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Abstract. Sub-GeV dark matter particles can annihilate or decay producing e* pairs which
upscatter the low-energy photon fields in the Galaxy and generate an X-ray emission (via the
Inverse Compton effect). Using X-ray data from XMM-NEWTON, INTEGRAL, NUSTAR and
SuzAKU, we derive new constraints on this class of dark matter (DM). In the annihilation
case, our new bounds are the strongest available for DM masses above 180 MeV, reaching
(ov) <1072 cem3 /s for mpy ~ 1 GeV. In the decay case, our bounds are the strongest to
date over a large fraction of the considered mass range, constraining 7 > 10%® s for mpy ~ 1
GeV and improving by up to 3 orders of magnitude upon existing limits.
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1 Introduction

The possibility that Dark Matter (DM) consists of a light particle, where by light we mean
that its mass mpyr is in the range mpy ~ 1 MeV — few GeV, has received significant
attention recently. This is in part a reaction to the lack of convincing signals of the long
sought-after weak-scale DM in current experiments [1-6], and in part a consequence of the
emerging of motivated sub-GeV DM theoretical models [7-26]. For review of all these aspects,
the interested reader can refer to our previous work [27]. Here it suffices to recall that the
detection of light DM is more challenging than weak-scale DM. In indirect detection, the
main obstacle consists in the so-called ‘MeV gap’, i.e. the fact that no recent high-sensitivity
data exist in the y-ray energy window ~100keV — 100 MeV, corresponding to the interval
where the signals from light DM particle annihilation or decay are expected.

A novel technique introduced in [27] allows to circumvent this problem. The idea
is to focus on secondary emissions from DM, and in particular on the Inverse Compton
Scattering (ICS) process. Namely, DM annihilations or decays in the galaxy produce electrons
and positrons which can upscatter the low energy photons of the ambient light (whose main
components are the optical light from stars, the infrared light from dust and the CMB) and
produce hard X-rays with typical keV energy. As a result, one can leverage on the abundant
data in X-ray keV observations, rather than the scarce MeV experiments, in order to test
sub-GeV DM.

In [27] it was shown that the method is powerful. Using data from a large region of the
inner galaxy observed by the INTEGRAL/SPI spectrometer, [27] was able to obtain stringent
constraints on annihilating DM in the mass range 1 MeV to 5 GeV. Following up on that work,
we embark here in a systematic analysis of the available datasets in X-rays in order to assess
their full constraining power on light DM, along the lines of the strategy described above. In
addition, we consider both the case of annihilating and decaying DM. The main challenge
in this endeavour consists in the fact that often X-ray experiments are not focused on wide
surveys of the sky, but instead on point sources or small areas of observations. Still, we will
show that by adopting different observational data, referring to different energy ranges and
angular positions in the sky, we can significantly improve the bounds on both annihilating
and decaying DM.

The most relevant player turns out to be the XMM-NEWTON satellite: the all-sky
observations performed by this observatory over an extensive period of about 18 years allow us



to efficiently probe large areas of the parameter space. For decaying DM, our XMM-NEWTON
constraints are the most stringent to date, over essentially the whole considered mass range.
For annihilating DM, our new constraints are the most stringent ones for mpy; = 180 MeV;
for smaller masses, they are competitive with diffuse y-ray constraints and e constraints
from VOYAGER, but the CMB s-wave bounds are still more stringent (see section 5 for a
detailed comparison).

The paper is organized as follows: in section 2 we briefly recall the formalism and the
relevant quantities necessary for computing prompt and ICS X-ray emissions from light DM
annihilations and decays; in section 3 we detail the dataset that we use; in section 4 we
present our analysis and the main results, and in section 5 we compare with related studies.
Finally, in section 6 we draw our conclusions.

2 X-rays from DM annihilations and decays

In this section we discuss the basic formalism for X-ray production from DM annihilations and
decays. Here we only recall the main ingredients and focus in particular on the novelties of the
present paper. The interested reader can refer to [27] for the detailed and complete formalism.

