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1 Introduction

Recently, an excess was found in the electron recoil data collected by the XENON1T
experiment [1], which stimulated active discussion on the possible explanation for the
excess. While the tritium is not excluded as a mundane explanation,1 it is worth studying
the interpretation in terms of new physics beyond the standard model (SM).

One of such is the axion-like particle (ALP) dark matter (DM) [3–5] (see refs. [6–12]
for reviews), which generates a mono-energetic peak through absorption by electron. The
XENON1T excess favors the ALP mass and coupling to electron in the range of

mφ = 2.3± 0.2 keV (68% C.L.), (1.1)

gφe ' 3× 10−14
√

ΩDM
Ωφ

, (1.2)

with a 3.0σ global (4.0σ local) significance over background [1], where ΩDM and Ωφ are
the density parameters of DM and ALP φ, respectively.2 Let us define the fraction of ALP
DM by r ≡ Ωφ/ΩDM. One can express the coupling to electrons in terms of the decay
constant as

fφ ' 2× 1010qe
√
rGeV, (1.3)

1It was pointed out in ref. [2] that 37Ar can also explain the excess.
2Dark photon DM [13–15] can also explain the excess with the same global significance.
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where qe is the Peccei-Quinn (PQ) charge of the electron. Since the ALP generically
has an anomalous coupling to photons, its decay produces X-ray line signal at an energy
equal to half the ALP mass. To satisfy the X-ray observations for the above mass and
decay constant, however, the ALP coupling to photons must be extremely suppressed than
naively expected [3, 8, 16, 17]. One way to suppress the photon coupling is to consider an
anomaly-free ALP which has no QED anomaly [3, 17].3 Then, the dominant coupling to
photons arises from the electron threshold of the form,

α

48π(fφ/qe)
∂2φ

m2
e

FµνF̃
µν , (1.4)

which predicts an X-ray line signal with definite strength [3, 17] (see also ref. [16]). The
predicted X-ray line may be searched for by future X-ray observatories [18–21].

The coupling to electron (1.2) satisfies the stellar cooling bound, and actually it is
close to the value hinted by the stellar cooling anomalies of white dwarfs (WD) [22, 23]
and red giants (RG) [24],4 and the agreement becomes even better if the ALP is a part
of the total DM [3]. Furthermore, the right abundance of ALP DM can be generated by
the misalignment mechanism [26–28], or by thermal scatterings if the ALP constitutes a
fraction of DM [3, 8, 17]. In this paper we will point out another coincidence of the ALP
parameters in a different context.

There is a strong evidence [29] for inflation at an early stage of the universe [30–32].
The slow-roll inflation paradigm [33, 34] crucially depends on a sufficiently flat inflaton
potential, and it has been one of the central issues in the inflation model building how to
protect the flat potential from radiative corrections since the early discussion on the GUT
higgs inflation in the 1980s. One of the plausible candidates for the inflaton is an axion
whose potential is naturally protected by the shift symmetry.

There are a wide variety of inflation models based on the axion. Natural inflation [35]
is a simple and therefore attractive model in which the inflaton potential consists of a single
cosine function. However, the decay constant is required to be super-Planckian for the slow-
roll inflation, and its predicted scalar spectral index as well as the tensor-to-scalar ratio are
disfavored by the current CMB observations [29]. There are many extensions of the natural
inflation (see e.g. refs. [36–43]), and we focus on the simplest class of the so-called multi-
natural inflation [37]; the inflaton potential consists of two cosine terms which conspire to
make a flat plateau around the potential maximum. This potential allows slow-roll inflation
from very high energy scales to very low energy scales depending on the value of the decay
constant. Such axion inflation model may be realized in the axion landscape [44, 45] where
many axions have various shift symmetry breaking terms and mixing.

In the simplest class of the multi-natural inflation, the inflaton potential often has
an upside-down symmetry, where the curvatures of the potential maximum and minimum
are of equal magnitude but opposite sign (see figure 1). Then, the inflaton mass at the

3The ALP should not have QCD anomaly, either, to avoid a mixing with π0 [3]. In particular, the kinetic
or mass mixing between the ALP and the QCD axion should be suppressed.

4See, however, ref. [25] where they placed a tight upper bound on the coupling to electrons using the
Gaia data.
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minimum is naturally suppressed once we require the slow-roll conditions to be satisfied
around the potential maximum. Thanks to the light mass, the inflaton can be stable on
the cosmological time scale and contribute to DM. In refs. [41, 42], Daido and two of the
present authors (FT and WY) investigated this possibility. A consistency relation between
the ALP mass and decay constant was derived solely based on the CMB normalization of
the density perturbation and the observed scalar spectral index, and it reads

fφ ∼ 103
√
mφMp, (1.5)

where Mp ' 2.4 × 1018 GeV is the reduced Planck mass (see also ref. [46]). This is a
rather robust relation. Based on this set-up, it led to the so-called ALP miracle scenario
in which the ALP DM and inflation are explained in a unified manner, and the suggested
parameter space is within the reach of future solar axion experiments such as IAXO [47, 48].
Intriguingly, the parameters (1.1) and (1.2) suggested by the XENON1T excess satisfy the
above relation. This coincidence implies that the ALP DM, which is responsible for the
XENON1T excess, might have played the role of the inflaton in the very early universe.

In this paper we study cosmological implications of the coincidence between the
XENON1T excess and the predicted relation between the ALP mass and decay constant in
a context of the ALP inflation. While refs. [41, 42] focused on scenarios in which an ALP
with eV-scale mass explains both inflation and DM, in this paper we focus on ALPs with
a mass of about keV to explain the XENON1T excess. Then we find that the ALP must
be coupled to the relatively heavy fermions of the standard model for successful reheating.
Since the ALP is thermalized through this interaction, it gives too much contribution to
warm DM, which requires an entropy dilution of O(10). We show that the ALP can be
diluted by the decay of right-handed neutrinos produced during reheating. We also briefly
discuss a possible scenario for leptogenesis.

