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Dark matter might be made of “warm” particles, such as sterile neutrinos in the keV mass range,
which can decay into photons through mixing and are consequently detectable by x-ray telescopes.
Axionlike particles (ALPs) are detectable by x-ray telescopes, too, when coupled to standard model
particles and decay into photons in the keV range. Both particles could explain the unidentified 3.5 keV
line, and, interestingly, XENON1Tobserved an excess of electron recoil events most prominent at 2–3 keV.
One explanation could be an ALPs origin, which is not yet excluded by x-ray constraints in an anomaly free
symmetry model in which the photon production is suppressed. We study the diffuse emission coming from
the Galactic halo and calculate the sensitivity of all-sky x-ray survey performed by eROSITA to identify a
sterile neutrino or ALP dark matter. We estimate bounds on the mixing angle of the sterile neutrinos and
coupling strength of the ALPs. After four years of data taking by eROSITA, we expect to set stringent
constraints, and in particular, we expect to firmly probe mixing angle sin2ð2θÞ up to nearly 2 orders
magnitude below the best-fit value for explaining the unidentified 3.5 keV line. Moreover, with eROSITA,
we will be able to probe the ALP parameter space of couplings to photons and electrons and potentially
confirm an ALP origin of the XENON1T excess.

DOI: 10.1103/PhysRevD.104.023021

I. INTRODUCTION

The nature of dark matter remains an exciting open
question in astrophysics, cosmology, and particle physics.
The most studied candidate is cold dark matter (CDM),
which are particles with negligible thermal velocities
during structure formation era and that interact only
through gravity with baryons and with themselves [1].
However, the nonobservation of CDMwith direct detection
experiments motivates searching for other candidates
besides CDM: for example, dark matter with much lower
masses such as warm dark matter (WDM), with non-
negligible thermal velocity at early times [2,3]. WDM
suppresses structure at small scales due to free-streaming
effects and may explain some CDM issues on structure
formation, while it behaves as CDM on large scales [4].
Sterile neutrinos are well-motivated WDM candidates

[5–8]. They have much larger mass than active neutrinos
and can explain all of the dark matter density in the

Universe [9]. Moreover, sterile neutrinos have right-handed
chirality contrary to the three-flavor standard model neu-
trinos which have only left-handed chirality. The presence
of right-handed neutrinos is naturally expected in order to
explain light neutrino masses found by the neutrino
oscillation measurements [10,11], and additionally, it
may solve the matter-antimatter asymmetry of the
Universe [11]. In the neutrino minimal standard model,
it is possible to simultaneous explain baryogenesis, neu-
trinos mass, and dark matter, with sterile neutrino as the
dark matter candidate [12].
Through a mixing angle θ with active neutrinos, sterile

neutrinos can decay into an active neutrino and a photon
with photon energy Eγ ¼ mνs=2, where mνs is the sterile
neutrino mass. The rate of decay depends on its mass
and mixing angle and is given by the following decay
rate [13,14]:

Γνsðmνs ; θÞ ¼ 1.38 × 10−29 s−1
�
sin2ð2θÞ
10−7

��
mνs

1 keV

�
5

: ð1Þ

Sterile neutrinos in the keV mass range will produce x-ray
photons, which can be observed by x-ray telescopes as a
monochromatic line signal.
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Through a stacked x-ray spectrum analysis of 73 galaxy
clusters, an emission line at approximately 3.5 keV was
detected [15], hinting toward experimental evidence for
sterile neutrino decay. The same emission line was soon
after observed in x-ray spectra of the M31 galaxy and the
Perseus galaxy cluster [16], as well as in the Milky Way
center [17]. The signal can be interpreted as a signature of
decaying sterile neutrinos with mass of mνs ∼ 7 keV and
mixing angle of sin2ð2θÞ ≃ ð0.2–2Þ × 10−10 [9]. Many
follow-up studies confirmed the emission line in spectra
of dark matter dominated objects with different x-ray
instruments [18–21]. However, other studies did not detect
any line emission in dark matter dominated objects [22–28]
and suggested non-dark-matter explanations including
astrophysical effects, statistical fluctuations, and instru-
mental systematics. Recently, using XMM-Newton data,
Ref. [29] has provided strong constraints on the unasso-
ciated x-ray line from decaying dark matter (see also
Refs. [30,31] and Ref. [32]). It remains relevant to search
for a line emission from sterile neutrino decays.
Another interesting WDM candidate is the axionlike