We are dealing with DM lighter than a few GeV, hence we consider only three annihilation
or decay channels:

DM (DM) — ete™, (2.1)
DM (DM) — utu—, .
DM (DM) — 'tz (2.3)

which are kinematically open whenever mpy; > m; (annihilations) or mpy > 2m; (decays),
with i = e, u, 7. We consider the channels one at a time independently although of course,
in specific models, DM could annihilate or decay in a combination of modes that can also
include other light hadronic or mesonic resonances. A more thorough model-dependent study
can be done by computing photon energy spectra using available numerical codes [28, 29] and
applying them to our study. We leave this analysis to a future work.

Given a fixed channel, the total flux of photons is given by the sum of two contributions:
(i) the prompt emission from the charged particles in the final state and (ii) the secondary
emission of photons produced via ICS by the energetic e* originating from DM annihilations
or decays. In turn, the prompt emission consists of Final State Radiation (FSR) from the
charged leptons or pions in the final state, and of radiative decays (Rad) which occur whenever
muons or pions undergo a decay with an extra photon involved (1 — evev,y, ™ — lyy, with
Il = e, — this notation comprises particles and antiparticles and can be adapted in an
obvious way).

The differential flux of the prompt emissions is readily computed as the usual integral of
the emissions along the line of sight (l.o.s.) in a given direction 6, the angle with respect to
the direction to the Galactic Center (GC), and parameterized by s:

<UU>/1.0.S‘ ds (pDM(T(S’Q)))Q (annihilation)

d®prompty _ 1 dNprompty % 2 oM . (24)
dEy d2 am dE, por(r(s, 0))
T / ds <’> (decay)
l.o.s. mpwm



Here (ov) and T represent the thermally averaged DM annihilation cross section and the DM
decay rate, respectively. The photon spectra dNprompt/dE~, where prompt = FSR or Rad,
are given by the lengthy but straightforward expressions provided in [27]. The DM density
profile ppy in the Milky Way is assumed to be a standard Navarro-Frenk-White (NFW)
profile [30] with the parameters specified in [27, 31], and we will investigate the impact of
modifying this choice in section 4.

The differential flux of the ICS emission is given by

d(I)IC’y _ L ds j(E’)/v S, ba é)
dB,dQ ~ By Jros ir

(2.5)

where the set of coordinates (s, b, ¢) indicates a unique position in the galactic halo, with (b, £)
the galactic latitude and longitude. The emissivity j at a given point is the convolution of
the ICS power Pic with the differential number density dn.+ /dE. of emitting electrons and
positrons present at that point:
mpwm(/2) dn =+
J(Ey,s,0,0) =2 dE. Pic(E,, Ec, s,0,0) ﬁ(Ee,s,b,E). (2.6)
Me e
Note that the integration over the et energy FE, runs from the electron mass m. to the
maximal possible value, corresponding to the DM rest mass for annihilations and half of it
for decays. The ICS differential power, i.e. the power per photon energy

1
PIC(E% Ec,s,b, E) = EW /O dy nv(Eg(?J% s,b, 6) og1C (yv Ee) (2’7)

includes the density of photons per unit energy n.,, on which the e® scatter with cross section
o1c, the Klein-Nishina cross section in the Thomson limit (E, > Eg), where Eg denotes
the initial photon energy, vy = E,/ (4’yeE2) and 7, = F./me. The e* number density is
determined, in the so-called ‘on-the-spot approximation’, as

m B 2
/ o dE. {ov) (p(s,b, £>> d]\[ei (annihilation)
dn,+ (Fo,5,b,0) = 1 y . 2 mpM e
dE. 777 byot(Ee, 8, b, 0 m _ N
t t( ) / DM/2 dE, T <p(5>b7£)> d ~ei (decay)
. mpm Ee
(2.8)

Here byt is the energy loss function, which takes into account all the energy loss processes that
the e® suffer in the local Galactic environment in which they are injected. The et spectra
from DM annihilations or decays in the different channels are computed following [27]: for
the eTe™ channel the spectrum consists simply in a monochromatic line with E, = mpy; for
the T~ channel it consists of a boosted Michel spectrum from muon decay; for the 777~
channel it consists of a doubly boosted Michel spectrum.