In the next section, we explain the ALP inflation model and the origin of eq. (1.5). We
also discuss the reheating of the ALP inflation and derive the condition that the coherent
oscillation of the ALP inflaton is diffused into the thermal plasma. The ALPs are, however,
produced from the scattering in the thermal plasma during the diffusion process. These
ALPs are the potential source of the XENON1T excess. In section 3, we discuss an example
of the scenario for a mild entropy production that is required to dilute the thermally
produced ALP so that the abundance of the thermally produced ALP does not exceeds
a present upper bound. In section 4, we discuss the possibilities with multiple ALPs. In
particular, we comment on anthropic explanation of the ALP mass in the context of string
landscape. Section 5 is devoted to conclusion.

2 ALP inflation and XENON1T excess

2.1 ALP inflation

We assume that the ALP potential consists of two sinusoidal functions such as [37]

Vinf(φ) = Λ4
(

cos
(
φ

fφ
+ θ

)
− κ

n2 cos
(
nφ

fφ

))
+ const., (2.1)
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Figure 1. The ALP potential for n = 3 with θ ≈ 0 and κ ≈ 1. The curvatures of the potential
at the maximum and minimum are equal to each other but with an opposite sign. The slow-
roll inflation takes place around the hilltop of the potential while the ALP excitation around the
minimum contributes to DM.

where n(> 1) is a rational number, κ is a numerical coefficient, and θ is a relative phase.
We have added the last constant term so that the cosmological constant is vanishingly
small in the present vacuum. If n is an odd integer, the potential has an upside-down
symmetry (See figure 1). In particular, the mass squared of the ALP at the potential
minimum is equal to the curvature at the potential maximum but with an opposite sign.
In the following we assume the slow-roll towards φ > 0 without loss of generality.

For the moment we set θ = 0 and κ = 1 so that the curvature vanishes, V ′′(0) = 0, at
the origin. In this limit, the inflaton dynamics is reduced to the standard hilltop quartic
inflation, and the inflaton evolution can be solved analytically. Then, the potential near
the origin is approximated by

Vinf(φ) ' V0 − λφ4 + · · · , (2.2)

where we have defined

V0 ≡ Vinf(0)− Vinf(πfφ) = 2n
2 − 1
n2 Λ4 (2.3)

λ ≡ n2 − 1
4!

(
Λ
fφ

)4

. (2.4)

Here the potential contains no linear or quadratic terms, but the inflaton dynamics is not
significantly modified as long as these terms are sufficiently small. In fact, we as shall see
shortly, while the hilltop quartic inflation can last sufficiently long to solve the theoretical
problems of the standard big bang cosmology, its prediction of the spectral index is too
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small to explain the observed value. Then, we will introduce linear and quadratic terms as
small corrections, which give a better fit to the observed spectral index.5

The amplitude of curvature perturbations is calculated from

PR =
(
H2

inf
2πφ̇∗

)2

' Vinf(φ∗)3

12π2V ′inf(φ∗)2M6
p

, (2.5)

where the subscript ∗ implies that the variable is evaluated at the horizon exit of the pivot
scale k∗ = 0.05Mpc−1. The observed amplitude of the curvature perturbation is given
by [29]

PR ' 2.1× 10−9. (2.6)

This fixes the quartic coupling as

λ ' 7.5× 10−14
(
N∗
50

)−3
, (2.7)

where N∗ is the e-folding number at the horizon exit of the pivot scale.
The scalar spectral index ns is given by

ns ' 1− 6ε+ 2η, (2.8)

where the slow-roll parameters are defined as

ε(φ) ≡
M2
p

2

(
V ′inf
Vinf

)2
, (2.9)

η(φ) ≡M2
p

V ′′inf
Vinf

. (2.10)

Unless the inflation scale is very high, the contribution to ns is known to be dominated by
η. In the hilltop quartic inflation, the inflaton dynamics can be easily solved analytically
and one obtains η(φ∗) ' −3/2N∗, and thus,

ns(φ∗) ' 1− 3
N∗

. (2.11)

We are interested in the case of the Hubble parameter during inflation of order keV, which
results in N∗ = 32 - 35. Then, the predicted value of the spectral index in the quartic
hilltop inflation is too small to explain the observed value, ns = 0.9649± 0.0044 [29].

In fact, the spectral index is sensitive to the detailed shape of the inflaton potential,
and even a tiny correction can easily modify the predicted value of ns to give a better fit
to data. To this end, we introduce a small but nonzero CP phase, θ. For sufficiently small
θ(> 0), one can again expand the potential around the origin as

Vinf(φ) ' V0 − λφ4 − Λ4θ
φ

fφ
+ · · · . (2.12)

The linear term can effectively increase the predicted value of ns, because, if θ > 0, it
shifts the inflaton field at the horizon exit of the pivot scale to smaller values where the

5A cubic term is also induced in our set-up, but it does not modify the inflaton dynamics significantly.
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curvature of the potential, |V ′′inf |, is smaller [49]. Note that the linear term does not directly
contribute to the η parameter. A similar, but slightly weaker effect is obtained by varying
the relative height of the potential, κ, which induces a quadratic term. In fact, if the
flatness of the inflaton potential is due to the anthropic selection of the parameters for
the inflaton potential, such nonzero values of θ and κ − 1 may be reasonable because the
successful slow-roll inflation only requires a sufficiently flat potential where the slow-roll
parameters are smaller than unity.

