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Abstract

The companion-axion model introduces a second QCD axion to rescue the Peccei-Quinn so-
lution to the strong-CP problem from the effects of colored gravitational instantons. As in
single-axion models, the two axions predicted by the companion-axion model are attractive
candidates for dark matter. The model is defined by two free parameters, the scales of the
two axions’ symmetry breaking, so we can classify production scenarios in terms of the rela-
tive sizes of these two scales with respect to the scale of inflation. We study the cosmological
production of companion-axion dark matter in order to predict windows of preferred axion
masses, and calculate the relative abundances of the two particles. Additionally, we show
that the presence of a second axion solves the cosmological domain wall problem automati-
cally in the scenarios in which one or both of the axions are post-inflationary. We also suggest
unique cosmological signatures of the companion-axion model, such as the production of a
∼10 nHz gravitational wave background, and ∼ 100M� primordial black holes.
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1 Introduction

The axion is a pseudo-Nambu-Goldstone boson that emerges in theories incorporating the Peccei-
Quinn (PQ) solution to the strong CP problem [1–8]. Interestingly, phenomenologically viable
axions can also comprise some or all of the observed dark matter (DM) [9–13].

In recent articles [14, 15], we argued that a genuine solution to the strong CP problem may
require an additional ‘companion’ axion—the key reason being that additional CP-violation is in-
duced in the Standard Model by charged gravitational instantons, thereby invalidating the original
PQ solution [16]. Specifically, it has long been known that electrically charged Eguchi-Hanson
gravitational instantons exist [17, 18], but lead to insufficiently small CP-violation to affect the
axion solution [19]. However, there are also non-Abelian Eguchi-Hanson instantons [20]. The
contribution of these instantons was computed in Ref. [14], and it was found that there was a pro-
found impact on the axion potential. Specifically, the effective axion potential gains a second term
in the presence of this additional PQ breaking:

V (a) = −2K cos

(
N
a

fa
+ θ

)
− 2κK cos

(
Ng

a

fa
+ θg

)
, (1)

where N and Ng are the respective anomaly coefficients, fa is the usual symmetry breaking scale,
and θ, θg ∈ [0, 2π) are the CP-violating terms associated to QCD instantons and to the colored
Eguchi-Hanson instantons respectively—just as in the standard axion case, these parameters would
be expected to be O(1), unless there is a source of additional fine-tuning which would allow them
to sit near the extrema of their allowed range. We define the standardK = mumd

(mu+md)
m2
πf

2
π , coming

from QCD instantons, and the new parameter κ gives the relative strength of the new contribution.
In Ref [14] this was estimated to be κ ∼ 0.04−0.6 for gravitational instantons, obtained using the
value of the strong coupling constant in the minimal substruction scheme [21]. It is interesting to
note that the impact of these colored-gravity instantons do not only affect the strong-CP problem at
the Planck scale. This was discussed in depth in Ref. [19] for the case of charged Eguchi-Hanson
instantons, and then developed for the QCD-Eguchi-Hanson case in Ref. [14].

With this new potential, it is clear that a single axion can no longer solve the strong-CP prob-
lem, since the axion can no longer naturally obtain a minimum in this potential which cancels
out the independent instanton contributions. This issue can be resolved by extending the original
U(1)PQ symmetry to U(1)PQ × U(1)′PQ. Both of the U(1) subgroups carry mixed U(1)-QCD
and gravitational anomalies and are spontaneously broken at scales fa and f ′a respectively. Con-
sequently, two pseudo-Goldstone axions are predicted in the low-energy spectrum of the theory,
and the natural minimum of the potential is now able to account for both separate instanton con-
tributions.

Two-axion theories are indeed well studied [22–27], mainly inspired by string axiverse sce-
narios [28–37] which differ from our construction. Phenomenologically, two-axion theories have
been proposed in the context of inflation [38, 39], to enhance [40] or suppress [41–43] Standard
Model couplings, and even to explain the astronomically observed keV X-ray line [44]. In gen-
eral, the setup of our model—in which two coupled axions are required to simultaneously solve the
strong-CP problem—leads to a differently restrained parameter space and new phenomenology.

Just like the standard QCD axion, the two companion axions should also be considered viable
DM candidates. In this article, we study their production in the early universe by classifying
several different cosmological scenarios in analogy to past literature on single-axion cosmology
(see e.g. [45–50] and references therein). In principle, one could envisage three distinct scenarios:
(i) both PQ phase transitions occur before/during inflation and hence both axions are produced
through the misalignment mechanism [9–11] with two unknown but fixed initial angles; (ii) the
lighter axion is produced before inflation, while the second PQ transition occurs after inflation and
the corresponding heavier axion is produced with a predictable distribution of angles; (iii) both
axions are produced after inflation (or inflation never occurs), leading to a single predictable DM
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abundance from misalignment, but a potentially complicated network of topological defects.
The misalignment mechanism for the companion axion model is more involved than for con-

ventional models, with potentially richer ensuing dynamics. Another rather generic implication is
that any axion domain walls produced in post-inflationary scenarios are automatically unstable—
removing the need for ad hoc PQ symmetry breaking terms. As we will show, the dynamics of
these unstable walls in the early universe results in the production of gravitational waves (GWs)
(see also [51–56]) and primordial black holes (see also [57, 58]), potentially providing further
signatures of the companion axion model, complementary to laboratory searches [15].