With these ingredients, we are able to compute the full spectrum of photons from
DM annihilations and decays. As a final step, one integrates the contributions in eqs. (2.4)
and (2.5) over the selected region of observation, identified by intervals in b and ¢:

d@DM'y /bmax /emax dq)prompt’y dq)IC'y
= dbdl cosb . 2.9
dEy~ Jow Je P\ aB, a0 T dE, ao (2.9)

min

Figure 1 illustrates a few examples of the total flux, compared to the datasets that we
considered in our analysis. Such datasets are discussed in the next section.
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Figure 1. Illustration of some fluxes of hard X-rays from DM annihilation or decay, compared to the
different datasets adopted in our analysis. In each panel we indicate the DM specifications (annihilation
or decay channel, mass, annihilation cross section or decay rate, galactic distribution —always NFW)
and the characteristics of the considered region of observation.

3 Datasets and analysis

In this study we focus on the X-ray emission of the Milky Way galaxy and we exploit the
datasets listed below. The locations of the respective regions of interest on the galactic sky
are depicted for illustration in figure 2.

o INTEGRAL. The data are reported in [32], which follows previous work in [33, 34].
These datasets were used in our previous paper [27]. The data were collected by the
SpP1 X-ray spectrometer onboard the INTEGRAL satellite, in the period 2003—2009,
corresponding to a significant total exposure of about 100 Ms, and cover a range in



energy between 20keV and a few MeV. They are provided either in the form of a
spectrum of the total diffuse flux in a rectangular region of observation centered around
the GC (]b] < 15°,|¢] < 30°, figures 6 and 7 in [32]) or in the form of an angular flux in
latitude and longitude bins, in 5 energy bands (27—49keV, 49—90keV, 100—200 keV,
200—600keV and 600—1800keV) (figures 4 and 5 in [32]). As in [27], we use the angular
flux in latitude bins only, from which we cut out the Galactic Plane (GP). The longitude
window is |[¢| < 23.1° for the first four energy bands and |¢| < 60° for the fifth one.

o NUSTAR Blank-Sky fields. These data are presented in [35], which aims at measuring the
cosmic X-ray background (CXB) in the 3 — 20keV energy band. The data are collected
from the NUSTAR extragalactic survey program, which includes a number of fields with
different sky coverage and exposure times, among which there are the COSMOS, EGS,
ECDFS, UDS that we use. These are the same fields used in [36], although in another
context (namely, to probe sterile neutrino DM). The actual areas of observation have a
complex shape: they consist of two partly overlapping ‘Pac-Man™-like’ regions located
around the nominal pointing center of the field, with uneven coverage (see e.g. figure 4
in [37]). We choose to approximate each of them as a square annulus of inner size 1.5°
and outer size 3.5°. This approximation is justified by the fact that the DM emissivity
in those relatively small regions varies little, thus we can adopt a simpler geometrical
area. The nominal exposure is of about 7 Ms.

o NUSTAR Galactic Center (GC) region. The data are provided in [38, 39] and are the
same used in [37] in another context (namely, to probe sterile neutrino DM). The shape
of the areas of observation is the same as in the previous item: we just model it here
as an annulus of inner radius 1.5° and outer radius 3.5°. We use the data provided
in figure 5 of [37], restricting at E, < 20keV because the instrumental background
becomes dominant for higher energies.! Since this emission originated from regions close
to the GC, it is subject to attenuation upon the dense interstellar medium. However,
using a column density of 1 x 10?2/cm? [40] and the cross sections tabulated in [41], we
find that such attenuation is at most ~10% at E, = 3keV and quickly diminishes at
higher energies, hence it is negligible for our purposes.

