
High Quality QCD Axion at Gravitational Wave Observatories

Ricardo Z. Ferreira ,1,* Alessio Notari,2,† Oriol Pujolàs,1,‡ and Fabrizio Rompineve 3,§

1Institut de Física d’Altes Energies (IFAE) and The Barcelona Institute of Science and Technology (BIST),
Campus UAB, 08193 Bellaterra, Barcelona, Spain
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The axion solution to the strong CP problem is delicately sensitive to Peccei-Quinn breaking
contributions that are misaligned with respect to QCD instantons. Heavy QCD axion models are appealing
because they avoid this so-called quality problem. We show that generic realizations of this framework can
be probed by the LIGO-Virgo-KAGRA interferometers, through the stochastic gravitational wave (GW)
signal sourced by the long-lived axionic string-domain wall network and by upcoming measurements of the
neutron and proton electric dipole moments. Additionally, we provide predictions for searches at future
GW observatories, which will further explore the parameter space of heavy QCD axion models.
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Introduction.—A great amount of experimental effort
has been aimed at discovering the QCD axion [1,2], the
pseudo-Goldstone boson of a spontaneously broken axial
U(1) Peccei-Quinn (PQ) symmetry [3,4] that explains the
smallness of CP violation in strong interactions.
While attractive, the PQ mechanism is vulnerable to

possible additional sources of symmetry breaking, generi-
cally misaligned with respect to the axion potential from
QCD instantons. This “quality problem” (originally for-
mulated with various perspectives in [5–11]) is alleviated in
“heavy axion” models (see [6,12–14] for earlier related
work), where a “heavy QCD” sector provides a larger
contribution to the axion potential, aligned with that from
QCD instantons.
Existing realizations of this idea rely on the QCD

coupling becoming strong at high energies [6,15–19]
(see also [20] for a 5D model), a separate confining gauge
group, whose alignment is ensured by unification at high
scales [14,21–23], or by a softly broken Z2 symmetry [24–
26]. When the strong coupling scale ΛH of the heavy sector
is above the QCD scale ΛQCD, the axion mass is larger than
in the standard window, and the cosmological evolution of
the axion field in the early Universe is shifted to higher
energy scales. Despite its appeal, it is not immediately clear
what the signatures of such a scenario are since, generically,
the axion can be very heavy, e.g., above the electroweak

scale, while its interactions remain very weak. (Axion
masses and decay constants around or below the TeV scale
can be probed at colliders, see, e.g., [26–28].) Furthermore,
in contrast to the standard case, a heavy QCD axion can
easily decay in the early Universe and thus leaves no
detectable relic dark matter today.
Nonetheless, in this Letter we show that heavy QCD

axion models can be observationally probed at gravitational
wave (GW) observatories (already at the currently operat-
ing LIGO-Virgo-KAGRA (LVK) [29–31] interferometers),
with the exciting possibility of a correlated signature in
upcoming neutron and proton electric dipole moment
(nEDM, pEDM) measurements [32,33].
GWs are indeed radiated [34] by the network of axionic

topological defects (domain walls, DWs, attached to strings)
[35] (see also [36]), which are abundant in the early Universe
if the PQ symmetry is broken after inflation. In standard QCD
axion models, the network necessarily annihilates while
making up only a very tiny fraction of the energy density
of the Universe, and therefore, the GW signal is too weak to
be detectable [37]. In contrast, the heavy QCD axion network
can carry much more energy because of its larger domain
wall tension. Furthermore, in generic realizations (e.g.,
Dine-Fischler-Srednicki-Zhitnitsky [38,39] and simple gen-
eralizations of Kim–Shifman–Vainshtein–Zakharov models
[40,41]), the network can be long-lived while still avoiding
the overproduction of relics, since radiated axion quanta are
unstable. Annihilation of the network can be triggered by the
misaligned PQ breaking effects that motivate the scenario in
the first place (see [42]). These also induce a small but
potentially observable shift of the QCD vacuum angle.
Our Letter points out a new source of observable

gravitational waves from the dynamics of the QCD axion
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(see, e.g., [43–46] for previous work, unrelated to the axion
quality problem and [47–50] for related scenarios with
axion-like-particles).
The heavy QCD axion.—Heavy QCD axion models are

characterized by an extra contribution to the axion potential
that is larger than and aligned with the contribution from
QCD. The zero temperature potential is