––
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Figure 1: The companion axion parameter space (fa, ε), showing the range of parame-
ters for which the two axions represent viable DM candidates. The two panels show the
preferred regions for our three cosmological scenarios, where the color scale encodes the
fraction of DM comprised of the lighter axion (a2). Case I (left panel, colored region)
is when both axions are pre-inflationary. Case II (right-panel, colored region) is when
just fa is post-inflationary, and Case III (right-panel, white line) is when both axions are
post-inflationary. Assuming the two axions couple to the photon, then the region colored
in red is excluded by ADMX [59–63] (see [15] for more details). In Case III specifically
we can also predict a region of parameter space (shown in purple) whenm1,2 ∼ 10−9 eV
which could be probed in the future by SKA via the stochastic gravitational wave back-
ground generated by the collapsing domain walls.

2 Companion-Axion model

We consider a U(1)PQ × U(1)′PQ extension of the original PQ symmetry. Once spontaneously
broken, this results in two pseudo-Goldstone axions with the following potential:

V (a, a′) =−K cos

(
N
a

fa
+N ′

a′

f ′a
+ θ

)
− κK cos

(
Ng

a

fa
+N ′g

a′

f ′a
+ θg

)
, (2)

where K ' (75.6 MeV)4 [64] and κ ∼ 0.04–0.6 [14]. The lowest energy state is realized for the
axion field expectation values that cancel out both CP-violating terms, leading to the constraint
NN ′g 6= N ′Ng [15]. The two axion states a and a′ are mixed through the interactions in the
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potential and the corresponding mass eigenstates are,

a1 = a cosα− a′ sinα ,
a2 = a sinα+ a′ cosα , (3)

where α is the mixing angle. Following [15], we will often refer to two regimes: a hierarchical
regime, fa � f ′a; and a strong mixing regime, fa ≈ f ′a. The a1 axion reproduces the standard
QCD axion, up to O(1) differences related to the anomaly coefficients, while the second axion’s
mass can be significantly lighter:

m2
1 ∼ 2K/f2a , m2

2 ∼ κε2m2
1, (4)

where ε ≡ fa/f
′
a. For concreteness, in our numerical results we adopt {N,N ′, Ng, N

′
g} =

{3, 1/2, 13/2, 3/2} and κ = 0.04. Alternative choices result only in minor quantitative differ-
ences.

3 Dark matter

We begin by estimating the relative DM abundances in the two axions generated via the mis-
alignment mechanism. We ignore for the moment axion production due to the string-domain wall
network that forms in the post-inflation PQ breaking scenario, since this already demands a full
numerical treatment in the single-axion case (see for example [65–72] for recent activity in this
area). There are three possible scenarios for companion-axion misalignment:

(I) Both PQ symmetries are broken before the end of inflation (i.e. both axions are “pre-
inflationary”)

(II) The a′ symmetry is broken before the end of inflation, while a is post-inflationary.
(III) Both axions are post-inflationary1.

The basic idea of the misalignment mechanism involves each of the axion fields rolling down
their shared potential from some initial values misaligned from 0 by some θ1,2 ∈ [−π, π]. When
m1,2(t) & 3H(t), the fields begin to oscillate around the CP-conserving minimum. The energy
density stored in the zero-modes of the axion fields can then be interpreted as cold DM, with
abundances proportional to the square of those initial angles.

We will always attempt to satisfy the restriction that the abundance in the two axions neither
exceeds nor falls short of the observed DM abundance Ωdmh

2 = 0.12 [73]. As in the single-axion
model, this will mean that only certain values of θ1,2 result in the correct abundance, but not all
of the scenarios offer the freedom to choose θ1,2. Rather, the possible values depend upon the
ordering of the various cosmological epochs:

(I) Both θ1,2 could plausibly take any value from −π to π, and the field would take on a single
value within the horizon after inflation.

(II) θ2 can take any single value, but θ1 takes on different values in different causal patches,
leading to an ensemble of values all entering the horizon as the Universe expands. The
relevant angle to use when calculating the abundance is then the stochastic average θ1 ≡√
〈θ2〉 = π/

√
3.

