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Dark matter captured by interaction with electrons inside the Sun may annihilate via long-lived mediator
to produce observable gamma ray signals. We utilize solar gamma ray flux measurements from the Fermi
Large Area Telescope and the High Altitude Water Cherenkov observatory to put bounds on the dark matter
electron-scattering cross section. We find that our limits are four to six orders of magnitude stronger than
the existing limits for dark matter masses ranging between GeV to PeV scale.
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I. INTRODUCTION

The gravitational wells of celestial bodies can act as local
reservoirs for ambient dark matter (DM), making them an
attractive location in the sky to search for it. Typically the
relic distributions of particulate DM may be gravitationally
focused by the massive stars and subsequently undergo
scattering with the stellar constituents dissipating energy in
the process. If the resultant energy of the DM particle is
below the escape energy, it gets captured within the
astrophysical body [1–3]. Over time a density of captured
DM may build up in these celestial objects that are consid-
erably higher than the typical halo distribution,making them
DM hotspots in the sky.
Evidently, the Sun remains the most significant and by far

the most experimentally scrutinized star in the skymaking it
a sensitive tool to study properties of captured DM [4–24].
While scattering with solar nucleons is the major capture
mechanism in the Sun [4–24] electrophilic DM particles can
instead scatter off solar electrons and get trapped. Such
electrophilic DM captured in the Sun can annihilate and
produce detectable annihilation signatures owing to the local
high density. Neutrino signals from these annihilations have
been considered in [25,26]. If theDMparticles annihilatevia
long-lived mediators [11,12,14–19,21,24,27,28], the decay
of these escaped mediators can produce detectable gamma
ray signatures. In this letter, we demonstrate that the Fermi
Large Area Telescope (Fermi-LAT) [29–31] and High
Altitude Water Cherenkov (HAWC) observatory [32] are

sensitive to such a photon flux. By comparing the solar
gamma ray data from Fermi-LAT and HAWC with such a
photon flux, we for the first time put constraints on DM-
electron scattering cross section atOð10−43–10−40Þ cm2 for
DMmass ranging from a fewGeV to 1 PeV. These limits are
∼4–6 orders of magnitude stronger than the current bounds
from the other considerations [25,33].

II. SOLAR DM CAPTURE VIA ELECTRON
SCATTERING

The gravitationally focused DM particles can scatter
with the electrons inside the Sun and get trapped. The
capture rate of DM particles is given by [26,34]
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where ρχ is the local DM density, fðuχÞ is the velocity
distribution profile of DM, mχ is mass of the DM particle
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the velocity of a gravitationally focused DM particle at a
distance r from the center of the Sun, vescðrÞ being the
escape velocity at that location. The Galactic escape
velocity of DM is given by uesc ¼ 528 km=s [35,36].
The differential rate of DM-electron scattering that can
trigger a velocity change from wðrÞ to v can be expressed as
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where me is the electron mass and σχe is the velocity
independent DM-electron scattering cross section. We have
utilized the definition [2]

α� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
me

2T⊙ðrÞ
r

ðμþv� μ−wðrÞÞ; ð3Þ

where μ� ¼ mχ

me
� 1, neðrÞ and T⊙ðrÞ are the electron

number density and temperature profile of the Sun [37]. A
similar expression can be obtained for β�¼α�ðμ�→μ∓Þ.
As the Sun is moving with a velocity v⊙ ¼ 220 km=s in
the Galactic halo of DM, the Maxwell-Boltzmann
velocity distribution of DM in the rest frame of the Sun
is given by [26]
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where the DM velocity dispersion (vd) is assumed to be
270 km=s. Electrons, being light particles, attain a signifi-
cant thermal velocity within the solar interior which makes
the inclusion of solar temperature profile crucial in deter-
mining the capture rate [26]. For the DM mass range we
have explored in the work, the capture rate exhibits a
secular decline with increasing mass.
Evidently a tree-level coupling between the DM and the

electron can model dependently generate radiative cou-
pling between the DM and nucleon [25,38]. This crucially
depends on the Lorentz structures of the tree-level cou-
pling and can be suppressed for specific choices [25].
These loop-induced couplings would further enhance
the capture rate, making the limits on DM-electron
couplings more stringent. We neglect these model-
dependent loop-induced DM-nucleon couplings and
consider conservative limits originating from pure DM-
electron interactions.

