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TeV-range cosmic-ray electrons and positrons (CREs) have been directly measured in the search
for new physics or unknown astrophysical sources. CREs can inverse-Compton scatter solar photons
and boost their energies into gamma-ray bands. Any potential CRE excess would enhance the
resultant inverse Compton emission spectrum in the relevant energy range, offering a new window
to verify the measured CRE spectrum. In this paper, we show that an excess in the TeV range of the
CRE spectrum, such as the one indicated by the DAMPE experiment, can induce a characteristic
solar gamma-ray signal. Accounting for contamination from extragalactic gamma-ray backgrounds
(EGB), we forecast the DAMPE feature is testable (≳ 4σ) with a ∼ 105 m2 yr exposure in the off-
disk direction. This can be achieved by long-exposure observations of water Cherenkov telescopes,
such as LHAASO (7.2 years) and HAWC (25.9 years).

I. INTRODUCTION

While propagating through the Milky Way, TeV elec-
trons can lose energy quickly via radiative cooling medi-
ated by synchrotron emisison and inverse Compton scat-
tering (ICS) with interstellar radiation fields (ISRFs).
Therefore, local measurements of TeV cosmic-ray elec-
trons and positrons (CREs) are sensitive probes of the
presence and transportation of electrons in the Galaxy.
In particular, fast cooling means that the approximation
of the continuous source distribution for electrons can
break down if a nearby cosmic ray source exists. The re-
cent CRE measurement from the DAMPE experiment re-
vealed an excess signal at ∼ 1.4TeV [1] with an estimated
2.3σ global significance and locally at more than 3σ [2].
The origin of this excess is unclear, and a number of pos-
sibilities are discussed in Ref. [3], including undiscovered
new sources (see e.g. Refs. [3, 4] for theoretical inter-
pretations). Notably, the measured CRE spectrum can
vary between different datasets, such as from DAMPE,
AMS02 [5], FermiLAT [6] and CALET [7]. Therefore, an
independent measurement will be of great interest to offer
a complementary test on any TeV CRE spectral feature,
including the 1.4 TeV excess.

High-energy CREs can kick solar photons up to the
gamma-ray band through ICS, generating a halo of
gamma-ray emission around the Sun (denoted as the halo
component in the following). Orlando and Strong [8]
and Moskalenko et al. [9] showed that the halo com-
ponent cannot be neglected if measuring diffuse Galac-
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tic gamma-ray emission (DGE) and the extragalactic
gamma-ray background (EGB). In fact, the initial evi-
dence for the halo component was found in archival data
of EGRET [10]. The halo was clearly resolvable from
the point-like gamma-ray emission of the solar disk in-
duced by cosmic ray cascades in the solar atmosphere us-
ing 1.5-year Fermi-LAT data [11]. The spectrum of the
halo component covers a wide energy range from MeV
up to the TeV band [12]. ICS photons partially inherit
spectral features of the incident CR electrons. The halo
component’s intensity is also expected to vary due to the
modulation effect on the CRE flux induced by the so-
lar wind and magnetic field. Therefore, measuring the
spectrum of the halo component can shed some light on
the CRE spectrum and solar modulation in the entire
heliosphere [11, 12].

In this paper, we propose using the halo ICS compo-
nent as a cross-test of the spectrum of TeV-range CREs.
As an example, we use the TeV excess in the CRE spec-
trum suggested by DAMPE to calculate the off-disk solar
gamma rays spectrum, and forecast the detectability of
the excess signal given the backgrounds. We will cal-
culate the required exposure time for water Cherenkov
telescopes such as such as HAWC [13] and LHAASO [14]
to achieve such a detection. Our formalism is not only
applicable to the particular DAMPE TeV excess behav-
ior, but to the general case of a CRE excess signal.