Va ¼ ðκ2QCDΛ4
QCD þ κ2HΛ4

HÞ
�
1 − cos

a
f

�
; ð1Þ

where f is the axion decay constant, ΛQCD;H denote the
strong coupling scale of QCD and the heavy sector,
respectively, and κQCD;H ≤ 1 are prefactors that depend
on details such as the fermionic spectrum. For instance,
QCD gives κQCD ≃ ðmu=ΛQCDÞ1=2 with mu the up quark
mass. In explicit realizations of such scenarios [6,14–
18,20–26], κH ≪ 1 can similarly arise by the presence
of a light quark in the heavy sector. Having QCD
subdominant, the axion mass is dictated by the heavy
sector as

ma ≃ 108 GeV

�
1012 GeV

f

��
ΛH

1010 GeV

�
2

κH: ð2Þ

For our discussion, it is important to recall that gauge
instantons generically break the original U(1) PQ symmetry
to a discrete ZNDW

subgroup, where NDW is a model-
dependent integer number related to the axion coupling to
gluons. Therefore, the periodicity 2πf induced by the
potential (1) can be smaller than the fundamental axion
field range 2πfNDW and the potential Va can feature NDW
degenerate minima. In writing (1), we assumed that the
periodicity induced by the heavy sector coincides with that
of QCD instantons. This appears to be linked to the
requirement of alignment between the two sectors, as is
evidently the case in constructions with aZ2 symmetry [26]
and in simple unification frameworks where standard
model (SM) and heavy sector fermions descend from the
same fundamental representation of a higher-rank gauge
group [18,22]. This feature implies that the low-energy
QCD-induced potential does not lift the degeneracy of the
NDW minima.
Generically, however, we may expect further contri-

butions to the axion potential, misaligned with Va.
Independent of its specific origin, such a contribution
can be written as

Vb ≃ −μ4b cos
�

Nb

NDW

a
f
− δ

�
; ð3Þ

where Nb defines the subgroup ZNb
of the PQ symmetry

which is preserved by (3) and δ is a CP violating phase. In
the absence of tuning, this offset is naturally Oð1Þ and
μb ≪ ΛH is required to solve the strong CP problem. The

low temperature potential is V ¼ Va þ Vb and when
Nb ¼ 1 or is co-prime with NDW, the degeneracy of the
NDW minima is lifted. In particular, the vacuum energy
difference between the global CP preserving minimum
and its nearest neighbor is of the order ΔV ≃ μ4b½1 −
cosð2πNb=NDWÞ� (provided that δ is not too close to
π=NDW). Broadly speaking, (3) can originate at a scale
Λb, such that μb ¼ κ1=2b Λb. Λb ≫ f ≫ ΛH can arise from
uv physics via: nonperturbative effects, κb ∼ e−S=2 (see e.g.,
[51–53]); higher-dimensional operators when the axion is
the phase of a complex scalar field (see e.g., [9]); another
gauge sector with confinement scale Λb and a light fermion
of mass mq, κb ∼ ðmq=ΛbÞ1=2. Λb ≪ ΛH can also arise
from a confining gauge sector. Further details are provided
in the Supplemental Material [54].
Despite its smallness, a contribution from (3) can lead to

potentially observable CP violation. In particular, at low
temperatures one finds

Δθ≡ θ − θQCD ≃ r4
�

Nb

NDW

��
sin δ
κ2H

�
; ð4Þ

where r≡ μb=ΛH. Current bounds from nEDM measure-
ments [61] require Δθ ≲ 10−10. Clearly, (4) shows that
ΛH ≫ ΛQCD makes the PQ mechanism more robust against
misaligned contributions.
In the early Universe, the mass ma and the scale μb

are generally temperature dependent, for instance, in
the standard QCD axion case maðTÞ ≃maðT0=TÞ4 for
T ≥ T0 ≃ 134 MeV and maðTÞ ¼ ma otherwise [62].
Nonetheless, our results are mostly independent of the
detailed temperature dependence.
Axionic defects.—Let us now move to the cosmological

evolution of topological defects, whose history begins at
the PQ symmetry breaking scale ∼NDWf. Our investigation
concerns scenarios where this occurs during radiation
domination after inflation, which will be generic for the
values of f considered in this Letter.
Axionic strings form at T ≲ NDWf and continuously

radiate axion quanta and gravitational waves. In the
absence of significant friction due to the plasma, they
quickly achieve a scaling regime [63,64] (see also [65–69]
for recent updates), with energy density scaling as ρs ¼
λμH2, with λ a Oð1Þ parameter and μ ∼ N2

