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Abstract. Dark matter (DM) particles captured by the Sun can produce high-energy
electrons outside the Sun through annihilating into meta-stable mediators. The corresponding
cosmic-ray electron signals observed by the space-based experiments will be time dependent
due to the orbital motion of the space-based detectors. The shape of this time dependence is
predictable given the orbital information of the detectors. Since the high-energy CR electron
(with energy E ą 100 GeV) fluxes are expected to be constant in time, non-observation of
such time variation can be used to place upper limits on the DM annihilation cross section.
We analyze the time dependence of dark matter cosmic-ray signals in three space-based
experiments: AMS-02, DAMPE and CALET. Under the assumption that no time dependent
signal is observed, we derive the 95% C.L. exclusion limits on the signal strength from the
current data. We map our limits onto the parameter space of the dark photon model and
find that the constraints are comparable with that derived from the supernova SN1987A.
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1 Introduction

The origin, acceleration and propagation of cosmic rays (CRs) in the Milky Way have been
the subject of cosmic ray measurements by detectors such as AMS, DAMPE, CALET, and
Fermi-LAT. Supernova remnants are considered [1] as the main sources for Galactic CRs.
It’s also broadly accepted [2] that the CRs are accelerated by the diffusive Fermi acceler-
ation mechanism [3] as the supernova shock wave moves through the interstellar medium1.
One of the main sources of errors in analyses of CRs comes from the uncertainties in the
propagation models. Therefore, constraining the propagation parameters using our observa-
tions will reduce this uncertainty. For example, it was shown [6] that the boron to carbon
ratio (B{C) data combined with the proton flux measurements from AMS-02 can be used
to determine the propagation parameters. There are also ambiguities in modeling the accel-
eration and propagation effects in the heliosphere especially for low energy CRs. Studying
the solar modulation effects on the CRs can advance our understanding of the cosmic ray
problems. As an example, the Voyager-1 spacecraft measurements of low energy CRs and
their time dependence [7, 8] are very significant in analyzing the local interstellar spectra and
solar modulation effects on CRs. We can also investigate the propagation of different particle
species in the Milky Way and the charge-sign dependency of the solar modulation effects
by studying the differences of modulation effects among electrons, positrons, and nuclei [9].
On the high-energy (HE) side of the spectrum, since the Sun is not expected to be a source
of HE CRs, probing their solar modulation can aid us in constraining possible new physics

1For a critical review of this standard paradigm for the origin of the Galactic CRs check [4], and for an
example of the calculation of the spectra for HE protons and nuclei see [5].
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sources such as DM. Even though these DM sources have no explicit time-dependence, the
CR signals observed by the space-based detectors will have a time dependence induced by
their orbital motion. The background HE CRs are expected to be isotropic and constant
in time. Therefore, a non-observation of time dependencies in the observed signals can be
used to constrain the time-dependent portion of the signal generated by new physics (DM).
In this work we examine the bounds on the strength of solar HE CRs modulations using the
data from AMS, DAMPE, CALET and assume that no time-dependent signals have been
observed. The model independent bounds presented here, can be mapped onto the specific
parameter spaces of various DM models.

A diverse set of experiments and observations have been searching for dark matter (DM)
signals but none has detected any signals yet. The hunt for DM continues in three fronts:
direct detection, collider searches, and indirect detection. Indirect detection of DM could lead
to information about its annihilation cross section and mass. Indirect searches are mainly
carried out by observations of gamma rays and other CRs, and can explore higher energies,
longer decay lengths, and weaker interactions compared to other searches [10]. The main
obstacle in the indirect search analyses is the lack of a good understanding of the backgrounds,
which introduces large systematic errors. It is therefore clear that we should aim to maximize
the signal to background ratio. One of the ways to accomplish this is to look at a scenario
which has a distinct signal shape from that of the background spectrum. This is usually done
by comparing the signal and background energy spectra. In the absence of such DM signals, we
can still constrain DM models given an understanding of the astrophysical backgrounds [11].
DM searches with charged CRs are capable of reaching extremely high energies which are
far above our terrestrial collider energies. However, since the CR propagation is not well
understood large systematic uncertainties are induced in these searches. Among charged
CRs, HE electrons and positrons play a crucial role in our understanding of nearby sources
of CRs. This is due to the fact that they lose their energy rapidly as they travel through the
Galaxy, e.g., via synchrotron radiation and inverse Compton scattering off of the interstellar
radiation field [12]. For instance, cosmic ray e˘ reaching the Earth with energies about 1 TeV
must have originated from nearby sources that are less than 0.75 kpc away [13]. The Sun is
not believed to be a source of HE e˘ CRs, and those e˘ produced in cosmic ray interactions
with the surface of the Sun are expected to be trapped due its high magnetic field. This
alleviates the background estimation issue. In this work, we focus on the Sun as a possible
nearby source for high-energy e˘ signals which are generated by the DM accumulated in the
Sun. We explore the distinction between the signal and background as a function of both
time and energy.

Astrophysical objects can act as a gravitational potential well for the DM particles
around them. If DM particles have interactions with the Standard Model particles other than
gravity, they will scatter off of matter inside these objects. Those scatterings which lead to
DM particles’ final velocities below that of the escape velocity in the object, will result in
the capture of DM particles [14, 15]. Dark matter particles lose their energy after multiple
scatterings and accumulate at the center of the objects. If the captured DM self-annihilates,
the capture rate will balance the annihilation rate resulting in an equilibrium. The formalism
for the DM capture in the large astrophysical bodies has been analyzed long time ago [14–23].
The early works studied the annihilation of the accumulated DM in the Sun to neutrinos (e.g.
for explaining the solar neutrino problem). The neutrinos produced by the DM annihilation
can escape the Sun and be detected at Earth, while any other Standard Model products
will not be able to escape the Sun. Alternatively, DM may annihilate into new long-lived
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mediators which can escape the Sun and decay into SM particles outside the Sun [24–29]. It
is also shown that Jupiter can be a viable DM target especially for sub-GeV DM owing to its
cooler core temperature compared to the Sun [30]. These scenarios are realized in the context
of secluded DM models.

