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The Sun is a possible target for indirect dark matter (DM) searches, as it can gravitationally
capture DM particles from the Galactic halo, which can be trapped in external orbits or sink into
the solar core. We have performed a dedicated analysis of solar gamma rays collected by the Fermi
Large Area Telescope (LAT) to search for possible flux excesses, which could be ascribed to DM.
Gamma rays in final states of DM annihilations occurring outside the Sun can in fact reach the
Earth and be detected by the LAT. Alternatively, DM particles can annihilate inside the Sun core
into pairs of long-lived mediators, which are able to escape from the Sun and can decay outside
the Sun, yielding gamma rays in the final state. All these processes are expected to yield an excess
in the gamma-ray flux from the Sun, which appears as a specific spectral feature. Although no
evidence of a DM signal has been found, we have obtained upper limits on the DM gamma-ray
flux, which have been converted into constraints on the DM-nucleon scattering cross sections.
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1. Introduction

2. Gamma rays from dark matter annihilations in the Sun
DM particles from the galactic halo can be gravitationally trapped by the Sun through scatterings
with the nuclei in the solar environment.
DM particles 𝜒 can be captured by the Sun in external orbits, thus forming a halo around the
Sun, and then annihilate outside the Sun into pairs of SM particles, including gamma rays, that
can reach the Earth and be detected. In case of DM particles annihilating directly into gamma-ray
pairs (𝜒 𝜒 → 𝛾𝛾), the energy spectrum of gamma rays would exhibit a line-like shape at an energy
corresponding to the mass of the DM particle 𝑚 𝜒 .
Alternatively, DM particles can lose their energy through subsequent scatterings with the solar
nuclei, until they reach the Sun core, where they can annihilate into pairs of SM particles. However,
almost all SM particles produced in these processes, with the exception of low-energy neutrinos,
are not able to escape from the Sun. However, a detectable signal at Earth would be possible if
pairs of DM particles in the solar core could annihilate into pairs of neutral long-lived mediators
𝜙, which are able to escape from the Sun and then decay into pairs of SM particles [4–10]. In this
case, gamma rays would be produced at the end of the reaction chain 𝜒 𝜒 → 𝜙𝜙, 𝜙 → 𝛾𝛾. If DM
particles annihilate at rest and if the mediators are light (𝑚 𝜙  𝑚 𝜒 ), the gamma-ray spectrum is
expected to exhibit a box-like shape, with an upper edge at an energy corresponding to the mass of
the DM particle 𝑚 𝜒 .
In both scenarios, the number of DM particles in the Sun at a given time 𝑁 𝜒 (𝑡) can be evaluated
by solving by the following balance equation:
𝑑𝑁 𝜒
= Γcap − 𝐶ann 𝑁 𝜒2
(1)
𝑑𝑡
where Γcap is the DM capture rate and 𝐶ann is the DM annihilation factor, which depends on the
annihilation cross section. In eq. 1 we have not included the evaporation mechanism, which is
negligible for DM masses above a few GeV [11, 12].
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Although the existence of dark matter (DM) is confirmed by a variety of evidences [1], its nature
is still uncertain. Weakly Interacting Massive Particles (WIMPs) are nowadays among the most
popular DM candidates, since they can match nearly all DM properties inferred from experimental
observations [2].
Indirect DM searches are aimed at the detection of standard model (SM) particles (gamma rays,
cosmic-ray electrons and positrons, neutrinos,...) produced in the annihilations or decays of DM
particles, which are gravitationally accumulated in heavy objects (targets), like galaxies or celestial
bodies. A DM signature would therefore appear as an excess flux of any species of SM particles
from any of these targets.
The Sun is is among the possible targets for indirect DM searches. This work will be focused
on the search for possible gamma-ray signals originated from DM annihilations in the solar environment, using the data collected by the Fermi Large Area Telescope (LAT) [3]. We will search
for particular spectral features, related to the specific processes described in sec. 2. The analysis
procedure will be illustrated in sec. 3 and the results will be discussed in sec. 4.
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At equilibrium, i.e. when 𝑑𝑁 𝜒 /𝑑𝑡 = 0, the annihilation rate is independent of the annihilation
cross section and is set by the capture rate Γcap :
1
1
Γann = 𝐶ann 𝑁 𝜒2 = Γcap .
2
2

