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Recently, an anomalous excess was found in the electronic recoil data collected at the XENON1T
experiment. The excess may be explained by an axionlike particle (ALP) with a mass of a few keV and a
coupling to electron of gae ∼ 10−13, if the ALP constitutes all or some fraction of local dark matter (DM). In
order to satisfy the x-ray constraint, the ALP coupling to photons must be significantly suppressed
compared to that to electrons. This strongly suggests that the ALP has no anomalous couplings to photons;
i.e., there is no Uð1ÞPQ-Uð1Þem-Uð1Þem anomaly. We show that such anomaly-free ALP DM predicts an
x-ray line signal with a definite strength through the operator arising from threshold corrections, and
compare it with the projected sensitivity of the ATHENA x-ray observatory. The abundance of ALP DM
can be explained by the misalignment mechanism, or by thermal production if it constitutes a part of DM.
In particular, we find that the anomalous excess reported by the XENON1Texperiment as well as the stellar
cooling anomalies from white dwarfs and red giants can be explained simultaneously better when the ALP
constitutes about 10% of DM. As concrete models, we revisit the leptophilic anomaly-free ALP DM
considered in K. Nakayama, F. Takahashi, and T. T. Yanagida [Phys. Lett. B 734, 178 (2014)] as well as an
ALP model based on a two Higgs doublet model in the Supplemental Material.
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Introduction.—An excess of electron recoil events over
the background has been recently reported by the
XENON1T experiment [1]. The statistical significance of
the excess is about 3σ, whose precise value depends on the
potential source. The observed excess can be nicely fitted by
the solar axion, which, however, is in strong tension with the
star cooling constraints [2–6]. While the significance is
weaker than the solar axion, the excess may be explained by
an axionlike particle (ALP) with mass of a few keV and the
coupling to electron gae ∼ 10−13, if it constitutes all or some
fraction of the local dark matter (DM). Such value of gae is
intriguingly close to the one suggested by the so-called
stellar cooling anomalies from white dwarfs and red giants.
In this Letter we focus on this possibility of ALP DM
responsible for the excess observed by the XENON1T
experiment, and study its implications for cosmology and
astrophysics, especially the stellar cooling anomaly [7].
TheALPis apseudo-Nambu-Goldstoneboson that appears

when a continuous global symmetry is spontaneously broken.
Hereafter we call the symmetry the Peccei-Quinn (PQ)

symmetry [8,9], although the ALP considered in this letter
is not theQCDaxion.SeeRefs. [10–16] for reviews.There are
two relevant parameters that characterize the ALP; one is the
mass,ma, and the other is the decay constant, fa. The decay
constant is of order the symmetry breaking scale unless the
sector responsible for the spontaneous symmetry breaking is
rather contrived as in the clockwork or aligned axion model
[17–22]. Since the mass is suppressed thanks to the PQ
symmetry, theALPcan be naturally light. If the lifetime of the
ALPismuch longer than theageof theUniverse, it canbeall or
a part of DM.
The ALP is considered to have various couplings to the

standard model (SM) particles, and, among them, we focus
on the couplings to photons and electrons, but we also give
a comment on a coupling to nucleons later. Throughout this
Letter we assume the ALP mass and coupling to electron
suggested by the XENON1T excess. Then, the preferred
range of gae implies that the typical value of the decay
constant is fa ∼ 109–10 GeV.
Let us first assume that the ALP has an