DWf
2 the string

tension.
This behavior is altered once 3H ≃maðTÞ. This occurs at

a temperature Tosc ≳ ΛH (see the Supplemental Material
[54]) when the axion field, with average initial value
ai=ðNDWfÞ ∼Oð1Þ, starts oscillating in its potential Va
and domain walls form, attached to the strings, with a
tension σ ≃ 8maðTÞf2. At this epoch, two possibilities
arise: (i) whenNDW ¼ 1, the network of topological defects
is rapidly annihilated by string-wall interactions (see, e.g.,
[65]); (ii) when NDW > 1, the network persists because
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multiple domain walls pull each string in different
directions.
In both cases, the tension of the walls is larger than in the

standard QCD axion case by a factor ΛH=ΛQCD ≫ 1. For
NDW > 1, in the absence of significant friction from the
plasma (we show in [54] that this has a minor impact on our
conclusions), the network rapidly achieves a scaling
regime, with its energy density dominated by domain
walls, ρDW ≃ cσH, where c is a Oð1Þ numerical prefactor
(in this regime, Va is normally already temperature inde-
pendent). This scales slower than matter and radiation and
thus the network is potentially dangerous for cosmology
[70]. However, domain wall domination can be generically
avoided in the heavy axion scenario, thanks to the mis-
aligned potential contribution Vb. The resulting vacuum
pressure causes the contraction of the false vacuum regions
and the collapse of the network [36] at a temperature Tann,
which can be estimated by imposing ρDW ≃ ΔV and more
precisely determined via numerical simulations [71]. Here
we focus on the case where Vb is temperature independent
below ΛH, as occurs generically when PQ breaking is due
to physics above ΛH; see the Supplemental Material [54]
for the temperature-dependent case. To set ideas and
simplify expressions, in the following we set Nb ¼ 1
and NDW ¼ 6 as example values, fix numerical prefactors
according to the simulations of [71], and also fix the
number of (entropy) relativistic degrees of freedom at Tann
to the SM value at high temperatures ðg�s;annÞg�;ann ¼
106.75 (see also [54]), although our results are only mildly
affected by these precise choices. We then find

Tann ≃
107 GeVffiffiffiffiffi

κH
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1012 GeV

f

s �
ΛH

1010 GeV

��
r

0.005

�
2

; ð5Þ

showing that for r ≪ 1 network annihilation is significant
delayed.
At (5) the network collapses and its energy density is

transferred mostly to mildly relativistic axion quanta (see,
e.g., [65,71]). In contrast to the standard QCD axion case,
in the heavy axion scenario these relics can efficiently
decay to SM gluons, above the QCD phase transition (PT)
and to photons and/or fermions, above and below the QCD
PT, depending on the specific axion model. Focusing on the
decay to gluons, since ma ≫ GeV in most of the parameter
space of interest [72], we find that decay is efficient below
the temperature

Ta→gg ≃ 107 GeVαs

� ffiffiffiffiffi
κH

p ΛH

1010 GeV

�
3
�
1012 GeV

f

�5
2 ð6Þ

obtained by setting Γa→gg ≃H (see [54]). This temperature
can be larger than Tann for r≲ 0.001 and/or f ≲ 1012 GeV.
Therefore, axion relics from the network will, in general,
decay immediately.

Crucially, however, the string-wall network can source a
significant relic abundance of gravitational waves [73–79].
The simple quadrupole estimate for their energy den-
sity ρGWðTannÞ ∼ c2σ2=ð32πM2

pÞ has been confirmed by
numerical simulations [79] (see also [37]). Assuming a
standard radiation-dominated cosmological history after
domain wall annihilation, one finds that the relic abundance
of gravitational waves today is

ΩGWh2 ≃ 0.01ðΩ0
radh

2Þϵ̃
�
ρDW
ρrad

�
2

T¼Tann

; ð7Þ

where ϵ̃ ≃ 0.1–1 is a numerical efficiency factor [79] and
ρrad and Ωradh2 ≃ 4 × 10−5 are the energy density and relic
abundance of radiation today, respectively. The formula
above shows that when the network makes up ≳Oð5%Þ
fraction of the energy density of the Universe at annihi-
lation, its gravitational wave signal is detectable by present
interferometers, i.e., ΩGWh2 ∼ 10−9. This fraction at the
annihilation temperature reads

ρDW
ρrad

����
T¼Tann

≃ 0.1κ2H

�
f

1011 GeV

�
2
�
0.003
r

�
4

; ð8Þ

for our example choice Nb ¼ 1, NDW ¼ 6.
The GW signal is peaked at a frequency corresponding to

H at annihilation (see, e.g., [37]). Redshifted to today,

ωpeak ≃
5 Hzffiffiffiffiffi
κH

p
�

r
0.005

�
2
�

ΛH

1010 GeV

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1011 GeV

f

s
: ð9Þ

According to (7)–(9), the signal from a heavy axion with
f ≲ 1011 GeV, ΛH ≳ 1010 GeV, and r≳ 10−3 sits right in
the reach of the LVK interferometers [80,81].
The GW spectrum away from the peak frequency [37]

decreases as ω3 for ω < ωpeak, whereas for ω > ωpeak it
behaves as ∼ω−1, until a cutoff frequency corresponding to
the domain wall width. However, further numerical simu-
lations are required to understand the precise behavior of
the spectrum around the peak frequency.
Predictions.—Although the NDW ¼ 1 case does not