Dark sectors secluded from the Standard Model and equipped with a metastable me-
diator (between the visible and dark sectors), can evade the laboratory-based experimental
bounds by having a small coupling between the mediator and the visible sector [31]. One
signature of such models is the DM annihilation into the mediator and the subsequent decay
of the mediator into the SM particles. In general we expect this annihilation to occur at
the Galactic center and dwarf spheroidal satellites galaxies (dSphs). Therefore, any model
generating signals in the Galactic center should also be consistent with the lack of such signals
from dSphs. A consistent example of this is studied in [32] as a possible explanation to the
observations of an excess of positron flux by PAMELA [33], Fermi-LAT [34] and AMS-02 [35].
In the specific case of dark photon models, the dark photon can decay into a pair of electron-
positron which could be detected by the detectors around the Earth. This type of signal from
the Sun at the Alpha Magnetic Spectrometer (AMS-02) was studied in [28].

We propose a new method to optimize the search for this type of secluded DM models
using the modulations of high-energy CR signals from the Sun that are induced by the orbital
motion of space-based detectors. Accordingly, we evaluate the exposure to the Sun as a
function of time in three experiments, and use this exposure to find the number of signal
events in their detectors. We exploit this time dependence and study its behavior by varying
the time-binning schemes and comparing the limits on the signal strength of the model.
Our constraints are highly model-independent and can be easily translated into specific DM
models, e.g., dark photon model. We present our bounds in terms of the annihilation rate
(Γann) which is the most direct and model-independent way of constraining DM signals from
the Sun. We then translate these bounds into the spin-dependent dark matter nucleon cross
section.

We conclude the introduction by summarizing the structure of this paper. In the next
section (2) we talk about the exposure of the detector to the Sun which is detailed in ap-
pendix B. In section 3, we find the model-independent limits on the signal strength using
the data from the three detectors AMS-02, DAMPE, and CALET. We will then discuss how
cosmic ray signals could be generated in a generic class of models and present our limits in
their parameter space in section 4. In the following section (5) we present our limits on the
parameter spaces of the dark photon models. This is followed by a conclusion and the appen-
dices which include the details of the calculations for the position of the Sun (appendix A)
and the detectors’ exposure to it (appendix B).

2 Signals at Satellites

The number of signals detected by the detectors is in general a function of the model (as
detailed in section 4), and the detector parameters such as the exposure to the Sun (ξ). This
exposure depends on the effective acceptance of the detector(A), exposure time intervals
(T ), and the orbit of the detector between time interval (bin) ∆T “ rt1, t2s, and energy bin
rE1, E2s. The exposure time intervals are a function of energy and the orbit of the detector
which include the geomagnetic effects. We will approximate these effects by including an
overall factor (rt ă 1) in the exposure [36], such that the effective exposure time is T “

rtˆ∆T . The effective acceptance can also be approximated by its value at the characteristic
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Figure 1. Schematic diagram depicting the CR production process originating from the Sun and
their subsequent detection in the detectors around the Earth.

energy Ẽ (i.e., spectrally weighted mean energy in each bin):

ξpE1, E2, t1, t2q “
ApẼq
ΩFOV

ˆ rt ˆ

ż t2

t1

dt

˜

1AU

|~R@ÑSatptq|

¸2
„

´ cospiptqq



iPΩFOV

, (2.1)

in which ~R@ÑSatptq is the vector pointing from the Sun to the detector (Fig. 1), iptq is the
angle between ~R@ÑSatptq and the normal to the detector’s surface (n̂), which is constrained
to be within the field-of-view (FOV) of the detector (ΩFOV). The ratio of AU to the distance
of the Sun to the detector is a correction factor for the time-dependence of the distance to
the Sun. The effect of the Earth’s shadow is also implicitly included in Eq. 2.1. Note that the
exact FOV can itself depend on the energies and type of the incident CRs. In this work we
only use a simple conical approximation of FOV. A more detailed calculation of the exposure
of detectors to the Sun is given in appendix B.

The orbit of the detector around the Earth and Earth around the Sun induces a specific
time dependence to the signal. Therefore, we propose using the time-binned data to constrain
the signal strength. In the absence of time analyses of HE CRs in experiments, we can assume
that all of the results so far show no time dependence. In other words, we divide each energy
bin (i-index) into smaller time bins (j-index), with equal time intervals (δt) and number of
events nij ˘ δnij , such that

nij “ pδt{T q ˆNi, δnij “
a

δt{T ˆ δNi, (2.2)

in which T is the total experiment time. We then model the number of observed events in
each bin as

nij “ µˆ
ξij

4π p1 AUq2
`Bij , (2.3)

in which µ is the signal strength which is a global fitting parameter, ξij is the shape (exposure)
of the signal events which is fixed by the time-binning. The overall scale of the signal is fixed
by µ, which absorbs all the model-dependencies. B is the number of background events
which itself is taken to be a fitting parameter. Since we are assuming no time dependence
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is observed, the result of fitting µ, and Bij is trivially given by µ “ 0, and Bij “ nij . The
95% c.l. on µ is then extracted from the upper error (δµup) of the fitted signal strength µ.

The next question is how do we define the time bins? Given a periodic signal, the best
upper limit on the signal strength is extracted if the time-bins are shorter than the period
of the signal. At the same time, the time bins have to be chosen wider at higher energies
since we are constrained by the number of observed events. In order to ensure that we have
enough events in all of the bins, we can divide the lower energy bins into more bins (shorter
time periods), with longer bin periods for the higher energy bins.

We use likelihood ratio test χ2
λ to fit the signal strength µ, and find its 95% c.l. We

therefore minimize

χ2
λ “ ´2 ln

ź

ij

Lpnij ; µˆ Sij `Bijq

Lpnij ; nijq
, (2.4)

in which the likelihood L is given by

L “
ź

ij

e´pµˆSij`Bijq

nij !
pµˆ Sij `Bijq

nij , (2.5)

and 95% c.l. limits can be found by setting ∆p´2 lnLq “ F´1
χ2
n
p0.95q, in which n is the

number of fit parameters. We now discuss the relevant details of each of the three detectors
under consideration.

AMS-02: Precision measurements of the time and energy dependence of the cosmic ray
e˘ flux from May 2011 to May 2017 have been performed by AMS-02 for the energy range from
1 to 50 GeV [36]. The events from every Bartel (27 days) were combined into one time-bin. A
time-dependent modulation happens when interstellar CRs enter the heliosphere [37]. Among
various processes involved in the solar modulation, particle drift creates a dependence on the
particle charge [38]. Given that electron and positron have opposite charge but the same
mass, the measurement presented in [36] leads to crucial information about the charge-sign
dependent solar modulation effects. From Fig. 1 of [36], we can see that the time-variation of
the signal is notable for energies below 10 GeV, and vanishes for 30 GeV Æ E. In this work,
we will be focusing on much higher energies. For a more recent analysis of the cosmic ray
spectra and their solar modulation at AMS-02 check Ref. [9].