particle (ALP), which is a pseudo-Nambu-Goldstone boson
that emerges when a continuous global symmetry is
spontaneously broken [33–36]. In contrast to the QCD
axions, ALPs do not solve the CP problem and can be light
due to the broken symmetry. ALPs can couple to various
standard model particles such as protons, electrons, and
photons and therefore can decay into two photons, pro-
ducing a narrow x-ray line, possibly explaining the uniden-
tified 3.5 keV line.
As another interesting possibility, ALP decay could

explain the observed excess of electron recoil events over
known backgrounds at the XENON1T experiment, where
a best-fit mass value of ma ¼ 2.3 keV and coupling to
electrons of gae ∼ 10−13 is found with a 3σ significance
over the background [37]. The ALP coupling to standard
model particles is already too tightly constrained by x-ray
observations to explain this excess. Therefore, the photon
coupling needs to be suppressed [35]. In an anomaly-free
symmetry model, the ALP is coupled to leptons without
any anomalous coupling to photons and is dominated by
the coupling to the least massive lepton—the electron
[34,38,39]. In this model, photons are only induced through
threshold corrections, and, although suppressed, the decay
into two photons can be the leading decay mode for ALPs
with masses less than twice the electron mass.
The ALP-electron coupling suggested by XENON1T is

of the same order as the coupling suggested to explain the
observed excess in the cooling of various stellar objects like
white dwarfs and red giants [40], known as the stellar
cooling anomalies [41–44]. The evolution of these objects
is described by the well-established cooling process, and,
indeed, the cooling anomaly based on white dwarf lumi-
nosity function analysis is found at 4σ [45], hinting toward
a preferred region for the ALP parameter space. Following

Ref. [34], we consider a model in which ALPs can explain
both the XENON1Texcess and the stellar cooling anomaly.
Whether dark matter is made of sterile neutrinos or

ALPs, they can be well probed with current generation and
future x-ray telescopes. In this paper, we estimate the
sensitivity of all-sky x-ray survey performed by eROSITA
to observe a decaying sterile neutrino and axionlike particle
signal. The hierarchical clustering of dark matter predicts
that the Milky-Way galaxy is embedded in a halo of dark
matter particles, with a higher density toward the Galactic
Center [46]. The largest contribution to the observable dark
matter induced x-ray flux originates from the Galactic
Center, and we study the diffuse emission coming from the
Galactic halo around its center. eROSITA has excellent
angular and energy resolution and will also observe the
full sky over the course of four years with an average
exposure of 2.5 ks [47], making the survey a valuable probe
for dark matter decay with a narrow x-ray line emission. By
simulating the all-sky x-ray signal due to dark matter decay,
we make a sensitivity projection for eROSITA to a sterile
neutrino and ALP signal under a background-only hypoth-
esis. We find that the eROSITA will enable us to probe
much deeper regions of the parameter space for both the
sterile neutrino and ALP dark matter.
The paper is organized as follows. In Sec. II, we describe

the main features of the all-sky x-ray maps. In Sec. III,
we present our analysis methodology, followed by our
results and discussions in Sec. IV. We conclude our paper
in Sec. V.