II. METHODS

When considering the photon field close to the Sun, the
latter cannot be treated as a point source, so we model
the number density of the incident photons at a distance
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r to the Sun as [15]

nγ (Eγ , r) =
1

2
nBB (Eγ)

[
1−

√
1− (R⊙/r)

2

]
, (1)

where R⊙ is the radius of the Sun, nBB(Eγ) =
(8π/(hc)3)E2

γ/(exp(Eγ/kBT )−1) is the Black-Body pho-
ton number density per unit energy. One can see that,
for r ≫ R⊙, Eq. (1) reduces to the inverse-square law:

nγ (Eγ , r) ≃
1

4
nBB

(
R⊙

r

)2

. (2)

DAMPE’s measurement of the CRE spectrum can be
fit a broken power law with an excess at E ∼ 1.4TeV [1];
we use this as the input to calculate the corresponding
solar IC spectrum. The local CRE spectrum (without
the excess) is measured to have a double power-law form
as

Φ̄ = ΦcE
−α

[
1 +

(
E1

E

)δ
]∆α1/δ [

1 +

(
E

E2

)δ
]∆α2/δ

,

(3)
where Φc = 247.2GeV−1 m−2 s−1sr−1, α = 3.092,
∆α1 = 0.096, ∆α2 = −0.968, δ = 10, E1 = 50GeV
and E2 = 885.4GeV are the fitted parameter values [16].
Here we assume CREs are isotropic within the helio-
sphere, and for simplicity, we use a single-bin excess at
∼ 1.4TeV in the following computation.
CREs coming into the heliosphere are subject to the

combined effect of outwards solar winds and the sur-
rounding magnetic field, leading to variations in their
energy and intensity, known as solar modulation. Ac-
cording to the force field approximation used to obtain
the modulated differential CRE intensity [17], solar mod-
ulation can be described by a one-dimensional potential
Φ(r) relating the CRE spectrum at Earth to any location
in the heliosphere:

J (r, Ee) =
J (∞, Ee + eΦ(r))× Ee (Ee + 2E0)

(Ee + eΦ(r) + 2E0) (Ee + eΦ(r))
, (4)

where J(r, Ee) is the modulated differential CRE inten-
sity, J(∞, Ee + eΦ(r)) is the local interstellar (i.e., un-
modulated) CRE spectrum, E0 = mec

2 is the rest mass
of the electron, and Ee = (β − 1)E0 is the kinetic energy
of CREs (β = (1− v2/c2)−1/2 being the electron Lorentz
factor). Φ(r) is the modulation potential, which can be
modeled to have time, charge, and rigidity-dependence
(see e.g. Ref. [18] as an example). Because the modu-
lation effect at the TeV-energy range is not large, here
we use a spherically symmetric modulation potential for
simplicity [9]

Φ(r) =
Φ0

1.88

{
r−0.4 − r−0.4

b , r ≥ r0,

0.24 + 8
(
r−0.1 − r−0.1

0

)
, r < r0,

(5)

with Φ0 = 103 Mega-Volt being the modulation potential
at 1 AU from the Sun, r0 = 10, and rb = 100 (in units

CREs

𝛄
s

d = 1 AU

r

𝛉

𝛈

Sun
Earth

𝛄’

FIG. 1: Geometry between CREs, solar radiation field and
the observer. Given the very high Lorentz factor (β ≳ 106)
the IC gamma ray is well approximated as co-linear with the
incident CRE.

of AU). With the local CRE spectrum and the modu-
lation potential at the Earth Φ0, the local interstellar
unmodulated CRE spectrum can be recovered. By com-
bining Eqs. (4) and (5), one can derive the modulated
CRE spectrum at any position in the heliosphere.
The IC emissivity (in units of MeV−1 cm−3 s−1) at a

specific location within the heliosphere can be calculated
as

ϵ
(
E′

γ

)
= c

∫
dEedEγ (6)

×σKN

(
Ee, Eγ , E

′
γ , η

)
nγ (Eγ , r)N (Ee, r) ,

where Ee is the electron energy; Eγ the energy of the tar-
get photon; E′

γ the resultant gamma-ray photon energy;
N and nγ are the CRE and target photon number densi-
ties per unit energy at the specific location, respectively;
η is the scattering angle as determined by the geome-
try relation shown in Fig. 1; and σKN is the anisotropic
Klein-Nishina cross-section as given in Ref. [15]:

σKN

(
Ee, Eγ , E

′
γ , η

)
=

(
πr2eE

2
0

EγE2
e

)
×

[(
E0

E′′
γ

)2 (
ν

1− ν

)2

−2
E0

E′′
γ

ν

(1− ν)
+ (1− ν) +

1

1− ν

]
(7)

where E′′
γ = βEγ(1 + cos η) is the target photon energy

in the electron’s rest-frame, re = e2/mec
2 is the classi-

cal electron radius, and ν = E′
γ/Ee is the energy trans-

fer fraction. The IC intensity per steradian (in units of
MeV−1 cm−2 s−1 sr−1) is then

I(Eγ , θ) =
1

4π

∫
ϵ(Eγ , s, θ) ds, (8)

where ds is integrated along the line-of-sight, and θ is the
angle from the Sun’s center.

III. RESULTS

Excess feature–We determine the impact of the 1.4
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FIG. 2: Solar IC spectra integrated over the angular area
(1◦, 5◦). The magenta (blue) dashed line is the Solar IC spec-
trum given DAMPE spectrum with (without) the 1.4 TeV
excess. The black dashed line represents the net enhance-
ment (difference between magenta and blue). Solid lines show
the same result but smeared with a Gaussian function with
σE/E = 1. The orange shaded region indicates the energy
integration range used to calculate the significance of the ex-
cess detection in Sec. III. The red dots represent the EGB
measured by Fermi [19] (integrated over the ring area 1◦-5◦

of the Sun), where the brown dotted line is a power-law fit to
the data (Model A in Ref. [19]).

TeV excess in the CRE spectrum claimed by DAMPE
on the Solar Inverse Compton (IC) spectrum by employ-
ing two different functional representations of the CRE
spectrum in our ICS calculation, with and without the
excess. We use the StellarICS package [12] to perform
the aforementioned computations. The results of solar IC
spectra integrated over the angular area of 1◦-5◦ of the
Sun are presented in Fig. 2 as magenta and blue dashed
lines. The black dashed line is the difference between the
above two lines, showing the net enhancement around
1TeV. In addition, Fig. 3 demonstrates the integrated
halo intensity of gamma rays with energy > 1 GeV, de-
picted as a color map, along with an orange circle indi-
cating the size of the solar disk and a 1◦ mask to exclude
gamma rays originating from the solar disk direction.

To evaluate the detectability of the excess, it is cru-
cial to account for potential contamination from various
sources of gamma-ray emission, including Galactic diffuse
gamma-ray emission (DGE), the extragalactic gamma-
ray background (EGB), gamma rays originating from
the solar disk through hadronic interaction, and point
sources. DGE and Milky Way sources can be safely ne-
glected if observing at |b| > 10◦. The EGB is the main
contamination source for the halo component, especially
at a large angular distance from the Sun. The EGB spec-
trum has been measured by the Fermi telescope from 100
MeV to 820 GeV [19] as shown as the red dots in Fig. 2.
This can be well modelled by a power law with an expo-
nential cutoff (brown dotted line in Fig. 2, see Model A
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FIG. 3: The integrated halo intensity (> 1GeV) around the
Sun, with θ1 and θ2 being the helioprojective longitude and
latitude respectively. The orange region represents the angu-
lar size of the solar disk. Gamma rays within 1◦ region of
the Sun are masked out because of the strong contamination
brought by the disk component.

in Ref. [19]):

IEGB = C0

(
E

0.1GeV

)−µ

exp

(
− E

Ecut

)
, (9)

where C0 = 1.48× 10−7 MeV−1 cm−2 s−1sr−1, µ = 2.31,
Ecut = 362GeV.
High-energy cosmic-ray protons can interact with pro-

tons of the solar atmosphere, resulting in the production
of neutral pions. These pions decay promptly, leading to
the emission of gamma rays from the direction of the solar
disk (henceforth the “disk component”) [20]. HAWC de-
tected the disk component at 0.5-2.6 TeV, revealing that
the flux of the disk component is approximately one or-
der of magnitude larger than the expected flux of the halo
component integrated over an angular area of ≤ 5◦[21].
Therefore, to enhance the significance of the excess on
the solar IC spectrum, we apply a 1◦ mask to exclude
the disk component.
Besides future space-borne programs, current ground-