leave observable GW signals (see the Supplemental
Material [54]) due to the quick decay of the network,
the situation is radically different for NDW > 1, where
network annihilation is delayed. To simplify the presen-
tation, we fix Nb ¼ 1, NDW ¼ 6, κH ¼ 1, and g�;ann ¼
g�s;ann ¼ 106.75 (see [54] for the case κH ≪ 1), and δ ¼ 0.3
and present results varying ΛH, r≡ μb=ΛH, and f.
According to (4), r can then be traded for Δθ.
We first present results for large values of ΛH,

which maximally reduce the sensitivity to misaligned
contributions.
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We consider Vb to be temperature independent at T ≲
ΛH and ΛH to have a QCD-like temperature behavior (see
also [54]).
Fixing ΛH ¼ 1010 GeV as a representative example, we

show values of r and f that can be probed by gravitational
wave observatories (dashed contours), together with con-
straints (solid contours), in Fig. 1. In the lower right half,
the string-wall network dominates before annihilation.
While this region might not be completely ruled out,
annihilation of the network in this case would require a
dedicated study. In the upper part of the parameter space,
the PQ solution is spoiled, i.e., Δθ ≳ 10−10 [61]. In the
dark-blue-shaded region, the GW signal is incompatible
with the latest 2σ upper bound from LIGO-Virgo (LV) [82],
and this corresponds to the region close to DW domination.
The dashed blue contours bound regions where the GW
signal is detectable at the design sensitivity of LVK and
Einstein Telescope (ET), respectively. The change of slope
in the GW regions arises because of an intermediate phase
of matter domination driven by the axions produced by the
string-wall annihilation. This occurs at small decay temper-
atures (6), corresponding to the right half of the figure.
Very interestingly, we find that a significant fraction of

these GW-observable regions also predicts a detectable
nEDM (and/or pEDM) in the near future [32,84,85], i.e.,
Δθ ≳ 10−12 (Δθ ≳ 10−14) (above the dot-dashed and dotted
gray contours, respectively). Motivated by the exciting

possibility of a combined heavy axion discovery via nEDM
experiments and GWobservatories, we fix Δθ ¼ 8 × 10−13

and broaden our analysis to different values of ΛH in Fig. 2.
We find that anyΛH ≳ 106 GeV leads to a GW signal in the
foreseen reach of future ground [design LVK, ET, Cosmic
Explorer (CE)] and space-based interferometers [Laser
Interferometer Space Antenna (LISA) [86,87], Decihertz
Interferometer Gravitational Wave Observatory (DECIGO)
[88,89]]. The lower right corner in the figure is strongly
constrained by the slow decay of axion quanta and a phase
of matter domination which spoils big bang nucleosynthe-
sis. As in Fig. 1, the change of slope in the GW contours is
due to an intermediate phase of matter domination, in the
lower right part of the figure.
Values of ΛH smaller than 106 GeV can also lead to

viable cosmologies, observable GWs, and detectable
nEDM and/or pEDM, if the potential Vb is temperature
dependent below ΛH, see [54].
Finally, let us mention that, for ΛH ≲ 1010 GeV, LVK

are expected to probe the high frequency tail of the GW
signal (∼ω−1), ET can investigate the peak, and LISA can
probe the low frequency tail (∼ω3). Full GW spectra for
some representative choices of parameters are shown
in Fig. 3.
A caveat is in order before our conclusions: the para-

meter space shown in Figs. 1 and 2 is further constrained if
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−12

−14

FIG. 1. Regions of parameter space that can be probed by GW
and/or nEDM experiments, for ΛH ¼ 1010 GeV and κH ¼ 1.
Constraints are also shown, as dark-shaded regions, from domain
wall domination (lower right corner), nEDM [61] (upper part),
LIGO-Virgo O3 run [82] (dark-blue shaded). Dashed contours
bound regions probed by LVK at design sensitivity and ET
(sensitivity curves taken from [83]). The gray-shaded region will
be also probed by neutron [84] (dot-dashed line) and pEDM [85]
measurements.
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FIG. 2. Regions of parameter space detectable at GW obser-
vatories, fixing θ ¼ 8 × 10−13 according to upcoming nEDM
measurements [84] and κH ¼ 1. Same description and color code
as in Fig. 1, with the addition of CE, LISA, and DECIGO’s
sensitivity curves (dot-dashed lines, taken from [83]) and two
constraints (dark-shaded regions) corresponding to axion decays
below 10 MeV (lower right corner) and to ΛH > f (upper left
corner).
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Vb arises from dimension-five (and to a less relevant extent
from dimension-six) operators with large coefficients.
While we discuss this quantitatively in the Supplemental
Material [54], we note here that a large region of parameter
space remains unaffected if such operators originate from
nonperturbative effects (as can be expected if they are due
to gravity, see, e.g., [7,52,90]).
Conclusions.—Heavy QCD axion models can feature a