o NUSTAR Off-Plane (OP) Faint-Sky Observations. The data are presented and used
in [42]. They correspond to the observation of two annuli, with shapes equivalent to
those described for the previous datasets (which we model as in the ‘Blank-Sky’ case),
located about 10 degrees above and below the GP. The total exposure time amounts
to about 100 ks. The emission in these regions is understood to be essentially CXB
only, since the galactic component is estimated to be negligible. In particular, the
Galactic ridge emission (GRXE)? is expected to be small, since it falls off rapidly with
increasing latitude, due to the lower stellar density. Hence, we use the same data as the
NUSTAR Blank-Sky fields, but with error bars scaled up by a factor /7 Ms/100ks = 8.4
to account for the shorter exposure time. We stress that, given the weak constraining

!We should note, however, that these spectra (even for E., < 20keV) include a small contribution from
internal detector background, which we do not model nor subtract. This implies that our bounds are derived
from a nominal flux which is sligthtly larger that the true astrophysical emission: thus, the derived DM limits
are conservative compared to the approach where the full background is modelled.

2The GRXE mostly comes from accreting compact objects, mainly white dwarfs. More specifically, it is
believed to be produced in the accretion streams of magnetic cataclysmic variable stars, plus a 6.4keV Fe I
line. The interested reader can find more information in [42] and [35].



power that NUSTAR turns out to provide (as we will discuss in the following section),
these approximations are sufficient for our purposes. As a side remark, note that the
NuUSTAR data we use were collected by the FPMA and FPMB detectors on board of the
satellite. Because the photon spectra measured by the two detectors are similar, the
computed constraints have only a negligible difference, thus we only show the results
using the FMPA detector.

o XMM-NEWTON whole-sky observations. The data are used in [43, 44] to search for
decaying sterile neutrino DM. In particular, the data are provided in a very convenient
form, which we use extensively.> They correspond to the observation of the whole sky
with the two cameras (called MOS and PN) onboard the XMM-NEWTON satellite, over
an extensive period of about 18 years, from the launch of the telescope (in late 1999)
to September 2018. After the removal of point sources, the data are combined into 30
concentric rings of width 6 degrees as measured in angular distance from the GC. A slice
of |b| < 2° is removed, i.e. the GP is masked. The energy range initially covers 2¢eV to
20 keV, however we restrict it as prescribed in [44] to avoid the dominant instrumental
background. The final energy range is therefore 2.5 to 8 keV for MOS and 2.5 to 7keV
for PN. Response matrices for both instruments are also provided.

o SuzAKU high-latitude fields. The data are provided in [45], which focuses on measuring
the soft diffuse X-ray emission from several small fields located at large galactic longitudes
(65° < ¢ < 295°) and observed for a period of a few days each between 2006 and 2008,
using the backside illuminated CCD (BI CCD) of the XIS spectrometer on board of the
SUZAKU satellite. We use the data? from the 11 fields denoted as: GB, HL-B, LH-1,
Off-FIL, On-FIL, HL-A, M12off, LX-3, NEP, LL21 and LL10. We refer to table 1 of [45]
for the details of the regions (coordinates, exposures and the original references). We do
not consider the R1 and R2 fields, which include bright point sources. From the data,
the point sources and the X-ray emission induced by the solar wind proton flux have
been carefully removed by the SUZAKU collaboration. The energy range is 0.4—5keV
for all fields, and the typical exposures vary between 16 and 60 ks. The effective area of
the experiment in the range of interest roughly equals 100 to 300 cm?. However, we use
the detailed published determination (see below).