(III) We use the average θ1,2 = π/
√

3 for both angles.

Usually an anthropic argument can be made in the pre-inflationary case for the angle to be tuned
arbitrarily close to ±π to maximize the DM abundance, or towards 0 to limit it. If we prefer
to avoid any such fine-tuning we can introduce a small parameter δ and define a “natural” pre-
inflationary window for angles |θ1,2| ∈ [δ, π − δ]. We will take δ = 0.1 for display purposes in
Fig. 1, but the cutoff is arbitrary.

1This case also trivially corresponds to non-inflationary cosmology.
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The abundance of DM can be found from the zero-mode evolution of the two axion fields,
described by a linearized system of coupled oscillators:

∂2t a+
3

2t
∂ta+M11a+M12a

′ = 0 ,

∂2t a
′ +

3

2t
∂ta
′ +M22a

′ +M21a = 0 ,

(5)

where Mij are elements of the thermally corrected axion mass matrix, and the Hubble damping
term is evaluated for a radiation dominated Universe, H = 1/2t. For simplicity, we work in the
linear (harmonic) approximation and ignore non-linear terms present in the full potential [46, 74–
77].2

When ε� 1, we expect the lighter axion to substantially dominate the final abundance due to
the hierarchy f ′a � fa. The mass matrix in this limit is,

M = m2
1(T )

(
1 −ε2
−ε2 κε2

)
+O(ε4) (6)

where for the heavier mass we have adopted the standard thermal axion mass calculation from [47],

m2
1(T ) = min

[
m2

1,m
2
1

(
T̃

T

)n]
, (7)

with n = 6.68 and T̃ = 103 MeV [47]. We obtained the thermal mass matrix Eq.(6) by simply
elaborating on the calculation of the topological susceptibility for QCD instantons. We stress that
an explicit calculation of this quantity for colored gravitational instantons is needed, though this
is beyond the scope of the present work.

Since the time dependence has been factored out in Eq.(6), we can decouple the system of
equations (5) by working in the mass basis a1,2:

∂2t a1 +
3

2t
∂ta1 +m2

1(T )a1 = 0 ,

∂2t a2 +
3

2t
∂ta2 + κε2m2

1(T )a2 = 0 .

(8)

We define t1 (T1) as the time (temperature) at which the zero-mode of heavier axion a1 starts
oscillating due to the presence of the mass term in Eq.(8); and t2 (T2) for the lighter axion. This
happens when m1(T1) = 3H(T1) and m2(T2) = 3H(T2) respectively, where

T1 =

(
m1MP

√
90

24π2
√
g1∗

) 2
n+4

T̃
n

n+4 , (9)

with g1∗ the relativistic degrees of freedom at T1 and MPl ' 1.2 × 1019 GeV. This is a general
definition valid for any ε, but in the hierarchical regime of our model (when ε� 1) the temperature
at the onset of oscillations for the lighter axion is smaller by a factor T2/T1 ∼ (κε2)1/(n+4). When
m1 ∼ µeV, the first oscillations starts at temperatures T1 ∼ O(GeV), as in the standard single-
axion case.

The solutions to Eqs.(8) can be readily obtained via a Wentzel–Kramers–Brillouin (WKB)
approximation and the energy density stored in the oscillations of the axions follows from an
average over multiple oscillations. Assuming comoving entropy-density conservation, the axion
energy densities are:

ρi|today = mi(Ti)mi〈a2i 〉
(
T0
Ti

)3 g0∗s
gi∗s

, (10)

2Non-linearities in a two-axion potential may lead to resonant energy transfer between the two particles as recently
studied in the context of string axiverse models [24]. In the companion-axion model this is unlikely to happen, since it
would require ε . 0.2 and m2 ≈ m1, at the same time.
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where T0 = 2.7 K, and gi∗s = g∗s(Ti) are the entropy degrees of freedom.
The total relic abundance is the sum of the two components Ωa = Ω1 + Ω2. We find for the

hierarchical regime (ε� 1),

Ωah
2 = Ω1h

2

(
1 +

θ22
θ21

g1∗s
g2∗s

κ
n+2

2(n+4) ε−
n+6
n+4

)
(ε� 1). (11)

Here the misalignment angles are defined as θ1 = 〈a1(t1)〉/fa and θ2 = 〈a2(t2)〉ε/fa. When
the PQ breaking scales are hierarchical, the lighter axion dominates the relic abundance by a factor
∼ ε−1.19 (for n = 6.68)3, unless θ2 � θ1, which could occur in Cases I and II.