(2)

where 𝜏 = (Γcap𝐶ann ) −1/2 [16] is the equilibrium time scale of the process. In this case, the
annihilation rate in eq. 2 should be multiplied by the factor tanh2 (𝑡/𝜏).
In the mediator scenario, the DM gamma-ray flux at Earth is given by [17]:
ΦDM (𝐸) = 𝑁 𝛾 (𝐸)

Γcap  −𝑅
𝑒
4𝜋𝐷 2

/𝐿

− 𝑒 −𝐷/𝐿



(4)

where 𝑅 is the solar radius, 𝐷 is the Sun-Earth distance, 𝐿 is the 𝜙 decay length and 𝑁 𝛾 (𝐸) is the
spectrum of photons produced by the mediator decays. Since the process 𝜙 → 𝛾𝛾 is a two-body
decay, 𝑁 𝛾 (𝐸) will have a box-like shape and, if 𝑚 𝜙  𝑚 𝜒 , the box will extend from 𝐸 = 0 to
𝐸 = 𝑚𝜒.

3. Analysis of the Fermi LAT data
The analysis presented in this work has been performed using a set of P8R3_CLEAN photon
events [18] collected by the Fermi LAT during its first 10 years of operation. Full details on the
analysis procedure are given in ref. [19].
The analysis is performed using an on/off technique, in which the data from a Region of Interest
(RoI) centered on the Sun (“on region”) are combined with those from a RoI centered on the anti-Sun
(“off region”), whose position at any time is defined as the position that the Sun will take 6 months
later. The ‘on” and the “off” regions are defined as disks of 2◦ angular radius, centered on the Sun
and on the anti-Sun respectively. We selected photons with energies above 100 MeV collected in
the time intervals when the LAT was operating in its standard science operation configuration and
was outside the South Atlantic Anomaly (SAA). We excluded from the analysis the time intervals in
which solar flares were registered. To avoid contamination from the Earth limb we also discarded
data taken during the times in which the separation between the center of the “on” (“off”) RoI
3
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The factor 1/2 in the previous equation accounts for the two DM particles involved in each annihilation event. The capture rate, which depends on the scattering cross section (either spin-dependent
or spin independent), on the local halo DM number density 𝜌 , on the DM mass 𝑚 𝜒 , on the
DM velocity distribution and on its dispersion. In this work we have evaluated the capture rate
using the DARKSUSY code version 6.1.0 [13–15] with its default settings, i.e. a local DM density
𝜌 = 0.3 GeV/cm3 , a DM-nucleon scattering cross section 𝜎 = 10−40 cm2 (in both the spindependent and spin-independent cases) and a Maxwellian velocity distribution for DM particles
with average velocity of 220 km/s and dispersion of 270 km/s. In particular, the dependence of the
capture rate on the DM-nucleon cross section is linear.
If equilibrium between capture and annihilation is not reached, the general solution of eq. 1 is
given by:
s
𝑡
Γcap
𝑁 𝜒 (𝑡) =
tanh
(3)
𝐶ann
𝜏
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𝑁
𝑎
Φ𝑂 𝑁 (𝐸) = Φ𝑠𝑚𝑜𝑜𝑡 ℎ,𝑏𝑘𝑔 (𝐸) + Φ𝑠𝑚𝑜𝑜𝑡 ℎ,𝑠𝑖𝑔 (𝐸) + Φ𝑂𝑓 𝑒𝑎𝑡
(𝐸) + Φ𝑒𝑥𝑡𝑟
𝑓 𝑒𝑎𝑡 (𝐸)

(5)

𝑎
Φ𝑂𝐹 𝐹 (𝐸) = Φ𝑠𝑚𝑜𝑜𝑡 ℎ,𝑏𝑘𝑔 (𝐸) + Φ𝑒𝑥𝑡𝑟
𝑓 𝑒𝑎𝑡 (𝐸).