III. GAMMA RAY FLUX

The number density of the captured DM inside the Sun is
governed by the interplay of capture, annihilation, and
evaporation. For heavier DM masses (mχ ≳ 5 GeV), the
evaporation becomes numerically insignificant [34,39]. We
assume equilibrium between the capture and annihilation of
DM in the Sun that allows us to relate the annihilation with
the capture rate

Γann ¼
1

2
CannN2

χ ¼
C⊙

2
; ð5Þ

where Cann is the coefficient of DM annihilation and C⊙
denotes the capture rate defined in Eq. (1). This correlation
makes our results independent of the annihilation cross
section. DM particles annihilate to SM states through
mediator that has a sufficiently long lifetime (τY) or a

large velocity boost (η) can escape from the solar environ-
ment (LY ¼ ηcτY > R⊙). The mediator can decay to
various SM final states which can give rise to observable
photon flux at the Earth-based observatories [15–19,21].
The differential photon flux at the surface of the Earth
originating from such mediator is given by
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where BrðY → SMSMÞ is the branching ratio to a given
SM final state, D⊙ is the distance between the Sun and the
Earth. The gamma ray spectrum, dNγ=dEγ , is adopted from
[40]. The last term in the parenthesis estimates the survival
probability of the signal to reach terrestrial detectors. The
survival probability is calculated assuming a mediator of
decay length R⊙. Under equilibrium assumption, for a
given decay route of the mediator, the photon flux for a
specified DM and mediator mass is solely determined by
the DM-electron scattering cross section, σχe. Assuming
100% branching ratio, we present representative photon
flux for various SM final states in Fig. 1. The mediator can
in principle scatter with the SM constituents of the Sun
owing to its SM coupling. The coupling and the boost
parameter can be easily arranged so that the mediator
can emerge from the Sun with minimal attenuation. For
specific realization of this in particle physics models see
[12,14,15,17,21]. While we do not conform to any specific
models, we will assume that the attenuation is minimal and
the mediator entirely produces decay signatures. The life-
time of the mediator have a lower bound in the nanosecond
range from collider experiments [41] and upper limits from

FIG. 1. Photon flux reaching at the surface of Earth for different
SM final states: γγ (red), ττ̄ (gray), bb̄ (purple), and μμ̄ (blue) for
DM mass, mχ ¼ 20 TeV, mediator mass, mY ¼ 50 GeV and
DM-electron scattering cross section, σχe ¼ 10−40 cm2 are por-
trayed. We have also depicted the solar gamma ray flux
measurements from Fermi-LAT [31] and HAWC [32] with
yellow and green histograms respectively.
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cosmological observations like big bang nucleosynthesis is
≲1 s [42,43]. These bounds are easily in consonance with
the mediator considered here. Long-lived mediators can be
realized in a large class of well-motivated models like the
secluded DM [15,44–49], dark photon [12,21,50,51], dark
Higgs [52] scenarios.

IV. RESULTS

State of the art solar gamma ray measurements in
0.1 GeV–103 GeV energy range is provided by the
Fermi-LAT satellite based experiment [29–31]. The
Fermi-LAT solar gamma ray flux measurements [31] are
shown in Fig. 1. It is worth mentioning that the Fermi-LAT
data in the last two bins are upper limits obtained from null
measurements. The HAWC [32] and ARGO-YBJ [53] have
looked for solar gamma rays in the multi-TeV window,
which complement the Fermi-LAT data. The more sensitive
HAWC data, in the energy range 0.5 TeV to 100 TeV, has
been reported in Ref. [32] and the corresponding 95% C.L.
upper limits in gamma-ray flux is displayed in Fig. 1. The
measurements of Fermi-LAT and HAWC are in the right
ball park to constraint the photon signals from captured DM
as can be seen from Fig. 1.
Gamma ray flux may originate from hadronic inter-