Uð1ÞPQ-Uð1Þem-Uð1Þem anomaly, where Uð1Þem is the
electromagnetic gauge symmetry. Then the ALP also
couples to photon with a coupling of gaγγ ∼ αem=2πfa,
where αem is a fine-structure constant of the electro-
magnetic interaction. Here we omit a model-
dependent constant which is of order unity in most cases.
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This leads to the decay of ALP into two photons in the late
universe, which may leave a detectable x-ray line signal. In
fact, such ALP DMwith an anomalous coupling to photons
is excluded by the x-ray constraint on the coupling gaγγ for
ma ≳ 0.1 keV (see, e.g., Ref. [15] and references therein)
[the x-ray bound can be converted to gae ≲Oð10−18Þ at ma
of a few keV, using Eq. (2)]. Therefore, we are led to
consider ALP DM whose coupling to photons is signifi-
cantly suppressed compared to that to electron.
Another interesting observation is that the axion-electron

coupling gae ∼ 10−13 suggested by the XENON1T excess
has an overlap with that hinted by various cooling excesses
found in, e.g., white dwarfs (WD) and red-giants (RG) [7].
Considering that the stellar cooling argument does not
depend on the cosmological abundance of the ALP DM,
and that the ALP mass is usually set to be much lighter than
the typical energy scale in the stellar environment, we will
see how the overlap becomes even better by varying the
fraction of ALP DM and the ALP mass.
In this Letter, we study the ALP DM as a potential source

for the XENON1T excess, and discuss its implications for
the stellar cooling anomaly. To satisfy the observational
constraint, the ALP coupling to photons is significantly
suppressed compared to that to electrons. This is realized if
the PQ symmetry is free from the Uð1ÞPQ-Uð1Þem-Uð1Þem
anomaly [23,24]. As we will see, even in the anomaly-free
ALP models, the ALP does have a nonzero coupling to
photons, which arises from threshold corrections. The
corresponding operator is suppressed by the mass ratio
between the ALP and the charged fermions to which the
ALP is coupled, and thus, it is generically dominated by the
contribution of electron. Therefore, the decay rate for the
ALP into two photons is rather robust and universal for a
generic anomaly-free ALP model. We will compare the
predicted flux of the x-ray from the ALP decay with the
reach of the future ATHENA x-ray observatory [25].
We also discuss the viable production mechanisms of
the ALP as well as isocurvature constraint on the inflation
scale.
In the Supplemental Material, we revisit the leptophilic

ALP DM model as well as an ALP model based on a two
Higgs doublet model as concrete examples of anomaly-free
ALP DM [26].
ALP couplings to SM particles.—Following Ref. [24], we

consider the case in which there is no Uð1ÞPQ-Uð1Þem-Uð1Þem
anomaly. An explicit construction of this kind of models is
discussed in the Supplemental Material [26].
We start from the following interactions,

−LL ¼
X
f

mff̄RfLeiqfða=faÞ; ð1Þ

where a is the ALP, and qf (f ¼ e; μ; τ; u; d; c; s; t; b) are
the PQ charges of the SM particle f [38]. We choose the PQ
charges so that there is no Uð1ÞPQ-Uð1Þem-Uð1Þem anomaly

[39]. The coupling between the ALP and electron is given
by gae ¼ qeme=fa, in other words,

fa
qe

≃ 1010 GeV

�
gae

5 × 10−14

�
−1
: ð2Þ

If the ALP constitutes all DM, the excess reported by the
XENON1T experiment implies fa=qe ≃ 1010 GeV.
However, it is possible that the ALP constitute some
fraction of DM. We denote the fraction by r≡
ΩALP=Ω

ðobsÞ
DM with ΩALP being the density parameter of

ALP andΩðobsÞ
DM (≃0.24) the observed DM abundance. Since

the XENON1T experiment is sensitive to the combination
of gae=

ffiffiffi
r

p
, its excess implies fa=qe ≃

ffiffiffi
r

p
1010 GeV. In

particular, if, e.g., r ¼ 0.1, then we have fa=qe ≃ 3 ×
109 GeV [40].
We are interested in the case where the ALP mass is of

order keV, much smaller than the electron mass. Thus we
can integrate out all the quarks and leptons to investigate
the axion coupling to photons in the low energy. For the on-
shell ALP and photons, the relevant term in the effective
Lagrangian is given by [24] (see also [23])