II. ALL-SKY X-RAY MAP

A. Sterile neutrino signal from the Galactic halo

The x-ray photon flux produced through sterile neutrino
decay inside the Galactic halo depends on the sterile
neutrino decay rate Γνs , sterile neutrino mass mνs , energy
spectrum dNdecay=dE per decay, and the dark matter
density distribution through the so-called D factor. The
x-ray photon intensity is given as follows:

dΦ
dE

¼ Γνs

4πmνs

dNdecay

dE
D: ð2Þ

The flux F per pixel is given by integratingΦ over the pixel
solid angle ΔΩ. The energy spectrum per decay is a delta
function:

dNdecay

dE
¼ δ

�
E −

mνs

2

�
: ð3Þ

The D factor describing the dark matter density profile, ρ,
of the Milky Way halo, integrated over the line of sight s is
given by

D ¼
Z

ds ρðrðs; l; bÞÞ; ð4Þ
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where the radial distance from the Galactic Center is
described as

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ R2 − 2sR cos l cos b

p
; ð5Þ

with ðl; bÞ the Galactic coordinates and R ¼ 8.5 kpc the
distance from the Sun to the Galactic Center. We consider
both the spherically symmetric Navarro-Frenk-White
(NFW) [48] profile and a cored profile [49]. The NFW
profile is given by

ρNFWðrÞ ¼
ρs

ðr=rsÞðr=rs þ 1Þ2 ; ð6Þ

parametrized by a scale radius rs and a characteristic
density ρs. The cored profile is given by

ρcðrÞ ¼ fðrÞρNFWðrÞ þ
1 − f2ðrÞ
4πr2rc

MNFWðrÞ; ð7Þ

where the function, fðrÞ ¼ tanhðr=rcÞ, considers the sha-
llowness of the dark matter core below the core radius rc;
MNFWðrÞ is the enclosed mass for the NFW density profile
within r that is given by

MNFWðrÞ ¼ M200gc

�
ln

�
1þ r

rs

�
−

r
rs

�
1þ r

rs

�
−1
�
; ð8Þ

where M200 ¼ 1.11 × 1012 M⊙, gc ¼ 1= logð1þ cÞ − c=
ð1þ cÞ; and c ¼ 12.2 is the halo concentration parameter
]49 ]. In our analysis, we consider only complete core

formation, reducing the number of parameters needed to
specify the dark matter core properties. Adopting the
parameters from Ref. [50] for both NFWand cored profile,
we set the core radius rc of the Milky Way to 1 kpc and use
a scale radius of rs ¼ 26 kpc. For the local dark matter
density, we take ρ0 ¼ 0.28 GeV cm−3, for which we find a
density at the scale radius of ρs ¼ 0.16 GeV cm−3.

B. Extragalactic sterile neutrino signal

Additionally, a decaying sterile neutrino contributes to
the diffuse extragalactic signal, emitting at different red-
shifts. The average x-ray photon intensity is given as

dΦeg

dE
¼ ΓνsΩDMρc

4πmνs

Z
∞

0

dz
HðzÞ δ

�
Eð1þ zÞ −mνs

2

�
; ð9Þ

with HðzÞ ¼ H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ zÞ3 þΩΛ

p
the Hubble para-

meter as a function of redshift z and with H0 ¼
70 km s−1 Mpc−1, Ωm ¼ 0.27, ΩΛ ¼ 0.73, ΩDM ¼ 0.22,
and the critical density ρc ¼ 5.2 × 10−6 GeVcm−3.
Figure 1 shows the integrated flux for the extragalactic

(green solid line) and Galactic component by adopting
NFW (orange solid line) and cored (purple dotted line)

profiles as a function of angle Ψ subtending from the
Galactic Center in the energy range of ½4.1∶4.9� keV,
with mνs ¼ 9 keV and Γνs ¼ 10−28 s−1. The Galactic flux
associated with the cored profile is only slightly smaller
with respect to that with the NFW profile at angles close to
the Galactic Center and nearly identical farther away.
Furthermore, the extragalactic flux is more than an order
of magnitude smaller than the Galactic flux within the small
energy bins that we adopt in this paper, and including the
extragalactic flux will thus not lead to any significant
improvement.