actions of cosmic ray particles in the solar atmosphere
[54,55]. In addition, processes such as inverse Compton
scattering of cosmic-ray electrons with solar photons [56–
58] and particle acceleration during severe solar events [59]
can produce gamma ray flux indistinguishable to the one
investigated here. We keep the exclusion limits modest by
assuming that the entire Fermi-LAT and HAWC observa-
tions are based on the photon flux from captured DM
annihilation, neglecting the aforementioned backgrounds.
Our limits will be stronger than the ones stated here if we
incorporate all other processes as a background in the
observed data. In Fig. 2, the excluded regions of DM-
electron scattering cross section from the Fermi-LAT and
HAWC measurements, assuming 100% branching ratio to
μμ̄ (γγ) is represented by the blue (red) line and the region
above it. The solid and dashed blue (red) contours represent
the sensitivity arising from Fermi-LAT and HAWC obser-
vations respectively for μμ̄ (γγ) final states. The discussed
framework is limited by a minimum testable DM mass,
owing to the fact that DM lighter than ∼5 GeV would
rapidly evaporate after getting captured within the Sun thus
significantly reducing the signal [34,39]. The yellow
shaded region depicts the breakdown of equilibrium
where for typical WIMP-like annihilation cross section
(hσvi ∼ 3 × 10−26 cm3 s−1 [60–62]) the captured DM do
not equlibriate within the solar age [60]. In this regime the
DM do not equlibriate within the Sun and consequently the
limits within this region get considerably relaxed. Though
for γγ channel, the limit penetrates into the nonequlibriation
regime it can still rule out regions of the parameter space in
the red hatched region. For mediator decay to μμ̄, the

exclusion limits can reach up to Oð10−43–10−40Þ cm2

which keeps the capture in equilibrium with the annihila-
tion within our parameter space of interest. Strikingly, for
the considered scenario the present solar bounds on the
DM-elctron couplings from the Fermi-LAT and the HAWC
pushes the excluded regions to the limit permitted by the
equilibrium floor, as can be seen in Fig. 2. The limit
obtained by probing neutrino signal of captured DM in Sun
is shown for reference [25]. For XENON1T, we obtain the
limits by considering S2-only analysis utilizing the
OBSCURA code [33,63]. Note that our limits mildly depend
on the mediator mass which is set at 5 GeV. The bounds
obtained from this analysis, though model dependent,
provide the most stringent bounds on the DM-electron
scattering cross section in the considered region of DM
parameter space improving the existing bounds by a factor
of ∼104–106.

V. CONCLUSIONS

Sun, being our host star, is an excellent celestial
laboratory to probe nongravitational interactions of DM.
The infalling DM can scatter off electrons inside the Sun
and be captured within the solar interior. The annihilation
of these captured DM through long-lived mediators can
produce considerable gamma-ray flux that can be observed
in terrestrial detectors. In this work, we have explored the
possibility of searching for the annihilation signatures of
electrophilic DM captured inside the Sun utilizing the
Fermi-LAT and the HAWC data. We obtain conservative
limits by comparing the gamma-ray flux from captured DM
annihilating through long-lived mediators with the solar

FIG. 2. Excluded regions of DM-electron scattering cross
section obtained from Fermi-LAT (HAWC) measurements have
been shown for two different decay channels: γγ with red solid
(dashed) line and above and μμ̄ with blue solid (dashed) line and
above. We have also plotted the constraints obtained by looking
at the direct annihilation of captured solar DM in Super-
Kamiokande with black dashed line [25] as well as XENON1T
bound with black solid line [33,63]. The region where the
equilibrium assumption does not hold for the typical solar age
is represented with the yellow shading.
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disk measurements of the gamma ray at the Fermi-LAT
and the HAWC. We find that in our parameter space of
interest, the limits are orders of magnitude stronger than
the existing bounds. Depending on the mediator decay
mode, the current sensitivity of the observational data
approaches the Sun’s equilibrium floor, effectively cover-
ing the parameter space that can be explored within this
framework.

ACKNOWLEDGMENTS

We thank Biplob Bhattacherjee for discussions and
Sambo Sarkar for help with the plots. D. B. acknowledges
MHRD, Government of India for fellowship. T. N. M.
acknowledges IOE-IISc fellowship program for financial
assistance. T. S. R. acknowledges ICTP, Trieste for hospi-
tality under the Associateship Program during the com-
pletion of this work.

[1] W. H. Press and D. N. Spergel, Capture by the sun of a
galactic population of weakly interacting massive particles,
Astrophys. J. 296, 679 (1985).

[2] A. Gould, Weakly interacting massive particle distribution
in and evaporation from the sun, Astrophys. J. 321, 560
(1987).

[3] A. Gould, Resonant enhancements in WIMP capture by the
Earth, Astrophys. J. 321, 571 (1987).