αemm2
a

48πfa

qe
m2

e
aFμνF̃μν: ð3Þ

We can neglect contributions from fermions heavier than
electron because the dominant contribution comes from the
lightest one.
ALP decay to photons and x-ray prediction.—The

interaction Eq. (3) leads to the decay of the ALP into
two photons. The decay rate is calculated as [24]

Γa→γγ ≃ 3.5 × 10−57 GeV

�
ma

2 keV

�
7
�

fa=qe
1010 GeV

�
−2
: ð4Þ

There is a constraint on the flux of the x-ray photons
produced by the ALP decay. It is shown as the blue shaded
region in Fig. 1. Here, we converted the x-ray constraint on
the mixing angle for sterile neutrino DM in [41] to gae. Also
shown as the blue dashed line is the combined sensitivity
reaches of the Athena x-ray telescope [25,42], and that
obtained by taking cross correlation of the x-ray line
emission with galaxy catalogs [41]. The green and yellow
bands represent the expected sensitivity of the XENON1T
experiment and the solid black line is the actually obtained
limit. The weaker-than-expected limit around (2–3) keV is
the region of interest. Thus, one can see that the ALP DM
hinted from the XENON1T excess is consistent from the
current x-ray bound. For ma ¼ 2–3 keV, the suggested
value of the electron coupling gae ∼ 10−13 cannot be
reached in the future observation. If the excess shifts to
slightly higher energy in the future experiments [say,
ma > ð4–5Þ keV] with a similar value of gae, the
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anomaly-free ALP DM scenario may be confirmed by
observing the x-ray line emission.
Stellar cooling anomaly.—The evolution of stellar

objects, such as WD and RG, is modified by the extra
cooling via the ALP emission. The gray region in Fig. 1 is
excluded by such stellar cooling arguments [44].
Interestingly, various observations of WD, RG, and another
type of stellar objects can be better fitted in the presence of
excessive cooling, which is known as the stellar cooling
anomalies. The evolution of WDs is described by a
relatively simple and well-known cooling process, and
the analysis of its luminosity function places relatively
strong constraints on the ALP coupling. We show the WD
cooling anomaly reported in Ref. [3] as the red-shaded
region in Fig. 1 (various uncertainties in the current
understanding of the WD evolution are summarized in
Ref. [45]). On the other hand, the observed brightness of

the tip of the RG branch in globular clusters also slightly
favors a nonzero contribution from the ALP [2], though it is
consistent with predictions based on contemporary stellar
evolution theory within 1σ. In Fig. 1 we show only the
central value of the RG cooling anomaly by the red dashed
line. See the supplemental material for the preferred region
of the combination of WD and RG cooling anomalies. The
XENON1Texcess is consistent with this bound if r≳ 0.01.
The regions hinted by the stellar cooling argument are

intriguingly close to the excess found in the XENON1T
data. In fact, the overlap becomes even better if the fraction
of ALP constitutes about 10% of DM, namely r ≈ 0.1. This
is because the x-ray bound as well as the XENON1T data
scales as 1=

ffiffiffi
r

p
in Fig. 1. This can be seen in the lower panel

in Fig. 1, where we take r ¼ 0.07. The red-shaded region
and red dashed line are below the black line around
ma ¼ ð2–3Þ keV. Here note that the cooling anomalies
require a stronger interaction if the ALP mass is larger than
the typical temperature of the stellar system; the temper-
ature of WD is about 1 keV while that of RG is about
10 keV [44]. In the Supplemental Material [26], we provide
more detailed evaluation of the stellar cooling anomaly and
argue that r ∼ 0.1 is better than r ¼ 1.
Although still under debate [46], an excessive cooling

was reported in the measurement of neutron star in
Cassiopeia A [47,48]. This favors an ALP-nucleon cou-
pling constant of gaN ≈ 4 × 10−10 [49]. In our model, there
is a nonzero ALP-nucleon coupling if the ALP is coupled to
quarks (see, e.g., Ref. [50]). Depending on the PQ charge of
quarks, the coupling can be as large asmN=fa, wheremN is
the neutron mass. Thus we may be able to simultaneously
explain the cooling rate of the neutron star as well.
Production processes.—The ALPs can be produced via

thermal and nonthermal production processes in the early
Universe.
Relativistic ALPs are produced from the scatterings

between fermions (quarks and/or leptons) and the Higgs
bosons in the thermal bath. The resulting ALP abundance is
given by [24]