long-lived network of topological defects. The main find-
ing of this Letter is that these models predict (i) a stochastic
gravitational wave signal measurable by the design LVK
interferometers in a large region of parameter space (further
broadened by ET and CE, with the possibility of correlated
signals also at LISA and DECIGO) and (ii) a nEDM and/or
pEDM measurable in the near future, when (a) the new
heavy QCD scale is large, i.e., ΛH ≳ 1010 GeV, thus
making the PQ mechanism more robust, and (b) misaligned
PQ breaking terms that motivate these models in the first
place are not strongly suppressed.
Furthermore, we showed that combined GW (at LISA

and DECIGO) and nEDM and pEDM signatures also arise
for 106 ≲ ΛH ≲ 1010 GeV.
Our results do not strongly depend on the specific heavy

QCD axion model, as long as its potential has approxi-
mately degenerate minima.
We necessarily left several interesting points for future

work. First, in order to precisely characterize the GW
signal, numerical simulations of axionic string-wall net-
works beyond the current literature, possibly including
friction and plasma effects, are crucial [71].
Second, we left unspecified the particle content and

properties of the heavy QCD and of the misaligned PQ
breaking sectors. However, these sectors may contain dark
matter candidates (see, e.g., [91]) or light states that can

contribute to the number of extra relativistic degrees of
freedom, ΔNeff [92,93].
Furthermore, it is interesting to understand whether the

collapse of the network of topological defects may also lead
to a significant fraction of primordial black holes, in a
scaled-up version of the mechanism proposed in [94].
Finally, a more complete exploration of the parameter

space of heavy axion models may lead to further interesting
signatures. For instance, GWs of very low frequency may
arise for misaligned sectors lighter than QCD and may
provide a new explanation for recent NANOGrav obser-
vations [95]. An investigation of all these aspects is
ongoing [96].
Our work is relevant for the ongoing effort to probe

well-motivated regions in the parameter space of the PQ
mechanism. Guided by the theoretical pursuit of “higher
quality” models, we suggest that gravitational wave inter-
ferometers and nEDM/pEDM experiments may be the right
laboratories to discover the heavy QCD axion.
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Peccei-Quinn phase transition at LIGO, J. High Energy
Phys. 04 (2020) 195.

[44] L. Delle Rose, G. Panico, M. Redi, and A. Tesi, Gravita-
tional waves from supercool axions, J. High Energy Phys.
04 (2020) 025.

[45] N. Ramberg and L. Visinelli, Probing the early Universe
with axion physics and gravitational waves, Phys. Rev. D
99, 123513 (2019).

[46] N. Ramberg and L. Visinelli, QCD axion and gravitational
waves in light of NANOGrav results, Phys. Rev. D 103,
063031 (2021).

[47] R. Daido, N. Kitajima, and F. Takahashi, Axion domain wall
baryogenesis, J. Cosmol. Astropart. Phys. 07 (2015) 046.

[48] T. Higaki, K. S. Jeong, N. Kitajima, T. Sekiguchi, and F.
Takahashi, Topological defects and nano-Hz gravitational
waves in aligned axion models, J. High Energy Phys. 08
(2016) 044.

[49] C.-W. Chiang and B.-Q. Lu, Testing clockwork axion with
gravitational waves, J. Cosmol. Astropart. Phys. 05 (2021)
049.

[50] G. B. Gelmini, A. Simpson, and E. Vitagliano, Gravitational
waves from axionlike particle cosmic string-wall networks,
Phys. Rev. D 104, L061301 (2021).

[51] G. Dvali, Three-form gauging of axion symmetries and
gravity, arXiv:hep-th/0507215.

[52] P. Svrcek and E. Witten, Axions in string theory, J. High
Energy Phys. 06 (2006) 051.

PHYSICAL REVIEW LETTERS 128, 141101 (2022)

