the energy scale of inflation, Phys. Rev.
D 78, 083507 (2008).

[20] M. Kawasaki and K. Nakayama, Axions: Theory and
cosmological role, Annu. Rev. Nucl. Part. Sci. 63, 69 (2013).

[21] P.J. Steinhardt and M. S. Turner, Saving the invisible
axion, Phys. Lett. 129B, 51 (1983).

[22] D. Seckel and M. S. Turner, Isothermal density perturba-
tions in an axion dominated inflationary universe, Phys.
Rev. D 32, 3178 (1985).

[23] D. H. Lyth, A limit on the inflationary energy density from
axion isocurvature fluctuations, Phys. Lett. B 236, 408
(1990).

[24] M. S. Turner and F. Wilczek, Inflationary Axion Cosmo-
logy, Phys. Rev. Lett. 66, 5 (1991).

[25] A.D. Linde, Axions in inflationary cosmology, Phys. Lett.
B 259, 38 (1991).

[26] Y. Akrami et al. (Planck Collaboration), Planck 2018
results. X. Constraints on inflation, Astron. Astrophys.
641, A10 (2020).

[27] K. Choi, K. S. Jeong, and M.-S. Seo, String theoretic QCD
axions in the light of PLANCK and BICEP2, J. High
Energy Phys. 07 (2014) 092.

[28] E.J. Chun, Axion dark matter with high-scale inflation,
Phys. Lett. B 735, 164 (2014).

[29] M. Fairbairn, R. Hogan, and D.J.E. Marsh, Unitying
inflation and dark matter with the Peccei-Quinn field:

Observable axions and observable tensors, Phys. Rev. D
91, 023509 (2015).

[30] T. Higaki, K.S. Jeong, and F. Takahashi, Solving the
tension between high-scale inflation and axion isocurva-
ture perturbations, Phys. Lett. B 734, 21 (2014).

[31] K. Nakayama and M. Takimoto, Higgs inflation and
suppression of axion isocurvature perturbation, Phys.
Lett. B 748, 108 (2015).

[32] K. Harigaya, M. Ibe, M. Kawasaki, and T.T. Yanagida,
Dynamics of Peccei-Quinn breaking field after inflation
and axion isocurvature perturbations, J. Cosmol. Astropart.
Phys. 11 (2015) 003.

[33] J. Kearney, N. Orlofsky, and A. Pierce, High-scale axions
without isocurvature from inflationary dynamics, Phys.
Rev. D 93, 095026 (2016).

[34] K. S. Jeong and F. Takahashi, Suppressing isocurvature
perturbations of QCD axion dark matter, Phys. Lett. B 727,
448 (2013).

[35] P. Sikivie, Of Axions, Domain Walls and the Early
Universe, Phys. Rev. Lett. 48, 1156 (1982).

[36] A. Vilenkin and A. E. Everett, Cosmic Strings and Domain
Walls in Models with Goldstone and PseudoGoldstone
Bosons, Phys. Rev. Lett. 48, 1867 (1982).

[37] G. Lazarides and Q. Shafi, Axion models with no domain
wall problem, Phys. Lett. 115B, 21 (1982).

[38] S. Chang, C. Hagmann, and P. Sikivie, Studies of the
motion and decay of axion walls bounded by strings, Phys.
Rev. D 59, 023505 (1999).

[39] R. L. Davis, Cosmic axions from cosmic strings, Phys.
Lett. B 180, 225 (1986).

[40] A. Vilenkin and T. Vachaspati, Radiation of Goldstone
bosons from cosmic strings, Phys. Rev. D 35, 1138
(1987).

[41] D. Harari and P. Sikivie, On the evolution of global strings
in the early universe, Phys. Lett. B 195, 361 (1987).

[42] R.L. Davis and E.P.S. Shellard, Do axions need
inflation?, Nucl. Phys. B324, 167 (1989).

[43] R. A. Battye and E. P. S. Shellard, Global string radiation,
Nucl. Phys. B423, 260 (1994).

[44] R. A. Battye and E. P. S. Shellard, Axion string constraints,
Phys. Rev. Lett. 73, 2954 (1994); Phys. Rev. Lett. 76,
2203(E) (1996).

[45] M. Yamaguchi, M. Kawasaki, and J. Yokoyama, Evolution
of Axionic Strings and Spectrum of Axions Radiated from
Them, Phys. Rev. Lett. 82, 4578 (1999).