The total duration of the AMS-02 data [39] is 2370 days. AMS-02 which was originally
planned to have a three-year life in space without maintenance and then wind down, has been
under maintenance to extend its life-time. For the future projection of the bounds, here we
have assumed that the AMS-02 life-time can be extended through 20282.

We focus on the last 13 bins of the AMS-02 data [39] covering the energy range r98.1, 1400s
GeV. We assume a time-binning of each of them according to

δt “ t10, 10, 10, 10, 15, 15, 15, 15, 15, 30, 45, 80, 240u Days, (2.6)

in the order of increasing energy. In choosing the time intervals we are constrained by two main
factors. The time interval should be long enough to ensure enough statistics. Furthermore,
for our assumption about the active data taking time being a constant factor times the total
time, we need enough time so that the orbital anomalies average out over many orbit cycles.

2The extension of ISS operation through 2028 has been introduced in H.R.5666 [40].
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Therefore, we don’t take time-bins shorter than 10 days. Further improvements could possibly
be made by including the real-time data from these detectors in our program which is beyond
the scope of this work. For the exposure details see B.1.

CALET: The total duration of the CALET data [41] is 780 days. We consider the last
21 bins which covers energies r94.9, 4754.7s GeV. The following time-bins are assumed:

δt “ t18, 18, 18, 18, 18, 18, 18, 18, 18, 20, 20, 20, 30, 36, 36, 36, 60, 60, 90, 300, 360u Days.(2.7)

For more details on the exposure of CALET to the Sun see B.2.
DAMPE: The total duration of the DAMPE data [42] is 530 days. There is a hint

of a narrow excess at energy „ 1.4 TeV. It is shown [43] that this peak can appear in two
scenarios. In one of these scenarios, the peak is generated from the “spectrum broadening"
of continuous sources with delta-function like injection spectrum, e.g. DM annihilation into
e`e´ in the subhalos. It has been shown that these sources must be nearby „ 0.3 kpc, and
the DM annihilation cross sections are close to the thermal value. We consider the last 28 bins
covering an energy range of r95.5, 4570.9s GeV. These bins are further time-binned according
to

δt “ t 10, 10, 10, 10, 10, 10, 10, 10, 10, 10, 10, 18, 18, 18, 18,

30, 30, 90, 100, 100, 265, 265, 265, 265, 530, 530, 530, 530u Days. (2.8)

For more details on the exposure of DAMPE to the Sun see B.3.
We would like to mention the other very different time-dependent dark matter signal

which is caused by the rotation of the Earth around the Sun3, i.e., yearly modulations. The
modulating signal in that case is from the DM particles scattering off of targets in direct
search experiments such as DAMA/LIBRA [45].

3 Model Independent Analysis

In this section we present the results of minimizing Eq. 2.4 in a model independent manner.
The minimization of Eq. 2.4 is done with respect to the signal strength µ and the background
parameters Bij using Minuit package [46]. We then find their corresponding 95% error bars
using Minos error analysis. This limit on the signal strength (µ95) can be translated in terms
of the specific model parameters at hand. We will demonstrate this further in sections 4
and 5, after presenting the model independent bounds on µ from each of the three detectors
in this section.

We are interested in box-shaped (“Boosted”) and delta-like signals (“Threshold”). In the
threshold case, the signal spectrum is sharp and only in a single energy bin4(E “ ECM{2).
The limits from each of the detectors on the signal strength (µ) in the threshold case are
plotted in Fig. 2. The current bounds are shown as solid blue curves, whereas the future
projections are shown with dashed blue curves.

In the boosted case the signal spectrum is uniformly distributed between some EMin

to EMax. Therefore, multiple energy bins will contain the signal and among them the bins
with higher energies (lower background) will be influencing the constraints the most. The
resulting limits on the signal strength (µ) in the boosted case are plotted in Fig. 2. We would

3Check [44] for an overview of annual modulation measurements.
4For example if the threshold signal is resulting from the 2-body decay of a mediator with energy ECM,

the decay products will each have an energy equal to ECM{2.
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Figure 2. Limits on the signal strength (µ) at 95% c.l. as a function of the CR energy (E) using
the current (solid) data and future projections (dashed) in the threshold (top) and boosted (bottom)
scenarios. The areas above the curves are excluded.

like to clarify that even though the boosted case is similar to the one considered in [47, 48],
the threshold case is different from the “delta-like" signals in [47, 48].

For AMS and in the boosted case, the limit becomes constant for DM masses above
„ 1.4 TeV. This is because for MDM ą 1.4 TeV, the signal will cover all the energy bins,
and increasing the DM mass doesn’t change the statistics anymore. For the CALET future
projections (red-dashed), we have assumed a total mission life of 5 years. We can see that
the constraints are stronger than AMS-02, especially at higher energies.

Note that the model-independent bounds on the signal strength (µ) are independent of
the specific magnetic effects that would be incorporated in the mediator decay probability
(Pdec) as in [28].

4 Generic Models

In this section we will consider generic models in which the annihilation rate of the DM in
the Sun is used as an independent parameter. In this way, we are agnostic about the specific
and model-dependent mechanisms involving the DM capture, and annihilation in the Sun.
We only demand that a generic model implements the following processes:

1. Dark matter (X) captured in the Sun annihilates (Γann) to mediators (ϕ)
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2. Mediators (ϕ) travel radially outward from the Sun

3. Mediators (ϕ) then decay to e˘

These e˘ may then be detected by detectors around the Earth. The condition for the mediator
(ϕ) to escape the Sun with no significant interactions can be used to set an upper limit on
the cross section between the mediator and the Sun’s constituents. Since the captured dark
matter is concentrated at the center of the Sun within a radius rX ! R@, the resulting
mediators would be emanated from the center in radial directions. The average number of
mediator interactions on their way out of the Sun is given by