(6)

The term Φ𝑠𝑚𝑜𝑜𝑡 ℎ,𝑏𝑘𝑔 (𝐸) in the previous equations represents the background flux (diffuse emission, unresolved point sources, cosmic-ray events misclassified as photons, etc.), which appears in
both the “on” and the “off” regions and is described by a simple power law; the term Φ𝑠𝑚𝑜𝑜𝑡 ℎ,𝑠𝑖𝑔 (𝐸)
represents the gamma-ray flux from the steady solar emission, which appears only in the “on” region
𝑁 (𝐸) represents the possible spectral feaand is also described by a simple power law; the term Φ𝑂𝑓 𝑒𝑎𝑡
𝑎
ture originated from solar DM, which apperars only in the “on” region; finally the term Φ𝑒𝑥𝑡𝑟
𝑓 𝑒𝑎𝑡 (𝐸)
represents a possible feature originated from instrumental systematic effects, which should appear
in both the “on” and the “off” regions, with the same shape as the DM-induced feature. In the case
of the search for line-like features, the features are described by a Dirac-delta function 𝛿(𝐸 − 𝐸 𝑤 ),
while in the case of box-like features they are described by a Heaviside step function 𝜃 (𝐸 𝑤 − 𝐸).
The expected photon counts in each energy bin of the “on” and “off” regions can be evaluated by
folding the flux models with the instrument response functions and taking exposures into account.
We assume that the observed counts in each bin are independent and Poisson distributed. We can
therefore define the likelihood function:
L = L𝑜𝑛 × L𝑜 𝑓

𝑓

=

𝑁
Ö

−𝜇jon

e

(𝜇jon )

𝑗=1

non
j

non
j !

×

N
Ö
j=1

e

−𝜇joff

(𝜇joff )

noff
j

noff
j !

.

(7)

𝑁 > 0)
For both line-like and box-like features we have tested the hypothesis of a signal (i.e. Φ𝑂𝑓 𝑒𝑎𝑡
𝑁 = 0). The parameters of each fit are evaluated using the
against the null hypothesis (i.e. Φ𝑂𝑓 𝑒𝑎𝑡
MINUIT code within the ROOT toolkit [21, 22]. The local test statistic is 𝑇 𝑆 = −2(𝑙𝑜𝑔L0,𝑚𝑎𝑥 −
𝑙𝑜𝑔L1,𝑚𝑎𝑥 ), where L0,𝑚𝑎𝑥 and L1,𝑚𝑎𝑥 are the values of the likelihood functions obtained when
fitting the data with the models corresponding to the null hypothesis and the signal hypothesis,
respectively. Since the two models are nested and differ by one parameter (the intensity of the
feature in the “on” region), the 𝑇 𝑆 obeys a 𝜒2 distribution with one degree of freedom. We
have therefore evaluated the 95% confidence limits (CL) on the intensity of the feature by setting
Δ𝑙𝑜𝑔L = 𝑙𝑜𝑔L 𝑚𝑎𝑥 − 2.71/2.
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direction and the zenith exceed 78◦ . We also selected time intervals when the RoIs were observed
with off-axis angles in the instrument frame smaller than 64.5◦ . Finally, we required that the Sun
(anti-Sun) should be at galactic latitude |𝑏| > 5◦ and at a minimum angular separation of 4◦ from
the Moon and from any bright source in the 3FGL catalog [20].
We have implemented a Poisson maximum likelihood fitting procedure to search for possible
local excesses in the count spectra of photons from the “on” region, with a line-like or box-like
shape. When folded with the instrument energy response function, these features should appear as
a broad peak or a smooth edge respectively, with a width determined by the energy resolution of the
LAT. The fits are performed in sliding energy windows from 100 MeV to 150 GeV. Each energy
window is defined as the interval [(1 − 𝑤)𝐸 w , (1 + 𝑤)𝐸 w ], where 𝐸 w is the energy corresponding
to the center of the window and the parameter 𝑤, which define the width of the windows, has been
set to 0.6 to account for the LAT energy resolution.
The gamma-ray fluxes in the “on” and the “off” regions are modeled as follows:
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Figure 1: Upper limit at 95% confidence level on the intensity of the feature in the solar spectrum. Left
panel: box model; Right panel: line model. The green and yellow regions indicate the central 68% and 95%
expectation bands for the 95% CL limits evaluated from the pseudo-experiments.

