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ABSTRACT: Non-perturbative gravitational effects induce explicit global symmetry break-
ing terms within axion models. These exponentially suppressed terms in the potential give
a mass contribution to the axion-like particles (ALPs). In this work we investigate this sce-
nario with a scalar field charged under a global U(1) symmetry and having a non-minimal
coupling to gravity. Given the exponential dependence, the ALP can retain a mass span-
ning a wide range, which can act as a dark matter component. We specify pre-inflationary
and post-inflationary production mechanisms of these ALPs, with the former from the mis-
alignment mechanism and the latter from both the misalignment and cosmic-string decay.
We identify the allowed parameter ranges that explain the dark matter abundance for both
a general inflation case and a case where the radial mode scalar drives inflation, each in
metric and Palatini formalisms. We show that the ALP can be the dominant component
of the dark matter in a wide range of its mass, m, € [1072! eV, TeV], depending on the
inflationary scenario and the U(1) breaking scale. These results indicate that ALPs can
be responsible for our dark matter abundance within a setup purely from non-perturbative
gravitational effects.
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1 Introduction

Among beyond the Standard Model (BSM) theories, axion or axion-like particles (ALPs)
have been obtaining much attention due to their unique characteristics.! First of all,
the existence of the axion has the potential to address two major unsolved problems in
particle physics and cosmology, namely the strong CP problem [1-4] and the nature of
dark matter [5-7]. For the latter case, frameworks that generalize beyond the QCD axion
can also provide good dark matter candidates. These ALP models are generally associated
with global U(1) symmetries, where the ALP mass is determined by the symmetry-breaking
terms and can span a much wider range.

In general, at the very least, all global symmetries are expected to be explicitly bro-
ken in the presence of gravity [8-12]. One definite origin of the symmetry breaking is
coming from non-perturbative gravitational effects, which include gravitational instantons
represented by Euclidean wormhole solutions [8, 13-27]. For the QCD axion scenario, this
explicit PQ symmetry breaking becomes another source in addition to the QCD instanton
effects, which shifts the vacuum expectation value (vev) away from the desired value that
solves the strong CP problem, leading to the ‘axion quality problem’ [28-32].

'In this work, the term ‘axion’ refers to the QCD axion which is particularly motivated to solve the
string CP problem and have a designated coupling to Standard Model fields. Other than that, we will use
the terminology ‘ALP’.



However, the possible implications of gravitational global symmetry breaking reach out
to any Goldstone bosons, including ALPs beyond the QCD axion. These symmetry break-
ing terms can be a universal source giving the mass of general pseudo Nambu-Goldstone
bosons (pNGBs) [18, 33]. These now massive ALPs can then be a dark matter component,
in analogy to axion dark matter. A nonzero initial angle induces a misalignment mech-
anism [5-7], and cosmic strings associated with the global symmetry can also emit ALP
dark matter particles [34-39], with the mass, in this case, being solely determined through
gravitational effects. The mass range highly depends on the wormhole action value, which
itself depends on the axion model context.

Especially, in Refs. [40-42], it was shown that a large non-minimal coupling to grav-
ity with coupling £ significantly alters the wormhole properties with respect to minimal
gravity cases. This motivates the necessity to rigorously revisit the possible effects of these
gravitational instantons on ALP DM.

In this paper, we explore the possibility that non-perturbative gravitational effects can
induce explicit global symmetry breaking in ALP models. Specifically, we consider a global
U(1) scalar field non-minimally coupled to gravity, and investigate how the resulting ALP
mass, determined by exponentially suppressed symmetry breaking terms, can span a wide
range. Notably, for £ = 0, the wormhole-induced ALP mass resulting from explicit U(1)
symmetry breaking is too large to be a viable dark matter candidate. This also emphasizes
the need to introduce a non-minimal coupling as a minimal mechanism to suppress the
U(1) global symmetry breaking caused by the wormhole.

Our study covers both pre-inflation and post-inflation production mechanisms. We
examine the allowed parameter spaces that explain the dark matter abundance, considering
both general inflationary scenarios and cases where the radial mode scalar drives inflation.
Our analysis includes both the metric and Palatini formalisms, and we demonstrate that
ALPs can account for the observed dark matter density over a broad range of mass and
symmetry breaking scales, driven purely by non-perturbative gravitational effects.

This paper is organized as follows. We first review the wormhole properties within
an analytic framework, and obtain the ALP mass expression in Section 2. In Section 3,
we further analyze the ALP dark matter production mechanisms, considering the global
symmetry breaking scale. We then present possible parameter ranges that explain our
dark matter abundance after identifying relevant constraints for both general inflation in
Section 4 and the case when the radial mode of the complex scalar being the inflaton field
in Section 5. In Section 6, we conclude with possible further implications of these wormhole
dark matter candidates.