# of scatterings “
ÿ

i

ż R@

0
niprqσidr, (4.1)

in which the sum runs over the various species that interact with the mediator, niprq is their
number density at radius r, and σi is their scattering cross section which in general depends
on the energy of the scattering target (i.e., temperature) and thus may implicitly depend on
the radial position (r). Given the DM mass ranges that we are considering, the mediator
energies are much larger than the thermal energy of the targets and we can ignore this radial
dependence. We examine the constituents at nucleon level and expand the summation above
in terms of scattering cross sections off of nucleons and electrons. The contribution from each
term must be smaller than 1 in order for the mediator to freely escape from the Sun’s interior.
Specifically for electron and proton targets we must have

σ´1
p,e Ç

ż R@

0
ρprq

„

Xprq

mH
`

2Y prq

mHe



dr, (4.2)

in which ρprq is the mass density of the Sun, tmH, Xprqu and tmHe, Y prqu are the hydrogen
and helium atomic masses and mass fractions respectively. A similar result for the neutron
scatterings can be obtained by removing the hydrogen contributions. We input the values for
ρprq, Xprq, Y prq from the BP2004 solar model [49], and find σp,e,n Æ 10´36 cm2. Given that
R@ « 2.32 light-second, and 1 AU « 499 light-second, in order for the mediator to decay
between the Sun and Earth we should have

2.3 psq ă

„

b

1´ pmϕ{mXq
2



τ ă 499 psq, (4.3)

in which τ “ pmX{mϕqτ0 is the mediator’s lifetime in the Sun’s rest frame, and τ0 is its
rest-frame lifetime. We are interested in the limit mϕ ! mX , for which the mediators are
highly boosted and travel at speeds close to c. If we takeMX « OpTeVq, and mϕ « OpMeVq,
we see that τ0 must be between 2.3µs and 0.5 ms.

Given that the evaporation of DM particles can be neglected for DM masses above a
few GeV [19, 20], the number of DM particles in the Sun is governed by

dNDM

dt
“ Γcap ´ CannN

2
DM, (4.4)

in which the capture rate is given by Γcap, and the annihilation rate is encoded in Cann. If
an equilibrium is established, i.e., 9NDM “ 0, we get

Γann “
1

2
CannN

2
DM “

1

2
Γcap, (4.5)
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in which we have included a factor of 1{2 for the fact that each annihilation involves two DM
particles. The total number of potential signal events produced is then given by

NS “ N0
S BrpϕÑ e`e´q ˆ Pdec, (4.6)

in which BrpϕÑ e`e´q is the branching ratio of the mediator to e`e´, and N0
S is the number

of mediators produced which is given by

N0
S “ nϕ ˆ Γann ˆ

ξ@

4π p1 AUq2
. (4.7)

Here, nϕ is the number of ϕ’s produced per DM annihilation, ξ@ is the detector’s exposure
to the Sun, and Pdec is the probability for the mediator to decay within a specific distance
and energy range. We can write it in terms of a probability density for the mediator decay
products to be produced at a distance rd and energy E “ E1, E2

Pdec “ ne ˆ

ż

drddE
dPdec

drddE
“ ne ˆ

ż

drddE
expp´rd{Lq

L
ˆ fpEq, (4.8)

in which fpEq is the energy spectrum of the decay products which depends on the angle
(θCM) between the mediator boost direction and one of the final states in the center-of-mass
(CM) frame. We assume that the decay products are evenly distributed in cos θCM, and we
will show below how this determines the form of fpEq in the threshold and boosted cases.
The factor ne is the number of detectable final states (2 for ϕ Ñ e`e´ at DAMPE). Note
that the two-particle (or more) events are a small fraction of the total= number of single-
particle events, due to the angular separation between the decay products „ Opmradq, which
yields distances much larger than the effective size of the detectors „ Opmq [50]. Comparing
equations 4.6 and 4.7 with 2.3 we see that the signal strength is identified as

µ :“ nϕ ˆ Γann ˆ BrpϕÑ e`e´q ˆ Pdec, (4.9)

such that limits on µ can be converted into contours in the parameter space of our model,
e.g., in terms of Γann and Ldec.

We focus our attention on two-body decays of ϕ in this work, but the results can be
extended to more complicated spectra. Specifically, we look at two kinematical regimes

• Boosted: 2me ! mϕ ! mX

• Threshold: 2me « mϕ ! mX

We note that since dark matter is much heavier than the mediator the dark matter annihilation
is Sommerfeld enhanced by a factor S " 1. This enhancement shortens the equilibrium time-
scale (τ „ 1{

?
S Cann) inside the Sun, and it enters the annihilation rate as

Γann “
Γcap

2
tanh2

ˆ

t

τ

˙

. (4.10)

Since for the ranges of parameter space that are of interest, the equilibrium must have already
been achieved in the Sun, i.e., t " τ , the effects of Sommerfeld enhancements are negligible.
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Nevertheless, we have included the Sommerfeld enhancement effect in our calculations for
completeness. We will be focusing on energies greater than „ 100 GeV, which would not
include the low-energy time dependent signals due to solar activity [36]. The boosted case
generates a rectangular energy spectrum and the decay products can be detected in multi-
ple energy bins (for E P rEcut,mXs), whereas the threshold case produces a delta function
spectrum δpE ´ mX{2q with a sharp signal in the energy bin containing E “ mX{2. In
order to see this, note that since mϕ ! mX & EX “ Eϕ « mX in the Sun’s reference frame,
ϕ’s are boosted by γ “ mX{mϕ from their CM reference frame, in which E1e˘ “ mϕ{2. In
the threshold case, 2me « mϕ so e˘ are produced at rest with respect to ϕ, i.e., they are
boosted by the same factor γ. Therefore, their energy in the Sun’s reference frame is given
by Ee “ γ ˆmϕ{2 “ mX{2. In the boosted case, the energies of the decay products in the
Sun’s frame is given by p1 ˘ cos θCMqmX{2. Here, θCM is the angle between the mediator
boost direction and one of the decay products, and it’s uniformly distributed. Therefore, the
energies of the decay products are uniformly distributed in r0,mXs. For more details about
the decay spectra, such as their angular and velocity distributions we refer the reader to the
appendix in Ref. [50]. In summary, we have:

P Tdec “ expp´R@{Lq ´ expp´1AU{Lq pThresholdq (4.11)

PBdec “rexpp´R@{Lq ´ expp´1AU{Lqs ˆ
Emax ´ Emin

mX
pBoostedq (4.12)

in which Emax,min are defined as

Emin “ maxpE1, Ecutq, Emax “ minpE2,mXq, (4.13)

with E1,2 are the energy limits of the bin under consideration.
Note that the solar magnetic field from the Sun and Earth can deflect the trajectory

of the mediator decay products. Consequently, their trajectory will not point exactly back
to the Sun when they are detected at the Earth. These effects are especially important for
search proposals involving angular cuts [28], in which simplified models of the solar magnetic
field effects are utilized. An angular cut may then enhance the search for signals pointing
back to the Sun. Since the current data that we use doesn’t have any directional features, we
will not impose any angular cuts, and therefore the magnetic field effects can be ignored.