ΩðthÞ
ALPh

2 ∼ 0.01

�
TR

3 × 105 GeV

��
ma

2 keV

�

×

�
fa=qe

1010 GeV

�
−2X

f

�
qfmf=qe
1 GeV

�
2

; ð5Þ

where TR is the reheating temperature of the Universe after
inflation. We define rðthÞ ≡ ΩðthÞ

ALP=Ω
ðobsÞ
DM for later

convenience.
As we are interested in the case of ma ¼ Oð1Þ keV,

thermally produced ALP is warm DM, which has a non-
negligible free-streaming velocity at the structure forma-
tion. From the observation of the Lyman-α forest, there is a
tight constraint on the free-streaming velocity of DM,
which can be recast into the constraint on the mass of

FIG. 1. Summary of the present bounds and preferred regions in
gae-ma plane. The gray and blue shaded regions are excluded by
stellar cooling and x-ray, respectively. The future sensitivity by
ATHENA is plotted by the blue dashed line [25,43]. The red
shaded region is a preferred region by the WD cooling while the
red dashed line is a central value suggested by the RG cooling.
The XENON1T limits (90% C.L.) are shown in black with the
expected 1 (2) σ sensitivities in green (yellow) [1]. The weaker-
than-expected bound around ma ¼ ð2–3Þ keV is the region of
interest, where the excess may be explained by the anomaly-free
ALP DM.
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warm DM, and it reads ma ≳ 15 keV for the case of rðthÞ ¼
1 [51,52]. If the fraction of warm component in DM is
smaller than unity, the constraint becomes weaker, and in
fact there is practically no constraint for rðthÞ ∼ 0.1 (see
also Ref. [53]).
If the ALP is coupled to the top quark, the reheating

temperature should be lower than of order 102 GeV to
satisfy the warm DM bound (for the reheating temperature
lower than the top mass, one has to take account of the
entropy production by the inflaton decay). If the ALP is
coupled only to electron and muon, on the other hand, the
reheating temperature can be as high as of order 108 GeV.
Such high reheating temperature is favored in light of
generating the baryon asymmetry via thermal leptogenesis
[54,55] or (mild) resonant leptogenesis [56,57].
The ALP can be produced also by a nonthermal process,

called the misalignment mechanism [58–60]. When the
Hubble parameter becomes lower than the ALP mass, the
ALP starts to oscillate around its potential minimum. We
denote the temperature at the onset of the ALP oscillation
as Tosc, which is given by

Tosc ∼ 106 GeV

�
ma

2 keV

�
1=2

: ð6Þ

At a temperature above Tosc, the axion field stays at a field
value which is generically deviated from the potential
minimum. Denoting that the initial oscillation amplitude
as aini ¼ θ�fa, the oscillation energy of the ALP is given by

ΩðmisÞ
ALP h

2 ∼ 0.1

�
θ�
2

�
2
�
qe
4

�
2
�

fa=qe
1010 GeV

�
2

×

8>>><
>>>:

�
TR

106 GeV

�
for TR ≲ Tosc

�
ma

2 keV

�
1=2

for TR ≳ Tosc

: ð7Þ

The resulting relic abundance depends on qe once we
choose fa=qe to be the value favored by the XENON1T
result. Thus, the ALP can explain the observed amount of
DM with TR > Tosc for qe and θ� of order unity. Due to the
warm DM limit, TR may not be higher than 106 GeV,
depending on the coupling with other SM particles. In this
case, one may take qe much larger than unity to realize
ΩðmisÞ