In order to derive the constraints, we first compute the total photon flux from DM
annihilation/decay, for each channel considered in eqs. (2.1)—(2.3) and region of interest. For
the INTEGRAL/SPI dataset, we compute the photon flux for each latitude bin and energy
band. For the remaining datasets we compute the photon flux for each energy bin. Then we
correct some of the predicted flux in order to take into account instrumental features:

o For each ring of the XMM-NEWTON dataset, we convolve the photon energy spectrum
with the instrumental response function as prescribed in [46]. Given a specific ring, where
(d®priy /dEy); = (dNpry /dEy dAdt) ; is our predicted DM spectrum in the input energy
bin j, the discrete convolution with the instrument response is (dNpwm,/dE, dt), =
> Rij (dNpmy /dE, dA dt)j in the output energy bin 4, where R;; is the instrument

3See on https://github.com/bsafdi/XMM_BSO_DATA.

“The data are shown in figures 2 and 5 of [45] and we obtained in digital form from M. Kazuhisa, private
communication. The NEP field combines the data from NEP1 and NEP2. We could not obtain the data for
the LH-2 field, which we therefore neglect.
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Figure 2. Chart of the Galaxy in galactic coordinates with the location of the datasets we use. The
three regions of observation relevant for the INTEGRAL datasets are represented in orange and red. The
four NUSTAR Blank-Sky fields (COSMOS, EGS, ECDFS and UDS) are in blue, the NUSTAR Galactic
Center (GC) and Off-Plane (OP1 & OP2) are in purple and dark brown, respectively. XMM-NEWTON
rings are drawn in shades of grey and the eleven SUZAKU fields in green. The fields are to scale.

response matrix.” The matrices are different for each ring and take into account the
effective area of the instrument (in units of cm?).

o For the SUZAKU dataset, we multiply the calculated photon energy spectrum by the
Xis effective area function as provided on the NASA archives.® We use the function for
the BI CCD.

We infer the constraints for each dataset separately via the test statistic:

- 3 (B0 o

i i

where p = (ov) or I', @ppp4,; is the predicted photon flux from DM annihilation/decay” at the
energy (or latitude for INTEGRAL) bin 7, ¢; is the observed flux and o; its uncertainty. We then
impose a 20 bound on the parameter p (for each value of mpy;) whenever we obtain x2 = 4.
This procedure means, in particular, that we directly compare the DM prediction with the
data, without including any X-ray astrophysical background. Including an astrophysical
background would in most cases reduce the room for the DM flux and therefore strengthen
the constraints. Our procedure thus allows us to derive conservative bounds. In the next
section we discuss the obtained constraints.

4 Results and discussion

We start by presenting, in figure 3 for the annihilation case and in figure 4 for the decay case,
the conservative constraints obtained from each experiment for each portion of the dataset

SHere by input and output we mean the predicted flux before and after the convolution with the instrumental
response matrix, respectively.

5See https://heasarc.gsfc.nasa.gov/docs/suzaku/gallery /performance/xis_ area.html.

"For XMM-NEWTON and SUzAKU the flux is actually replaced by the rate of photons per second per keV,
the quantity provided by the experiment. For all the other experiments, we use the proper flux.
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Figure 3. Conservative constraints on annihilating DM from the different portions of the datasets
that we consider. Top left panel: constraints from the different energy bands of the INTEGRAL dataset
(different colors). Top right panel: constraints from the three different regions of observation that
we use in the NUSTAR dataset. Bottom left panel: constraints from the eleven different fields of
the SUZAKU dataset (distinguished by the different colors as in the legend). Bottom right panel:
constraints from the thirty rings of the XMM-NEWTON data (distinguished by the different colors as
in the legend), for the MOS camera for definiteness.

(either observation subfield or energy band). In each case the bounds are derived using the
criterion in eq. (3.1). We focus here for definiteness on the DM (DM) — eTe™ channel.