[46] C. Hagmann, S. Chang, and P. Sikivie, Axion radiation
from strings, Phys. Rev. D 63, 125018 (2001).

[47] M. Gorghetto, E. Hardy, and G. Villadoro, More axions
from strings, SciPost Phys. 10, 050 (2021).

[48] M. Buschmann, J. W. Foster, A. Hook, A. Peterson, D. E.
Willcox, W. Zhang, and B. R. Safdi, Dark matter from axion
strings with adaptive mesh refinement, Nat. Commun. 13,
1049 (2022).

[49] C.J. Hogan and M.J. Rees, Axion miniclusters, Phys.
Lett. B 205, 228 (1988).

[50] E. W. Kolb and I. I. Tkachev, Axion Miniclusters and Bose
Stars, Phys. Rev. Lett. 71, 3051 (1993).

[51] E. W. Kolb and I.1. Tkachev, Nonlinear axion dynamics
and formation of cosmological pseudosolitons, Phys. Rev.
D 49, 5040 (1994).

241001-7


https://arXiv.org/abs/2203.06680
https://arXiv.org/abs/2203.06680
https://doi.org/10.1103/PhysRevD.23.347
https://doi.org/10.1103/PhysRevD.23.347
https://doi.org/10.1016/0370-2693(82)91219-9
https://doi.org/10.1016/0370-2693(82)91219-9
https://doi.org/10.1103/PhysRevLett.48.1437
https://doi.org/10.1103/PhysRevLett.48.1437
https://doi.org/10.1103/PhysRevD.15.2738
https://doi.org/10.1103/PhysRevD.15.2738
https://doi.org/10.1007/978-3-540-73518-2
https://doi.org/10.1007/978-3-540-73518-2
https://doi.org/10.1016/j.physrep.2016.06.005
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1103/PhysRevD.78.083507
https://doi.org/10.1103/PhysRevD.78.083507
https://doi.org/10.1146/annurev-nucl-102212-170536
https://doi.org/10.1016/0370-2693(83)90727-X
https://doi.org/10.1103/PhysRevD.32.3178
https://doi.org/10.1103/PhysRevD.32.3178
https://doi.org/10.1016/0370-2693(90)90374-F
https://doi.org/10.1016/0370-2693(90)90374-F
https://doi.org/10.1103/PhysRevLett.66.5
https://doi.org/10.1016/0370-2693(91)90130-I
https://doi.org/10.1016/0370-2693(91)90130-I
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1007/JHEP07(2014)092
https://doi.org/10.1007/JHEP07(2014)092
https://doi.org/10.1016/j.physletb.2014.06.017
https://doi.org/10.1103/PhysRevD.91.023509
https://doi.org/10.1103/PhysRevD.91.023509
https://doi.org/10.1016/j.physletb.2014.05.014
https://doi.org/10.1016/j.physletb.2015.07.001
https://doi.org/10.1016/j.physletb.2015.07.001
https://doi.org/10.1088/1475-7516/2015/11/003
https://doi.org/10.1088/1475-7516/2015/11/003
https://doi.org/10.1103/PhysRevD.93.095026
https://doi.org/10.1103/PhysRevD.93.095026
https://doi.org/10.1016/j.physletb.2013.10.061
https://doi.org/10.1016/j.physletb.2013.10.061
https://doi.org/10.1103/PhysRevLett.48.1156
https://doi.org/10.1103/PhysRevLett.48.1867
https://doi.org/10.1016/0370-2693(82)90506-8
https://doi.org/10.1103/PhysRevD.59.023505
https://doi.org/10.1103/PhysRevD.59.023505
https://doi.org/10.1016/0370-2693(86)90300-X
https://doi.org/10.1016/0370-2693(86)90300-X
https://doi.org/10.1103/PhysRevD.35.1138
https://doi.org/10.1103/PhysRevD.35.1138
https://doi.org/10.1016/0370-2693(87)90032-3
https://doi.org/10.1016/0550-3213(89)90187-9
https://doi.org/10.1016/0550-3213(94)90573-8
https://doi.org/10.1103/PhysRevLett.73.2954
https://doi.org/10.1103/PhysRevLett.76.2203
https://doi.org/10.1103/PhysRevLett.76.2203
https://doi.org/10.1103/PhysRevLett.82.4578
https://doi.org/10.1103/PhysRevD.63.125018
https://doi.org/10.21468/SciPostPhys.10.2.050
https://doi.org/10.1038/s41467-022-28669-y
https://doi.org/10.1038/s41467-022-28669-y
https://doi.org/10.1016/0370-2693(88)91655-3
https://doi.org/10.1016/0370-2693(88)91655-3
https://doi.org/10.1103/PhysRevLett.71.3051
https://doi.org/10.1103/PhysRevD.49.5040
https://doi.org/10.1103/PhysRevD.49.5040