The inclusion of nonzero θ and κ− 1 leads to an interesting relation between the mass
and the decay constant. From eq. (2.8), we obtain

Hinf ≈
√

V0
3M2

p

∼
√
|V ′′inf(φ∗)| ∼

√
|V ′′inf(φmax)|, (2.13)

where we have used in the last equality the fact that φ∗ is close to the potential maximum
located at φ = φmax in the hilltop inflation. Due to the upside-down symmetry, we have

mφ ∼ Hinf , (2.14)

where

mφ ≡
√
V ′′inf(φmin) '

(
9(n2 − 1)

2

) 1
6

θ
1
3

Λ2

fφ
. (2.15)

From (2.7) and (2.14), we arrive at the relation [41–43, 46]

fφ ∼ 103
√
mφMp. (2.16)

The relation was numerically confirmed in refs. [41–43] by solving the inflaton dynamics
taking account of higher order corrections to the spectral index. We show in figure 2 the
numerical result of [43].

For the current purpose we have fitted the numerical results of ref. [43] for n = 3 in
the range of 109 GeV ≤ fφ ≤ 1011 GeV and |κ− 1| . (fφ/Mp)2, |θ| . (fφ/Mp)3 to obtain

Hinf ' (0.1 - 1) keV
√

2− 2/n2

16/9

(
fφ

109 GeV

)2
, (2.17)

λ ' (1 - 50)× 10−13
(

109 GeV
fφ

)0.11

, (2.18)

where the n-dependence is reproduced analytically. Thus we arrive at

fφ ' (2 - 4)× 109 GeV
(
n

3

) 1
2
(
mφ

2 keV

) 1
2
. (2.19)

One can see that the mass (1.1) and decay constant (1.3) suggested by the XENON1T
excess satisfy the relation for qe

√
r ∼ 0.1. In the following we take n = 3, but our results

are not so sensitive to the choice of n, and the dependence on n can be easily read from
eqs. (2.17), (2.18) and (2.19).
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Figure 2. The predicted relation between mφ and fφ in the ALP inflation with n = 3 is shown
by the green line, which is adapted from ref. [43]. The mass and decay constant suggested by the
XENON1T excess are shown by the red shaded region for qe

√
r = 0.1 - 1. As discussed in the text,

the two regions overlap around qe
√
r ' 0.2.

In order to take a closer look, we show in figure 3 the relation for different values of
qe as well as other cosmological and astrophysical constraints. The upper and lower panels
are for the fraction of ALP DM, r = Ωφ/ΩDM = 1 and 0.04, respectively. The consistency
relation (2.19) are shown as green bands for the different PQ charge of electron, qe = 1, 0.3
and 0.1 from top to bottom. The mass (1.1) and the electron coupling (1.2) suggested by
the XENON1T excess are shown as black dots. We can see that, if the ALP DM responsible
for the XENON1T excess is the inflaton, the PQ charge of electron and the fraction of ALP
DM satisfy

qe
√
r ' 0.2. (2.20)

The blue shaded region is excluded by the X-ray observations, and the future sensitivity
reach of ATHENA is shown by the blue dashed line [50–52]. Here we have adopted the decay
rate into photons based on the anomaly-free ALP DMmodel [3, 17]. On the other hand, the
cooling argument based on the tip of red-giant branch stars places a tight bound on gφe <
1.60 (0.82) × 10−13 at 95% (68%) CL, and the gray shaded region shows the 2σ excluded
region, and the red dotted line is the 1σ bound [25].6 The RG cooling bound gives a lower
bound on the fraction of ALP DM as r & 0.01. Note that the red shaded region is favored by
the analysis of white dwarf luminosity function [22], which is close to the values suggested
by the XENON1T excess especially in the case of r = 0.04. In the rest of this section we
discuss the reheating of the ALP inflation and the abundance of thermally produced ALPs.

6Here we have simply adopted the Boltzmann suppression for the ALP emission from the stellar objects,
assuming the typical temperatures in white dwarf (red giant) is about 1 keV (10 keV) [53], but a dedicated
analysis might be necessary to derive the precise mass-dependence.
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Figure 3. The mass and coupling to electrons suggested by the XENON1T excess are shown by
black dots for r = 1 (upper panel) and r = 0.04 (lower panel). The predicted relation for gφe and
mφ in the ALP inflation is shown as green bands for qe = 1, 0.3, and 0.1 from top to bottom. The
X-ray bound for anomaly-free ALP DM [3, 17] is shown by the blue shaded region. The future
sensitivity of ATHENA is shown by the blue dashed line [50, 51]. The red shaded region is preferred
by the cooling of white dwarf stars. The gray region and the red dashed line represent the bound
from the cooling of the tip of the red-giant branch [25] at 2σ and 1σ level, respectively.

2.2 Reheating of the ALP inflation

2.2.1 General argument

After the slow-roll inflation, the ALP (inflaton) starts to oscillate around its potential
minimum. The ALP mass at the minimum is of order keV, but it initially has a much
larger effective mass, and so, it can efficiently transfer its energy to the SM particles. Here
we estimate how efficient the energy transfer should be for successful reheating.
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If the ALP couplings to the SM particles are sizable, the reheating completes soon after
the onset of oscillations. In other words, the reheating is instantaneous. The reheating
temperature in this case is given by

TR ' (3 - 8)× 105GeV
(
g∗(TR)
107.75

)−1/4 ( fφ
109 GeV

)
, (2.21)

where we have used (2.17) and set g∗(TR) = 107.75 counts all the SM degrees freedom plus
thermalized ALP (inflaton) (see later discussion for the thermal production of the ALP).
The detailed process of reheating, however, is quite non-trivial because the effective mass of
the ALP decreases in time and thermal dissipation processes also play the important role.