ALP ∼ 0.1 by using, e.g., the clockwork mechanism
[17,18,21], while fa=qe is fixed.
We note that r ≃ 0.1 is interesting in light of cooling

anomaly. In this case, we do not need to produce ALPs by
the misalignment mechanism because r ¼ rðthÞ ∼ 0.1 sat-
isfies the Lyman-α constraint.
Isocurvature constraint.—We implicitly assume that the

PQ symmetry is spontaneously broken before inflation. In
this case, the ALP predicts an isocurvature perturbation due
to quantum fluctuations during inflation. The fluctuation is

proportional to the Hubble parameter of inflation, Hinf , so
that the constraint on the isocurvature perturbation can be
rewritten as [61]

Hinf ≲ 3 × 105θ�r−1
�

fa
1010 GeV

�
GeV: ð8Þ

Note that the Universe must be reheated after inflation
and the energy of the thermal bath cannot exceed the energy
scale of inflation. Thus the upper bound onHinf implies that
the reheating temperature must satisfy

TR ≲ 8 × 1011 GeV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hinf

106 GeV

r
ð9Þ

in the case of the instantaneous reheating. This is consistent
with the scenario of ALP production explained above. A
relatively low reheating temperature (TR ≪ fa) is also
consistent with the assumption that the PQ symmetry is
spontaneously broken before inflation and is never restored
after inflation.
Discussion.—As we discussed above, the XENON1T

excess favors a larger value of gae ≈ 10−13 when the ALP
constitutes only about 10% of DM. In this case, all ALPs
can be thermally produced. Although it can evade the
bound from the Lyman-α forest data, we expect that there is
still some effect on the small-scale structure formation that
can be searched for by future observations.
We note that it might be natural to consider the ALP as a

subdominant component of DM in light of the anthropic
principle [62–66] and the string axiverse [67,68].
According to the string axiverse, there are many ALPs
with logarithmically distributed masses in the low-energy
effective theory, one of which may be identified as the very
ALP considered in this Letter. We expect that there are
many other ALPs, some of which may be very light and
behave as dark radiation [69], while some others may be
heavy and contribute to DM. The relic abundance of the
latter ALPs may depend on parameters that vary in
the multiverse. According to the selection effect due to
the anthropic condition, the abundance of these ALPs (and
the other DM candidates) should not be much larger than
the observed amount of DM to avoid the overproduction of
cosmological structures in the habitable universes (see, e.g.,
Ref. [70]). In such multicomponent DM scenario, where
there are several DM candidates with energy densities
smaller than the observed one, it may be natural that our
ALP constitutes only Oð10Þ% fraction of DM. The reason
that the ALP decay constant is close to the stellar cooling
bound may also be explained by the anthropic principle.
In a class of ALP inflation models [71–73], an ALP

plays both roles of DM and inflaton. Interestingly, the mass
is predicted as ma ∼ 1 keVq2eð10−13=gaeÞ2 to fit the cosmic
microwave background data if the ALP couples to elec-
trons. The reheating can be successful if the inflaton is also
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coupled to heavy fermions. If the ALP is thermalized after
reheating, its abundance must be diluted by the entropy
production. Alternatively, if the reheating is incomplete as
in the original ALP miracle scenario [71,72], some amount
of coherent oscillations remain and explain all DM. This
possibility will be discussed elsewhere.
Although we take ma ¼ 2–3 keV as a reference value in

this Letter, we note that a heavier ALP is well fitted by our
model. It is still possible that improved data by XENONnT
will favor a heavier ALP mass. If the ALP mass is
(4–5) keV or heavier, we expect that the x-ray signals
from the ALP decay will be observed by ATHENA.
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Note added.—There are three accompanied Letters related
to XENON1T excess [74–76].
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