In the threshold case, in which we expect a concentration of signals in a single energy
bin (Ei), the mediator mass must be within a few keV range from 2me. Otherwise, the boost
factor will spread the signal to other neighboring bins. Nevertheless, we show the results for
mediator masses up to „ 5 MeV recognizing that the results are more accurate for mϕ « 2me.
We will present the results of minimization of Eq. (2.4) in the generic models for the three
detectors under consideration. In the boosted case we have chosen a representative set of DM
masses from 200 GeV to 5 TeV. In the threshold case, the contours correspond to the limits
from each of the energy bins. The DM mass labels in this case represent the corresponding
energy bin containing E “ ECM{2 “ mDM{2. For example, the AMS-02 exclusion contour
for mDM “ 1.2 TeV also applies to other DM masses within r1.0, 1.4s TeV range.

4.1 Threshold Case

In order to demonstrate how time-binning enhances the limits, we plot the 95% contours
for one of the energy bins with E P r98.1 ´ 107.3s GeV, corresponding to different time-bin
periods t10, 25, 50, 100, 150u days, in the threshold scenario in Fig. 3. The area above each
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Figure 3. Limits on the annihilation rate (Γann) at 95% c.l. as a function of the decay length (Ldec)
for various time binning using the E P r98.1 ´ 107.3s GeV bin from AMS-02 data, in the threshold
scenario. Left: Future projections. Right: Current bounds.

curve is excluded. We can see that shorter time periods yield better limits, specifically we can
achieve a factor of „ 15 improvement (see Fig. 3). In the boosted case, it’s not straightforward
to make this comparison as the signal covers many energy bins each with a different time-
binning. The improvement will also depend on the DM mass. For heavier DM candidates,
the higher energy bins are populated which have lower backgrounds. These low background
bins determine the constraint on the signal strength. Due to a low count in these bins, the
time binning will be limited to ensure enough statistics in each time-bin. As a result, we
expect a better improvement for lighter DM candidates in the boosted case.

The resulting 95% bounds in the threshold case are plotted in Figs. 4, in which the area
above each curve is excluded. We see that for a fixed time-bin period, the limit improves as
we increase the DM masses which is due to a decrease in the background. However, in order
to ensure enough statistics in higher energy bins, we are forced to make the time-bins longer
for heavier DM masses which loosens the constraints on the signal strength.

The annihilation rate (Γann) can be evaluated as a function of the DMmass. It would also
depend on the DM density and velocity around the Sun, and the DM-nucleon cross section.
Once the annihilation rate is calculated for a specific cross section, it can then be scaled for
other cross sections. For instance, Ref. [47] used DARKSUSY [51, 52] with the canonical values
for the DM around the Sun to evaluate the DM capture rate. The results are presented in
Fig. 2 of [47] with a DM-nucleon scattering cross section of σ “ 10´40 cm2, which can be
used to translate our results into both spin-dependent and spin-independent limits. There are
strong bounds on dark matter models with spin-independent interactions from direct search
experiments. In the case of spin-dependent (SD) interactions, bounds on σSD in the long-
lived mediator models were set using the Fermi-LAT and HAWC data [53, 54]. We specifically
focus on the SD scenario, in which the capture is mostly done by the hydrogen [55] in the
Sun. Therefore, we present our limits on SD DM-proton scattering in Fig. 5 (threshold)
and Fig. 7 (boosted). We have also included the direct detection constraints from PandaX-
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Figure 4. Limits on the annihilation rate (Γann) at 95% c.l. as a function of the decay length
(top) and the DM mass (bottom) using the current (solid) data and future projections (dashed) in
the threshold scenario. The areas above the curves are excluded.

II [56], XENON1T [57], and PICO-60 [58]. We can see that our study in general sets better
constraints than the ones from these direct searches. In the boosted scenario, and forMDM ă 1
TeV, the bound from PICO-60 becomes competitive but is still weaker than our best limits
with the optimal decay lengths.

4.2 Boosted Case

The constraints in the boosted scenario are plotted in Fig. 6 and Fig. 7. In this case, and
as we increase the DM mass the limits get better initially since we are adding the bins with
lower counts. However, at the same time the signal strength which is normalized by the mass
(Eq. 4.12) will decrease. This is why the limits become weaker as we increase DM masses
beyond „ 1.5 TeV.

One notable difference between the CALET and AMS-02 constraints, is the improvement
of the constraints in the boosted case for CALET especially for heavier DM masses. This
is because CALET has a higher event count compared to the AMS-02, and also its energy
bins extend all the way to about 5 TeV compared to 1.4 TeV in AMS-02. For example, for
MDM “ 5 TeV, the boosted signal extends all the way to 5 TeV, which is mostly covered by
CALET, but the signals between 1.4´ 5 TeV (i.e., 72%) will not be detected in AMS-02. We
can see that the DAMPE bounds in the boosted case are weaker than the ones from CALET.
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This can be mainly attributed to the fact that the exposure of CALET to the Sun is more
than the exposure of DAMPE, especially at higher energies.

This work is complementary to the studies of similar models and their signals in Fermi-
LAT [48]. Before we move on to the dark photon model, we would like to compare the results
of this section to the ones found in the boosted case (“box-like”) from Fermi-LAT data [48] with
a signal region defined as 300 cone around the Sun. They have set limits on the DM-nucleon
cross section, using a cone with aperture of 300 pointing towards the Sun as the signal region.
A “box-like” energy spectrum was considered in [47, 48] which corresponds to the “boosted"
case in this work. Note that the “delta-like” spectrum in [47, 48] corresponds to the capture
via inelastic scattering and the subsequent annihilation directly to e`e´ pairs outside the
Sun. Therefore, this “delta-like” signal is different from our “threshold” scenario which also
produces a line-like signal. Multiple regions of interest (RoI) r20, 50, 100, 300, 450s have been
assumed in [47], with a signal region pointing towards the Sun and a control region in the anti-
Sun direction. The angular cuts would in principle change the box-shaped spectrum, since e˘

with lower energies would be dispersed to outside the signal region. However, as long as the
mediators are highly boosted, i.e., much lighter than the DM particles, the dispersion angle
is small enough for the signal region to contain all the decay products.
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Figure 6. Limits on the annihilation rate (Γann) at 95% c.l. as a function of the decay length
(top) and the DM mass (bottom) using the current (solid) data and future projections (dashed) in
the boosted scenario. The areas above the curves are excluded.