In the strong mixing regime (ε . 1) the thermal mass of the lighter axion is m2(T ) ∼√
κm1(T ), and we can proceed similarly in the estimation of the relic abundance to find,

Ωah
2 = Ω1h

2

(
1 +

θ22
θ21
κ

n+2
2(n+4)

)
(ε . 1), (12)

where we have taken g1∗s = g2∗s. The κ0.41 dependence in Eq.(11) and (12) comes from the mass
dependence in Eq.(10), and competes with the effect of ε. So if the decay constants fa, f ′a are
close to each other and the misalignment angles are of the same order, a1 slightly dominates due
to its larger mass. However in all other cases, a2 dominates.

We can now use the results presented above to derive preferred regions of parameter space
for which the companion axions constitute all of the DM. This is shown in Fig. 1. In the left-
hand panel we show the result for Case I, when both PQ symmetries are broken before the end
of inflation. Since we have freedom to choose any value of θ1,2, we show a “natural” window
where neither angle has to be tuned to within δ = 0.1 of the angles 0 or π. This is perhaps the
most novel scenario for the companion-axion model. We have much more freedom to match the
DM abundance here, because the two axions can be traded off for one another. This feature of the
model is shown in Fig. 2 where, rather than a single value of θ matching the correct DM abundance
for a given set of model parameters, we have an arc of values in the (θ1, θ2) plane.

The second panel of Fig. 1 shows Case II as the colored area, whereas Case III only appears as
a thin line within this band since it is effectively a special case of Case II when θ2 = π/

√
3. As we

can see, the axion abundance is generally always dominated by the lighter axion Ω2 > 0.5, except
when ε is close to 1, or if θ2 needs to be tuned towards π to avoid over-production. The preferred
window of axion masses is similar to the usual calculation for the heavier axion: m1 ∼ 10−6–
10−4 eV, but for m2 we predict a substantially lighter window: m2 ∼ 10−8–10−6 eV . Both of
these regions should be accessible with future haloscopes [78–95]. For now we have only shown
the region already excluded by ADMX, assuming the KSVZ-like photon couplings derived in
Ref. [15].

4 Isocurvature bounds

In our pre-inflationary cases, the massless axion fields will undergo large amplitude quantum fluc-
tuations during inflation. The energy density of these fluctuations is negligible compared to the
dominant energy density carried by the inflaton field and hence do not contribute to the perturba-
tions of the total energy density. However, they contribute non-negligibly to the perturbations of
the ratio of axion number density to entropy, giving rise to the so-called entropy, or isocurvature,
perturbations [96–99]. As the axions would survive past recombination in the form of DM, such
perturbations contribute to the temperature and polarisation fluctuations in the cosmic microwave
background radiation and are uncorrelated with the inflaton (adiabatic) fluctuations. Assuming that
each of the companion axion fluctuations are also uncorrelated, we can compute the perturbation

3The entropy degrees of freedom should not change substantially from T1 to T2
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power spectrum at the pivot scale klow ≈ 0.002 Mpc−1 as:

∆2
a1 = ∆2

a2ε
−2 θ

2
2

θ21
' H2

I

π2f2aθ
2
1

, (13)

whereHI is the Hubble expansion rate during inflation. Since the total primordial power spectrum
is dominated by the adiabatic fluctuations, its amplitude at the pivot scale can be approximated as
As ' H2

I /(π
2M2

Plε) ≈ 2 × 10−9, where ε is the inflation ‘slow roll’ parameter. Hence, the
isocurvature power spectrum ratio, for Case I, can be written as:

β =
∆2
a1

As

(
1 + ε−2

θ22
θ21

)
, (14)

leading to,

HI .

√
β?Asπfaθ1

(1 + ε−2θ22/θ
2
1)1/2

, (Case I) . (15)

We have written this in terms of the constraint from Planck: β < β? = 0.011 (95 % C.L.) [100]
at klow. In Fig. 2 we showed how this constraint depends upon the two θ angles, for a particular
illustrative choice of fa and ε. We see that when θ1 must be tuned very close to 0, we are only
allowed a rather low scale of inflation.
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Figure 2: Illustration of the freedom given in our Case I, when both axions are pre-
inflationary. Since we have the freedom to choose two initial angles, we can trade one
axion off with the other while satisfying the correct DM abundance. This is shown by the
arc in the (θ1, θ2) plane. Additionally we also color the region by the maximum value
of HI allowed by Planck isocurvature bounds, for that particular choice of parameters.
We emphasize that the white regions plotted here are not constrained from comprising
the correct DM fraction, since the position of the arc depends on the particular values of
fa and ε chosen.

