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1. Introduction

This paper is related to indirect searches of dark matter particles and is based on Ref. [1]. The
dark matter (DM) in the Universe is observed to be distributed hierarchically and anisotropically on
different scales: in our Galaxy, in the satellite galaxies of the Milky Way, in clusters of galaxies and
in the cosmic web. If DM candidates annihilate into standard model particles, they will produce
a huge variety of astrophysical messengers, which can provide invaluable information on the DM
properties. In the case of sub-GeV dark matter, we expect low-energy neutrinos, sub-GeV charged
cosmic rays and photons. Low-energy neutrinos are of difficult detection, due to the overwhelming
solar neutrino background. Sub-GeV charged cosmic rays are deflected by the solar magnetic field,
so we have no access to them, apart from the observations of the Voyager1 spacecraft outside of
the heliosphere. Concerning photons, we may look for 𝛾 and X rays, as well as radio waves emitted
via synchrotron emission. The additional positive aspects of neutral particles, like photons and
neutrinos, is that they are not deflected by magnetic fields and therefore they trace the origin of the
emitting source. However, in the sub-GeV energy range, there is a scarcity of recent measurements
of the photon flux, known as the MeV gap. A few next-generation detectors, notably e-Astrogam
and Amigo, have been proposed to fill this gap but none of them has been approved and funded at
the time of writing. In the meanwhile, the scientific community is committed in finding alternative
ways to study DM particles with a mass in the MeV range. The key idea behind our research is
that sub-GeV DM can produce photons with an energy much lower than its mass, as a result of the
inverse Compton scattering between DM-produced 𝑒± and the photon bath in the Milky Way.

2. The signal

In our analysis we focused on DM particles with a mass 𝑚𝜒 in the range

1 MeV ≤ 𝑚𝜒 ≤ 5 GeV , (1)

which annihilate into standard model particles. In particular, we considered three annihilation
channels

𝜒𝜒 −→ 𝑒+𝑒− (2)
𝜒𝜒 −→ `+`− (3)
𝜒𝜒 −→ 𝜋+𝜋− . (4)

Each of these channels is kinematically open whenever 𝑚𝜒 > 𝑚𝑖 , with 𝑖 = 𝑒, `, 𝜋. The electron
and the muon channels are representative of leptonic DM channels, while the pion channel stands
for an hadronic DM channel. The total DM flux that we would like to observe with our telescopes
is the sum of three main contributions: final state radiation, radiative decay emission and inverse
Compton scattering contribution. In the following we will explain these components one by one.
Let us consider two DM particles which annihilate into muons. These secondary particles can
radiate a photon, and this contribution is known as final state radiation. Alternatively, the muon can
decay and emit radiative decay emission via:

`− −→ 𝑒− ā𝑒 a` 𝛾 (5)
`+ −→ 𝑒+ a𝑒 ā` 𝛾 . (6)
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Figure 1: Photon spectra from dark matter particles with cross-section 𝜎𝑣 = 3 ·1026 cm3/s, mass of 150 MeV
annihilating into `+` (left) and mass of 10 MeV annihilating into 𝑒+𝑒− (right). The region of observation
is |𝑏 | < 15◦, |ℓ | < 30◦. The total flux is in thick black and the individual components are displayed as
coloured curves: green for ICS from optical starlight, red for ICS from infrared light, dashed blue for final
state radiation, dash-dotted blue for radiative decay. The red bars and blue crosses denote the Integral and
Fermi data, respectively.

A similar line of argument applies also to the pions, while electrons and positrons only emit through
final state radiation. Radiative decay emission (Rad) and final state radiation (FSR) constitute the
so-called prompt photons. Their differential flux can be expressed as

dΦprompt, 𝛾

d𝐸𝛾 dΩ
=

1
2
𝑟�
4𝜋

(
𝜌�
𝑚𝜒

)2
𝐽 (\) 〈𝜎𝑣〉 𝑓

d𝑁 𝑓
𝛾

d𝐸𝛾

(7)

where the Sun-Galactic Center distance is 𝑟� ' 8.33 kpc and the local DM density is 𝜌� = 0.3
GeV/cm3. The prompt differential flux depends on the particle properties of the DM particles,
notably the mass and the velocity-averaged annihilation cross section 〈𝜎𝑣〉 in each of the final states