2 ALP Mass from the Wormbhole Solution

2.1 Non-minimally Coupled U(1) Scalar

In this work, we consider a model of a complex scalar field ® = %pew with a U(1)
symmetry which is spontaneously broken by the Mexican hat potential:
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where g = det g, and the mass parameter M is defined as M? = M%, — &f? with the
reduced Planck mass Mp =1/ V817G &~ 2.4 % 10'8 GeV to guarantee that the gravity sector
reduces to canonical Einstein-Hilbert action with the vev of p as (p) = f,. Normally, pNGB
degree of freedom 6 is canonicalized to a = f,0 and we refer this axial mode as ALP. On
the other hand, we will call p as a radial mode or radial field.

Note that we also have included the non-minimal coupling of the U(1) scalar ® to the
Ricci scalar R with coupling £. Especially, we will refer the special case of £ = MI% /2
as the induced gravity limit, or Gidding-Strominger (GS) limit [40, 41, 43]. Also, we
intentionally denote the affine connection I' dependence of the Ricci scalar R explicitly,
while we do not specify whether I is determined by the metric or not in prior. In fact,
the choice of the connection depends on the formulation of the gravity one chooses. In
this work, we consider two formulations of the gravity: metric and Palatini [44, 45]. In the
metric formulation, affine connection I' is given by the Christoffel symbol from the first,
while it is obtained from the equations of motion in Palatini formulation. Although these
two formulations are equivalent in pure Einstein-Hilbert gravity, they differ each other once
one adds non-minimal coupling and so does the physical predictions [46, 47].

2.2 Wormbhole Solution

The numerical evaluation of the axionic wormhole action S,, and the wormhole throat
size L,, of the model with a non-minimal coupling as given in Eq. (2.1) was studied in
Refs. [40, 41] and analytically analyzed in Ref. [42]. For our purpose, we generalize the
results of Ref. [42] to incorporate the case near the GS limit.?

For an action
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containing functions G(p) and F,(p) with the Euclidean wormhole metric in spherical

coordinates
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2For the following equations to hold, we restrict ourselves to be in the regime where A < o(1) , or

ds® = + r2dQ2 (2.3)

more specifically, @ = n*)\3/(87?) < 1



where d3 is the metric of the unit 3-sphere, the wormhole throat size L,, is given by
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with the radial mode field value py at the wormhole throat obtained from the condition
7 do G(o) /6
| i e = Klp) = T (2.5)
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where ps is the vev of the p field at » — oo. Then, the wormhole action is obtained as

7 do G(o)
w Fal0) /1= F2(0)/F2(po)
For the specific case of Eq. (2.1), after performing the redefinition of the metric g, —

02g,, with Q% = (M? + £p?) /M3 and identifying pe = f,, the functions G(p) and F,(p)
are given as
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where o« = 6 and 0 for metric and Palatini formalisms, respectively [42]. Inserting these

expressions into Eq. (2.5) and Eq. (2.6) yields
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Different ¢ dependence in the S,, and L,, appears with the & value range of interest.

For small non-minimal couplings, ¢ < 1, the wormhole throat size becomes effectively
independent of the & value. In both gravity formalisms, the wormhole has a throat of
Planck length, and the wormhole action is suppressed logarithmically:

M n
¢l P EIN2
S _nln< 7, ) , (L357)° ~ ERIVE (2.10)
where n is the number of charge [8, 15]. In fact, for the QCD axion, this smallness of
the wormhole action leads to unsuppressed U (1) symmetry breaking terms which could be
relevant when discussing the QCD axion quality problem.



On the other hand, for values 1 < & < M3/f2, the wormhole action is dominated by
the throat contribution yielding [42]
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The limiting case is when £ value takes its maximum value, £ = MI% / fg, which becomes
equivalent to the GS wormbhole, with the wormhole action fixed as [18, 40, 41, 43]
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Note that this result does not depend on the formulations of gravity. Henceforth, we always
3

set n = 1 because this gives the leading contribution.

2.3 ALP Mass

On dimensional grounds, the U(1) symmetry breaking terms in the potential have the
following schematic form

AV ~ e S0 L3+ %)+ e 50 Lcos () 4 (2.13)
L3, fa
with --- representing subleading order contributions associated with larger charges. The

exponential contribution of the wormhole action clearly shows its non-perturbative nature.
Asymptotically, the heavy p field value stabilizes to have a vacuum expectation value
(p) = fa giving a mass to the ALP in the form

1
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assuming there is no other source of the symmetry breaking that would induce additional

mass contributions.? In this sense, unless there is a large cancellation between symmetry
breaking terms, this mass in Eq. (2.14) may be regarded as the ALP’s minimal mass
originating from the gravitational coupling.

For the QCD axion, restrictions on the wormhole action coming from the axion quality
problem also need to be considered. For the QCD axion quality to be guaranteed, the
wormhole action needs to be sufficiently large, S, = 190, which suppresses the wormhole
mass contribution to negligible values compared to the original predictions of the QCD
axion mass mg ~ A(QQCD /fa with Agep is the QCD confinement scale. Therefore, we do
not consider the QCD axion case in this work and take the ALP to be a generic U(1)

pNGB.