[4] J. Silk, K. Olive, and M. Srednicki, The Photino, the Sun,
and High-Energy Neutrinos, Phys. Rev. Lett. 55, 257
(1985).

[5] L. M. Krauss, M. Srednicki, and F. Wilczek, Solar system
constraints and signatures for dark-matter candidates, Phys.
Rev. D 33, 2079 (1986).

[6] G. Jungman and M. Kamionkowski, Neutrinos from particle
decay in the sun and earth, Phys. Rev. D 51, 328 (1995).

[7] M. G. Aartsen et al. (IceCube Collaboration), Search for
Dark Matter Annihilations in the Sun with the 79-String
IceCube Detector, Phys. Rev. Lett. 110, 131302 (2013).

[8] P. Baratella, M. Cirelli, A. Hektor, J. Pata, M. Piibeleht, and
A. Strumia, PPPC 4 DMν: A poor particle Physicist
Cookbook for neutrinos from dark matter annihilations in
the Sun, J. Cosmol. Astropart. Phys. 03 (2014) 053.

[9] M. Danninger and C. Rott, Solar WIMPs unravelled:
Experiments, astrophysical uncertainties, and interactive
tools, Phys. Dark Universe 5–6, 35 (2014).

[10] K. Choi et al. (Super-Kamiokande Collaboration), Search
for Neutrinos from Annihilation of Captured Low-Mass
Dark Matter Particles in the Sun by Super-Kamiokande,
Phys. Rev. Lett. 114, 141301 (2015).

[11] N. F. Bell and K. Petraki, Enhanced neutrino signals from
dark matter annihilation in the Sun via metastable mediators,
J. Cosmol. Astropart. Phys. 04 (2011) 003.

[12] J. L. Feng, J. Smolinsky, and P. Tanedo, Detecting dark
matter through dark photons from the Sun: Charged particle
signatures, Phys. Rev. D 93, 115036 (2016).

[13] N. Fornengo, A. Masiero, F. S. Queiroz, and C. E. Yaguna,
On the role of neutrinos telescopes in the search for dark
matter annihilations in the Sun, J. Cosmol. Astropart. Phys.
12 (2017) 012.

[14] J. Smolinsky and P. Tanedo, Dark photons from captured
inelastic dark matter annihilation: Charged particle signa-
tures, Phys. Rev. D 95, 075015 (2017).

[15] B. Batell, M. Pospelov, A. Ritz, and Y. Shang, Solar gamma
rays powered by secluded dark matter, Phys. Rev. D 81,
075004 (2010).

[16] R. K. Leane, K. C. Y. Ng, and J. F. Beacom, Powerful solar
signatures of long-lived dark mediators, Phys. Rev. D 95,
123016 (2017).

[17] C. Arina, M. Backović, J. Heisig, and M. Lucente, Solar γ
rays as a complementary probe of dark matter, Phys. Rev. D
96, 063010 (2017).

[18] A. Albert et al. (HAWC Collaboration), Constraints on spin-
dependent dark matter scattering with long-lived mediators
from TeV observations of the Sun with HAWC, Phys. Rev.
D 98, 123012 (2018).

[19] C. Niblaeus, A. Beniwal, and J. Edsjo, Neutrinos and
gamma rays from long-lived mediator decays in the Sun,
J. Cosmol. Astropart. Phys. 11 (2019) 011.

[20] Y. Xu, Measurement of high energy dark matter from the
Sun at IceCube, J. High Energy Phys. 12 (2021) 035.

[21] N. F. Bell, J. B. Dent, and I. W. Sanderson, Solar gamma ray
constraints on dark matter annihilation to secluded medi-
ators, Phys. Rev. D 104, 023024 (2021).

[22] C. Tönnis (IceCube Collaboration), Search for secluded
dark matter with 6 years of IceCube data, in Proceedings of
the 37th International Cosmic Ray Conference (2021),
arXiv:2107.10778.

[23] N. F. Bell, M. J. Dolan, and S. Robles, Searching for dark
matter in the Sun using hyper-Kamiokande, J. Cosmol.
Astropart. Phys. 11 (2021) 004.

[24] M. Zakeri and Y.-F. Zhou, Constraining Time Dependent
Dark Matter Signals from the Sun, J. Cosmol. Astropart.
Phys. 04 (2022) 026.