In the top left panels we show the INTEGRAL bounds imposed by each energy band
separately (for the annihilation case, this figure reproduces the analogous one in [27]). The
characteristic shape of the curves is motivated as follows: in the region of large DM masses a
strong bound occurs because the ICS flux is constrained by the data points, as shown in the
lower left panel of figure 1; the prompt emission is instead responsible for the bound on small
DM masses. In the intermediate mass range the bound is weaker because the data fall in
the trough of the characteristic ‘double hump’ shape of the prompt+ICS spectra. Note that
the kink between large and small masses moves to larger DM masses for the higher energy
bands and to lower masses for the lower energy bins. This is due to the fact that the DM
spectrum shifts to the left with decreasing mpy;. Overall, given the configuration of the data
points and the DM spectra, we find that the low energy bands are more constraining for large
masses while high energy bins are more constraining for small masses.

In the top right panel we show the bounds imposed by each NUSTAR dataset separately.
The shape of the constraints is analogous to that of INTEGRAL, with the kink occurring at
smaller masses (mpy ~ 10 MeV) since the NUSTAR data cover lower energies. The limits
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Figure 4. Same as in figure 3 but for decaying DM.

from the GC region and the Off-Plane fields are more constraining, while those from the
Blank-Sky fields are weaker. In absolute terms, the NUSTAR results are weaker with respect
to the INTEGRAL ones for the following reasons. For the NUSTAR Blank-Sky case, the fields
are at very high latitudes, where the galactic DM emission is small. For the NUSTAR GC
case, the main component of the measured flux is understood to be the GRXE [42], and the
DM flux has to compete with this sizeable foreground: for decaying DM, the DM flux is
overwhelmed by the GRXE; for annihilating DM, the DM flux is boosted by the square of
the large DM density in the central regions and hence better bounds occur. The Off-Plane
case offers competitive limits overall because, as discussed above, the regions of observation
are located enough far away from the plane that the GRXE has decreased and hence the DM
contribution can emerge.

In the bottom left panel we show the bounds imposed by each one of the 11 SUZAKU
fields. Now the kink occurs at mpy < 10 MeV because the SUZAKU data are even lower in
energy compared to NUSTAR and INTEGRAL. The fields (green in figure 2) are all positioned
at high latitudes and large longitudes and offer comparable bounds, with LL10 and LL21
slightly more stringent than the other ones.

Finally, in the bottom right panel we show the bounds imposed by XMM-NEWTON
data considering each ring separately. We show for definiteness the data from the MOS
camera (those from the PN camera turn out to be very similar but slightly less stringent).
Each line/color in the plot corresponds to one 6° degree ring as depicted in figure 2. Not
surprisingly, the inner rings (warmer colors in the figure) are more constraining because the
DM density is higher in the inner galaxy. However, due to the astrophysical foreground, the
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Figure 5. Summary of our conservative constraints on annihilating DM from each experiment and
for all channels. The left panel refers to the eTe™ annihilation channel (green lines), while the right
plot to the 77~ (magenta) and up~ (blue) channels. From top (least constraining) to bottom
(most constraining), the experiments are roughly ordered as SUZAKU, NUSTAR, INTEGRAL and XMM-
NEWTON.
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Figure 6. Summary of our conservative constraints on decaying DM from each experiment and for all
channels. The ordering, now inverted as bottom (least constraining) to top (most constraining), is
very similar to figure 5.

innermost ring does not provide the tightest constraints. The 3 ring from the GC (12° —18°),
and for some small mass intervals the adjacent ones, provide the most constraining limits.
Note that the spread of the limits is wider for annihilating DM compared to decaying DM, as
expected because of the different dependence of the source with the DM density (p%,, versus
PDM, respectively).

In figures 5 and 6 we show the combined bounds for each experiment. This means that
we apply the statistical criterion in eq. (3.1) to the whole dataset of each experiment: the
INTEGRAL bounds are obtained using all the data of the 5 energy bands and the NUSTAR,
SuzZAKU and XMM-NEWTON ones using all the regions of observation. The left panels refer
to the DM (DM)— e™e™ channel while the right panels to the DM (DM)— u™p~ and DM
(DM)— 7t~ channels. Along the entire mass range, the XMM-NEWTON bounds are the
most stringent ones.

Figures 7 and 8 represent our final results: we show only the most stringent constraints
that we obtain (from XMM-NEWTON), for the three annihilation/decay channels.