3Here, we do not take into account the Gibbons-Hawking-York (GHY) term. When there is a boundary of
the manifold in the consideration, the GHY term should be introduced in the case of the metric formulation

to make the variation principle well-defined [48, 49]. In this case, the action value is suppressed by a factor
(1 — 2/7) multiplied where the second term is from the GHY term [18].

4Hereafter, we assume m2 < m?2 ~ 2\g f2, for simplicity. In the case of m2 > m?2, there are corrections
) a P as a P

~

to the vev of the radial mode and the ALP mass as (p) — (ma/m,)?/(p) and m2 — (ma/m,)*>m2, but
the following discussion does not change qualitatively.
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Figure 1. The wormhole-induced ALP mass in terms of (logy&, log;, fo/GeV) for metric (left)
and Palatini (right) formulations. The black solid line corresponds to the lower bound of fuzzy
dark matter m, ~ 10721 eV [50-52], while the gray dashed line corresponds to the upper bound for
dark energy candidates m, ~ Hy ~ 10733eV. Blue lines denote the boundaries where My = Mg
depending on values of A = (1,1072,10~*) with solid, dashed, dot-dashed lines respectively. Below
these lines, the radial mode mass is smaller than the ALP mass. Gray shaded regions labeled Stellar
BH and SMBH are constraints from superradiance for stellar mass BH and SMBH respectively [53—
56]. See the main text for details.

Figure 1 depicts the ALP mass given in Eq. (2.14) for both metric and Palatini for-
mulation of gravity as a function of the axion decay constant f, and the non-minimal
coupling to gravity £. In both cases, the gray region is excluded as in this parameter space
the coefficient of the Ricci scalar becomes negative with & > MI% /f2. For a fixed f,, a
larger £ implies a larger wormhole action S, giving a smaller ALP mass. While the mass
hardly depends on f, in the Palatini case, for the metric formalism there is a rapid change
to the GS limit at larger f, values. In GS limit, both formulations give the same mass as
expected.

When these ALPs acts as DM candidates, these may be subject to additional con-
straints, including isocurvature perturbations (depending on its generation mechanism)
and structure formation. We will revisit isocurvature constraints in the next section, while
successful structure formation demands a model independent bound m, > 102! eV [50-
52]. Ultralight bosons are also subject to constraints from black hole superradiance. Re-
cent studies on stellar mass black holes and supermassive black holes put constraints on
the ALP mass depending on the axion decay constant f, [53-56]. We depict the masses
8.6 x10720 eV < my, < 5.6 x 1071 eV corresponding to supermassive black hole superradi-
ance, and 1.9 x 10712 eV <m, < 2.7 x 107!2 eV for stellar mass black hole superradiance
in Figure 1.

On the other hand, these ALPs can behave as dark energy (DE) for ALP masses smaller
than the current universe’s Hubble parameter Hy ~ 10733 eV. Recently, these ALP DE
scenarios particularly gained increased interest (i) as an early dark energy component being
a possible solution to the Hubble tension [57] or/and (ii) being responsible for the observed



isotropic CMB birefringence through the Chern-Simon’s coupling with photons [58]. We
also note that such time-varying dark energy has received much attention due to the recent
DESI results [59]. In order for wormhole-induced ALPs to be dark energy, given the small
Hy value, we need a large non-minimal coupling &; € 2 3.6 x 103 for the metric case (except
near the GS limit), and ¢ > 4.3 x 10* for the Palatini case. From the next section, we focus
on the possibility of ALP DM in more detail.

3 ALP Dark Matter Abundance

Having the relations for the ALP mass induced by the wormhole solution, we revisit the
parameter regimes of ALP DM associated with a large non-minimal coupling to gravity.

In general, the ALP DM abundance strongly depends on the relative magnitudes of
the U(1) breaking scale f,, reheating temperature T;op, and the de-Sitter (dS) temperature
during inflation Ty = Hine/(27) quantifying the amount of the quantum fluctuation of the
massless particle during the inflation, where Hj,¢ is the Hubble scale during the inflation.
For instance, if Tys > f,, the amplitude of the quantum fluctuation dominates over the
vev, and the PQ symmetry remains unbroken during the inflation. In the subsequent
subsections, we discuss each of the following cases separately in more detail.

1. fo > max{Tien, Tys}: pre-inflationary scenario. (Section 3.1.)
2. fo < max{Tien, Tqs}: post-inflationary scenario. (Section 3.2.)

We summarize the various cases of ALP DM abundance depending on the hierarchy be-
tween axion decay constant (f,), the Hubble scale of the inflation (Hiy¢), at the end of the
reheating (Hiep), and when the coherent oscillation of the ALP starts (Hgsc) in Table 1.

In the following, we parameterize the reheating temperature as

Tren = €et\/ Hing Mp (3.1)

where €. denotes the efficiency of the reheating, which is in principle determined by the
couplings of the inflaton field with Standard Model and DM particles. It takes the maximal

value in the limit of instantaneous reheating:

Eeff S Eeﬂ‘ = <W) y (3.2)

where g.(Tren) is the effective number of the relativistic degrees of freedom at the end the
reheating. With this definition, H,.}, can be expressed as Hep, = (7T29*(Treh)/go)l/QGgﬁ«Hinf.