When ε � 1 however, it might be more prudent to consider Case II, where the heavier axion
lands in the post-inflationary scenario. In this case, the isocurvature bounds on the companion
axion model can be simply drawn from the literature on the single axion case, with fa → f ′a =
fa/ε.
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5 Domain Walls and Gravitational Waves

Axion domain walls emerge because of a residual discrete ZN × ZN ′ shift symmetry that the
potential Eq.(2) enjoys in the absence of the second cos-term. The axion expectation values 〈a〉
and 〈a′〉 break this symmetry spontaneously, resulting in the formation of a cosmological domain
wall network that can overclose the Universe, unless made unstable somehow. This is known in
the literature as the domain wall problem [101–103]. In the companion axion model, however,
the additional instantons that result in the second cos-term in Eq.(2) explicitly break the residual
discrete symmetry of the first cos-term, and vice versa. Hence the discrete degeneracy of axion
vacuum states is lifted and the energy difference,

Vbias ∼ κK, (16)

acts like a bias-term to drive the annihilation of the domain walls (see e.g. [104–112] for many
alternative realizations of this effect). We can state, therefore, that the domain wall problem is
automatically solved in the companion-axion model.

Explicit solutions for ZN × ZN ′ domain walls are quite involved so we proceed by making
an order of magnitude estimation. A network of axionic domain walls starts to form during the
QCD phase transition via the Kibble mechanism [113, 114]. Axion strings, which form from the
spontaneous symmetry breaking of the global U(1)PQ×U(1)′PQ symmetry4, are attached to each
domain wall junction. The domain walls, like the strings, are expected to enter a scaling regime,
where the network tends to contain O(1) walls per Hubble volume [116]. This means that the
typical distance between two neighboring walls is given by the Hubble radius, rH ∼ t. The energy
density of domain walls is ρw ∼ σ/t, with σ the surface tension, and so decays much slower than
matter or radiation. In the companion-axion model, two sets of domain walls appear5, of width
given by the Compton wavelength of the corresponding axion, δ1,2 ∼ 1/m1,2. The energy barrier
that separates discrete vacua V0 can be used to estimate the surface tensions σi as,

σi ∼ V0δi, V0 ∼ K(1 + κ), (17)

respectively, underlining how walls associated with the lighter axion are wider and more energetic.
The energy density difference Vbias acts as a volume pressure pV on the walls, meaning that a
domain wall of size r ∼ t gets annihilated when this pressure starts to dominate over the wall
surface tension, pT ∼ σ/t. Hence, we can estimate the wall annihilation time when this happens,
tann ∼ σ/Vbias. In the radiation dominated era, it corresponds to the temperature,

Tann ∼ 13.5 MeV
( mi

10−12 eV

)1/2( 11κ

1 + κ

)1/2(10

g∗

)1/4

. (18)

Although the domain walls annihilate before Big Bang nucleosynthesis (TBBN ∼ 1 MeV), for
consistency we also require Tann(m1,2) . T1,2. This condition is violated by axion masses mi &
10−9 eV, with the interpretation that the bias potential is so large that the walls cannot even form.

Additionally, describing the field in terms of domain walls is only meaningful if their widths
do not exceed the horizon size, mi & H(T ), which is satisfied for mi & 10−10 eV. Hence
the dynamics of domain walls is relevant only for a narrow range of masses 10−10 eV . mi .
10−9 eV. This also implies that for the majority of the parameter space of interest, we can state
that the non-relativistic production of axions from the wall network does not contribute much to
the DM abundance, and the estimation of the misalignment production discussed earlier should
not change substantially.

In the cases where domain walls do form, violent collisions from their decay will produce

4One should keep in mind that since the companion axion model involves two PQ scalar fields, the symmetry non-
restoration scenario can in principle be realized for a certain region of parameter space [115]. The domain wall problem
is then resolved simply because there are no transitions and hence the domain wall production is heavily suppressed.

5More complicated hybrid solutions are also possible [117].
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Figure 3: Relic abundance of GWs from wall decay in our model. We show constraints
from pulsar timing arrays (NANOGrav-11 yr, EPTA and PPTA), the NANOGrav-12.5 yr
hint (shown at 1/2σ) and the sensitivities of SKA, LISA, and an astrometry-based search
for a stochastic GW background. GW curves are power-law integrated sensitivities taken
from Ref. [123].

strong metric perturbations which can result in GWs [118]. Detailed numerical simulations of GW
production from wall decay have been carried out in Refs. [119–121] (see also the review [122]).
The GW power spectrum was observed to grow as∼ k3 up to a peak comoving wavenumber kpeak
(as expected by correlation arguments), above which it falls off as ∼ k−1, with a cutoff set by the
wall thickness. The peak frequency can be estimated as fpeak = kpeak/2πR(t) giving,

fpeak ∼ 1.1× 10−8 Hz
( mi

10−10 eV

)1/2( 11κ

1 + κ

)1/2

, (19)

where we have taken g∗(Tann) = g∗s(Tann) = 10. The relic density at the peak is,(
Ωgwh

2
)
peak
∼ 3× 10−10

(
10−10 eV

mi

)4(
(1 + κ)2

12.1κ

)2

. (20)

Figure 3 shows the predicted signals of GWs expressed in terms of the relic density as a
function of frequency. The bands for each mass span the uncertainty on the parameter κ [14].
We also show power-law integrated exclusion curves [124, 125] for previous pulsar timing array
searches for a GW background (NANOGrav [126–129], EPTA [130–132] and PPTA [133, 134])
as well as the future sensitivities of LISA [135] and SKA [136–138]. We make use of the power-

9
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law integrated curves presented in Ref. [123] with the exception of the sensitivity to GWs with
astrometric data, which is taken from Ref. [139].