PHYSICAL REVIEW LETTERS 130, 241001 (2023)

[52] E. W. Kolb and I. I. Tkachev, Large amplitude isothermal
fluctuations and high density dark matter clumps, Phys.
Rev. D 50, 769 (1994).

[53] K. M. Zurek, C.J. Hogan, and T. R. Quinn, Astrophysical
effects of scalar dark matter miniclusters, Phys. Rev. D 75,
043511 (2007).

[54] A. Vaquero, J. Redondo, and J. Stadler, Early seeds of
axion miniclusters, J. Cosmol. Astropart. Phys. 04
(2019) 012.

[55] P. Tinyakov, I. Tkachev, and K. Zioutas, Tidal streams from
axion miniclusters and direct axion searches, J. Cosmol.
Astropart. Phys. 01 (2016) 035.

[56] S. Davidson and T. Schwetz, Rotating drops of axion dark
matter, Phys. Rev. D 93, 123509 (2016).

[57] M. Fairbairn, D. J. E. Marsh, J. Quevillon, and S. Rozier,
Structure formation and microlensing with axion mini-
clusters, Phys. Rev. D 97, 083502 (2018).

[58] Y. Bai and Y. Hamada, Detecting axion stars with radio
telescopes, Phys. Lett. B 781, 187 (2018).

[59] J. A. Dror, H. Ramani, T. Trickle, and K. M. Zurek, Pulsar
timing probes of primordial black holes and subhalos,
Phys. Rev. D 100, 023003 (2019).

[60] L. Dai and J. Miralda-Escudé, Gravitational lensing
signatures of axion dark matter minihalos in highly
magnified stars, Astron. J. 159, 49 (2020).

[61] X. Shen, H. Xiao, P.F. Hopkins, and K.M. Zurek,
Disruption of dark matter minihaloes in the Milky Way
environment: Implications for axion miniclusters and early
matter domination, arXiv:2207.11276 [Astrophys. J. (to be
published)].

[62] Q. Shafi and A. Vilenkin, Spontaneously broken
global symmetries and cosmology, Phys. Rev. D 29,
1870 (1984).

[63] L. A. Kofman and A.D. Linde, Generation of density
perturbations in the inflationary cosmology, Nucl. Phys.
B282, 555 (1987).

[64] L. A. Kofman and D.Y. Pogosian, Nonflat perturbations
in inflationary cosmology, Phys. Lett. B 214, 508
(1988).

[65] H. M. Hodges, G. R. Blumenthal, L. A. Kofman, and J. R.
Primack, Nonstandard primordial fluctuations from a
polynomial inflaton potential, Nucl. Phys. B335, 197
(1990).

[66] M. Gorghetto, E. Hardy, and H. Nicolaescu, Observing
invisible axions with gravitational waves, J. Cosmol.
Astropart. Phys. 06 (2021) 034.

[67] G. Lazarides, R. K. Schaefer, D. Seckel, and Q. Shafi,
Dilution of cosmological axions by entropy production,
Nucl. Phys. B346, 193 (1990).

[68] M. Kawasaki, T. Moroi, and T. Yanagida, Can decaying
particles raise the upperbound on the Peccei-Quinn scale?,
Phys. Lett. B 383, 313 (1996).

[69] T. Banks and M. Dine, The Cosmology of string theoretic
axions, Nucl. Phys. B505, 445 (1997).

[70] G.F. Giudice, E. W. Kolb, and A. Riotto, Largest temper-
ature of the radiation era and its cosmological implications,
Phys. Rev. D 64, 023508 (2001).

[71] D. Grin, T.L. Smith, and M. Kamionkowski, Axion
constraints in non-standard thermal histories, Phys. Rev.
D 77, 085020 (2008).

[72] L. Visinelli and P. Gondolo, Axion cold dark matter in
non-standard cosmologies, Phys. Rev. D 81, 063508
(2010).