Let us approximate the ALP potential around the potential minimum as

V (φ) ' 1
2m

2
φ(φ− φmin)2 + λ(φ− φmin)4. (2.22)

The quadratic term becomes relevant only after the oscillation amplitude of ALP becomes
smaller than

φc = mφ√
2λ
. (2.23)

The effective mass of the ALP is approximately given by

meff '


√

12λ |φ| for |φ| > φc

mφ for |φ| < φc

, (2.24)

where |φ| is the amplitude of the ALP oscillation. Soon after the onset of oscillations, the
effective mass is about 3 TeV for λ = 10−12 and |φ| = fφ = 109 GeV, and it can decay into
relatively heavy SM particles. The decay products quickly thermalize and form thermal
plasma. Because of the time-dependent effective mass, however, the perturbative decay
stops at a certain point, and afterwards the dominant reheating process is taken over by
thermal dissipation process. If the dissipation process is efficient, the ALP condensate will
evaporate completely. If not, there may remain some amount of the ALP condensate which
contributes to DM. In the former case, the ALP is considered to be thermalized, which we
will discuss later in this section.

We denote the fraction of the remnant of the ALP condensate by ξ:

ξ ≡ ρφ
ρφ + ρR

∣∣∣∣∣
after reheating

, (2.25)

where ρφ and ρR are the energy density of the ALP condensate and radiation, respectively,
and ξ is defined just after the reheating (decay or dissipation) becomes ineffective. The
precise value of ξ can be estimated by numerically solving the Boltzmann equation for
given interactions. Here let us estimate how small ξ should be for successful reheating.

The amplitude of the ALP oscillations after the reheating is about ξ
1
4 fφ since the

initial amplitude is of order fφ. Then, the ALP energy density to entropy ratio is given by

ρφ
s
' 3

4∆ξ
3
4
mφTR√

2λfφ
, (2.26)
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where we have introduced an entropy dilution factor ∆(< 1) for later purpose. Using
eqs. (2.18) and (2.21), we obtain

ξ ∼ 10−4 ×
(

10−3

∆

)4/3(2 keV
mφ

)4/3(Ωφh
2

0.12

)4/3 (
fφ

109 GeV

)−0.073
. (2.27)

Since the ALP relic density should not exceed the observed DM density, Ωφh
2 . 0.12, we

have an upper bound on ξ. If there were not for any entropy dilution (i.e. ∆ = 1), ξ should
be smaller than 10−8, and in the presence of the entropy dilution of 10−3, it should be
smaller than 10−4.

2.2.2 Specific examples of the ALP couplings

Now we specify interactions between the ALP and SM particles to estimate ξ. As we
consider the anomaly-free ALP model where the continuous shift symmetry (PQ symmetry)
of φ is not broken by the interactions with the SM particles, the relevant interactions are
given by the following derivative couplings with SM fermions7

Lint
eff = Cij

∂µφ

2fφ
ψ̄iγ5γ

µψj +O(1/f2
φ), (2.28)

where ψi represents the SM fermion with a flavor index i running over i = e, µ, τ, u, d, s, · · · ,
and Cij is a Hermitian matrix representing the ALP coupling. Note that there are no
anomalous couplings to the SM gauge bosons by definition of the anomaly-free ALP. We
have also concentrated on the CP-conserving interactions for simplicity.8

By performing field redefinition, we can rewrite the derivative couplings in terms of
the Yukawa couplings,

LYukawa = igφij
v

φ
(
ψ̄iγ5Hψj

)
(2.29)

with gφij = (y†ψ ·C+C ·yψ)ij v/(2fφ), where yψ represents the Yukawa matrices, v ≈ 174 GeV
is the Higgs vacuum expectation value (VEV), and H should be replaced with H̃ = iσ2H

∗

for up-type quarks. We also dropped the term of O((φ/fφ)2). The electron coupling is given
by gφe ≡ gφee in this notation. In this basis, anomalous couplings to the SM gauge bosons
may or may not be induced by the change of path-integral measure when one performs the
field redefinition from (2.28) to (2.29). Whether an anomalous coupling appears depends
on the nature of the PQ current in (2.28), and therefore on the UV origin of the anomaly-
free PQ symmetry. For instance, if the PQ anomaly is cancelled among the contributions of
the SM fermions, in other words, the PQ current in (2.28) is anomaly-free, the anomalous
coupling does not appear above the EW scale in the basis of (2.29). This is the case of the

7It is in principle possible to introduce the anomalous coupling of the ALP to Z,W± gauge bosons as
long as the anomalous coupling to photons is canceled. The induced photon coupling via the gauge boson
loops should be suppressed by O(m2

φ/m
2
W,Z) and the dominant one can be given by eq. (1.4).

8By adding a small CP-violating interaction, g̃φe∂µφψ̄eγµψe, one can enhance the cooling rate of the
WD and RG stars [54], although a pure CP-even scalar DM explanation is excluded by the RG cooling [4].
Then one may be able to explain the WD cooling without running afoul of the RG cooling constraint due
to the different core temperature even when the ALP explains all DM (see figure 3).
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lepton specific [3, 17] or the two-Higgs doublet [3, 43] model.9 On the other hand, if the
anomaly is cancelled between the SM fermions and a PQ fermion which may be as heavy
as the PQ scale, there appear anomalous couplings below the PQ scale in (2.29). The
couplings are originated from the triangle diagram contributions of integrating out the PQ
fermion. When we further integrate out all the SM fermions to see the physics at around
keV scales, the anomalous couplings will be cancelled out.