[25] J. Kopp, V. Niro, T. Schwetz, and J. Zupan, DAMA/LIBRA
and leptonically interacting dark matter, Phys. Rev. D 80,
083502 (2009).

[26] R. Garani and S. Palomares-Ruiz, Dark matter in the Sun:
Scattering off electrons vs nucleons, J. Cosmol. Astropart.
Phys. 05 (2017) 007.

[27] R. K. Leane, T. Linden, P. Mukhopadhyay, and N. Toro,
Celestial-body focused dark matter annihilation throughout
the Galaxy, Phys. Rev. D 103, 075030 (2021).

[28] D. Bose, T. N. Maity, and T. S. Ray, Neutrinos from
captured dark matter annihilation in a galactic population
of neutron stars, J. Cosmol. Astropart. Phys. 05 (2022) 001.

BOSE, MAITY, and RAY PHYS. REV. D 105, 123013 (2022)

123013-4

https://doi.org/10.1086/163485
https://doi.org/10.1086/165652
https://doi.org/10.1086/165652
https://doi.org/10.1086/165653
https://doi.org/10.1103/PhysRevLett.55.257
https://doi.org/10.1103/PhysRevLett.55.257
https://doi.org/10.1103/PhysRevD.33.2079
https://doi.org/10.1103/PhysRevD.33.2079
https://doi.org/10.1103/PhysRevD.51.328
https://doi.org/10.1103/PhysRevLett.110.131302
https://doi.org/10.1088/1475-7516/2014/03/053
https://doi.org/10.1016/j.dark.2014.10.002
https://doi.org/10.1103/PhysRevLett.114.141301
https://doi.org/10.1088/1475-7516/2011/04/003
https://doi.org/10.1103/PhysRevD.93.115036
https://doi.org/10.1088/1475-7516/2017/12/012
https://doi.org/10.1088/1475-7516/2017/12/012
https://doi.org/10.1103/PhysRevD.95.075015
https://doi.org/10.1103/PhysRevD.81.075004
https://doi.org/10.1103/PhysRevD.81.075004
https://doi.org/10.1103/PhysRevD.95.123016
https://doi.org/10.1103/PhysRevD.95.123016
https://doi.org/10.1103/PhysRevD.96.063010
https://doi.org/10.1103/PhysRevD.96.063010
https://doi.org/10.1103/PhysRevD.98.123012
https://doi.org/10.1103/PhysRevD.98.123012
https://doi.org/10.1088/1475-7516/2019/11/011
https://doi.org/10.1007/JHEP12(2021)035
https://doi.org/10.1103/PhysRevD.104.023024
https://arXiv.org/abs/2107.10778
https://doi.org/10.1088/1475-7516/2021/11/004
https://doi.org/10.1088/1475-7516/2021/11/004
https://doi.org/10.1088/1475-7516/2022/04/026
https://doi.org/10.1088/1475-7516/2022/04/026
https://doi.org/10.1103/PhysRevD.80.083502
https://doi.org/10.1103/PhysRevD.80.083502
https://doi.org/10.1088/1475-7516/2017/05/007
https://doi.org/10.1088/1475-7516/2017/05/007
https://doi.org/10.1103/PhysRevD.103.075030
https://doi.org/10.1088/1475-7516/2022/05/001


[29] A. A. Abdo et al. (Fermi-LAT Collaboration), Fermi-LAT
observations of two gamma-ray emission components from
the quiescent Sun, Astrophys. J. 734, 116 (2011).

[30] K. C. Y. Ng, J. F. Beacom, A. H. G. Peter, and C. Rott, First
observation of time variation in the solar-disk gamma-ray
flux with Fermi, Phys. Rev. D 94, 023004 (2016).

[31] Q.-W. Tang, K. C. Y. Ng, T. Linden, B. Zhou, J. F. Beacom,
and A. H. G. Peter, Unexpected dip in the solar gamma-ray
spectrum, Phys. Rev. D 98, 063019 (2018).

[32] A. Albert et al. (HAWC Collaboration), First HAWC
observations of the Sun constrain steady TeV gamma-ray
emission, Phys. Rev. D 98, 123011 (2018).

[33] E. Aprile et al. (XENON Collaboration), Light Dark Matter
Search with Ionization Signals in XENON1T, Phys. Rev.
Lett. 123, 251801 (2019).