[73] N. Bernal, F. Hajkarim, and Y. Xu, Axion dark matter in
the time of primordial black holes, Phys. Rev. D 104,
075007 (2021).

[74] P. Arias, N. Bernal, D. Karamitros, C. Maldonado, L.
Roszkowski, and M. Venegas, New opportunities for axion
dark matter searches in nonstandard cosmological models,
J. Cosmol. Astropart. Phys. 11 (2021) 003.

[75] N. Bernal, Y. F. Perez-Gonzalez, Y. Xu, and O. Zapata,
ALP dark matter in a primordial black hole dominated
universe, Phys. Rev. D 104, 123536 (2021).

[76] P. Arias, N. Bernal, J. K. Osifski, and L. Roszkowski, Dark
matter axions in the early universe with a period of
increasing temperature, arXiv:2207.07677.

[77] There are ways to reduce the dimension of this operator.
For instance, similar to Eq. (5.3) of [78], one can reduce the
dimension of (d¢)|y|* by introducing a new heavy media-
tor field and two more mass scales. After integrating out
the mediator, these scales and new couplings are lumped
into A and ¢, and do not contribute further to understand
the key phenomenology of our mechanism.

[78] S. Kumar and R. Sundrum, Heavy-lifting of gauge theories
by cosmic inflation, J. High Energy Phys. 05 (2018) O11.

[79] L.-T. Wang and Z.-Z. Xianyu, Gauge boson signals at the
cosmological collider, J. High Energy Phys. 11 (2020) 082.

[80] J. Fan, M. Reece, and Y. Wang, An inflationary probe
of cosmic Higgs switching, J. High Energy Phys. 05
(2020) 042.

[81] X. Chen and Y. Wang, Quasi-single field inflation and non-
Gaussianities, J. Cosmol. Astropart. Phys. 04 (2010) 027.

[82] P. Creminelli, On non-Gaussianities in single-field infla-
tion, J. Cosmol. Astropart. Phys. 10 (2003) 003.

[83] K. Choi, E. J. Chun, H. D. Kim, W. I. Park, and C. S. Shin,
The p-problem and axion in gauge mediation, Phys. Rev. D
83, 123503 (2011).

[84] J. Fan, M. Reece, and L.-T. Wang, Mitigating moduli
messes in low-scale SUSY breaking, J. High Energy Phys.
09 (2011) 126.

[85] K. Enqvist and M. S. Sloth, Adiabatic CMB perturbations
in pre—big bang string cosmology, Nucl. Phys. B626, 395
(2002).

[86] D.H. Lyth and D. Wands, Generating the curvature
perturbation without an inflaton, Phys. Lett. B 524, 5 (2002).

[87] T. Moroi and T. Takahashi, Effects of cosmological moduli
fields on cosmic microwave background, Phys. Lett. B
522, 215 (2001); Phys. Lett. B 539, 303(E) (2002).

[88] T.L. Smith and D. Grin, Probing a panoply of curvaton-
decay scenarios using CMB data, Phys. Rev. D 94, 103517
(2016).

[89] D. Wands, N. Bartolo, S. Matarrese, and A. Riotto, An
observational test of two-field inflation, Phys. Rev. D 66,
043520 (2002).

[90] V. Vennin, K. Koyama, and D. Wands, Encyclopzdia
curvatonis, J. Cosmol. Astropart. Phys. 11 (2015) 008.

[91] S. Kumar and R. Sundrum, Cosmological collider physics
and the curvaton, J. High Energy Phys. 04 (2020) 077.

[92] 1. Affleck and M. Dine, A new mechanism for baryo-
genesis, Nucl. Phys. B249, 361 (1985).