The 95% c.l. on the elastic spin-independent DM-nucleon cross section for DM masses
in mDM P r100, 1000s GeV range, for Ldec “ 0.1 AU is about σSI „ p1 ´ 2q ˆ 10´45 cm2.
Using the fact that the capture rate is linear in σ, and its value as a function of the DM
mass for σSI „ 10´40 cm2 in Fig. 2 of Ref. [47], we get Γcap „ r3 ˆ 1019, 5 ˆ 1018s s´1 or
Γcap „ r2 ˆ 10´5, 3 ˆ 10´6sGeV for mDM “ 200 GeV and mDM “ 1000 GeV respectively.
The equilibrium between capture and annihilation of DM particles in the Sun requires Γann “

0.5Γcap, we then get the Fermi-LAT limits of Γann „ r10´5, 1.5ˆ 10´6sGeV (for mDM “ 200
GeV and mDM “ 1000 GeV respectively) which is about 1-2 orders of magnitude stronger
than the limits we have obtained here for the same DM masses. For heavier DM masses,
better limits on σSI are set in Ref. [29] using the HAWC observatory gamma ray data [59].
Assuming that the probability of the mediator decay between the Sun and Earth is equal to 1,
limits are one order of magnitude better than this Fermi-LAT bound for MDM „ 1 TeV. This
assumption is not true in realistic models such as the dark photon model. In fact, we can see
that the lower boundary of the constrained region in [29] on the dark photon parameter space
lies within the SN1987A bounds and is around the same order of magnitude as our limits.
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Figure 7. Limits on the spin-dependent DM-proton scattering cross section (σp) at 95% c.l. as
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future projections (dashed) in the boosted scenario. The areas above the curves are excluded. The
direct detection constraints are from PandaX-II [56], XENON1T [57], and PICO-60 [58].

5 Dark Photon Model

In this section, we consider dark photon [60, 61] as a concrete example and translate the
bounds from the previous section into limits on dark photon parameter space. We only
present the main definitions for the dark photon model here, and the reader can check [28]
for more details. The Lagrangian for photon-dark photon interaction is given by

L “ ´1

4
FµνFµν ´

1

4
F 1

µν
F 1µν `

1

2
m2
A1A

12 ´ gXA
1
µX̄γ

µX `
ÿ

f

qfepAµ ` εA
1
µqf̄γ

µf, (5.1)

in which mA1 is the dark photon mass, gX is the dark U(1) coupling, qf is the SM fermions
electric charge, and ε is the kinetic mixing parameter. The rate for dark photon decays to
the SM fermions is

ΓpA1 Ñ ff̄q “
ε2q2

fαpm
2
A1 ` 2m2

f q

3mA1

d

1´
4m2

f

m2
A1
, (5.2)

in which α is the electromagnetic structure constant. We will use Eq. (5.2) to translate the
decay probability Pdec in section 4 in terms of pmA1 , εq. As shown in [28], relic abundance of
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the DM (X) can be used to fix the dark charge gX , in terms of the rest of the parameters. We
will assume the freeze-out scenario which yields αX “ g2

X{p4πq “ 0.035pmX{TeVq, while ε and
mA1 are constrained by the signals from the Sun. For a given set of parameters pmX ,mA1 , εq,
we follow the procedure in [28] and find the annihilation rate of the DM in the Sun (Γann).
We then use the limits from section 4 to plot the corresponding contours in pmA1 , εq. In
calculating the capture rate, we note that the contact interaction limit fails for lighter dark
photons (mA1 „ OpMeVq). Therefore, we use the following differential cross section for a
nucleus (N) with mass mN , atomic number ZN , and atomic mass AN

dσN
dER

“ 8πε2αXαZ
2
N |FN |

2 mN

w2
`

2mNER `m2
A1

˘2 , (5.3)

in which ER is the recoil energy, w is the incoming DM velocity, and FN is the Helm factor
which is given by

|FN |
2 “ exp

ˆ

´
ER

0.114 GeV
A

5{3
N

˙

. (5.4)

We have also included the relevant constraints from other experiments for comparison,
and removed a horizontal section (´8 Æ logpεq Æ ´7) of the threshold plots so that the curves
are distinguished easier. The constraints on ε as a function of dark matter mass (MDM) are
plotted in Fig. 9 for the threshold and in Fig. 11 for the boosted case. The most interesting
of these bounds are the ones related to supernova limits. From the results in Fig. 8 and
Fig. 10 we see that our exclusion contours lie within the excluded region from SN1987A
explosion bounds [62], and have a lot of overlap with the SN1987A cooling bound [63]. This
interesting coincidence can also be observed in the results of Ref. [28]. We note that our signal
contours correspond to the 95% exclusion limits, and we have included the updated SN1987A
constraints [62, 63]. The similarity between the shape of SN1987A and our excluded region
can be explained as follows. The supernova cooling region is limited from below and above
because:

• Decreasing ε below a certain value will lower its production rate (and energy loss) which
loosens the constraint.

• Increasing ε beyond a certain value will cause the dark photon decay inside the supernova
(no energy escapes) and is unconstrained.

On the other hand DM solar signal region is limited from below and above because:

• Decreasing ε below a certain value will increase its decay length to values greater than
1 AU. As a result, most of the mediators decay to e˘ beyond the position of the Earth.

• Increasing ε beyond a certain value will cause the dark photon decay into e˘ inside the
Sun. In this case the products won’t be able to leave the Sun.

The above arguments provide a reason for having excluded regions that are bounded from
above and below. However, it doesn’t specify the boundary values of ε and why they are so
close to each other.
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the current (solid) data and future projections (dashed) in the threshold scenario. Yellow shaded
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Figure 11. Limits on the kinetic mixing (ε) at 95% c.l. as a function of the DM mass using the
current (solid) data and future projections (dashed) in the boosted scenario. The areas between the
curves are excluded.