[34] Z.-L. Liang, Y.-L. Tang, and Z.-Q. Yang, The leptophilic
dark matter in the Sun: The minimum testable mass, J.
Cosmol. Astropart. Phys. 10 (2018) 035.

[35] A. J. Deason, A. Fattahi, V. A. Belokurov, N. W. Evans,
R. J. J. Grand, F. Marinacci et al., The local high-velocity
tail and the galactic escape speed, Mon. Not. R. Astron. Soc.
485, 3514 (2019).

[36] T. N. Maity, T. S. Ray, and S. Sarkar, Halo uncertainties in
electron recoil events at direct detection experiments, Eur.
Phys. J. C 81, 1005 (2021).

[37] N. Vinyoles, A. M. Serenelli, F. L. Villante, S. Basu, J.
Bergström, M. C. Gonzalez-Garcia, M. Maltoni, C. Peña-
Garay, and N. Song, A new generation of standard solar
models, Astrophys. J. 835, 202 (2017).

[38] N. F. Bell, G. Busoni, and S. Robles, Capture of leptophilic
dark matter in neutron stars, J. Cosmol. Astropart. Phys. 06
(2019) 054.

[39] R. Garani and S. Palomares-Ruiz, Evaporation of dark
matter from celestial bodies, arXiv:2104.12757.

[40] G. Elor, N. L. Rodd, T. R. Slatyer, and W. Xue, Model-
independent indirect detection constraints on hidden sector
dark matter, J. Cosmol. Astropart. Phys. 06 (2016) 024.

[41] G. Aad et al. (ATLAS Collaboration), Search for Displaced
Leptons in

ffiffiffi
s

p ¼ 13 TeV pp Collisions with the ATLAS
Detector, Phys. Rev. Lett. 127, 051802 (2021).

[42] M. Kawasaki, K. Kohri, and T. Moroi, Hadronic decay of
late—Decaying particles and big-bang nucleosynthesis,
Phys. Lett. B 625, 7 (2005).

[43] P. F. Depta, M. Hufnagel, and K. Schmidt-Hoberg, Updated
BBN constraints on electromagnetic decays of MeV-scale
particles, J. Cosmol. Astropart. Phys. 04 (2021) 011.

[44] M. Pospelov, A. Ritz, and M. B. Voloshin, Secluded WIMP
dark matter, Phys. Lett. B 662, 53 (2008).

[45] M. Pospelov and A. Ritz, Astrophysical signatures of
secluded dark matter, Phys. Lett. B 671, 391 (2009).

[46] A. Dedes, I. Giomataris, K. Suxho, and J. D. Vergados,
Searching for secluded dark matter via direct detection of

recoiling nuclei as well as low energy electrons, Nucl. Phys.
B826, 148 (2010).

[47] E. C. F. S. Fortes, V. Pleitez, and F.W. Stecker, Secluded
WIMPs, dark QED with massive photons, and the galactic
center gamma-ray excess, Astropart. Phys. 74, 87 (2016).

[48] S. Okawa, M. Tanabashi, and M. Yamanaka, Relic abun-
dance in a secluded dark matter scenario with a massive
mediator, Phys. Rev. D 95, 023006 (2017).

[49] Y. Yamamoto, Atomki anomaly and the Secluded Dark
Sector, EPJ Web Conf. 168, 06007 (2018).

[50] B. Holdom, Two U(1)’s and epsilon charge shifts, Phys.
Lett. 166B, 196 (1986).

[51] B. Holdom, Searching for ϵ charges and a new U(1), Phys.
Lett. B 178, 65 (1986).

[52] F. Chen, J. M. Cline, and A. R. Frey, Non-Abelian dark
matter: Models and constraints, Phys. Rev. D 80, 083516
(2009).

[53] B. Bartoli et al. (ARGO-YBJ Collaboration), Search for
gamma-ray emission from the Sun during solar minimum
with the ARGO-YBJ experiment, Astrophys. J. 872, 143
(2019).

[54] D. Seckel, T. Stanev, and T. K. Gaisser, Signatures of
cosmic-ray interactions on the solar surface, Astrophys. J.
382, 652 (1991).

[55] B. Zhou, K. C. Y. Ng, J. F. Beacom, and A. H. G. Peter, TeV
solar gamma rays from cosmic-ray interactions, Phys. Rev.
D 96, 023015 (2017).