Another important parameter to determine the ALP abundance is the Hubble pa-
rameter when the ALP starts its coherent oscillation. In the quadratic ALP potential,
V(a) ~ m2a®/2, the ALP starts to oscillate when the Hubble parameter becomes compa-
rable to the ALP mass, H = Hyge ~ mq/3.



fa > Treh

[Section 3.1]
T Hose S Hyen osc. during RD at H = Hs [Eq. (3.6)]
a > 3
/ a8 Hyepn S Hose S Hine osc. during reheating at H = Hoge [Eq. (3.7)]

Hose 2 Hint no misalignment

Case II [Section 3.2.2]
fo < Tgs Hyse < Hyep 0sc. during RD at H = Hys [Eq. (3.6)]
Hyse 2, Hyepp  0sc. during reheating at H = Hose [Eq. (3.7)]

fa < Treh

Case I [Section 3.2.1]
Hyse S H. osc. during RD at H = Hys [Eq. (3.6)]
Hyse 2 H. osc. during RD at H = H,. [Eq. (3.9)]

“Post-Inflationary Scenario” ((6?) = n?/3)

Table 1. Cases of ALP DM misalignment scenarios. The orange colored box corresponds to pre-
inflationary scenarios, while blue colored ones are for post-inflationary scenarios.

3.1 f, > max{T en, Tqs}: Pre-inflationary Scenario

If f, > max{Tien, Tas}, U(1) symmetry is spontaneously broken during the inflation and
the symmetry is never restored after that. In this case, unless the ALP is heavier than the
Hubble scale of the inflation so that Hysc 2 Hing, the initial ALP field value of the observable
universe is randomly determined by a single initial misalignment angle 0; € [—7, 7]. With
the quantum fluctuation during the inflation on top of this classical misalignment angle,
the averaged initial angle over several Hubble patches is given by

Hine \°
03) =07+ ) . 3.3
03 =+ (5ot 33)
We can further divide into three cases, based on the epoch in which the ALP starts to
oscillate, giving the misalignment mechanism.

o Hoyse ,S Hen

If the ALP is sufficiently light, it stays at its initial value during reheating and begins
to oscillate afterwards during the radiation dominant universe, at H = Hyg. The
ratio of the ALP energy density (p,) to the entropy density (s) at the time of the
oscillation is a conserved quantity given by
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where p,,q is the radiation energy density and we have used

Prad _ §T g*(T)
s 4" g s(T)’
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(3.5)

As the ratio p,/s stays constant until the present Universe, we obtain the final ALP
DM abundance as

2
2 _PafS 4o o Ja N [ _ma
flah” = (pcrit/s)oh ~ 0.12(05) (7 x 1016 GeV> 10-2teV (36)

where we used (perit/s)o = 3.64x 107202 GeV [60] and assumed g (Tosc) = Gus(Tosc) =
106.75 for simplicity.

o Hep S Hoge ,S Hine

In this case, the ALP oscillation starts during reheating. We assume that the equation
of state w = p/p with the pressure p and the energy density p during the reheating
stage is parameterized by a constant wye. Then, the ratio p,/s at the end of the

-3
< Gosc > Wreh
osc Gyreh

—2Wreh (37)

= 96 9r(Tren) <912>f§];"11n/f2 (77 G« (Tren) 2 Hinf) 1 ren
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With prad/slosc, Palosc taking the expression from Eq. (3.5), and pglose = SMEHZ,,
denoting the energy density of the inflaton at the period of oscillation. In the case of
Wreh = 1/3, there is no distinction between reheating and the subsequent radiation

dominated universe, and Eq. (3.7) reduces to Eq. (3.4).

o Hose Z Hing
In this case, the ALP field settles down to the potential minimum during the in-

flation, and there is no misalignment. Quantum fluctuations are also exponentially
suppressed.

In the pre-inflationary scenario, the isocurvature perturbation can give a stringent
constraint. The amount of the isocurvature perturbation strongly depends on whether the
radial mode of the U(1) breaking field p is identified with the inflaton field or not. We
discuss it in Section 4 and Section 5.

3.2 f, <max{Tien, Tys}: Post-inflationary Scenario

For f, values satisfying this criteria, the U(1) symmetry is restored, thus giving an averaged
initial misalignment value of (§?) = 5= [T df6? = 7%2/3.5 We can further specify two

5In fact, a more precise value would depend on the exact shape of the potential at large 6 values near
the maximum by having anharmonic corrections. For instance, in the case of a cosine potential like the



separate cases within this regime, f, < Tren and Tren < fo < Tys. We discuss these cases
in Section 3.2.1 and Section 3.2.2, respectively.