6 Conclusion

In this work we have analyzed indirect DM signals coming from the Sun in three different
space-based detectors. Using the data from cosmic ray detectors in AMS-02, DAMPE and
CALET we found the model-independent constraints on the signal strength assuming that
no time-dependence has been observed. We then mapped those bounds onto the parameter
spaces of generic and dark photon models. We calculated the orbits of each of these detectors,
and evaluated their exposure to the Sun as a function of time. We have assumed that if a
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time-binning of the observed events is done, no time-varying signal is observed, i.e., each
time-bin has the same number of events. We then used this non-observation of the signal to
set limits on the annihilation rate of the DM in the Sun, and the decay length of the mediator.
We have also presented our constraints in terms of spin-dependent DM-proton cross section,
and showed that they are better than the limits obtained from direct detection experiments
PandaX-II, XENON-1T, and PICO-60. The resulting contours were also translated onto the
dark photon parameter space, i.e., pε,mA1q plane. In the dark photon case, our limits lie
within the supernova bounds. The generic model results can be used for other models using
a similar mapping as pΓann, Ldecq ÝÑ pp1, p2, . . .q, in which p1, p2, . . . are the relevant model
parameters. The program used for this work is available on GitHub [64] and can be modified
for studying other space-based detectors and models.
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A Position of the Sun

In this section we calculate the position of the Sun [65] as a function of time. We can use the
Julian centuries from the epoch J2000 defined as

T “
JD´ 2451545

36525
, (A.1)

in which JD is the Julian Day which is the number of days (including fractions) from the
beginning of the year ´4712, and can be computed from a Gregorian date (DD/MM/YY) by

JD “ t365.25pYY ` 4716qu` t30.6001pMM` 1qu`DD` B´ 1524.5, (A.2)

in which if MM “ 1, 2 then YY should be replaced by YY ´1, and MM by MM `12,
A “ tYY{100u, and B “ 2´A` tA{4u. Then the geometric mean longitude L0 and the mean
anomaly M (in degree) are given as

L0 “ 280.4665` 36000.76983T ` 0.0003032T 2, (A.3)

M “ 357.52911` 35999.05029T ´ 0.0001537T 2. (A.4)

The eccentricity of the Earth’s orbit e is also given by

e “ 0.016708634´ 0.000042037T ´ 0.0000001267T 2. (A.5)

The Sun’s equation of the center C is given as

C “p1.914602´ 0.004817T ´ 0.000014T 2q sinpMq, (A.6)
` p0.019993´ 0.000101T q sinp2Mq ` 0.000289 sinp3Mq, (A.7)
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with all the numbers in units of degree, except the sin arguments which are in radians. The
Sun’s geometric longitude is @ “ L0 ` C, and its true anomaly is ν “M ` C. The distance
between the centers of the Sun and Earth in AU is given by

R “ |~R@ÑC| “
1.000001018p1´ e2q

1` e cospνq
. (A.8)

The Sun’s apparent longitude in ecliptic coordinates λ is given by

Ω “125.04452´ 1934.136261T, (A.9)
λ “@´ 0.00569´ 0.00478 sinpΩq. (A.10)

The obliquity of the ecliptic ε, i.e., the angle between the ecliptic and the celestial equator
can be approximated by

ε « 230261212.448´ 462.8150T ´ 02.00059T 2 ` 02.001813T 3. (A.11)

We can then switch to the equatorial coordinate system in which the right ascension (α) and
declination (δ) are given as

tanpαq “
cospαq sinpλq

cospλq
, (A.12)

sinpδq “ sinpεq sinpλq. (A.13)

The coordinates of Sun in the Geocentric Equatorial Inertial (“GEI") reference frame (Fig. 12)
in units of AU is then given by

~R@ptq “ Rˆ t cospαq cospδq, sinpαq cospδq, sinpδq u. (A.14)

B Exposure to the Sun

In this section we focus on finding the exposure of detectors to the Sun (ξ) as a function of
time. We can write iptq as

iptq “ cos´1
´

R̂@ÑSatptq ˆ n̂
¯

, (B.1)

in which ~R@ÑSatptq “ ~R@ÑCptq` ~RCÑSat. Therefore, we first need to find these three vectors
~R@ÑCptq, ~RCÑSat, and n̂. We use the geocentric equatorial inertial (“GEI") reference frame
(Fig. 12) to represent these vectors. ~R@ÑCptq is just the position of the Sun in GEI frame,
i.e., ´~R@ptq which is calculated in the appendix A.

Given the negligible eccentricity of the detector’s orbit, we assume that they are circular.
~RCÑSat which is the position of the detector in GEI frame is then given by

~RCÑSatptq “ prC ` hq ˆ RK̂pΩq ˆ RÎpiq ˆ RK̂pθq ˆ Î , (B.2)

in which θ is the true anomaly, i is the inclination, Ω is the right ascension of the ascending
node (RAAN) of the orbit, RK̂,Î are rotation matrices along K̂ & Î directions respectively
(Fig. 12), and h is the mean height of the orbit.
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Figure 12. The circular orbit of a detector in geocentric equatorial inertial(“GEI”) reference frame
which is described by four parameters: radius (r), right ascension of the ascending node (Ω), true
anomaly (θ), inclination (i). Here, ĥ is the normal to the orbit.

The local detector frame (see Fig. 13) is defined by the Z 1 axis pointing to the Earth
(nadir) direction, X 1 axis being in the direction of motion along the orbit, and Y 1 as a result
of the right-hand-rule. Therefore, we can write these axes in the GEI coordinates as

X̂ 1 “ RK̂pΩq ˆ RÎpiq ˆ RK̂pθq ˆ Ĵ , (B.3)

Ŷ 1 “ Ẑ 1 ˆ X̂ 1, (B.4)
Ẑ 1 “ ´R̂CÑSatptq. (B.5)

Consequently, a rotation from the local frame to the GEI coordinates can be defined as

R1i,j “ xêi|ê1jy, (B.6)

with ê “ Î , Ĵ , K̂ and ê1 “ X̂ 1, Ŷ 1, Ẑ 1. The normal vector to the surface of the detector in the
local detector frame (Fig. 13) is also given by

n̂1 “ RYPR ˆ p0, 0,´1q, (B.7)

in which RYPR is a rotation defined by the local yaw (Y ), pitch (P ), roll (R) coordinates of
the detector with respect to the orbit. We can finally express n̂1 in the GEI coordinates as
n̂ “ R1 ˆ n̂1. We can now use Eq. 2.1 and B.1 to evaluate the exposure.