C. Axionlike particle signal

ALPs can couple to several standard model particles.
Here, we consider the coupling to photons and electrons. In
the case of a ALP-to-photon coupling, the decay into two
photons produces a monoenergetic line at the energy of
ma=2, with a decay rate given by [51]

Γa→γγ≃5×10−29
�

ma

7 keV

�
3
�

fa
5×1014GeV

�
−2

s−1; ð10Þ

where ma is the ALP mass and fa is the decay constant.
One can convert the decay constant to the photon coupling
gaγγ through the conversion

fa ≡ αCaγγ

2πgaγγ
; ð11Þ

with Caγγ ¼ 8=3 − 1.92 ≈ 0.75 [35].

FIG. 1. The integrated flux as a function of the angle from the
Galactic Center ψ for the Galactic component with both NFW
(orange solid line) and cored profiles (purple dotted line) and the
extragalactic component (green solid line). Sterile neutrino mass
of 9 keV and energy range between 4.1 and 4.9 keV are adopted.
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To explain the XENON1T excess by ALP, the ALP-
photon coupling must be suppressed due to existing
bounds [35]. We therefore consider ALPs that couple
mainly to electrons and assume an anomaly-free symmetry,
where photons are only induced through threshold correc-
tions. In this model, the decay rate is given by [38]

Γa→γγ ≃ 3.5 × 10−57 GeV

�
ma

2 keV

�
7
�

gae
5 × 10−14

�
2

; ð12Þ

with gae the coupling between the ALP and electron. The
energy spectrum for the ALP is described by a delta
function, as in Eq. (3), where we replace mνs by ma. We
further multiply the delta function by a factor of 2 to take
into account that two photons are produced from the ALP
decay. This allows for a direct comparison with the sterile
neutrino flux and allows us to use the obtained x-ray
bounds on the mixing angle and to convert to those on the
coupling strength gaγγ or gae. It is therefore only necessary
to construct sky maps for the sterile neutrino case, and the
method for producing these maps is described in the
following section.

D. Sky maps

The sky maps are generated with HEALPix1 using the
software package HEALPY [52,53], where we adopt its
resolution parameter Nside ¼ 64, which corresponds to a
pixel size ΔΩ ¼ 0.84 deg2. For each set of parameters
ðmνs ;ΓνsÞ, and for each energy bin of widthΔE ¼ E2 − E1,
we obtain the expected number of x-ray photon counts from
decaying sterile neutrinos coming from the galactic halo as
well as extragalactic from a region on the sky ΔΩ at
position ðl; bÞ by

Nðl; bÞ ¼ T
Z

E2

E1

dEAeffðEÞ
Z

dE0PðE;E0Þ dF
dE0 ; ð13Þ

where T ¼ 2.5 ks is the exposure time, AeffðEÞ is the
effective area, and PðE;E0Þ takes into account the energy
resolution of the detector. We apply the following normal
distribution for the energy resolution,

PðE;E0Þ ¼ 1ffiffiffiffiffiffi
2π

p
σE

exp

�
−
ðE − E0Þ2

2σ2E

�
; ð14Þ

where σE is related to the full width at half maximum
through FWHM ¼ 2=

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
σE with FWHM ¼ 138 eV

for eROSITA [47]. We consider in total 13 energy bins
around mνs=2 with bin size σE for each sterile neutrino
mass and range the mass between mνs ½2∶20� keV.