241001-8


https://doi.org/10.1103/PhysRevD.50.769
https://doi.org/10.1103/PhysRevD.50.769
https://doi.org/10.1103/PhysRevD.75.043511
https://doi.org/10.1103/PhysRevD.75.043511
https://doi.org/10.1088/1475-7516/2019/04/012
https://doi.org/10.1088/1475-7516/2019/04/012
https://doi.org/10.1088/1475-7516/2016/01/035
https://doi.org/10.1088/1475-7516/2016/01/035
https://doi.org/10.1103/PhysRevD.93.123509
https://doi.org/10.1103/PhysRevD.97.083502
https://doi.org/10.1016/j.physletb.2018.03.070
https://doi.org/10.1103/PhysRevD.100.023003
https://doi.org/10.3847/1538-3881/ab5e83
https://arXiv.org/abs/2207.11276
https://doi.org/10.1103/PhysRevD.29.1870
https://doi.org/10.1103/PhysRevD.29.1870
https://doi.org/10.1016/0550-3213(87)90698-5
https://doi.org/10.1016/0550-3213(87)90698-5
https://doi.org/10.1016/0370-2693(88)90109-8
https://doi.org/10.1016/0370-2693(88)90109-8
https://doi.org/10.1016/0550-3213(90)90177-F
https://doi.org/10.1016/0550-3213(90)90177-F
https://doi.org/10.1088/1475-7516/2021/06/034
https://doi.org/10.1088/1475-7516/2021/06/034
https://doi.org/10.1016/0550-3213(90)90244-8
https://doi.org/10.1016/0370-2693(96)00743-5
https://doi.org/10.1016/S0550-3213(97)00413-6
https://doi.org/10.1103/PhysRevD.64.023508
https://doi.org/10.1103/PhysRevD.77.085020
https://doi.org/10.1103/PhysRevD.77.085020
https://doi.org/10.1103/PhysRevD.81.063508
https://doi.org/10.1103/PhysRevD.81.063508
https://doi.org/10.1103/PhysRevD.104.075007
https://doi.org/10.1103/PhysRevD.104.075007
https://doi.org/10.1088/1475-7516/2021/11/003
https://doi.org/10.1103/PhysRevD.104.123536
https://arXiv.org/abs/2207.07677
https://doi.org/10.1007/JHEP05(2018)011
https://doi.org/10.1007/JHEP11(2020)082
https://doi.org/10.1007/JHEP05(2020)042
https://doi.org/10.1007/JHEP05(2020)042
https://doi.org/10.1088/1475-7516/2010/04/027
https://doi.org/10.1088/1475-7516/2003/10/003
https://doi.org/10.1103/PhysRevD.83.123503
https://doi.org/10.1103/PhysRevD.83.123503
https://doi.org/10.1007/JHEP09(2011)126
https://doi.org/10.1007/JHEP09(2011)126
https://doi.org/10.1016/S0550-3213(02)00043-3
https://doi.org/10.1016/S0550-3213(02)00043-3
https://doi.org/10.1016/S0370-2693(01)01366-1
https://doi.org/10.1016/S0370-2693(01)01295-3
https://doi.org/10.1016/S0370-2693(01)01295-3
https://doi.org/10.1016/S0370-2693(02)02070-1
https://doi.org/10.1103/PhysRevD.94.103517
https://doi.org/10.1103/PhysRevD.94.103517
https://doi.org/10.1103/PhysRevD.66.043520
https://doi.org/10.1103/PhysRevD.66.043520
https://doi.org/10.1088/1475-7516/2015/11/008
https://doi.org/10.1007/JHEP04(2020)077
https://doi.org/10.1016/0550-3213(85)90021-5

PHYSICAL REVIEW LETTERS 130, 241001 (2023)

[93] F. L. Bezrukov and M. Shaposhnikov, The Standard Model
Higgs boson as the inflaton, Phys. Lett. B 659, 703 (2008).

[94] T. Moroi, M. Yamaguchi, and T. Yanagida, On the solution
to the Polonyi problem with O(10 TeV) gravitino mass in
supergravity, Phys. Lett. B 342, 105 (1995).

[95] G. Kane, K. Sinha, and S. Watson, Cosmological moduli
and the post-inflationary universe: A critical review, Int. J.
Mod. Phys. D 24, 1530022 (2015).

[96] J. W. Foster, S. Kumar, B.R. Safdi, and Y. Soreq, Dark
grand unification in the axiverse: Decaying axion dark
matter and spontaneous baryogenesis, J. High Energy
Phys. 12 (2022) 119.

[97] A.E. Nelson and H. Xiao, Axion cosmology with early
matter domination, Phys. Rev. D 98, 063516 (2018).

[98] M. Kawasaki, K. Kohri, T. Moroi, and Y. Takaesu,
Revisiting big-bang nucleosynthesis constraints on
long-lived decaying particles, Phys. Rev. D 97, 023502
(2018).