The field-of-view (FOV) condition in the case of a conical approximation, can be written
as π ´ iptq ă θFOV. We also include the effects of the Earth’s shadow by excluding the times
when the detector is in the Earth’s shadow. There are two condition that must be satisfied
for the detector to be in the Earth’s shadow: (a) it should be on the night-side of the Earth,
(b) it should be inside the cylinder centered at the Earth with radius rC, and axis pointing
to the Sun, i.e.,

paq ~R@ ˆ ~RSat ă 0, (B.8)
pbq sinparccospR̂@ ˆ R̂Satqq ˆ |RSat| ă rC. (B.9)
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Figure 13. The local detector frame with the definitions of yaw (Y ), pitch (P ), and roll (R).

This concludes the evaluation of the exposure to the Sun. In what follows, we will examine
specific experiments, and evaluate their exposure to the Sun.

B.1 Alpha Magnetic Spectrometer-02 (AMS-02)

For AMS-02 exposure time interval, we use the results from May 19, 2011 to November
12, 2017 [39], and for the orbital situation of the AMS-02 on ISS we use Ref. [66]. ISS
orbit inclination is 51.60, the orbit height is about 400 km, and its period is 92.68 minutes.
The orbits are assumed to be circular as mentioned before. ISS is situated at pY, P,Rq “
p´40,´20,`0.70q, relative to the orbit and AMS-02 is tilted with an extra ´120 roll relative
to the ISS [66]. The FOV for AMS-02 is about 480 half cone angle [67]. The effective detector
acceptance is given by Aeff “ Ageomεselp1`δq [68], in which Ageom « 550 cm2sr is the geometric
acceptance, εsel is the event selection efficiency which we approximate by a linear fit to the
values given in Ref. [68]:

εsel “

$

’

&

’

%

1 E ď 10 GeV

p0.908´ 0.00078ˆ Eq 10 GeV ď E ď 100 GeV

p0.844´ 0.00014ˆ Eq 100 GeV ď E

δ is a correction factor to the acceptance for which we assume δ « ´0.035. We also assume
a linear behavior given the values in Ref. [36]

rt “

$

’

’

’

’

&

’

’

’

’

%

0 E ď 1 GeV

0.06 1 GeV ď E ď 2 GeV

p2.242ˆ E ` 1.515q ˆ 0.01 2 GeV ď E ď 35 GeV

0.8 35 GeV ď E

in which T “ rt ˆ ∆T , ∆T is the total time interval (1 Bartel in Ref. [36]), and T is the
effective exposure time. Note that these values are assuming one Bartel (27 days) time
intervals. However, we assume the same expression for similar ranges of time intervals. The
errors arising here can also be compensated in form of an overall correction factor at the end
of the analysis.
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The variation of cosine of the incident angle of rays from the Sun on the AMS detectors,
i.e., “sunshine” (n̂ ¨ ~RSunÑSat) is plotted in Fig. 14, and the AMS exposure to the Sun (ξ) is
shown in Fig. 15. In comparison with the yearly average exposure quoted in Ref. [28], i.e.,
ξ@ “ 6.3 ˆ 104 m2s, we get: ξ@p1 TeVq “ t6.573, 6.560, 6.560u ˆ 104 m2s for the years 2012,
2013, and 2014 respectively. We get the same yearly average exposure as in [28] at E “ 1.2
TeV, i.e., ξ@p1.2 TeVq “ 6.3ˆ 104 m2s.
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Figure 14. The sunshine (n̂ ¨ ~RSunÑSat) on the AMS-02 detector between May 19, 2011 to November
13, 2017. The red-dashed line corresponds to θFOV “ 480 from the normal vector (n̂).

B.2 CALorimetric Electron Telescope (CALET)

For the CALET, we assume 780 days of exposure from October 13, 2015 to November 30,
2017 [41]. CALET is also on the ISS, but it’s not tilted relative to the ISS (like AMS-02).
The FOV is about 450 from zenith [41]. The live time fraction for CALET in [41] is 84%
for the whole operation time. Here, we are going to assume the same value for smaller time
intervals, which is justified given a continuous and stable data collection [69]. The geometrical
acceptance for HE electrons is Ageom « 1040 cm2sr [41], and it’s almost independent of energy
(E ą 10 GeV) [69]. The total detection efficiency is ε „ 73%, and it’s very stable for
energies up to 3 TeV [69]. Therefore, we will take the effective acceptance of CALET to be
Aeff “ εˆAgeom « 7.592ˆ 10´2 m2sr. The sunshine (n̂ ¨ ~RSunÑSat) on CALET’s detectors is
plotted in Fig. 16, and its exposure to the Sun (ξ) is shown in Fig. 17.

B.3 DArk Matter Particle Explorer (DAMPE)

DAMPE is on a sun synchronous orbit at h “ 500 km, with an orbit period of 95 mins. The
orbit inclination is 97.4060, with local time descending node of 6:30 AM [70]. We will assume
a 530 days exposure between December 27, 2015 and June 8, 2017 [42]. We use the effective
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Figure 15. The AMS-02’s daily exposure (ξ) to the Sun at E “ 1 TeV.
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Figure 16. The sunshine on the CALET detector between Oct 13, 2015 to Nov 31, 2017. The
red-dashed line corresponds to θFOV “ 450.

acceptance from Table 1 in Ref. [42] for each energy bin, which is „ 0.24 m2sr for E ą 1 TeV.
The sunshine (n̂ ¨ ~RSunÑSat) on DAMPE’s detectors is plotted in Fig. 18, and its exposure to
the Sun (ξ) is shown in Fig. 19.
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Figure 17. The CALET’s daily exposure (ξ) to the Sun at 1 TeV.
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Figure 18. The sunshine (n̂ ¨ ~RSunÑSat) on the DAMPE detector between December 27, 2015 to
June 9, 2017. The red-dashed line corresponds to θFOV “ 900 from the normal vector (n̂).
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Figure 19. The DAMPE’s daily exposure (ξ) to the Sun at E “ 1 TeV.
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