E. Background events

We consider an overall diffuse cosmic x-ray background,
which is energy dependent and especially dominant at
lower keV energies. It is represented by a power law with
photon index Γ ¼ 1.42� 0.03 and with a normalization at
1 keV of 8.44� 0.24 photon cm−2 s−1 keV−1 sr−1 [54].
Moreover, we consider eROSITA’s detector background,
which is caused by high-energy particles that show a flat
spectral energy distribution with a normalization of
3.5 × 10−4 counts keV−1 s−1 arcmin−2 [55]. We distribute
both background contributions isotropically over the
sky and apply the same energy binning as mentioned
above.
Besides the isotropic background contributions, x-ray

bubbles are observed in the Milky Way, which are most
prominent in the 0.6–1 keVenergy band and drop below the
detector’s background above approximately 2.3 keV [56].
An average count rate is measured by eROSITA in the
0.6–1 keV energy band of 0.0038 photons s−1 arcmin−2

and 0.0026 photons s−1 arcmin−2 in the northern and
southern bubbles, respectively. We adopt a thermal spec-
trum to model the x-ray bubbles with a temperature of
0.3 keV [56], where we fix the normalization with the
aforementioned count rates. For its morphology, we con-
sider an uniform template of the Fermi bubbles, down-
loaded from https://fermi.gsfc.nasa.gov/ssc/data/access/.
Moreover, in order to exclude the extended emission

from the Galactic plane, we remove all pixels with
jbj < 20°. Figure 2 illustrates a sky map with energy bin
around mνs ¼ 9 keV with Γνs ¼ 10−28 s−1, corresponding
to sin2ð2θÞ ≃ 9.3 × 10−11, and additionally the isotropic
and anisotropic background components. We analyze the
full-sky map under the signal hypothesis consisting of a
sterile neutrino signal and background components and
under the null hypothesis with background components
only.

FIG. 2. X-ray sky map with sterile neutrino signal with
mνs ¼ 9 keV, Γνs ¼ 10−28 s−1, as well as background compo-
nents with 2.5 ks of eROSITA exposure within one energy bin
around 4.5 keV whose width is σE. Pixels at the Galactic plane are
removed with jbj < 20°.1http://healpix.sf.net
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III. ANALYSIS

We calculate the sensitivity to detect a sterile neutrino
signal by performing a joint likelihood analysis on simu-
lated data. We generate mock datasets assuming back-
ground only (the null hypothesis with Γ ¼ 0), with
Monte Carlo simulations following a Poisson distribution.
This is performed for each pixel of our pixelized sky map in
the binned energy window under consideration. For each
sterile neutrino mass, we generate 500 mock datasets ni,
where i runs over the energy bins as well as spatial pixels.
The likelihood of obtaining ni as a function of the decay
rate for a specific sterile neutrino mass is given by the
likelihood functions,

LðΓÞ ¼
Y
i

P½nijμiðΓÞ� ¼
Y
i

μiðΓÞnie−μiðΓÞ
ni!

; ð15Þ

where μiðΓÞ are the expected counts in each bin under the
signal hypothesis with a decaying dark matter and back-
ground component. The test statistic (TS) to determine the
best-fit model under a maximum likelihood estimation is
then defined as

TS ¼ −2 ln
�
LðΓÞ
Lmax

�
; ð16Þ

where Lmax is the maximum likelihood. We obtain upper
limits on the decay rates at 95% confidence level (CL),
which corresponds to a test statistic of TS ¼ 2.71.

IV. RESULTS AND DISCUSSION

We analyze the simulated sky maps under the null
hypothesis and report the sensitivity of eROSITA on the
mixing angle as a function of the sterile neutrino mass.
Figure 3 shows the result by applying the NFW profiles by
removing the Galactic plane with jbj < 20°. The two bands
show the 68% and 95% containment regions from the
Monte Carlo runs, while the solid line represents the
median. The upper gray area represents limits based on
current x-ray observations [27,57–63], while the lower gray
area represents the theoretical lower limit for dark matter
underproduction [64,65]. With eROSITA, we will nearly
close the gap between current lower and upper bounds.
Reference [66] obtains similar estimates at lower sterile
neutrino masses by analyzing the signal from the inner
60° region around the Galactic Center with eROSITA,
whereas our estimates are stronger at larger sterile neutrino
masses due to the larger region of interest as well as the
removal of the Galactic plane. Moreover, we indicate the
best fit of the unidentified 3.5 keV line by Ref. [15]
as a black star, with mass mνs ¼ 7.1 keV and mixing
angle sin2ð2θÞ ¼ 7 × 10−11. With an exposure time of
T ¼ 2.5 ks, eROSITA will be sensitive to the 3.5 keV
line and can even constrain the mixing angles up to