For the case of DM annihilating into ete™, XMM-NEWTON imposes the bound (ov) <
10728 cm3 /s, over the wide range mpy; ~ 20 MeV — 1 GeV. The bound loosens to (ov) < 10727
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Figure 7. Final combined results for annihilating DM from this work (XMM-NEWTON), compared
with existing bounds. We report the bounds from Essig et al. [47], obtained using a compilation of
X-ray and soft v-ray data (dot-dashed green line marked ‘diffuse y-rays’); the bounds from Boudaud et
al. [48] derived using data from VOYAGER 1 (dashed green and blue lines, corresponding to the eTe™
and ptp~ annihilation channels, respectively); the CMB bounds from Slatyer [49] and Lopez-Honorez
et al. [50] (dotted green and blue lines, for the ete™ and utu~ channels); the bounds from gas heating
in Leo T, obtained by Wadekar and Wang [51] (also dotted, since the physics mechanism of energy
injection is similar to the CMB one).

cm? /s in the range mpy ~ 1 — 20 MeV, the region where the dominant contribution of the
ICS component is too low in energy to be constrained by the data. DM annihilating into
ptp~ or mtn~ is constrained to (ov) < 10727 cm?/s in the relevant mass interval.

For the case of DM decaying into e™e™, XMM-NEWTON imposes the bound on the decay
half-life 7 = 1/T" > 10%7 s, over the range mpy ~ 50MeV — 1GeV. The limit approaches
T ~ 10?8 s for mpy ~ few GeV.

In figure 9 we show the impact of astrophysical uncertainties on annihilation (left) and
decay (right) XMM-NEWTON constraints, by following the same strategy as in [27]. We vary
the DM profile, the gas density in the Galaxy (which influences the energy losses by Coulomb
interactions, ionization and bremsstrahlung), the radiation field density (affecting the energy
losses but also ICS emission directly) and the galactic magnetic field. More precisely: we
adopt a cored profile and a peaked NFW one (characterized by a slope 71?6 towards the
GC), we vary the gas and radiation field density by a factor of 2 above and below their
central values, and we adopt the different configurations of the magnetic field discussed in [31].
We then compute the upper and lower envelopes of the X-ray fluxes from these combined
variations, and we derive the corresponding bounds, resulting in the uncertainty bands of
figure 9. Note that the constraints can (generously) vary within two orders of magnitude.
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5 Comparison with related work

In this section we discuss how our results compare with the existing constraints in the literature.

Using a compilation of X-ray and soft v-ray data from HEAO-1, INTEGRAL, COMPTEL,
EGRET and FERMI, Essig et al. [47] have derived bounds on the eTe™ channel, shown as a
dot-dashed line in figure 7. This work does not include the ICS emission: indeed it leads to
bounds that are comparable to ours in the small range where ICS is not relevant (mpy <
10 MeV) and are instead much weaker than ours at any larger mass where the ICS is the
leading contribution to our limits.

Using low energy measurements by VOYAGER 1 of the et cosmic ray flux outside of
the heliosphere, Boudaud et al. [48] have derived constraints on the ete™ and putpu~ channel,
shown as dashed lines in figure 7. We report the bounds of their propagation model B,
characterized by weak reacceleration. Their constraints are stronger than ours only in a small
mass interval around 10 MeV, for the eTe™ case. They are always weaker for the pu* ™ case.

Using the impact on the CMB anisotropies of the eTe™ injection by DM annihilation
events, Slatyer [49] and Lopez-Honorez et al. [50] derived the constraints represented by
the dotted lines in figure 7. Our XMM-NEWTON bounds reach deeper than these CMB
constraints, in the portion of large mass where the ICS effect is important (mpy 2 180 MeV
and mpy 2 400 MeV, respectively for the ete™ and pu™p~, 777~ channels). The CMB
constraints are still more stringent elsewhere. However, as discussed in [27], the CMB
constraints hold under the assumption that DM annihilation is speed-independent (s-wave).
If the DM annihilation is p-wave, i.e. (ov) oc v, they weaken considerably. Our constraints
are instead essentially insensitive to these difference [27], which implies that, for the p-wave
scenario, our limits represent the most stringent bounds for mpy = 15 MeV.