𝑓 . Also, there is a dependence on the energy spectrum into photons
d𝑁 𝑓

𝛾

d𝐸𝛾

and on the J-factor,

defined as

𝐽 (\) =
∫

l.o.s.

d𝑠
𝑟�

(
𝜌 (𝑟 (𝑠, \))

𝜌�

)2
with 𝜌 = 𝜌𝑠

𝑟𝑠

𝑟

(
1 + 𝑟

𝑟𝑠

)−2
, (8)

where the DM halo density profile is assumed to follow a Navarro-Frenk-White profile. The two
parameters (𝑟𝑠, 𝜌𝑠) = (24.42 kpc, 0.184 GeV/cm3) are set by fixing the value of the DM density
at the Sun to 𝜌 = 0.3 GeV/cm3 and the value of the total mass of our Galaxy to 𝑀MW = 4.7 ·
1011 M�. Besides the prompt photons, the DM flux includes also secondary components, notably
the inverse Compton scattering (ICS) signal, which represents the key focus of our work. The
electrons and positrons produced by annihilating DM can scatter the low-energy photons in our
Galaxy up to X-ray frequencies. We considered three types of interstellar radiation fields (ISRF):
cosmic microwave background (CMB), infrared light from dust (IR) and optical starlight (Opt).
The differential flux of the ICS signal at the location ®𝑥 can be expressed in terms of the emissivity
𝑗 as

dΦICS 𝛾

d𝐸𝛾 dΩ
=

1
𝐸𝛾

∫
l.o.s.

d𝑠
𝑗 (𝐸𝛾 , ®𝑥)

4𝜋
. (9)
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The emissivity is defined as the convolution of the electron number density 𝑛𝑒 (𝐸𝑒, ®𝑥) with the
power radiated into photons PICS(𝐸𝛾 , 𝐸𝑒, ®𝑥) at the location ®𝑥

𝑗 (𝐸𝛾 , ®𝑥) = 2
∫ 𝑀𝜒

𝑚𝑒

d𝐸𝑒 PICS(𝐸𝛾 , 𝐸𝑒, ®𝑥) 𝑛𝑒 (𝐸𝑒, ®𝑥) , (10)

where the factor 2 denotes that annihilation events of DM particles produce an equal population of
electrons and positrons. The total differential powerPICS =

∑
𝜑 P𝜑

ICS is sum over the the components
of the photon bath, 𝜑 ∈ [CMB, IR, Opt]. It encloses the information on the energy density of the
ISRF via

P𝜑

IC(𝐸𝛾 , 𝐸𝑒, ®𝑥) = 𝐸𝛾

∫
𝑑𝜖 𝑛𝜑 (𝜖, ®𝑥) 𝜎IC(𝜖, 𝐸𝛾 , 𝐸𝑒) , (11)

where 𝜎IC(𝜖, 𝐸𝛾 , 𝐸𝑒) represents the Klein-Nishina cross section, 𝐸𝛾 represents the final energy of
the photons after the ICS due to 𝑒± with energy 𝐸𝑒 and 𝑛𝜑 (𝜖, ®𝑥) is the density of the photon bath
with initial energy 𝜖 . We assumed the on-the-spot approximation, neglecting the diffusion of 𝑒±.
Under this assumptions, the expression of the electron number density reads

𝑛𝑒 (𝐸𝑒, ®𝑥) =
1

𝑏tot (𝐸𝑒, ®𝑥)

∫ 𝑚𝜒

𝐸𝑒

d�̃�𝑒 𝑄𝑒

(
�̃�𝑒, ®𝑥

)
, (12)

where the injection term of 𝑒± from annihilating DM is given by

𝑄𝑒 (�̃�𝑒, ®𝑥) =
〈𝜎𝑣〉

2

(
𝜌(®𝑥)
𝑚𝜒

)2 d𝑁𝑒±

d�̃�𝑒

. (13)