[99] K. N. Abazajian et al. (CMB-S4 Collaboration), CMB-S4
science book, first edition, arXiv:1610.02743.

[100] N. A. Dondi, F. Sannino, and J. Smirnov, Thermal history
of composite dark matter, Phys. Rev. D 101, 103010
(2020).

[101] P. Asadi, E.D. Kramer, E. Kuflik, T.R. Slatyer, and J.
Smirnov, Glueballs in a thermal squeezeout model, J. High
Energy Phys. 07 (2022) 006.

[102] M. Dine, L. Randall, and S.D. Thomas, Baryogenesis
from flat directions of the supersymmetric standard model,
Nucl. Phys. B458, 291 (1996).

[103] L. Hiesiu, D.J.E. Marsh, K. Moodley, and S. Watson,
Constraining supersymmetry with heavy scalars: Using the
CMB, Phys. Rev. D 89, 103513 (2014).

[104] T. W. B. Kibble, Topology of cosmic domains and strings,
J. Phys. A 9, 1387 (1976).

[105] T. W.B. Kibble, Some implications of a cosmological
phase transition, Phys. Rep. 67, 183 (1980).

[106] A. Vilenkin, Cosmic strings, Phys. Rev. D 24, 2082
(1981).

[107] L. Fleury and G.D. Moore, Axion dark matter: Strings
and their cores, J. Cosmol. Astropart. Phys. 01 (2016) 004.

[108] V.B. Klaer and G.D. Moore, How to simulate global
cosmic strings with large string tension, J. Cosmol.
Astropart. Phys. 10 (2017) 043.

[109] M. Gorghetto, E. Hardy, and G. Villadoro, Axions from
strings: The attractive solution, J. High Energy Phys. 07
(2018) 151.

[110] S.J. Asztalos et al. (ADMX Collaboration), An im-
proved rf cavity search for halo axions, Phys. Rev. D
69, 011101(R) (2004).

[111] B. M. Brubaker et al., First Results from a Microwave
Cavity Axion Search at 24 peV, Phys. Rev. Lett. 118,
061302 (2017).

[112] L. Zhong et al. (HAYSTAC Collaboration), Results from
phase 1 of the HAYSTAC microwave cavity axion experi-
ment, Phys. Rev. D 97, 092001 (2018).

[113] N. Du et al. (ADMX Collaboration), A Search for Invisible
Axion Dark Matter with the Axion Dark Matter Experi-
ment, Phys. Rev. Lett. 120, 151301 (2018).

[114] T. Braine et al. (ADMX Collaboration), Extended Search
for the Invisible Axion with the Axion Dark Matter
Experiment, Phys. Rev. Lett. 124, 101303 (2020).

[115] S. Lee, S. Ahn, J. Choi, B.R. Ko, and Y. K. Semertzidis,
Axion Dark Matter Search Around 6.7 peV, Phys. Rev.
Lett. 124, 101802 (2020).

[116] K. M. Backes et al. (HAYSTAC Collaboration), A quan-
tum-enhanced search for dark matter axions, Nature
(London) 590, 238 (2021).

[117] J. Jeong, S. W. Youn, S. Bae, J. Kim, T. Seong, J. E. Kim,
and Y. K. Semertzidis, Search for Invisible Axion Dark
Matter with a Multiple-Cell Haloscope, Phys. Rev. Lett.
125, 221302 (2020).

[118] O. Kwon ef al. (CAPP Collaboration), First Results from
an Axion Haloscope at CAPP around 10.7 peV, Phys. Rev.
Lett. 126, 191802 (2021).

[119] C. Bartram et al. (ADMX Collaboration), Search for
Invisible Axion Dark Matter in the 3.3-4.2 peV Mass
Range, Phys. Rev. Lett. 127, 261803 (2021).

[120] H. Yoon, M. Ahn, B. Yang, Y. Lee, D. Kim, H. Park, B.
Min, and J. Yoo, Axion haloscope using an 18 T high
temperature superconducting magnet, Phys. Rev. D 106,
012005 (2022).

[121] J. Kim et al., Near-Quantum-Noise Axion Dark Matter
Search at CAPP around 9.5 peV, Phys. Rev. Lett. 130,
091602 (2023).

[122] I.J. Allali, M. P. Hertzberg, and Y. Lyu, Altered axion
abundance from a dynamical Peccei-Quinn scale, Phys.
Rev. D 105, 123517 (2022).