An important consequence of the post-inflationary scenario is the formation of the
cosmic string caused by the spontaneous U(1) breaking [36, 62, 63]. The decay of the
cosmic string produces ALPs which also contribute to the dark matter relic.® Due to its
large theoretical uncertainties, we parameterize the amount of ALP DM from the decay of
the string network with respect to the ones from misalignment as

tar = 5decleis (38)

where we will take §gec € [0,10%] and QS is the ALP abundance from misalignment with
(62.) — w2/3 [76]. The total amount of the dark matter will be the sum of these two:
2 = O+ 07 = (14 Gaec) O™

For the case of very light ALP fields, we can take the results from QCD axion sim-
ulations ranging from order 1 to 103, which still has large uncertainties originating from
the ambiguities of the exact spectrum of instantaneous axion emission. For heavier ALPs,

cosmic strings are also short-lived, so dqec — 0 in this limit.

3.2.1 Case I: f, < Tien

In this case, thermal contributions affect the symmetry breaking. Assuming a thermal
potential of the form Vp(®) ~ T?|®|? with temperature T, the U(1) symmetry is then
restored during reheating.

The U(1) breaking phase transition then occurs at the temperature T, ~ f, with the
corresponding Hubble parameter H, given by H. = (72g.(T.)/90)"/?>T2/Mp. There are
two cases depending on the time of oscillation:

o Hoyse 5 H.

The ALP coherent oscillation starts after the phase transition, and the ALP DM

abundance is given by Eq. (3.6), with the misalignment angle replaced to the averaged
value (6?) = 72/3.

o Mo 2 H,.

In this case, the ALP coherent oscillation starts right after the phase transition.
Hence, the ALP abundance is given by

pa| _ D f2ma/2 _ 15my (3.9)
S lc 27{29*15(T0)Tc3/45 49*,5(Tc)fa

QCD axion, (87) = 1.41-72/3 [52, 61]. Although we take 7°/3 as a reference value for simplicity neglecting
the exact form of the potential, we do not expect large deviation from this value.

5The evolution of the cosmic string networks are relevant, and we note that this is currently being
actively investigated [64-75].

~10 -



3.2.2 Case II: Tion < fo < Tys

In this regime, the quantum fluctuations of the ALP field during inflation era exceeds the
U(1) breaking scale f,

H.
da ~ ﬁ;f =Tys > fa- (3.10)

This leads to a diffused fluctuation of the ® field to be centered at zero, effectively restoring
the U(1) symmetry [77, 78]. This again leads to a randomly distributed ALP field value,

with the average misalignment of (2

2.y = m2/3. Once again, we can further specify

considering the epoch of oscillation.

e Hyse < Hpep: the result is the same as Eq. (3.6), with (0%.)) = 7%/3.
o Hosc 2 Hyep: the result is the same as Eq. (3.7), with (92.)) = 72/3.

4 Generic Inflation

As analyzed in the previous section, the scale of inflation heavily affects the abundance
of these wormhole-induced ALPs. In addition, it will also be crucial whether the radial
mode plays the role of the inflaton field or not. We first investigate possible constraints for
generic inflation cases, with the U (1) scalar being a spectator field in this section. We then
proceed with the case when the U(1) scalar ®’s radial mode p acts as the inflaton with a
non-minimal coupling to gravity in Section 5.

For pre-inflationary ALP DM production scenarios, one of the main constraints comes
from isocurvature perturbations. The null-observation of these perturbations in the CMB
leads to a non-trivial bound.” The isocurvature fraction Sis from the ALP in the case of

slow-roll inflation and its constraints from Planck observations are given by [81, 82]

8m3Af2(62) \ Q. \°  HZ
iso = [ 1 gt ~ n 0.038 4.1
o= (1 neie) = (aos) STALL2 ) *1)

inf

where Qcpy is the ratio of the total dark matter energy density with respect to the critical
energy density, Ay ~ 2.1 x 107? [83] is the amplitude of the primordial scalar power
spectrum and we took the constraints on isocurvature from Ref. [83].

Combining the DM abundance formulae Egs. (3.6), (3.7) and Eq. (4.1), we have bounds
on the Hi,s in terms of m, as

1 1 1
Qq B QCDMh2 2 As 2 Biso \ 2 Mg 7&
e 510 (B )
rs 10 (QCDM> ( 0.12 21x109) \0.038 (10—21eV GeV,
(4.2)

=

"For the QCD axion, it typically provides an upper bound on the scale of the inflation as Hinr <
5.7 x 108(5neV/mq)**'"® GeV [60, 79, 80].
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for Hyse < Hpen and

- -3 2\ 5 8 3
e qph (EeE\ T Q4 5 (Qcpmh As Biso
Hinp 5 1.5 10 ( 1 ) ey 0.12 51x109,) \ooss) &V

(4.3)

for Hyen < Hose < Hins where we took wye, = 0 for simplicity in Eq. (4.3). Note that
this is in contrast with the conventional QCD axion bound. By allowing m, and f, to be
independent and m, to be temperature independent, larger values of the Hubble parameter
are still compatible. One thing to mention is that the isocurvature bound only holds when
mq < Hing, because for larger mass, the quantum fluctuation is suppressed during inflation.