We can see the mass range, 10−10 eV . mi . 10−9 eV, can be probed by searching for a
stochastic gravitational background with >nHz frequencies, as shown in Fig. 1. While the signal
remains just out of reach in current pulsar timing arrays, masses up to around 5× 10−9 eV should
be within reach of SKA. Interestingly, the largest example we predict here is close to the strong
signal of a stochastic background reported recently by NANOGrav [140]—though interpreting
this signal as due to GWs is premature at this stage. Merely for context, we show the rough
expected range of frequencies and amplitudes that the signal would correspond to if it were a GW
background, following Ref. [141].

6 Primordial Black Holes

Another potential consequence of the domain wall network are black holes [142], which could be
formed from the collapse of closed domains containing a ‘false’ vacuum. Closed domains will
start shrinking once their sizes approach the Hubble horizon, r ∼ 1/H , with an energy comprised
of the wall tension (surface effect) and the interior false vacuum energy (volume effect):

Mi = 4πr2i σi +
4π

3
r3i Vbias . (21)

The domain will collapse into a black hole if its size is less than the Schwarzschild radius corre-
sponding to the mass in Eq.(21): ri = 2Mi/M

2
P [142]. For the range of axion masses relevant for

domain wall formation, the bias term dominates Eq.(21) and we can simply estimate the masses
of black holes produced as,

MPBH ∼
√

3

4
√

2

M3
P

(πκK)1/2
∼ 150 M�

( κ

0.1

)−1/2
. (22)

The temperature of the Universe when this collapse occurs is,

Tcoll ∼ 25 MeV
( κ

0.1

)1/4 ( g∗
10

)−1/4
. (23)

The value of the latter, within our rough estimation, can be as small as∼ 20 MeV, considering our
uncertainty on κ.

PBHs generated by the collapse of axion domain walls were also considered in Ref. [57, 58].
Although our estimate is similar to these earlier studies, there are some qualitative differences. For
example, in order to preserve the single QCD axion solution to the strong CP problem, Ref. [58]
considered a very small bias term (equivalent to κ ∼ 10−12 in our model) and the formation of
PBHs relied on the longevity of a NDW > 1 domain wall network. Additionally, the shorter
lifetime of the wall network meant that fewer domains survive down to the collapse temperatures.

To estimate the survival probability, Ref. [58] used a power-law fit to numerical simula-
tions [65] of a simple domain wall network. However, because of the complexity of the domain
wall network and the large bias potential, use of these results for the companion-axion model
would be unreliable. Instead, we make a very crude analytical estimate as follows. The process
under consideration can be treated as the decay of the false vacuum with mean lifetime ∼ tann
(18). The fraction of domains that survive decay by the time tcoll (23) is then,

pcoll ∼ e−(Tann/Tcoll)
2 ∼ 10−22 − 10−9, (24)

where the range corresponds to κ ∈ [0.04, 0.6], while fixing the axion mass mi = 10−10 eV. For
larger mi the survival probability is essentially zero, because of the mass dependence in Eq. (18).

Given Eq.(24) we can compute the present-day PBH energy density,

ρPBH ∼
pcoll
r3i

MPBH

(
T0
Tcoll

)3

∼ pcoll
M6

P

M2
PBH

(
T0
Tcoll

)3

, (25)
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and therefore the fraction of the DM density they constitute:

fPBH =
ρPBH

ρdm
' 34.9 pcoll

M4
P

H2
0M

2
PBH

(
T0
Tcoll

)3

. (26)

This estimate inherits large uncertainties from Eq.(24), such that the PBH dark matter fraction
ranges from O

(
10−13

)
to O(1) for the axion mass mi ∼ 10−10 eV. For heavier axions than this,

PBH abundance is negligibly small.
Though confined to a narrow area of the theory’s parameter space, it is still intriguing that

the model provides a mechanism for the formation of a subdominant population of LIGO-sized
PBHs [143]. The DM fraction in black holes of size ∼ 100M� has only relatively weak con-
straints [144–146], but this is a mass range that will receive significant interest in the coming
years via more sensitive GW observations.