[123] M. S. Turner, Cosmic and local mass density of invisible
axions, Phys. Rev. D 33, 889 (1986).

[124] D. H. Lyth, Axions and inflation: Sitting in the vacuum,
Phys. Rev. D 45, 3394 (1992).

[125] K. Strobl and T.J. Weiler, Anharmonic evolution of the
cosmic axion density spectrum, Phys. Rev. D 50, 7690
(1994).

[126] M. Dine, P. Draper, L. Stephenson-Haskins, and D. Xu,
Axions, instantons, and the lattice, Phys. Rev. D 96,
095001 (2017).

[127] M. Hindmarsh, J. Lizarraga, A. Lopez-Eiguren, and J.
Urrestilla, Comment on “More axions from strings”,
arXiv:2109.09679.

[128] Y. Gouttenoire, G. Servant, and P. Simakachorn, Beyond
the standard models with cosmic strings, J. Cosmol.
Astropart. Phys. 07 (2020) 032.

241001-9


https://doi.org/10.1016/j.physletb.2007.11.072
https://doi.org/10.1016/0370-2693(94)01337-C
https://doi.org/10.1142/S0218271815300220
https://doi.org/10.1142/S0218271815300220
https://doi.org/10.1007/JHEP12(2022)119
https://doi.org/10.1007/JHEP12(2022)119
https://doi.org/10.1103/PhysRevD.98.063516
https://doi.org/10.1103/PhysRevD.97.023502
https://doi.org/10.1103/PhysRevD.97.023502
https://arXiv.org/abs/1610.02743
https://doi.org/10.1103/PhysRevD.101.103010
https://doi.org/10.1103/PhysRevD.101.103010
https://doi.org/10.1007/JHEP07(2022)006
https://doi.org/10.1007/JHEP07(2022)006
https://doi.org/10.1016/0550-3213(95)00538-2
https://doi.org/10.1103/PhysRevD.89.103513
https://doi.org/10.1088/0305-4470/9/8/029
https://doi.org/10.1016/0370-1573(80)90091-5
https://doi.org/10.1103/PhysRevD.24.2082
https://doi.org/10.1103/PhysRevD.24.2082
https://doi.org/10.1088/1475-7516/2016/01/004
https://doi.org/10.1088/1475-7516/2017/10/043
https://doi.org/10.1088/1475-7516/2017/10/043
https://doi.org/10.1007/JHEP07(2018)151
https://doi.org/10.1007/JHEP07(2018)151
https://doi.org/10.1103/PhysRevD.69.011101
https://doi.org/10.1103/PhysRevD.69.011101
https://doi.org/10.1103/PhysRevLett.118.061302
https://doi.org/10.1103/PhysRevLett.118.061302
https://doi.org/10.1103/PhysRevD.97.092001
https://doi.org/10.1103/PhysRevLett.120.151301
https://doi.org/10.1103/PhysRevLett.124.101303
https://doi.org/10.1103/PhysRevLett.124.101802
https://doi.org/10.1103/PhysRevLett.124.101802
https://doi.org/10.1038/s41586-021-03226-7
https://doi.org/10.1038/s41586-021-03226-7
https://doi.org/10.1103/PhysRevLett.125.221302
https://doi.org/10.1103/PhysRevLett.125.221302
https://doi.org/10.1103/PhysRevLett.126.191802
https://doi.org/10.1103/PhysRevLett.126.191802
https://doi.org/10.1103/PhysRevLett.127.261803
https://doi.org/10.1103/PhysRevD.106.012005
https://doi.org/10.1103/PhysRevD.106.012005
https://doi.org/10.1103/PhysRevLett.130.091602
https://doi.org/10.1103/PhysRevLett.130.091602
https://doi.org/10.1103/PhysRevD.105.123517
https://doi.org/10.1103/PhysRevD.105.123517
https://doi.org/10.1103/PhysRevD.33.889
https://doi.org/10.1103/PhysRevD.45.3394
https://doi.org/10.1103/PhysRevD.50.7690
https://doi.org/10.1103/PhysRevD.50.7690
https://doi.org/10.1103/PhysRevD.96.095001
https://doi.org/10.1103/PhysRevD.96.095001
https://arXiv.org/abs/2109.09679
https://doi.org/10.1088/1475-7516/2020/07/032
https://doi.org/10.1088/1475-7516/2020/07/032