Now that we have all the necessary formulas for the ALP dark matter abundance and
constraints, let us turn to a discussion of the results. We first show the constraints in the
(mg, fa) planes in Figure 2. This is a generic result and independent of the origin of the
ALP mass. We then present the results for the wormhole-induced ALP cases in the (¢, f,)
planes by using the mass relation Eq. (2.14), in Figure 3 for metric cases and Figure 4
for Palatini cases, respectively. In all cases, we depict the constrained regions taking large
0; = 1 and small §; = 0 for different Hy,¢ = (103, 108, 10'3) GeV. Each figure for Hj,s value
considers two cases for eef, e = €5 and eeg = 1074,

We start with the model-independent ALP cases in Figure 2. For Hy,; = (10%,10%) GeV,
the pre-inflationary scenario exhibits 100% DM abundance for large misalignment values
0; = 1. However, for the case 6; = 0, the misalignment production only with quantum fluc-
tuation is insufficient to explain the entirety of dark matter. Additional constraints enter
from isocurvature perturbations, which further restricts all dark matter for m, = 0.1eV
with ; = 1, as shown in the Hiyr = 10® GeV, e = 107 case. For Hjs = 103 GeV,
isocurvature fluctuation constraints dominate over DM abundance curves for both 6; = 1
and 6; = 0 cases, removing the possibility for these ALPs to explain our DM abundance.
The constraints also depend on the equation of state during the reheating wy., for ALPs
starting to oscillate during this period, as depicted in the Hiyy = 103 GeV, e = 10~4
case. Post-inflationary scenarios can also explain all dark matter for masses m, < GeV,
with the exact range highly depending on Hj,s and e.g values.

Using Eq. (2.14) we can translate the results in Figure 2 into the ones for the wormhole-
induced ALP cases, which are shown in the (§, f,) planes in Figure 3 for metric cases
and Figure 4 for Palatini cases, respectively. The gray-shaded regions in the bottom-left
corners correspond to the regions of m, < m, for A = 10~2. For both formalisms in the
pre-inflationary scenario, the dependence in the initial misalignment <9?nis> implies that
2
mis

values. Due to the different (62, ) dependence for the ALP abundance and the isocurvature

having smaller (#7 . )s shifts overall constraints to heavier masses, consequently smaller £
constraints, the most stringent constraint also switches for larger values of Hj,¢, where in
this case the ALPs induced by wormholes cannot consist the entirety of dark matter.
Therefore, the shaded regions for ; = 1 in Figure 3 and Figure 4 could be allowed if
one considers a smaller 6; value, which will shift both DM and isocurvature constraints to
smaller £ values at different rates. Correspondingly, the Sis, constraint for 6; = 0 provides
an irreducible lower bound on the & value for allowed ALPs. For post-inflationary scenarios

- 12 —



Hiyg = 10° GeV | eop = €% Hyr=10° GV |, e = 1074
16} - \\ 16 % \
NN \
[}
\ £ ~ B \‘
14f \ N5 14 L
\ ~J H ~J 2
. ~_ 2 Ry % ~J g ~
Z N E § % e ~ £ Q
L \ ERY k=)
% 12 \‘\ \Z\ % 12 \\%‘\ sﬁ\‘
L‘; Pre-inflation ‘\‘ T~ "’; o S, s £ s
& 10| Postinflation ¥ 10 ' ~ % >
= — — ;=0 Y
—_— =1 — Q, =y &{
8F — 40 8f---- Biso = 0.038 \
— 2, =Qpm Pre-inflation \
6L Biso :.0'038 ) : 6| Postinflation ) [ I -
-30 -20 -10 10 -30 -20 -10 0 10
log,g ma/GeV logo ma/GeV
Hipg = 10° GeV | eop = €ix Hiyg=10° GeV | e = 1071
L % E \' e E E \
16 | NS 16 \ | ~
| >3 5™ i ~ 2
' A ' S~ 0
14} Y : ~ 2 14 : ~ E
Pre-inflation \\ i ™ E : g’ :
z Post- Z : <9 N
@] 12 inflation @] 12 — =0 ! ~ % ~
3 3 . >~z
= R — Q, = Qpm : ~ \\!
@ 4nl & anf - Bieo = 0.038 : \
= 10 = 10 Pre-inflation : \
— =1 Post-inflation
8 — 6.-0 = 8
— Q. =Qpy !
| S 6k, . . .
-30 -20 -10 0 10 -30 -20 -10 10
logoma/GeV logo mg/GeV
Hipg = 101 GeV | eg = €% Hiye = 10" GeV | e = 1071
3 I ! ' N ’ ’ )
L\ ' Stk ~ L ‘ ~
16 \ i Pre-inflation 16 : ~J
Post-inflation : i:
14} 14] : o
) ~
% % : Pre-inflation E,
Q 12} Q 12f Post-inflation
«2 2
£ 10} £ 10}
—_ =1 —_—=1
8f — 6:-0 s 8 — a-0 S
—_— Q. =Opm g — Q. =pm Li
gl Biso :lo.oss . :év . . Biso :.0.038 . s
-30 -20 -10 0 10 -30 -20 -10 0 10
log,omq/GeV log,om,/GeV

Figure 2. m, — f, contours for DM abundance (solid) and isocurvature constraints (dashed) for
Hine = 10 GeV (top), Hiye = 108 GeV (middle), Hiys = 10'3 GeV (bottom), with e.g = ent™ (left)
and e = 107* (right). Blue regions represent 6; = 1, and orange regions correspond to 6; = 0,
with the latter irrelevant for Hi,s = 102 GeV as it resides in the no misalignment region. The wyen
dependence is explicitly depicted on the top right figure.
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the overall behavior of the constraints are similar between the two formalisms, with a larger
abundance from cosmic string constraining a larger range in the parameter space. For the
metric formalism, the nontrivial ¢ — f, dependence near the GS limit also translates over
to the constraints. The region with £ > MI% /f2 is excluded and corresponds to the hatched
gray area in the top-right of the figures.