nearly 2 orders of magnitude lower than the best fit at
mνs ¼ 7.1 keV.
We evaluate how sensitive these results are to some

aspects in our analysis. The median of the Monte Carlo runs
with a cored profile is illustrated as the orange dashed
dotted line, and by comparing with the NFW profile, we
find little dependence on the density profiles. Indeed, Fig. 1
shows that the difference between the density profiles is
most prominent at the inner regions, which we exclude with
the jbj < 20° cut. Additionally, we test the impact of
excluding the Galactic plane at different latitudes, as shown
in Fig. 4, after removing the galactic latitudes jbj < 10°

FIG. 3. Sensitivity to the mixing angle as a function of the
sterile neutrino mass for the cored (dashed orange) and NFW
(green) profiles. The green bands show the 68% and 95%
containment regions of the sensitivities and the median (solid
line) from the Monte Carlo runs with an NFW profile. The black
star indicates the best fit for the unidentified 3.5 keV line with
mixing angle sin2ð2θÞ ≃ ð0.2–2Þ × 10−10 [15], the upper gray
area indicates current x-ray constraints [27,57–63], while the
lower gray area indicates the theoretical upper bound for dark
matter underproduction [64,65].

FIG. 4. Sensitivity to the mixing angle, adopting a NFW
density profile. The pixels with the following Galactic latitudes
are removed: jbj < 10° (dotted), jbj < 20° (dot-dashed), and
jbj < 30° (solid).
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(dashed), jbj < 20° (dot-dashed), and jbj < 30° (solid line)
for a NFW density profile. As expected, including a larger
latitude jbj < 10° shows slightly stronger constraints with
respect to jbj < 30°, however, only by a factor of approxi-
mately 1.2. The x-ray bubbles contribute to the lowest
energies we consider. However, since the sky coverage of
the Fermi bubbles template is only 7% (before masking),
we find that our limits weaken only by a factor 1.1 at most
by including the x-ray bubbles.
The bounds on the mixing angle can be converted to the

ALP-photon coupling gaγγ and ALP-electron coupling gae,
and the sensitivity of eROSITA to the photon coupling is
shown in Fig. 5. Again, the best fit for the 3.5 keV line is
indicated by a black star, and with future eROSITA
observations, an ALP scenario can be probed as an
explanation for the unidentified x-ray line. Even though
recent work found no evidence for an unassociated x-ray
line [27], in which the current x-ray limits are shown as the
gray shaded area (see Refs. [27,57–63]), eROSITA will be
able to probe a region of the parameter space not yet
excluded by current x-ray limits.
Furthermore, we consider an anomaly-free ALP model

in order to explain the XENON1T excess, an excess that
has been observed to be most prominent at ALP mass of
ma ¼ 2–3 keV and electron coupling gae ∼ 10−13 and has
the best fit at ma ¼ 2.3 keV [37]. We test if eROSITAwill
be able to confirm this, and we show its expected sensitivity
in Fig. 6, where the two bands show as before the 68% and
95% containment bands from the Monte Carlo runs, while
the solid line represents the median. We show the region
that is excluded by current x-ray observations in gray, and
with eROSITA, we can indeed probe a parameter space not
yet constrained [27,57–63]. The black solid line represents
the XENON1T limits (note that they are, however, given