To evaluate the expectation bands for our results, i.e. the sensitivity to the null hypothesis,
we have implemented a set of pseudo-experiment in which the gamma-ray fluxes in the “on” and
“off” regions are modeled with a smooth power law template. The counts in each energy bin are
extracted from Poisson distributions with mean values obtained from the template models. The
same fit procedure as for real data is applied to each pseudo-experiment, and the distributions of
the fitted parameters and of the 𝑇 𝑆 are built. The containment bands for the parameters and for the
𝑇 𝑆 are then evaluated as the quantiles of these distributions.
All possible features are found to be insignificant. Fig. 1 shows the upper limits (ULs) at
95% confidence level on the intensity of the box-like and of the line-like features respectively. The
plots central 68% and 95% containment bands for the ULs, evaluated from the pseudo-experiments
are also shown. We see that in both cases the measured upper limits lie within the central 95%
expectation band.

4. Limits on the dark matter scattering cross section
In the case of the mediator scenario, the limits on the intensity of the features can be converted
into limits on the flux at Earth ΦDM (𝐸) of gamma rays from DM, which in turn can be converted
into limits on the DM-nucleon cross section. As discussed in Sec.2, we have calculated the capture
rate with the DARKSUSY code with a reference cross section of 10−40 cm2 . The upper limit on the
cross section is therefore given by:
𝜎UL (𝑚 𝜒 ) =

ΦUL (𝐸 = 𝑚 𝜒 )
× 10−40 cm2 .
ΦDM (𝐸 = 𝑚 𝜒 )

(8)

On the other hand, for the inelastic scattering scenario, we are not able to perform the calculation
of the capture rate, since at present all available models in the literature start from energies of about
100 GeV, and are therefore valid above the energy range explored in our analysis [25].
Figure 2 shows the ULs at 95% CL on the DM-nucleon scattering cross sections (spindependent and spin-independent) in both the elastic and inelastic case. These limits have been
5
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Figure 2: Limits at 95% CL on the DM-nucleon cross section via long-lived mediator for four different
decay lengths 𝐿 = 𝑅 , 0.1, 1 and 5 AU. The limits at 90% CL from the PICO-60 experiment [23] in the
case of spin-dependent (SD) scattering (cyan line) and from the XENON1T experiment [24] in the case of
spin-independent (SI) scattering (blue line) are also shown.

calculated for four values of the decay length of the intermediate state, between 0.1 and 5 AU. Our
limits are consistent with those obtained from direct measurements of the spin-independent and of
the spin-dependent DM-nucleon cross sections performed by the XENON1T [24] and PICO-60 [23]
experiments respectively.
The results in Fig.2 have been obtained assuming equilibrium between DM capture and annihilation in the Sun. This condition is met only if the equilibrium time scale 𝜏 is less than the age of the
Sun. However, if equilibrium is not reached, the annihilation rate is reduced of a factor tanh2 (𝑡/𝜏),
and consequently the limits on the DM-nucleon cross sections must be properly rescaled. In Fig. 3
the limits on the spin-dependent cross section in the equilibrium setup are shown together with
those in a non-equilibrium setup, in which we have assumed a velocity-averaged cross section at the
level of the thermal relic value h𝜎𝑎𝑛𝑛 𝑣i = 3 × 10−26 cm3 /s [26]. We see that the limits evaluated
with the non-equilibrium assumption are weaker than those evaluated assuming equilibrium, but
the differences are negligible for DM masses in the TeV region.

5. Conclusions
We have analyzed a 10-years dataset collected by the Fermi LAT to search for possible linelike or box-like features in the energy spectrum of gamma rays from the Sun, which could be
originated from the annihilations of DM particles in the solar environment. Although our search
6
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Figure 3: Upper limits at 95%CL on the spin-dependent DM-nucleon scattering cross section for the longlived mediator with decay length 𝐿 = 𝑅 . We also show the limits from the HAWC and Fermi [12] with
gamma rays from DM and the Fermi-LAT results obtained with cosmic-ray electrons [17]. The correction
for non-equilibrium with h𝜎𝑎𝑛𝑛 𝑣i = 3 × 10−26 cm3 /s is also shown.

yielded negative results, we were able to set limits on the intensities of possible feature, which were
converted into limits on the DM-nucleon scattering cross sections. For DM masses up to about
150 GeV/c2 , the limits are in the range 10−46 − 10−45 cm2 for the spin-dependent scattering and in
the range 10−48 − 10−47 cm2 for the spin-independent case, and are consistent with constraints from
other experiments.
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