The different dependencies on the parameters lead to features in the constraints. Start-
ing with the pre-inflationary scenario, we notice a £ independent region for the €, = Qpum
contour. This is when the ALP starts to oscillate during the reheating era, with our figures
taking wyep, = 0. This removes the m, dependence in Eq. (3.7), ultimately giving a flat
plateau in the £ — f, plane. This can be seen in the top right panels of the Figures 3 and
4 in both solid and dashed blue curves.

Focusing on the small 6; = 0 case, we also notice a f, independence in the DM
abundance and the isocurvature constraints for H;,; = (108, 1013) GeV values apart from
the GS limit. In this regime, the quantum fluctuations dominate the misalignment angle
(02) >~ (Hint /(27 f4))?, now canceling the f, dependence in the constraints.

The post-inflationary DM abundance contours also exhibit different £ — f, dependen-
cies. Most noticeably there is a kink, which occurs as the ALP abundance from Eq. (3.9)
becomes a more stringent bound than H,s. > H., therefore gives a gap between the con-
straints coming from Hos > H, cases, and Hys. < H, cases. Around this kink there is also
a change in the overall proportionality, with the former case the DM constraints have a
fa < m2 dependence, and the latter having a f, oc m, 1/4 dependence.

5 Radial Mode Inflation

A scalar field with a large non-minimal coupling is widely considered in the context of
inflation which gives a consistent fit to CMB observations. Given that the radial mode p
has a non-minimal coupling, it could also take the role of the inflaton, and the consideration
of the isocurvature bound significantly differs from generic inflation cases [82]. To be
consistent with the power spectrum at CMB, A, ~ 2.1 x 107 [83] with an inflation period
about 60 e-folds, the parameters £ and Ag should satisfy [84-86]:

{4.9 x 10*y/\¢ (metric)

~ 5.1
1.4 x 10\  (Palatini). (5:1)

For large &, the Jordan frame field value when the perturbations of the CMB pivot
scale leave the horizon and the scale of the inflation Hj,s are given by

1/2
(4;?) Mp (metric)
Px =

2v/2N.Mp (Palatini)

: (5.2)
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and

VO6A T Mp
Ne
VAT Mp _59x 1012

Nev€ V&

where NV, is the e-folding number during the inflation and we took N, = 60 for numerical

~ 1.4 x 10" GeV  (metric)

Hinf ~ (53)

GeV  (Palatini)

evaluations. Note that the scale of the inflation is nearly fixed in metric formalism, while
it decreases for large £ in the Palatini formalism. On the other hand, the inflation ends at

the field values of
4\ /4
<3§2> Mp (metric)
g\ 1/4 '
(5) Mp (Palatini)
in the large £ limit.

When identifying the U(1) radial mode as the inflaton, its field value becomes time
dependent and one should be careful which vev value of p to choose. For instance, the
isocurvature bound only probes the field values corresponding to the CMB pivot scale
given in Eq. (5.2). On the other hand, DM abundance receives contribution from the
quantum fluctuation in various scale during its field excursion. The largest contribution
comes at the time of the end of inflation with p ~ p.. Therefore, for DM abundance from
)) where (62 ) has the vev of p field f,

misalignment, we have to take Q, = Q,((6> mis,e

mis,e

replaced by pe, explicitly,

H. 2
2 — 62 Zlinf
<9mls,e> - 07, + <27l'pe> . (55)

The isocurvature fraction Bis, is determined at the CMB pivot scale where the corre-
sponding field values are given in Eq. (5.2) as

% %\’ (metric)
metri
167 N2 (0%, ) \Qepm )

mis,*

iso = 5.6
! %\’ (Palatini) o
alatini
64T N3E(02, ) \Qcom )
where we have used Egs. (4.1), (5.2), and (5.3), and <9r2nis’*) is given by

Hine \*
Orien) =07 + | 50— ) - 5.7
i) =02+ () 6:7)

We again note that €2, is given with Eq. (5.5) as discussed above.