141101-6

https://doi.org/10.1016/0370-2693(92)90491-L
https://doi.org/10.1016/0370-2693(92)90491-L
https://doi.org/10.1016/0370-2693(92)90492-M
https://doi.org/10.1016/0370-2693(92)90492-M
https://doi.org/10.1103/PhysRevD.46.539
https://doi.org/10.1016/0370-2693(92)90019-Z
https://doi.org/10.1016/0370-2693(78)90684-6
https://doi.org/10.1016/0370-2693(79)91233-4
https://doi.org/10.1103/PhysRevLett.47.1035
https://doi.org/10.1016/0370-2693(85)90371-5
https://doi.org/10.1016/0550-3213(87)90089-7
https://doi.org/10.1016/0550-3213(87)90089-7
https://doi.org/10.1103/PhysRevD.59.072001
https://doi.org/10.1103/PhysRevD.59.072001
https://doi.org/10.1007/JHEP12(2018)029
https://doi.org/10.1007/JHEP07(2021)078
https://doi.org/10.1007/JHEP07(2021)078
https://doi.org/10.1007/JHEP03(2020)063
https://doi.org/10.1007/JHEP03(2020)063
https://doi.org/10.1134/1.567390
https://doi.org/10.1134/1.567390
https://doi.org/10.1103/PhysRevD.93.115010
https://doi.org/10.1103/PhysRevD.93.115010
https://doi.org/10.1007/JHEP12(2020)094
https://doi.org/10.1007/JHEP12(2020)094
https://doi.org/10.1016/S0370-2693(00)01392-7
https://doi.org/10.1007/JHEP11(2016)052
https://doi.org/10.1007/JHEP11(2016)052
https://doi.org/10.1103/PhysRevLett.124.221801
https://doi.org/10.1103/PhysRevLett.124.221801
https://doi.org/10.1140/epjc/s10052-019-6587-9
https://doi.org/10.1140/epjc/s10052-019-6587-9
https://doi.org/10.1103/PhysRevD.104.055036
https://doi.org/10.1088/0264-9381/32/11/115012
https://doi.org/10.1088/0264-9381/32/2/024001
https://doi.org/10.1038/s41550-018-0658-y
https://doi.org/10.1038/s41550-018-0658-y
https://doi.org/10.1051/epjconf/201921902002
https://arXiv.org/abs/1810.03718
https://doi.org/10.1103/PhysRevLett.77.2879
https://doi.org/10.1103/PhysRevLett.77.2879
https://doi.org/10.1103/PhysRevLett.48.1867
https://doi.org/10.1103/PhysRevLett.48.1156
https://doi.org/10.1088/1475-7516/2013/01/001
https://doi.org/10.1088/1475-7516/2013/01/001
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1103/PhysRevD.27.332
https://doi.org/10.1103/PhysRevD.27.332
https://doi.org/10.1007/JHEP04(2020)195
https://doi.org/10.1007/JHEP04(2020)195
https://doi.org/10.1007/JHEP04(2020)025
https://doi.org/10.1007/JHEP04(2020)025
https://doi.org/10.1103/PhysRevD.99.123513
https://doi.org/10.1103/PhysRevD.99.123513
https://doi.org/10.1103/PhysRevD.103.063031
https://doi.org/10.1103/PhysRevD.103.063031
https://doi.org/10.1088/1475-7516/2015/07/046
https://doi.org/10.1007/JHEP08(2016)044
https://doi.org/10.1007/JHEP08(2016)044
https://doi.org/10.1088/1475-7516/2021/05/049
https://doi.org/10.1088/1475-7516/2021/05/049
https://doi.org/10.1103/PhysRevD.104.L061301
https://arXiv.org/abs/hep-th/0507215
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1088/1126-6708/2006/06/051


[53] A. Hebecker, T. Mikhail, and P. Soler, Euclidean worm-
holes, baby universes, and their impact on particle physics
and cosmology, Front. Astron. Space Sci. 5, 35 (2018).

[54] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.128.141101 for further
details on network evolution, temperature dependent Vb,
friction effects, and the additional constraints from mis-
aligned dimension-five and -six operators, which includes
Refs. [55–60].

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

[56] L. Hui, J. P. Ostriker, S. Tremaine, and E. Witten, Ultralight
scalars as cosmological dark matter, Phys. Rev. D 95,
043541 (2017).

[57] D. J. Gross, R. D. Pisarski, and L. G. Yaffe, QCD and
instantons at finite temperature, Rev. Mod. Phys. 53, 43
(1981).

[58] P. A. Zyla et al. (Particle Data Group), Review of Particle
Physics, Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

[59] A. E. Everett, Observational consequences of a
“domain” structure of the Universe, Phys. Rev. D 10,
3161 (1974).

[60] K. Nakayama, F. Takahashi, and N. Yokozaki, Gravitational
waves from domain walls and their implications, Phys. Lett.
B 770, 500 (2017).

[61] C. Abel et al. (nEDM Collaboration), Measurement of the
Permanent Electric Dipole Moment of the Neutron, Phys.
Rev. Lett. 124, 081803 (2020).

[62] S. Borsanyi et al., Calculation of the axion mass based on
high-temperature lattice quantum chromodynamics, Nature
(London) 539, 69 (2016).

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

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

[65] A. Vilenkin and E. P. S. Shellard, Cosmic Strings and
Other Topological Defects (Cambridge University Press,
Cambridge, England, 2000), p. 7.