The energy losses 𝑏tot include ionization, bremsstrahlung, ICS, synchrotron processes: 𝑏tot(𝐸, ®𝑥) ≡
− d𝐸

d𝑡 = 𝑏Coul+ioniz + 𝑏brem + 𝑏syn + 𝑏ICS. The density of the ISRF and the energy losses are computed
withih PPPC [8]. Thus, the differential flux in the region of interest, identified with the galactic
coordinates (𝑏, ℓ), reads

dΦTot 𝛾

d𝐸𝛾

=

∫ 𝑏max

𝑏min

∫ ℓmax

ℓmin

d𝑏 dℓ cos 𝑏
(dΦprompt, 𝛾

d𝐸𝛾 dΩ
+

dΦICS ,𝛾

d𝐸𝛾 dΩ

)
. (14)

Fig. 1 illustrates the energy flux as a function of the final photon energy in the rectangular region
|𝑏 | < 15◦, |ℓ | < 30◦, which includes the Galactic Plane. For illustrative purposes, the Fermi and
Integral data are also displayed. In the left panel, the total DM signal (black line) refers to the
prediction of the flux produced by DM particles with mass of 150 MeV and 〈𝜎 𝑣〉 = 3 · 1026 cm3/s,
annihilating into `+`−. In this specific case, the DM flux goes undetected by the Fermi telescope,
instead it overlaps with the Integral data, as a result of including the ICS on optical starlight. It is
noteworthy that both the FSR and Rad pass well below the Integral meausurements and they are
several order of magnitude lower than the ICS. Thus, including the ICS components proves to be
pivotal for large DM masses. Instead, for low DM masses with a mass of 10 MeV, annihilating into
𝑒± (right panel), the leading contribution to the total flux in the energy range of Integral comes
from the FSR.
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Figure 2: Angular flux as a function of the latitude bins in the longitude window |ℓ | < 23.1◦ for the energy
band 100−200 keV. The Integral data are in green, while the black dots refer to the forecast of the flux for
DM particles with 𝑚𝜒 =150 MeV, 𝜎𝑣 ≈ 1.2 · 10−26 cm3/s, annihilation into `+`−.

3. Results

The Integral space telescope was an European Space Agency mission operating between
2003 and 2009. The onboard spectrometer (SPI) measured photons in the energy range 20 keV <
𝐸𝛾 < 8 MeV. The data are provided as an energy spectrum in a region that includes also the Galactic
pùPlane and as an angular flux in latutide bins. We chose to consider the latter because it allows us
to exclude the region around the Galactic Center and focusing on higher latitudes where the ICS is
the prevalent type of interaction for the 𝑒±. The data that we employed are divided in five energy
bands: 27−49 keV, 49−90 keV, 100−200 keV, 200−600 keV, 600−1800 keV. Fig. 2 illustrates the
angular flux as a function of the latitude for the energy band 100−200 keV. The green points refer to
the Integral data, while the black points refer to our prediction of the angular flux for DM particles
with a mass of 150 MeV, cross-section on our bound (see below the constraints), annihilating into
`+`−. The DM flux becomes larger as we approach the central bins as a result of the larger DM
density as we comes closer to the centre of the Milky Way. However, the most central latitude bin is
much lower with respect to the neighbouring ones because it corresponds to lines of sight crossing
the Galactic Plane, where the 𝑒± loose energy mostly via interaction with the interstellar gas and
therefore the ICS signal is suppressed. To avoid the Galactic Plane, we mask the central latitude
bins (grey stripe).

We obtain two types of constraints: conservative and optimistic. The former are derived by
requiring that the predicted DM flux ΦDM does not exceed the measured flux 𝜙 by more than 2𝜎.
In particular, we defined the text statistic

𝜒2
cons =

∑︁
bands

∑︁
𝑖∈{b bins}

(
max

[
(ΦDM,𝑖 (〈𝜎𝑣〉) − 𝜙𝑖), 0

] )2
𝜎2
𝑖

(15)
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Figure 3: . Left: Constraints on the annihilation cross-section with and without astrophysical background
(thin and thick lines, respectively). Right: Variation of the bounds due to the astrophysical uncertainties.

corresponding to an effective 𝜒2, where the first sum is performed over the energy band and the
second sum over the latitude bins. By scanning over the DM masses, this statistic is equivalent to a
Δ𝜒2 with one degree of freedom (the annihilation cross-section). We imposed our 2𝜎 constraints
on 〈𝜎𝑣〉 by demanding Δ𝜒2 = 4. To compute these constraints we are assuming that the observed
flux can be entirely explained with a DM contribution. In the real world we know that a large part
of the signal will be produced by the astrophysical background. The main type of astrophysical
backgorund consists of diffusive ICS. Indeed, astrophysical sources such as supernova rementants or
active galatic nuclei can produce 𝑒± that undergo ICS and mimic the DM signal. Ref. [9] provides
a template of the background flux 𝜙𝐵. To obstain the constraints on the DM parameters space, we
multiply 𝜙𝐵 by an overall normalization factor 𝑁𝐵 and we adopt the following test statistic:

𝜒2
opt =

∑︁
bands

∑︁
𝑖∈{b bins}

[
Φ𝜒 𝑖 (〈𝜎𝑣〉) + 𝑁𝐵 𝜙𝐵 − 𝜙𝑖

]2

𝜎2
𝑖

. (16)

We identify the pair
(
𝑁𝐵,0, 〈𝜎𝑣〉0

)
that minimizes the test statistic, corresponding to the value 𝜒0.

Thereafter, for each DM mass we scan the values of (𝑁, 〈𝜎𝑣〉) and we constraint 〈𝜎𝑣〉 by demanding
Δ𝜒2 = 𝜒2 − 𝜒2

0 = 4, for any 𝑁𝐵. It is apparent that considering an astrophysical background will
leave less room for exotic physics, Thus, if we add the DM contribution on top of the background we
find stronger constraints. Fig. 3 (left) display the bounds on 〈𝜎𝑣〉 as a function of the DM mass for
the three annihilation channels (electron in green, muon in blue, pion in magenta). The conservative
limits are in thick lines. The optimistic bounds improve of O(60%) but they suffer of additional
source of uncertainties since the astrophysical background is not fully understood. Therefore, we
prefer to consider the conservative constraints as our reference bounds. It is also essential to estimate
of the impact of the uncertainties on our reference constraints. In order of importance, the main
sources of uncertainty are: the DM halo profile, the density of the gas, the density of the ISRF
and the galactic magnetic field. The choice of the DM profile affects all three components of the
total flux. We considered three different profiles: Navarro-Frenk-White (NFW, our reference case),
Burkert, cusped. This choice could affect the constraints up to O(60%). The ICS signal depends
on the gas and photon density. We considered a variation of a factor 2 in the density normalization,
both for the insterstellar gas and ISRF. This affects the bounds less than 25%. The model of the
galactic magnetic field has an impact on the synchrotron losses, which however are subdominant

6
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Figure 4: Our conservative constraints on the annihilation cross-section for sub-GeV DM, using the
Integral data (solid thick lines). The other curves refer to the existing bounds in the literature from other
probes. See the text for further details.

with respect to the other loss processes under consideration. We considered three configuration of
the magnetic field in our Galaxy and the impact on the bounds is less than 30%. The variation of
the constraints due to the uncertainties discussed above is illustrated in Figure 3 (right). The upper
and lower sides are related to the most pessimistic and most optimistic combination of parameters
entering the computation, respectively. The thick solid lines refer to our reference case, which lie
between the two extreme scenarios. Fig. 4 illustrates our conservative bounds (solid thick lines),
together with the existing constraints from Voyager 1 𝑒± data [2] (dashed green and blue lines),
from a compilation of X-ray and 𝛾-ray data [3] (dot-dashed green line), from the CMB assuming
𝑠-wave [4, 5] (dotted green and blue lines in the lower portion of the plot) or 𝑝-wave annihilation
[6, 7] (dotted green and blue lines in the upper portion of the plot). For each probe, each colour
denotes a specific annihilation channel: green for 𝜒𝜒 → 𝑒+𝑒−, blue for 𝜒𝜒 → `+`− and magenta
for 𝜒𝜒 → 𝜋+𝜋−. At the time of writing, we are the only ones who have derived constrains on the
𝜋+𝜋− channel from sub-GeV DM.

4. Conclusion

We derive the constraints on 〈𝜎𝑣〉 for dark matter particles with a mass from 1 MeV up to
5 GeV, annihilating via three channels: electron, muon and pion. We adopted the data from the
Integral/Spi detector. If the DM annihilation cross section is a p−wave, our bounds are the most
stringent for 150 MeV ≤ 𝑚𝜒 ≤ 1.5 GeV. Our constraints can be improved by 60% by including an
astrophysical contribution.
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