With any UV completion, we can move to the basis where ALP couples to fermions
only via derivative couplings as (2.28). In this basis, there should not be any additional
anomalous couplings to photons or gluons since the ALP is anomaly-free to them. By
integrating out the fermions in the effective Lagrangian (2.28), the ALP-photon coupling is
generated accompanied with the derivatives of φ, e.g. ∂2φFF̃ , thanks to the shift symmetry.
Since the electron is the lightest charged fermion, the dominant photon coupling is eq. (1.4)
unless qe is highly suppressed compared with the PQ charge for the other fermions [3, 17]
(see also ref. [16]).

Now let us discuss reheating in this set-up. In the Yukawa basis we generically have
two sources for the reheating, the couplings to fermions and to gauge bosons. In fact, even
if the anomalous couplings are present in the Yukawa basis, the reheating process via the
anomalous couplings turns out to be negligible in the parameter space under considera-
tion [41, 42]. Thus, in the following we discuss the reheating process through eq. (2.29).
To simplify the discussion, we consider flavor-diagonal couplings

Cij = qiδij , yψ = δijyψi , (2.30)

and we neglect the off-diagonal components of the Yukawa matrices.
The ALP decays into two fermions, φ→ ψi + ψ̄i, with the decay rate of

Γdec,ψ '
nc
8π

(
qimψi

fφ

)2

meff , (2.31)

if the mass or thermal mass of ψ is smaller than the effective mass of the ALP. On the
other hand, if the thermal mass of ψ exceeds meff , namely eT & meff (or gsT & meff), the
decay process stops and the dissipation process such as φ + ψi → ψi + γ (or g) becomes
relevant. The dissipation rate is given by [55]

Γdis,ψ ' A0nc

(
qimψi

fφ

)2 (
αψ
2π2

)
T, (2.32)

for T < TEW, where TEW is the temperature of the electroweak phase transition, A0 (' 0.5)
is a numerical constant, αψ is the fine-structure constant of the relevant gauge coupling,
e (or gs). Before the electroweak phase transition, on the other hand, the dissipation
proceeds via the interaction with the Higgs field such as φ + Higgs → ψi + ψ̄i. Then the

9If we consider a UV completion such that the axion resides in the phase of a complex scalar S, the radial
component should be heavy enough to use the effective Lagrangian. If the radial component is sufficiently
light, the PQ symmetry can be restored after inflation, which modifies thermal history after inflation.
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dissipation rate is given by [42, 56]

Γdis,H ' nc

(
q2
i y

2
ψi

2π3f2
φ

)
T 3, (2.33)

for T > TEW. Note that, while the perturbative decay gradually becomes inefficient as the
effective mass decreases in time, the dissipation rate of (2.33) and (2.32) is independent of
meff , and so, it is efficient until the ALP disappears completely.10

Now we can calculate the fraction of the relic ALP condensate ξ by solving the Boltz-
mann equations of 

ρ̇φ + 4Hρφ = −Γtotρφ

ρ̇r + 4Hρr = Γtotρφ

, (2.34)

where Γtot = Γdec,ψ + Γdis,ψ(H). Since Γdis,ψH/H is larger for higher T , we find that
the dissipation effect is most efficient just after the inflation ends. This implies that the
remnant fraction of the ALP condensate is exponentially suppressed as

ξ ∝ exp [−Γdis,H/H] (2.35)

with

Γdis,H
H

' nc

(
q2
i y

2
ψi

2π3

)√
90

π2g∗(TR)
TRMp

f2
φ

(2.36)

' 104 × ncq2
i y

2
ψi

(
TR

106 GeV

)(
fφ

109 GeV

)−2 (g∗(TR)
107.75

)−1/2
. (2.37)

Thus the remnant of the ALP inflaton is negligibly small if ncq2
i y

2
ψi

& 10−3. For qi =
O(0.1 - 10), ξ becomes sufficiently small and the reheating will be successful if the i contains
(relatively) heavy fermions such as τ, b, c or t.

We have numerically solved the Boltzmann equation and find that the reheating be-
comes inefficient and ξ ≈ 1 for ncq2

i y
2
ψi
� 10−3 and fφ ∼ 109 GeV, even if we take into

account the dissipation effect of eq. (2.32) and the perturbative decays at a later time. For
ncq

2
i y

2
ψi

& 10−3, we have confirmed that ξ is exponentially suppressed and the reheating
completes instantaneously. The reheating temperature is therefore given by eq. (2.21).

In summary, if the XENON1T excess is explained by the ALP DM which drives in-
flation in the early universe, the ALP must be coupled to heavy fermions for successful
reheating. The reheating is almost instantaneous, and the reheating temperature is of
order 106 GeV.

10Precisely speaking, the ALP condensate becomes spatially inhomogeneous soon after inflation due to
a tachyonic preheating [57, 58]. During a short period, the spatially homogeneous mode of the inflaton
condensate is soon destroyed and the spatially inhomogeneous modes grow. This reduces the inflaton
oscillation amplitude smaller than fφ. Also, due to the nature of derivative couplings, the preheating is
not effective. The modes with finite momenta continue to scatter via the quartic coupling of the inflaton
potential, but as long as the dissipation rate is much larger than the Hubble parameter, all the inflaton
quanta will evaporate soon.
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2.3 Thermal production of ALP

The ALP can also be produced from thermal plasma through the inverse process of the
diffusion effect. Since the diffusion effect is efficient for the successful reheating, the ALP
is always thermally populated. This is a rather robust prediction of our scenario. The
thermally produced ALP can be the potential source of the XENON1T excess.