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

[67] M. Hindmarsh, J. Lizarraga, A. Lopez-Eiguren, and J.
Urrestilla, Scaling Density of Axion Strings, Phys. Rev.
Lett. 124, 021301 (2020).

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

[69] M. Hindmarsh, J. Lizarraga, A. Lopez-Eiguren, and J.
Urrestilla, Approach to scaling in axion string networks,
Phys. Rev. D 103, 103534 (2021).

[70] Y. B. Zeldovich, I. Y. Kobzarev, and L. B. Okun, Cosmo-
logical consequences of the spontaneous breakdown of
discrete symmetry, Zh. Eksp. Teor. Fiz. 67, 3 (1974).

[71] M. Kawasaki, K. Saikawa, and T. Sekiguchi, Axion dark
matter from topological defects, Phys. Rev. D 91, 065014
(2015).

[72] D. Aloni, Y. Soreq, and M. Williams, Coupling QCD-Scale
Axionlike Particles to Gluons, Phys. Rev. Lett. 123, 031803
(2019).

[73] A. Vilenkin, Gravitational field of vacuum domain walls and
strings, Phys. Rev. D 23, 852 (1981).

[74] J. Preskill, S. P. Trivedi, F. Wilczek, and M. B. Wise,
Cosmology and broken discrete symmetry, Nucl. Phys.
B363, 207 (1991).

[75] S. Chang, C. Hagmann, and P. Sikivie, Studies of the motion
and decay of axion walls bounded by strings, Phys. Rev. D
59, 023505 (1998).

[76] M.Gleiser andR. Roberts, GravitationalWaves fromCollap-
sing Vacuum Domains, Phys. Rev. Lett. 81, 5497 (1998).

[77] T. Hiramatsu, M. Kawasaki, and K. Saikawa, Gravitational
waves from collapsing domain walls, J. Cosmol. Astropart.
Phys. 05 (2010) 032.

[78] M. Kawasaki and K. Saikawa, Study of gravitational
radiation from cosmic domain walls, J. Cosmol. Astropart.
Phys. 09 (2011) 008.

[79] T. Hiramatsu, M. Kawasaki, and K. Saikawa, On the
estimation of gravitational wave spectrum from cosmic
domain walls, J. Cosmol. Astropart. Phys. 02 (2014) 031.

[80] L. Barsotti, P. Fritschel, M. Evans, and G. Slawomir (LIGO
Scientific Collaboration), Updated Advanced LIGO sensi-
tivity design curve, https://dcc.ligo.org/LIGO-T1800044/
public.

[81] C. Berry, B. O’Reilly, M. Razzano, S. Fairhurst, and P.
Sutton (LIGO Scientific Collaboration), Updated advanced
LIGO sensitivity design curve, https://dcc.ligo.org/LIGO-
P1200087-v47/public.

[82] R. Abbott et al. (LIGO Scientific, Virgo, KAGRA
Collaborations), Upper limits on the isotropic gravita-
tional-wave background from Advanced LIGO’s and
Advanced Virgo’s third observing run, Phys. Rev. D 104,
022004 (2021).

[83] K. Schmitz, New sensitivity curves for gravitational-wave
signals from cosmological phase transitions, J. High Energy
Phys. 01 (2021) 097.

[84] M.W. Ahmed et al. (nEDM Collaboration), A new cryo-
genic apparatus to search for the neutron electric dipole
moment, J. Instrum. 14, P11017 (2019).

[85] Z. Omarov, H. Davoudiasl, S. Haciomeroglu, V. Lebedev,
W.M. Morse, Y. K. Semertzidis, A. J. Silenko, E. J.
Stephenson, and R. Suleiman, Comprehensive symmetric-
hybrid ring design for pEDM experiment at below
10−29 e · cm, Phys. Rev. D 105, 032001 (2022).

[86] P. Amaro-Seoane et al. (LISA Collaboration), Laser inter-
ferometer space antenna, arXiv:1702.00786.

[87] J. Baker et al., The laser interferometer space antenna:
Unveiling the millihertz gravitational wave sky, arXiv:
1907.06482.

[88] K. Yagi and N. Seto, Detector configuration of DECIGO/
BBO and identification of cosmological neutron-star bina-
ries, Phys. Rev. D 83, 044011 (2011); 95, 109901(E) (2017).

[89] S. Isoyama, H. Nakano, and T. Nakamura, Multiband
gravitational-wave astronomy: Observing binary inspirals
with a decihertz detector, B-DECIGO, Prog. Theor. Exp.
Phys. 2018, 073E01 (2018).

[90] R. Kallosh, A. D. Linde, D. A. Linde, and L. Susskind,
Gravity and global symmetries, Phys. Rev. D 52, 912 (1995).