[56] E. Orlando and A. Strong, Gamma-rays from halos around
stars and the Sun, Astrophys. Space Sci. 309, 359 (2007).

[57] I. V. Moskalenko, T. A. Porter, and S. W. Digel, Inverse
Compton scattering on solar photons, heliospheric modu-
lation, and neutrino astrophysics, Astrophys. J. Lett. 652,
L65 (2006).

[58] E. Orlando and A. Strong, StellarICs: Stellar and solar
Inverse Compton emission package, arXiv:1307.6798.

[59] E. Kafexhiu, C. Romoli, A. M. Taylor, and F. Aharonian,
Energetic gamma-ray emission from solar flares, Astrophys.
J. 864, 148 (2018).

[60] A. H. G. Peter, Dark matter in the solar system II: WIMP
annihilation rates in the Sun, Phys. Rev. D 79, 103532
(2009).

[61] G. Steigman, B. Dasgupta, and J. F. Beacom, Precise relic
WIMP abundance and its impact on searches for dark matter
annihilation, Phys. Rev. D 86, 023506 (2012).

[62] K. Saikawa and S. Shirai, Precise WIMP dark matter
abundance and standard model thermodynamics, J. Cosmol.
Astropart. Phys. 08 (2020) 011.

[63] T. Emken, OBSCURA: A modular C++ tool and library
for the direct detection of (sub-GeV) dark matter via nuclear
and electron recoils, J. Open Source Software 6, 3725
(2021).

SOLAR CONSTRAINTS ON CAPTURED ELECTROPHILIC DARK … PHYS. REV. D 105, 123013 (2022)

123013-5

https://doi.org/10.1088/0004-637X/734/2/116
https://doi.org/10.1103/PhysRevD.94.023004
https://doi.org/10.1103/PhysRevD.98.063019
https://doi.org/10.1103/PhysRevD.98.123011
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1088/1475-7516/2018/10/035
https://doi.org/10.1088/1475-7516/2018/10/035
https://doi.org/10.1093/mnras/stz623
https://doi.org/10.1093/mnras/stz623
https://doi.org/10.1140/epjc/s10052-021-09805-2
https://doi.org/10.1140/epjc/s10052-021-09805-2
https://doi.org/10.3847/1538-4357/835/2/202
https://doi.org/10.1088/1475-7516/2019/06/054
https://doi.org/10.1088/1475-7516/2019/06/054
https://arXiv.org/abs/2104.12757
https://doi.org/10.1088/1475-7516/2016/06/024
https://doi.org/10.1103/PhysRevLett.127.051802
https://doi.org/10.1016/j.physletb.2005.08.045
https://doi.org/10.1088/1475-7516/2021/04/011
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1016/j.physletb.2008.12.012
https://doi.org/10.1016/j.nuclphysb.2009.09.032
https://doi.org/10.1016/j.nuclphysb.2009.09.032
https://doi.org/10.1016/j.astropartphys.2015.10.010
https://doi.org/10.1103/PhysRevD.95.023006
https://doi.org/10.1051/epjconf/201816806007
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1016/0370-2693(86)90470-3
https://doi.org/10.1016/0370-2693(86)90470-3
https://doi.org/10.1103/PhysRevD.80.083516
https://doi.org/10.1103/PhysRevD.80.083516
https://doi.org/10.3847/1538-4357/aafe06
https://doi.org/10.3847/1538-4357/aafe06
https://doi.org/10.1086/170753
https://doi.org/10.1086/170753
https://doi.org/10.1103/PhysRevD.96.023015
https://doi.org/10.1103/PhysRevD.96.023015
https://doi.org/10.1007/s10509-007-9457-0
https://doi.org/10.1086/509916
https://doi.org/10.1086/509916
https://arXiv.org/abs/1307.6798
https://doi.org/10.3847/1538-4357/aad801
https://doi.org/10.3847/1538-4357/aad801
https://doi.org/10.1103/PhysRevD.79.103532
https://doi.org/10.1103/PhysRevD.79.103532
https://doi.org/10.1103/PhysRevD.86.023506
https://doi.org/10.1088/1475-7516/2020/08/011
https://doi.org/10.1088/1475-7516/2020/08/011
https://doi.org/10.21105/joss.03725
https://doi.org/10.21105/joss.03725