The abundance of the thermally produced ALP is given by

Ω(th)
φ h2 ' 2.1∆

(
mφ

2 keV

)(
g∗s

106.75

)
, (2.38)

where g∗s is the relativistic degrees of freedom for entropy density of the SM particles and
we have included the entropy dilution factor ∆(< 1). In order not to exceed the observed
DM abundance for ∆ = 1, the thermally produced ALP must be diluted by some late-time
entropy production. The required amount of the entropy dilution factor is given by

∆ ' 0.06

Ω(th)
φ h2

0.12

 , (2.39)

where we used mφ ' 2 keV. In the next section we will discuss such entropy production
mechanism.

Lastly, we note that a thermally produced ALP with a keV-scale mass has a nonzero
free-streaming velocity at the structure formation, and it behaves as warm DM. The Lyman-
α observation puts an upper bound on the free-streaming velocity, which can be translated
to the upper bound on the mass of the warm DM for a given momentum distribution. In
the case of the sterile neutrino, its mass is bounded as mνs > 5.3 keV [59, 60] if it constitutes
the dominant DM. The bound on the ALP warm DM should be of the same order, although
the degree of freedom and the statistics are different. Also, there are constraints from ob-
servations of CMB, the baryon acoustic oscillation (BAO) and the number of dwarf satellite
galaxies in the Milky Way [61], which imply that the ALP warm DM with mass of 2 keV is
likely in a tension with observations. One way to relax the tension is to consider a case that
the ALP occupies only a fraction of DM. Indeed, if r < 0.1, the constraints are significantly
relaxed. To explain the XENON1T excess, we need r > 0.01 (see figure 3). Therefore, our
scenario may be tested if the aforementioned bounds for the warm DM are improved [62–65].

If the thermally produced ALP constitutes only a fraction of DM, the dominant com-
ponent may come from the remnant of the inflaton condensate via incomplete reheating
(see (2.27)). This is the case if ncq2

i y
2
ψi
∼ 10−3. On the other hand, the dominant DM

component may be another axion(s). As we will discuss later, there may be many axions
in nature as in the axiverse scenario, and then, mφ ∼ Hinf ∼ keV may be explained by the
anthropic argument based on the initial axion amplitude and the abundance.

3 Entropy dilution and leptogenesis

It is natural to introduce right-handed neutrinos to explain the smallness of the active neu-
trino masses by the seesaw mechanism and to produce baryon asymmetry via leptogenesis.
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The Lagrangian is written as

LNR = (kineticterms)− 1
2MiN̄ c

iNi − yνijL̄jHP̂RNi + h.c., (3.1)

where Lj is a left-handed Lepton field in the chiral representation. As we will see shortly,
the decay of right-handed neutrinos can result in an entropy dilution that is required in
our scenario.

The right-handed neutrino, Ni is also produced through the inflaton decay if it is
lighter than meff and has derivative couplings like

Lint
eff ⊃ CNiNj

∂µφ

2fφ
N̄iγ5γ

µNj . (3.2)

In the mass basis, we obtain,

Lmass = iCNiNj (Mi +Mj)
φ

2fφ
N̄ c
i γ5Nj . (3.3)

We have ignored the ALP coupling via Yukawa interactions in eq. (3.1) since yνij is small
in the parameter region of our interest.

In particular, the right-handed neutrino, N1, corresponding to the lightest active neu-
trino, can be produced. The number density of N1 to entropy density ratio is given as

nN
s
∼ 3

4
TR

meff/2
Γφ→N1N1

Γtot
∼ 7

C2
N1N1

M2
1

nc(qiyψi)2T 2
R

. (3.4)

This takes the maximum value of O(10−3), when M1 ∼ meff and nc(yψiqi)2 ∼ 10−3.11 The
right-handed neutrino comes to dominate the Universe when the temperature decreases to

Tdom '
4
3M1

nN
s
∼ 10 GeV

(
10−3

nc(yψiqi)2/C2
N1N1

)(
106 GeV
TR

)2 (
M1

103 GeV

)3
. (3.5)

This is derived from ρr ' M1nN , i.e. the equality of radiation and the energy density
of N . For instance, Tdom > 10MeV implies M1 > 100GeV for TR = 106 GeV. Then N1
decays into the SM particles to reheat the universe with a temperature T = TN .12 The
ALP-number-to-entropy ratio after the decay of N1 is given as

nφ
s

∣∣∣∣
T=TN

= nN
s

∣∣∣∣
T=TN

nφ
nN

∣∣∣∣
T=Tdom

= TN
Tdom

nφ
s

∣∣∣∣
T=Tdom

. (3.6)

Thus, we identify the dilution factor as ∆ = TN/Tdom. The right-handed neutrino should
decay before the big bang nucleosynthesis (BBN), TN & 1 MeV, not to spoil the successful

11Note that, toward the end of the reheating, the amplitude of inflaton decreases and the effective mass
of the inflaton may become smaller than M1. Then the inflaton decay to N1 is kinematically forbidden.
However this does not modify the abundance of N1 significantly from (3.4).

12For successful entropy production, the decays of N1 → N2,3 + φ should be suppressed. This is either
kinetically forbidden with the condition of M2,3 & M1 or suppressed by the small off-diagonal component
of CNiNj .
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prediction of the light element abundances [66–72]. Then, the dilution factor is bounded
below

10−4
(10 GeV
Tdom

)
. ∆ ≤ 1, (3.7)

which in turn implies that the abundance of the thermally produced ALP is in the range of

Ω(th)
φ = O(10−3 - 1). (3.8)

This has a large overlap with the range of r where the XENON1T excess can be explained
(see figure 3).