7 Conclusions

It was shown recently [14] that the strong CP problem cannot be resolved in a single-axion model
once the effects of colored gravitational instantons are taken into account. This necessitates the
extension of the PQ mechanism via a second axion that cancels off the additional unwanted CP-
violation [14, 15]. Here, we have investigated the cosmological viability and implications of this
new QCD axion model. Specifically, we have calculated the abundance of axions produced via
the misalignment mechanism. Instead of the standard two scenarios (pre/post-inflation), in the
companion-axion model we have three scenarios, depending on the sizes of the two axions’ sym-
metry breaking scales, and the scale of inflation. In general, the lighter axion dominates the DM
abundance, unless the symmetry breaking scales are finely tuned to the same value.

Notably, in the purely pre-inflationary scenario (Case I) we find that there is considerable
freedom to satisfy the correct quantity of DM in the Universe, since one can always trade the
abundance of one axion for another by tuning the initial misalignment angles accordingly (see
Fig. 2). Nevertheless, we can identify a preferred window which does not require fine-tuning
of the two misalignment angles, as is shown in the left-hand panel of Fig. 1. Generally, for all
scenarios we arrive at typical preferred axion mass ranges of m1 ∼ 10−6–10−4 eV for the heavier
axion, and m2 ∼ 10−8–10−6 eV for the lighter one. Both of these windows are within reach of
future experiments—see Ref. [15] for further discussion.

Our two post-inflationary scenarios (Cases II and III), lead to the most dramatic cosmological
implications. The most interesting of these is the potential formation of domain walls. In the
companion-axion model the second axion acts like a bias term, rendering the domain walls unsta-
ble and resolving the domain wall problem automatically. For the small parts of parameter space
where this process takes place (for mi ∼ 10−10 − 10−9 eV), we predict additional signals of the
companion axion model, such as the generation of 10 nHz GWs, as well as∼ 100M� LIGO-sized
primordial black holes. Therefore it may even be possible for a positive signal of two QCD axions
in a laboratory experiment to be combined with one of these aforementioned gravitational signals,
so as to eventually study the free parameters of the companion-axion model much more precisely.

The figures from this article can be reproduced using the code available at:
https://github.com/cajohare/CompAxion,

whereas the data for haloscope limits is compiled at Ref [147].
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[53] B. Von Harling, A. Pomarol, O. Pujolàs and F. Rompineve, Peccei-Quinn Phase Transition
at LIGO, JHEP 04, 195 (2020), doi:10.1007/JHEP04(2020)195, 1912.07587.

[54] D. Croon, R. Houtz and V. Sanz, Dynamical Axions and Gravitational Waves, JHEP 07,
146 (2019), doi:10.1007/JHEP07(2019)146, 1904.10967.

[55] C. S. Machado, W. Ratzinger, P. Schwaller and B. A. Stefanek, Gravita-
tional wave probes of axionlike particles, Phys. Rev. D 102(7), 075033 (2020),
doi:10.1103/PhysRevD.102.075033, 1912.01007.

[56] G. B. Gelmini, A. Simpson and E. Vitagliano, Gravitational waves from axion-
like particle cosmic string-wall networks, Phys. Rev. D 104(6), 061301 (2021),
doi:10.1103/PhysRevD.104.L061301, 2103.07625.

[57] T. Vachaspati, Lunar Mass Black Holes from QCD Axion Cosmology (2017), 1706.
03868.

[58] F. Ferrer, E. Masso, G. Panico, O. Pujolas and F. Rompineve, Primordial
Black Holes from the QCD axion, Phys. Rev. Lett. 122(10), 101301 (2019),
doi:10.1103/PhysRevLett.122.101301, 1807.01707.

[59] S. J. Asztalos, G. Carosi, C. Hagmann, D. Kinion, K. van Bibber, M. Hotz, L. J. Rosen-
berg, G. Rybka, J. Hoskins, J. Hwang, P. Sikivie, D. B. Tanner et al., SQUID-Based Mi-
crowave Cavity Search for Dark-Matter Axions, Phys. Rev. Lett. 104(4), 041301 (2010),
doi:10.1103/PhysRevLett.104.041301, 0910.5914.

[60] N. Du et al., A Search for Invisible Axion Dark Matter with the Axion Dark Matter Ex-
periment, Phys. Rev. Lett. 120(15), 151301 (2018), doi:10.1103/PhysRevLett.120.151301,
1804.05750.

[61] T. Braine et al., Extended Search for the Invisible Axion with the Axion Dark Matter Ex-
periment, Phys. Rev. Lett. 124(10), 101303 (2020), doi:10.1103/PhysRevLett.124.101303,
1910.08638.

[62] C. Boutan et al., Piezoelectrically Tuned Multimode Cavity Search for Axion Dark Matter,
Phys. Rev. Lett. 121(26), 261302 (2018), doi:10.1103/PhysRevLett.121.261302, 1901.
00920.