Finally, Wadekar and Wang [51] derived bounds from the requirement that DM ete™
annihilations do not overheat the gas in the gas-rich dwarf galaxy Leo T. This constraint is
represented by a dotted line in figure 7 and it is more stringent than ours for mpy < 20 MeV.
However, this bound would relax significantly if the DM annihilation is p-wave (see [51] for
details), similarly to the CMB constraints.

For the case of decaying DM, the existing constraints in the literature are shown in
figure 8. The diffuse y-ray constraints of Essig et al. [47] are shown as a dot-dashed line,
while the CMB and the dwarf gas heating constraints of [52] and [51] respectively are shown
as a dotted curve. The VOYAGER 1 constraints [48] are dashed. Recently Calore et al. [53]
have considered the DM — ete™ channel (as well as the direct decaying channel DM — 7,
which is not of interest for us) and has used INTEGRAL/SPI diffuse data, their bounds are
displayed as a thin dot-dashed line. The constraints derived in this work (thick lines) are
the most stringent limits for decaying DM for mpy; = 50 MeV. For large masses, we improve
upon the existing bounds by up to three orders of magnitude. Besides the "~ VOYAGER 1
ones, we are not aware of other existing constraints for the ™~ and 77~ channels in this
mass interval.

6 Conclusion

In this paper we have focused on light, sub-GeV DM indirect detection, following up on the ex-
ploratory analysis performed in [27]. DM in this mass range (1 MeV to ~5 GeV) is notoriously
difficult to probe with indirect searches, given the scarcity of MeV-GeV range experiments
which could probe its soft y-ray prompt emission. We have therefore concentrated on its sec-
ondary emission, which produces X-rays via the Inverse Compton Scattering of DM-produced

~13 -



e™ over the galactic ambient light. We have used data from the NUSTAR, SUZAKU, INTEGRAL
and XMM-NEWTON satellites, in a number of different fields of observation in the Galaxy (see
figure 2). We have compared these measurements to the predicted flux from annihilating or
decaying DM, considering the three relevant channels DM (DM) — eTe™, u*pu™ and 77

We find that the constraints imposed by the XMM-NEWTON whole-sky survey greatly
improve upon the existing limits. For decaying DM, they are the most stringent to date,
for mpy 2 50 MeV, improving upon the existing bounds up to three orders of magnitude
(see figure 8). For annihilating DM, our limits are the most constraining to date for mpy 2
180 MeV; for smaller masses, they are competitive with diffuse y-ray constraints and e*
constraints from VOYAGER, but the CMB s-wave bounds are still more stringent (see figure 7).
The sizeable astrophysical uncertainties related to the galactic DM distribution and the
galactic environment can affect these results and make them tighter or looser by up to one
order of magnitude in each direction (see figure 9).

In the search for indirect detection of light DM, two possible avenues can be pursued,
along the same lines of the discussion above. On one side, a few upcoming soft y-ray missions
such as AS-/EASTROGAM (300keV — 3GeV) [54], AMEGO (200keV — 10 GeV) [55] or COsI
(0.2-5MeV) [56, 57] will plug the ‘MeV gap’ making it possible to directly probe the prompt
emission of annihilating/decaying sub-GeV DM (see e.g. [58]). On the other side, in the near
future the full-sky data from the eROSITA X-ray telescope (covering the range 0.2-10keV) [59]
will be available, as well as the radio surveys from the SkA Observatory [60]. Together with
a better understanding of the galactic and dwarf-galaxy environments (ambient light, gas
density and magnetic fields) and of the DM distribution, they will make it possible to leverage
even more on the power of our indirect technique and thus improve its reach.
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