Let us mention a possible baryogenesis associated with the right-handed neutrinos. In
the case of 1 TeV . M2 ≈ M3 . 106 GeV, the right amount of baryon asymmetry may
be generated via resonant leptogenesis [73, 74], while vanilla leptogenesis [75] is difficult
because of the low reheating temperature TR ∼ 106 GeV. When M2,3 ∼ 1 - 100 GeV, on
the other hand, the baryon asymmetry may be obtained from flavor oscillations of the left-
handed leptons which are produced from the inflaton decays or scatterings [76, 77]. If the
ALP-lepton derivative couplings and yνij are flavor-violating, i.e. not diagonal in the basis
that the charged lepton Yukawa matrix is diagonalized, the produced left-handed leptons
undergo flavor oscillations due to the misalignment of the interaction basis and thermal
mass basis. Note that the thermal mass has a flavor-dependent component, δM2

th ∼ y2
ψi
T 2,

coming from the lepton Yukawa interaction. If there are nonzero CP-phases, CP violating
oscillation can occur like the case expected in the ordinary neutrino oscillation. Due to
the CP-violation, lepton asymmetry is generated in the SM sector, while the right-handed
neutrino carries the same size of anti-asymmetry which will be destroyed when N2,3 become
non-relativistic. The baryon asymmetry is transferred from the lepton asymmetry in the
SM sector thanks to the sphaleron process. This active lepton oscillation effect in the ALP
inflation scenario was studied by solving kinetic equations for lepton density matrices in
ref. [77]. It was found that the produced asymmetry is of the neutrino Yukawa matrix
squared, O((yν)2), at the leading order, since the leptons can be efficiently produced from
the ALP-lepton interaction that is assumed to be flavor-violating, and the tuning between
M1 and M2 is not needed. Note that this scenario is different from the so-called ARS
mechanism, where the right-handed neutrino oscillations play an important role for the
CP violation. This mechanism may also work when M2 and M3 are light enough with tiny
mass differences [78, 79] though one may have to take care of a possible effect from new
interactions in our model [80]. If the ALP-lepton couplings involve lepton flavor violation as
in this scenario, the lepton flavor violation may be searched for by the future measurement
of µ → e + φ [53, 81]. Note also that generated baryon asymmetry is also diluted by the
entropy production of N1, and one needs to generate larger baryon asymmetry by a factor
of ∆−1 than the observed value.

Another way to have late-time entropy production is to introduce a B−L Higgs field.
The U(1)B−L gauge symmetry is assumed to be restored after inflation, and the B−L
Higgs field stays at the origin and dominates the universe for a while. After the symmetry
breaking, the B−L Higgs decays into the SM particles and produce entropy that leads to
∆ ∼ O(0.01 - 0.1). See appendix for the estimation of the dilution factor in this scenario.
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In this case the right-handed neutrino can be produced efficiently in the symmetric phase
through the U(1)B−L gauge interactions. The decays of the right-handed neutrinos can
generate baryon asymmetry via resonant leptogenesis.

4 Discussion

So far we have considered a single-field inflation model, but the ALP inflation can be
extended to multi-field inflation where the two axions respectively play the role of the
inflaton and waterfall field as in the hybrid inflation [41] (see also refs. [82–84]). Even in
this case, the consistency relation between the mass and decay constant is known to hold,
while the reheating process can be quite different [41]. It may be able to induce the entropy
production from one axion while the other becomes DM and explains the XENON1T excess.

In our scenario, the inflation scale is predicted to be around Hinf ∼ 1 keV. Since this is
lower than the QCD scale, if the QCD axion, a, exists to solve the strong CP problem, it
acquires a potential via the non-perturbative effect during inflation. In the ALP inflation
model considered in the text, the eternal inflation can take place around the potential
maximum. If the inflation lasted sufficiently long, then the QCD axion field follows an
equilibrium probability distribution peaked around the CP-conserving minimum with a
variance ∼ 0.1H2

inf(mafa)−1 due to the stochastic process, where ma and fa are the QCD
axion mass and decay constant, respectively. The resulting abundance of the QCD axion
is highly suppressed [85, 86].13

Here let us comment on a possibility that the ALP mass is determined by the anthropic
principle [91–95]. In the string axiverse, there are many ALPs with the decay constants
of order 1016 GeV [96, 97]. We expect that the masses of these ALPs are logarithmically
distributed over a wide range of energy scales, because their masses are generated by non-
perturbative effects. Then, while heavy ALPs already settle down at their potential min-
imum during inflation, light ALPs may start to oscillate coherently around their potential
minimum after inflation. The energy densities of the coherent oscillations behave like DM.

Now we shall take into account the anthropic condition on the DM abundance. If the
DM is too abundant, the cosmological structure would be significantly complicated, and
the number of small-scale structure, like galaxies, might become quite large. As a result,
the collision rate of stars/comets may be too large and there may be no time for sapient life
to emerge on a planet like the Earth. The consideration along this line puts an upper bound
on the DM abundance, which turns out to be larger than the observed DM abundance,
but not by many orders of magnitude. (see, e.g., ref. [98]). Then, the energy densities of
the ALP coherent oscillations must be suppressed to satisfy the anthropic condition on the
DM abundance.

One might think that the initial misalignment angle of each ALP can be fine-tuned
to satisfy the anthropic condition. However, the total amount of fine-tuning would be
very large if there are many ALPs, and it depends on which parameters are actually
environmental parameters whether such tuning is justified. Instead, we consider the case in

13If there is a mixing between the ALP and other axions, on the other hand, this is not necessarily the
case because the minimum could be shifted after inflation [86]. See also refs. [41, 87–90].
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which the anthropic condition is satisfied by varying the Hubble parameter during inflation,
namely Hinf . In ref. [99], Ho and two of the present authors (FT and WY) studied the
stochastic behavior of string axions and showed that the abundance of the ALP coherent
oscillations is sufficiently suppressed if Hinf . O(1) keV for the ALP decay constants of
order 1016 GeV. Therefore, if Hinf is randomly distributed in the string landscape and is
biased toward a larger value, Hinf = O(1) keV is chosen by the anthropic condition on the
DM abundance. Noting that the mass of the inflaton ALP is of the same order with Hinf
in our scenario, this is another interesting coincidence with the XENON1T excess.