[63] C. Bartram et al., Search for “Invisible” Axion Dark Matter in the 3.3–4.2 µeV Mass Range
(2021), 2110.06096.

[64] S. Borsanyi et al., Calculation of the axion mass based on high-temperature lattice quantum
chromodynamics, Nature 539(7627), 69 (2016), doi:10.1038/nature20115, 1606.07494.

[65] M. Kawasaki, K. Saikawa and T. Sekiguchi, Axion dark matter from topological defects,
Phys. Rev. D 91(6), 065014 (2015), doi:10.1103/PhysRevD.91.065014, 1412.0789.

15

https://doi.org/10.1007/JHEP03(2019)191
1810.07192
https://doi.org/10.1088/1475-7516/2013/01/001
1207.3166
https://doi.org/10.1007/JHEP04(2020)025
1912.06139
https://doi.org/10.1007/JHEP04(2020)195
1912.07587
https://doi.org/10.1007/JHEP07(2019)146
1904.10967
https://doi.org/10.1103/PhysRevD.102.075033
1912.01007
https://doi.org/10.1103/PhysRevD.104.L061301
2103.07625
1706.03868
1706.03868
https://doi.org/10.1103/PhysRevLett.122.101301
1807.01707
https://doi.org/10.1103/PhysRevLett.104.041301
0910.5914
https://doi.org/10.1103/PhysRevLett.120.151301
1804.05750
https://doi.org/10.1103/PhysRevLett.124.101303
1910.08638
https://doi.org/10.1103/PhysRevLett.121.261302
1901.00920
1901.00920
2110.06096
https://doi.org/10.1038/nature20115
1606.07494
https://doi.org/10.1103/PhysRevD.91.065014
1412.0789


SciPost Physics Submission

[66] L. Fleury and G. D. Moore, Axion dark matter: strings and their cores, JCAP 01, 004
(2016), doi:10.1088/1475-7516/2016/01/004, 1509.00026.

[67] V. B. Klaer and G. D. Moore, The dark-matter axion mass, JCAP 1711(11), 049 (2017),
doi:10.1088/1475-7516/2017/11/049, 1708.07521.

[68] M. Buschmann, J. W. Foster and B. R. Safdi, Early-Universe Simulations of the Cosmologi-
cal Axion, Phys. Rev. Lett. 124(16), 161103 (2020), doi:10.1103/PhysRevLett.124.161103,
1906.00967.

[69] A. Vaquero, J. Redondo and J. Stadler, Early seeds of axion miniclusters, JCAP 04, 012
(2019), doi:10.1088/1475-7516/2019/04/012, 1809.09241.

[70] M. Gorghetto, E. Hardy and G. Villadoro, Axions from Strings: the Attractive Solution,
JHEP 07, 151 (2018), doi:10.1007/JHEP07(2018)151, 1806.04677.

[71] M. Gorghetto, E. Hardy and G. Villadoro, More Axions from Strings, SciPost Phys. 10, 050
(2021), doi:10.21468/SciPostPhys.10.2.050, 2007.04990.

[72] 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 (2021), 2108.
05368.

[73] N. Aghanim et al., Planck 2018 results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020), doi:10.1051/0004-6361/201833910, 1807.06209.

[74] M. S. Turner, Cosmic and Local Mass Density of Invisible Axions, Phys. Rev. D 33, 889
(1986), doi:10.1103/PhysRevD.33.889.

[75] D. H. Lyth, Axions and inflation: Sitting in the vacuum, Phys. Rev. D 45, 3394 (1992),
doi:10.1103/PhysRevD.45.3394.

[76] K. Strobl and T. J. Weiler, Anharmonic evolution of the cosmic axion density spectrum,
Phys. Rev. D 50, 7690 (1994), doi:10.1103/PhysRevD.50.7690, astro-ph/9405028.

[77] K. J. Bae, J.-H. Huh and J. E. Kim, Update of axion CDM energy, JCAP 09, 005 (2008),
doi:10.1088/1475-7516/2008/09/005, 0806.0497.

[78] B. T. McAllister, G. Flower, E. N. Ivanov, M. Goryachev, J. Bourhill and M. E. Tobar, The
ORGAN Experiment: An axion haloscope above 15 GHz, Phys. Dark Univ. 18, 67 (2017),
doi:10.1016/j.dark.2017.09.010, 1706.00209.

[79] I. Stern, ADMX Status, PoS ICHEP2016, 198 (2016), doi:10.22323/1.282.0198, 1612.
08296.

[80] A. A. Melcón et al., Axion Searches with Microwave Filters: the RADES project, JCAP
05, 040 (2018), doi:10.1088/1475-7516/2018/05/040, 1803.01243.
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