[91] R. Garani, M. Redi, and A. Tesi, Dark QCD matters, J. High
Energy Phys. 12 (2021) 139.

[92] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020).

PHYSICAL REVIEW LETTERS 128, 141101 (2022)

141101-7

https://doi.org/10.3389/fspas.2018.00035
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.141101
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.141101
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.141101
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.141101
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.141101
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.141101
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.141101
https://doi.org/10.1016/S0550-3213(97)00413-6
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1103/RevModPhys.53.43
https://doi.org/10.1103/RevModPhys.53.43
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.10.3161
https://doi.org/10.1103/PhysRevD.10.3161
https://doi.org/10.1016/j.physletb.2017.05.010
https://doi.org/10.1016/j.physletb.2017.05.010
https://doi.org/10.1103/PhysRevLett.124.081803
https://doi.org/10.1103/PhysRevLett.124.081803
https://doi.org/10.1038/nature20115
https://doi.org/10.1038/nature20115
https://doi.org/10.1088/0305-4470/9/8/029
https://doi.org/10.1016/0370-1573(80)90091-5
https://doi.org/10.1007/JHEP07(2018)151
https://doi.org/10.1007/JHEP07(2018)151
https://doi.org/10.1103/PhysRevLett.124.021301
https://doi.org/10.1103/PhysRevLett.124.021301
https://doi.org/10.21468/SciPostPhys.10.2.050
https://doi.org/10.1103/PhysRevD.103.103534
https://doi.org/10.1103/PhysRevD.91.065014
https://doi.org/10.1103/PhysRevD.91.065014
https://doi.org/10.1103/PhysRevLett.123.031803
https://doi.org/10.1103/PhysRevLett.123.031803
https://doi.org/10.1103/PhysRevD.23.852
https://doi.org/10.1016/0550-3213(91)90241-O
https://doi.org/10.1016/0550-3213(91)90241-O
https://doi.org/10.1103/PhysRevD.59.023505
https://doi.org/10.1103/PhysRevD.59.023505
https://doi.org/10.1103/PhysRevLett.81.5497
https://doi.org/10.1088/1475-7516/2010/05/032
https://doi.org/10.1088/1475-7516/2010/05/032
https://doi.org/10.1088/1475-7516/2011/09/008
https://doi.org/10.1088/1475-7516/2011/09/008
https://doi.org/10.1088/1475-7516/2014/02/031
https://dcc.ligo.org/LIGO-T1800044/public
https://dcc.ligo.org/LIGO-T1800044/public
https://dcc.ligo.org/LIGO-T1800044/public
https://dcc.ligo.org/LIGO-T1800044/public
https://dcc.ligo.org/LIGO-P1200087-v47/public
https://dcc.ligo.org/LIGO-P1200087-v47/public
https://dcc.ligo.org/LIGO-P1200087-v47/public
https://dcc.ligo.org/LIGO-P1200087-v47/public
https://doi.org/10.1103/PhysRevD.104.022004
https://doi.org/10.1103/PhysRevD.104.022004
https://doi.org/10.1007/JHEP01(2021)097
https://doi.org/10.1007/JHEP01(2021)097
https://doi.org/10.1088/1748-0221/14/11/P11017
https://doi.org/10.1103/PhysRevD.105.032001
https://arXiv.org/abs/1702.00786
https://arXiv.org/abs/1907.06482
https://arXiv.org/abs/1907.06482
https://doi.org/10.1103/PhysRevD.83.044011
https://doi.org/10.1103/PhysRevD.95.109901
https://doi.org/10.1093/ptep/pty078
https://doi.org/10.1093/ptep/pty078
https://doi.org/10.1103/PhysRevD.52.912
https://doi.org/10.1007/JHEP12(2021)139
https://doi.org/10.1007/JHEP12(2021)139
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910


[93] K. N. Abazajian et al. (CMB-S4 Collaboration), CMB-S4
Science Book, First Edition, arXiv:1610.02743.

[94] F. Ferrer, E. Masso, G. Panico, O. Pujolas, and F.
Rompineve, Primordial Black Holes from the QCD Axion,
Phys. Rev. Lett. 122, 101301 (2019).

[95] Z. Arzoumanian et al. (NANOGrav Collaboration), The
NANOGrav 12.5 yr Data Set: Search for an isotropic
stochastic gravitational-wave background, Astrophys. J.
Lett. 905, L34 (2020).

[96] R. Z. Ferreira, A. Notari, O. Pujolas, and F. Rompineve (to
be published).

PHYSICAL REVIEW LETTERS 128, 141101 (2022)

141101-8

https://arXiv.org/abs/1610.02743
https://doi.org/10.1103/PhysRevLett.122.101301
https://doi.org/10.3847/2041-8213/abd401
https://doi.org/10.3847/2041-8213/abd401