based water Cherenkov telescopes, such as HAWC [13]
and LHAASO [14] and also the next-generation water
Cherenkov telescope SWGO [22–24], possess the capa-
bility of detecting TeV gamma rays from the solar direc-
tion. To quantify the detectability of an excess feature
in the solar IC spectrum, a large smearing due to the
relatively poor energy resolution in the TeV range must
be included. We use a Gaussian smearing function with
σE/E = 1 (which is roughly the energy resolution of
LHAASO at 1 TeV [14]) to convolve with the predicted
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signal and background spectra

G(E′, E)

{
∝

(√
2πσE

)−1
exp

(
− (E′−E)2

2σ2
E

)
E′ ≤ 2E,

= 0 E′ > 2E,

(10)
where E′ is the energy of the gamma-ray after smear-
ing. The smeared solar IC spectrum is shown in Fig. 2
by solid lines. By comparing magenta solid and dashed
lines (and also black), one can clearly see the “smooth-
ing out” feature of the smearing effect, rendering it more
challenging to detect the excess.

Exposure required–Water Cherenkov telescopes fea-
ture large fields of view and effective areas. The effective
area varies with the energy and direction of the incident
gamma rays. Therefore, if observing in the direction of
the Sun at TeV, its total exposure in a year is determined
by the performance of the telescope and its latitude. The
declination of the Sun δ⊙ can be approximated by

δ⊙ = −23.44◦ · cos
[(

360◦

365

)
· (nth + 10)

]
(11)

for the nth day of the year. The zenith angle of the Sun
z⊙ at a given time satisfies:

cos z⊙ = sin δtel sin δ⊙ + cos δtel cos δ⊙ cosh, (12)

where h is the hour angle of the Sun and δtel is the tele-
scope latitude. LHAASO’s total annual exposure is

TLHAASO ≃ (A15 × t15 +A30 × t30 +A45 × t45

+ A60 × t60)

≃ 13, 894 m2 yr, (13)

where A15 represents LHAASO’s effective area at 1 TeV
within the zenith angle of 15◦ [14], t15 represents the
number of hours in a year that the Sun is within 15◦ of
the zenith from LHAASO using Eqs. (11) and (12), and
similarly for A30, t30 and the other quantities. Repeating
this calculation for HAWC we find THAWC ≃ 3867 m2 yr
(see Ref. [25] for its effective area for different energies
and zenith angles). Notice that, T in practice could be
lower than the derived estimation because of the mask-
ing out of the Galactic plane or other point sources that
exhibit strong gamma-ray emission.

Given a gamma-ray telescope observing in an angular
range [θmin, θmax] around the Sun, we can calculate the
significance of an excess measured in the spectrum of the
solar halo IC emission as a function of the exposure time
T :

S(< θmax, T ) =
Nsignal√
Ntotal

=

∫
dΩ

∫ E2

E1

dE Isignal(θ,E)

×
(
Ispike(θ,E) + IEGB(E)

T

)−1/2

,(14)