at 90% CL) [37]. The XENON1Texcess best fit may not be
reached by future eROSITA data; however, if the best fit
alters toward ma ∼ 3.5 keV, which is still inside the
XENON1T excess region of interest with energies between
1–7 keV, an ALP origin could be confirmed. Interestingly,
the expected sensitivity of Athena taken from Ref. [67]
shows comparable sensitivity.
Moreover, the stellar cooling anomaly can be explained

by an ALP contribution. The preferred region for the white
dwarf cooling anomaly is illustrated as the yellow shaded
area, while the preferred values for the red giant branch
in globular clusters is illustrated as the yellow dotted line
[34,41,68], and the preferred regions are close to the
XENON1T excess. Reference [34] points out that the
stellar cooling argument and the XENON1T excess cross
each other for ALP constituting only a fraction r ≃ 0.1
of the total dark matter, since the XENONT1T data scales
as 1=

ffiffiffi
r

p
. The excess could possibly be explained by a

combination of ALP and another background component
like tritium, as suggested by Ref. [37].

V. CONCLUSION

In this work, we search for a decaying sterile neutrino
and axionlike-particle signal from the Galactic halo with
all-sky eROSITA survey after four years of observations.
We generate mock datasets with the diffuse cosmic x-ray
background and eROSITA’s detector background, as well
as expected sky maps with counts from decaying sterile
neutrinos in the Galactic halo. By performing a likelihood

FIG. 5. Current and future limits on the ALP photon coupling.
The blue bands show the 68% and 95% containment regions of
sensitivities from the Monte Carlo runs, and the blue solid line
shows the median. The gray shaded area shows the region that is
excluded by current x-ray observations [27,57–63], and the black
star indicates the best fit from the unidentified 3.5 keV line with
gaγγ ≃ ð0.6 − 2Þ × 10−18 [15].

FIG. 6. Current and future limits on the ALP electron coupling.
The blue bands show the 1 and 2σ sensitivities from the
Monte Carlo runs of this work, and the blue solid line shows
the median. Moreover, the black solid line represents the
XENON1T limit at 90% C.L. [37], and the dark gray box
highlights roughly the best-fit parameter space from Ref. [34].
The red dashed line is the expected sensitivity of Athena [67].
The gray shaded area shows the region that is excluded by current
x-ray observations [27,57–63]. The yellow dotted line represents
the preferred values to explain the red giant (RG) cooling
anomaly [34,68], and the yellow shaded area represents the
white dwarf (WD) cooling anomaly [34,41].
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analysis, we set stringent bounds on the mixing angle of
sterile neutrinos. We also convert these bounds to the ALP-
photon coupling (gaγγ) and ALP-electron coupling (gae).
We consider a cored and cusped Navarro-Frenk-White
density profile and find only tiny dependence on the choice
of the density profile.
We will be able to probe a value for the mixing angle

of sterile neutrinos up to nearly 2 orders of magnitude
below the best-fit value that could explain the unidentified
3.5 keV line [15] and 1 order of magnitude stronger than
the existing upper limits claimed in the literature
[27,57–63]. In an accompanying paper [69], a similar
analysis is performed discussing the eROSITA sensitivity
to sterile neutrino decay based on analyzing Milky Way
satellite galaxies.
We will also be able to probe a large parameter space

for the ALP couplings to photons and electrons that are not
yet excluded by x-ray observations, to the same degree
of improvement as in the case of sterile neutrinos. We
investigate both a generic model for the ALP-to-photon
coupling and a more specific anomaly-free symmetry that

has been proposed to explain the XENON1T excess of
electron recoil events [37]. Indeed, the XENON1T excess
could possibly be explained by an ALP origin for an excess
at ma ∼ 3 keV, which might be well tested with eROSITA.
We note that in estimating the sensitivity all detector and

astrophysical lines are neglected. It is understood that the
sensitivity at these line energies would decrease signifi-
cantly due to signal-background degeneracy. Near-future
high-energy-resolution detectors, such as Athena and
XRISM, may alleviate this by performing line diagnostics
analysis based on different line shifts between signal and
backgrounds [70–72].
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