Lastly let us comment on a possibility of the PQ symmetry restoration. In the main
text we have focused on the case that the PQ symmetry is already broken during inflation
as the inflaton was identified with the corresponding ALP. In a more general case where the
ALP is not necessarily the inflaton, the PQ symmetry could be restored in the early universe
and gets spontaneously broken some time after inflation. This scenario has advantages;
the ALP has no isocurvature perturbation, and the inflation scale can be high; also, the
reheating temperature (of the SM sector) can be high which makes it easier to generate the
right amount of baryon asymmetry. The cosmic strings and domain walls are formed after
the phase transition, but they will disappear if the corresponding domain wall number
is equal to unity, namely if there is a unique vacuum. On the other hand, we need to
make sure that the ALP is not thermalized, since its abundance would be larger than the
observed DM abundance and some entropy dilution would be required. In particular, if the
PQ sector including the PQ scalar(s) are thermalized, the ALP is expected to be already
thermally populated right after the phase transition. In the simplest case with a single
PQ complex scalar, the thermalized real and imaginary components will become the radial
direction of the PQ-symmetry breaking field and ALP after the phase transition. One
way to avoid the overproduction of the ALP is to assume that the PQ sector has been
always decoupled from the SM sector, and it is never thermalized. Then, the timing of
the PQ phase transition is model-dependent, and it depends on e.g. the detailed shape of
the potential for the PQ scalar, or the interactions among the PQ scalars. If the phase
transition takes place at a late time, the temperature of the SM sector can be so low that
thermal production of the ALPs becomes negligibly small. In an extreme case in which the
PQ sector has a clockwork structure, the phase transition indeed takes place at a very late
time, and the resultant topological defects have a complicated structure [100–102]. Note,
however, that the radial direction of the PQ-symmetry breaking field should dominantly
decay to the SM particles so that hot/warm ALP is not overproduced [103].

5 Conclusions

In this paper we have pointed out that, when the XENON1T excess is interpreted in terms
of the ALP dark matter, the suggested mass and decay constant agree very well with the
relation of (1.5) that is predicted in the ALP inflation model. The relation was derived
solely based on the CMB normalization and the scalar spectral index. For the mass and
decay constant suggested by the XENON1T excess, the Hubble parameter during inflation
is predicted to be Hinf ∼ keV. If the ALP is coupled to relatively heavy SM fermions,
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the reheating proceeds almost instantaneously and the reheating temperature is given by
TR ∼ 106 GeV.

After the reheating, the ALP is produced from the scattering in the thermal plasma.
The thermally produced ALP DM explains the XENON1T excess once its abundance is
diluted by a factor of 10. Such a mild entropy dilution can be realized in simple cosmolog-
ical scenarios. We have presented a scenario where the inflaton decays into right-handed
neutrinos, and the lightest right-handed neutrino can dominate and reheat the Universe
to produce the entropy. Our scenario have various implications for small-scale structure
as well as lepton flavor violation. Future observations of 21 cm lines, CMB, BAO, dwarf
galaxies and µ → e+ missing will provide us with further information on the possible
relation between DM and inflation.
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A Entropy dilution by thermal inflation

Here we discuss another possible source of entropy dilution. Suppose that there is U(1)B−L
gauge symmetry, which is spontaneously broken at an intermediate scale to give a nonzero
mass for the right-handed neutrino. We assume that the U(1)B−L breaking field Ψ has the
Higgs-like potential such as

V (|Ψ|) = λΨ

(
|Ψ|2 − 1

2v
2
Ψ

)2
+ VT (Ψ) . (A.1)

Here, we include the thermal potential VT , which is given by

VT (|Ψ|) =
(
λΨ
3 + q2

Ψ
g2

4

)
T 2 |Ψ|2 , (A.2)

where qΨ (g) is the U(1)B−L charge (gauge coupling) of Ψ. The critical temperature, below
which the U(1)B−L Higgs field has a nonzero VEV, is then given by

Tc =
√

λΨ
λΨ/3 + q2

Ψg
2/4

vΨ . (A.3)

The entropy is released from the decay of the U(1)B−L Higgs field. We define a dilution
factor as the ratio of the final to the initial comoving entropy density as

∆−1 ≡ sia
3
i

sfa
3
f

= 1 + 4
3

g∗s(TRH,Ψ)
g∗(TRH,Ψ)TRH,Ψ

V (0)
(2π2/45) g∗s(Tc)T 3

c

, (A.4)
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where g∗s (g∗) is the effective number of relativistic degrees of freedom for entropy (energy)
density as a function of T . Here, V (0) = λΨv

4
Ψ/4, and ai (af ) is the scale factor and si

(sf ) is the entropy density before (after) the thermal inflation. If the reheating completes
instantaneously, the reheating temperature is given by

TRH,Ψ =
(

30V (0)
g∗(TRH,Ψ)π2

)1/4

. (A.5)

Then, we obtain

∆ ' 0.06× (qΨg)−3
(
g∗s(Tc)λΨ

10−3

)3/4
, (A.6)

where we have assumed g∗s(TRH,Ψ) = g∗(TRH,Ψ), ∆ � 1, and λΨ � q2
Ψg

2. For instance,
if we take a value of λΨ . g4q4

Ψ/16π2 which is slightly smaller than the natural value
determined by the radiative correction, we obtain ∆ . O(1). Therefore, with a mild
tuning of the λ with respect to the Coleman-Weinberg set-up, ∆ can be of order 0.01−0.1.
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