Note that the £ appears in the denominator for Palatini case, which further suppresses
the isocurvature perturbation in Palatini case. Taking those into account, the parameter
regions are depicted in Figure 5. The constraints look schematically similar with general

17 -



Metric, Radial Mode Inflation, e = € Metric, Radial Mode Inflation, e = 107*

16} “/ Pre-inflation | 16} (o1
Post-inflation 1 4
14} 14} !
>O >ﬂ-> % Pre-inflation
g 12} Q 12} Post-inflation
3 3
b% % 6;=1 b% E 0;i=1
2 10} < 10}
o 0;=0 o 0;=0
8t = Qu = Qo 8t 5 Qo =t
= | I = |
3 g g ------ Biso = 0.038 oll s & g =----- Piso = 0.038
6 i . . . 6 : . R .
2.0 25 3.0 3.5 4.0 4.5 2.0 2.5 3.0 3.5 4.0 4.5
logyp€ logo€
Palatini, Radial Mode Inflation, e.g = €™ Palatini, Radial Mode Inflation, e = 1074
16} 16}
Pre-inflation
14¢ Post-inflation 1407 . 0o
>O > >@ %
g 12f & —_ 1 Q 12} @ == Bieo =0.038
w3 «3
S — =0 S Pre-inflation
=10} o0
< 10} —_— 0= S 10t Post-inflation 1
e e s B = 0.038
8l 8l .
T T
6 s : i 6 : : i
20 25 30 35 40 45 50 20 25 30 35 40 45 50
logyo€ logyo€

Figure 5. Constraints for the radial mode inflation case for the metric formalism (top) and the
Palatini formalism (bottom), with the same color scheme with Figure 3. The different dependencies

of the constraints for #; = 0 originate from the different contributions in the quantum fluctuation

part of (62 .) and (6%, .). The figures also incorporate Ag values compatible with CMB normal-

ization in Eq. (5.1), further widening the m, < m, constraint region (light gray).

inflation cases, but exhibit several unique features. First, as now m2 ~ (1/p.L3)) exp(—S.,)
at the end of the inflation, this slightly alters the no-misalignment region. The region for
m, < m, also differs, as for radial mode inflation the \¢ value is determined through
Eq. (5.1) following CMB normalization. This makes a more notable change in the Palatini
case as the required A¢ value (hence the corresponding m,) is significantly smaller for
lower & compared to the metric case. The different quantum fluctuation contributions
for <012nis,*> and <912nis7 .) induce a & dependence, which manifests in the §; = 0 case. For
large misalignment angles 8; = 1, we can see that the isocurvature constraints are always
less stringent than the DM overabundance. This allows the case for pre-inflationary ALP
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DM even for larger H;,s values, which is in contrast with the general inflation case. For
pre-inflation production the Palatini formalism allows a wider mass range, which is the
opposite for the post-inflation production.

Let us discuss possible implications from the reheating. For a stable ALP, there could
be lower limit on the reheating temperature coming from the relativistic ALP remnant from
the inflaton decay during the reheating stages [87, 88], which could be constrained by the
non-observation of the dark radiation as ANeg < 0.3 [83]. For instance, in the case when
the ALP from the decaying radial mode inflaton is light enough to remain relativistic at the
time of CMB or BBN, the reheating temperature T}y, should be larger than 4 x 10'3 GeV if
¢ > 10* and this lower bound becomes weaker for lower ¢ values for the case of f, < Mp/¢
[88]. In the case of massive ALP, there exists further complication of transition to the
non-relativistic dark matter at late times while making the constraints from ANgg further
suppressed.

6 Conclusion

In this work we considered the possibility of ALPs with their mass being solely gravi-
tationally induced, and investigated the possibility of these consisting our dark matter.
Non-perturbative gravitational effects on global symmetry contribute with an exponential
dependence on the wormhole action. We obtained analytic results of the ALP wormhole
solution for both metric and Palatini formalism, with both wormhole actions proportional
to /€ for £ > 1, and the metric formalism having a non-trivial ¢ dependence near the
Giddings-Strominger limit. Identifying that the ALPs can take a large range of masses, we
focused on the masses m, > 102! eV for dark matter purposes. We computed the ALP
abundance for both pre-inflationary and post-inflationary setups, with the former com-
ing from misalignment taking into account the period of reheating and the latter having
additional contributions from cosmic string decays. We further showed that constraints
from isocurvature fluctuations differ when the radial mode p plays the role of the infla-
ton, and overall demonstrated that these ALPs can account for the observed dark matter
density over a broad range of mass and symmetry breaking scales, driven purely by non-
perturbative gravitational effects.

There are several further directions to consider within this scenario. In our analysis, we
restricted the radial mode to be heavier than the ALP in order for it to stabilize at a vev.
Although this region is effectively constrained by ALP overproduction and isocurvature
perturbations, it could be interesting to rigorously consider the case when this relation
breaks down.

We also parameterized the reheating temperature without specifying a concrete exam-
ple on the reheating process. A more concrete setup could also induce interesting conse-
quences. For example, if the complex U(1) scalar field couples to right-handed neutrinos
via —r;;®N;N;, this allows the radial mode inflaton p to decay into these right-handed
neutrinos. This setup can then potentially explain the baryon asymmetry of our Universe
through a non-thermal leptogenesis [89-95] as well as neutrino mass through the seesaw
mechanism [96-99]. We leave a solid analysis on this scenario for a future work.
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