where (E1, E2) is the energy bin of interest and the solid
angle integration is performed within θmin < θ < θmax.
Isignal is the smeared intensity signal we are after, IEGB is
the EGB spectrum (Eq. (9)), and Ispike is the smeared in-
tensity of the halo component computed with the single-
bin CRE excess (i.e., the magenta solid line in Fig. 2
divided by E3). The angular integration starts from
θmin = 1◦ to safely exclude gamma rays from the disk
(LHAASO has a resolution of about 0.45◦ at 1 TeV [26]
and HAWC is about 1◦ at 1 TeV [21]). We can see that
the halo signal can be measured to a relatively high sig-
nificance if T ≃ 105 m2 yr. To see this, we substitute
Iflat, which is the smeared intensity of the halo compo-
nent computed without the single-bin CRE excess (i.e.,
the blue solid line in Fig. 2 divided by E3), into Isignal
and use the energy band [E1, E2] = [0.5, 2.5] TeV for in-
tegral limits in Eq. (14). We plot the results in Fig. 4
as the blue dashed lines. One can see that, with expo-
sure time ≃ 103 m2 yr, the halo component can be mea-
sured at around 5-6σ confidence level (C.L.), depending
on the maximum angle of observation (θmax). If expo-
sure reaches T ≃ 105 m2 yr, the significance can reach
50σ C.L. At a given significance level, increasing the in-
tegration angular range (θmax) can reduce the demanded
exposure time. If we restrict the energy band of interest
to [E, 1.4E], i.e., in a narrow band of ∆E = 0.4E cen-
tered at 1.2E, and integrate over the solid angle range
θ ∈ [1◦, 10◦], we can obtain an approximate numerical
relation for the significance of the halo measurement as
a function of exposure time:

Shalo(< 10◦, E, T ) =

(
E

6.6TeV

)−1.194
√

T
104 m2 yr

.

(15)

We now consider the detection of the excess signal.
We substitute Isignal = Ispike − Iflat and [E1, E2] =
[1.0, 2.5] TeV into Eq. (14) and calculate the significance
of the detection as a function of T and θmax. This en-
ergy range safely covers the expected excess signal (the
orange shaded region in the lower panel of Fig. 2). We
show the forecasted significance in Fig 4. We can see
that the significance of an excess measurement is much
smaller than for the halo component at a given exposure.
But with T = 105 m2 yr, the DAMPE-motivated excess
in the solar IC spectrum can be detected with better
than 4σ C.L. Given the yearly exposures of LHAASO
and HAWC, we estimate that this level of detection is
achievable by LHAASO in 105/13, 894 yr ≃ 7.2 yrs, and
HAWC in 105/3, 867 yr ≃ 25.9 yrs. Therefore, we con-
clude that it is feasible to use the solar halo IC spectrum
to cross-check TeV features in the local CRE spectrum
with long exposures of water Cherenkov telescopes like
HAWC [13] and LHAASO [14]. We anticipate, in addi-
tion, that such observations can provide constraints on
possible spectral features in the CRE distribution at the
energy scales beyond current practicable, direct measure-
ments.
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FIG. 4: The predicted significance of measurements on the ex-
cess of solar IC spectrum at 1-1.4TeV (black lines and color
region) and the halo component (0.5-2.5TeV; blue dashed
lines). The top black line show the 4σ detection of the excess
signal. With an exposure T ≃ 103 m2 yr, the halo signal can
be measured around 6σ, but cannot achieve excess detection.
A larger than 4σ detection of the excess can only be achieved
at T ≃ 105 m2 yr, while the halo component can be measured
at 50σ at this exposure.

IV. CONCLUSION

An independent check exploiting the solar inverse
Compton halo emisison can help test the robustness of

any claimed feature detected via direct measurements of
the cosmic-ray electron and positron spectrum. In this
paper, we take the CRE excess at 1.4TeV measured by
DAMPE as an example to calculate the predicted off-
disk solar emission due to inverse Compton-scattering.
We derive the IC spectrum with and without the 1.4TeV
excess in the CRE spectrum, and show an expected en-
hancement of solar IC intensity at ∼ 1-1.4TeV. We then
forecast the detectability of this excess signal, and the
halo component itself, by including the contamination
brought by the extragalactic gamma-ray background. We
show that with 103 m2 yr total exposure, the halo compo-
nent can be measured at 5-6σ C.L., but to detect the ex-
cess signal in the solar IC spectrum at ≳ 4σ C.L. the total
exposure is required to reach T = 105 m2 yr in the off-disk
direction. Using the effective areas for HAWC [13] and
LHAASO [14] (water Cherenkov telescopes), we show
that the excess signal can be detected with 25.9 yrs ob-
servations of HAWC and 7.2 yrs of LHAASO. Our result
shows the feasibility of testing a single-bin excess in the
CRE spectrum (as motivated by the DAMPE excess) us-
ing the solar IC spectrum.
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