High-Energy Astrophysics above 10 MeV
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High-energy phenomena in the cosmos, and in particular processes leading to the emission of
gamma- rays in the energy range 10 MeV - 100 GeV, play a very special role in the understanding of our Universe. This energy range is indeed associated with non-thermal phenomena and
challenging particle acceleration processes. The Universe can be thought as a context where fundamental physics, relativistic processes, strong gravity regimes, and plasma instabilities can be
explored in a way that is not possible to reproduce in our laboratories. High-energy astrophysics
and atmospheric plasma physics are indeed not esoteric subjects, but are strongly linked with our
daily life. Understanding cosmic high-energy processes has a large impact on our theories and
laboratories applications. The technology involved in detecting gamma-rays is challenging and
drives our ability to develop improved instruments for a large variety of applications.
The energy range between 1 and 100 MeV is an experimentally very difficult range and remained
uncovered since the time of COMPTEL. New instruments can address all astrophysics issues left
open by the current generation of instruments. In particular, the breakthrough angular resolution
in the energy range 10 MeV - 1 GeV is crucial to resolve patchy and complex features of diffuse
sources in the Galaxy and in the Galactic Centre as well as increasing the point source sensitivity.
This instrument addresses scientific topics of great interest to the community, with particular
emphasis on multifrequency correlation studies involving radio, optical, IR, X-ray, soft gammaray and TeV emission. The possibility to study not only the pair production regime but also
the Compton regime with this kind of detectors is currently under investigation and it is another
possible very interesting breaktrought.
One of the most important goal is the detection of gamma rays and cosmic rays from the annihilation or decay of dark matter particles. This is a promising method for identifying dark matter,
understanding its intrinsic properties, and mapping its distribution in the universe. Based on Nbody simulations the largest γ-ray signal from DM annihilation is expected from the centre of the
Galaxy. In the same region a large γ-ray background is produced by bright discrete sources and
the cosmic-rays interacting with the interstellar gas and the photons fields but the DM-induced
gamma-ray emission is expected to be so large there that the search is still worthwhile. A good
angular resolution below 100 MeV is crucial and I will review the effort in this direction.
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Astrophysical searches for dark matter (DM) are a fundamental part of the experimental efforts to explore the dark sector. The strategy is to search for DM annihilation products in preferred
regions of the sky, i.e., those with the highest expected DM concentrations and still close enough
to yield high DM-induced fluxes at the Earth. For that reason, the Galactic Center (GC), nearby
dwarf spheroidal galaxy (dSphs) satellites of the Milky Way, as well as local galaxy clusters are
thought to be among the most promising objects for DM searches. In particular, dSphs represent
very attractive targets because they are highly DM-dominated systems and are expected to be free
from any other astrophysical gamma-ray emitters that might contaminate any potential DM signal. Although the expected signal cannot be as large as that from the GC, dSphs may produce a
larger signal-to-noise (S/N) ratio. This fact allows us to place very competitive upper limits on
the gamma-ray signal from DM annihilation [1, 2, 3], using data collected by the Large Area Telescope (LAT) onboard the Fermi gamma-ray observatory [4]. These are often referred to as the most
stringent limits on DM annihilation cross-section obtained so far.
Despite these interesting limits derived from dSphs, the GC is still expected to be the brightest
source of DM annihilations in the gamma-ray sky by several orders of magnitude. Although several
astrophysical processes at work in the crowded GC region make it extremely difficult to disentangle
the DM signal from conventional emissions, the DM-induced gamma-ray emission is expected to
be so large there that the search is still worthwhile. Furthermore, the DM density in the GC may
be larger than what is typically obtained in N-body cosmological simulations. Ordinary matter
(baryons) dominates the central region of our Galaxy [5]. Thus, baryons may significantly affect
the DM distribution. As baryons collapse and move to the center they increase the gravitational
potential, which in turn forces the DM to contract and increase its density. This is a known and
qualitatively well understood physical process [6, 8, 9]. It is also observed in many cosmological
simulations that include hydrodynamics and star formation [10, 11, 12, 13, 14, 15]. If this is the
only effect of baryons, then the expected annihilation signal will substantially increase [5, 7].
A preliminary analysis of Fermi LAT observations of the GC region was presented in [20],
[21].
These results produced a lot of activity outside the Fermi collaboration with claims of evidence
for dark matter in the Galactic Center (i.e. [22] [23] and references therein) but there are other
possible explanations for this excess, e.g., past activity of the Galactic Center ([24] [25] ) or a
population of millisecond pulsars around the Galactic Center [26].
So, how to discriminate between different hypotesis ?
Are we seeing dark matter with the Fermi-LAT in a region around the Milky Way center?
Maybe yes, but we can’t be sure as far as we don’t understand the background at the level needed
for disentangle a DM-induced γ-ray flux in this interesting region. It would be really important to
have a new experiment with better angular resolution at energies below 100 MeV that can point to
the Galactic Center for a relevant fraction of time.
In [27] for example we analyze in detail the constraints that can be obtained for generic DM
candidates from Fermi-LAT inner Galaxy gamma-ray measurements assuming some specific (and
well motivated) DM distributions. The approach is conservative, requiring simply that the expected
DM signal does not exceed the gamma-ray emission observed by the Fermi-LAT in an optimized
region around the GC. The region is chosen in such a way that the S/N ratio is maximized. This
kind of analysis, without modeling of the astrophysical background, was also carried out by the
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Figure 1: 3σ upper limits on the annihilation cross-section of models in which DM annihilates into bb̄,
µ + µ − (upper panel), τ + τ − or W +W − (lower panel), for the four DM density profiles discussed in the text.
Upper limits set without including the Inverse Compton Scattering (ICS) component in the computation are
also given as dashed curves (prompt) for comparison. The uncertainty in the diffusion model is shown as
the thickness of the solid curves (from top to bottom: MIN, MED, MAX) while the lighter shaded regions
represent the impact of the different strengths of the Galactic magnetic field with lower(higher) values of the
cross-section corresponding to B0 = 1 µG(B0 = 10 µG). The horizontal line corresponds to the expected
value of the thermal cross-section for a generic WIMP candidate.

Fermi-LAT collaboration to constrain DM models from Galactic halo observations [28].
The results are presented in Figure 1, where the constraints obtained are shown for different
final states. There we also illustrate the case hσ vi = 3 × 10−26 cm3 s−1 , which corresponds to
the value of the annihilation cross-section associated to the correct thermal relic abundance for
a Weakly Interacting Massive Particle (WIMP) whose annihilation is dominated by the s-wave
(velocity-independent) contribution and thus, ΩDM h2 ≈ 3 × 10−27 cm3 s−1 hσ vi−1 ≈ 0.1 [30]. For
comparison, the constraints are given considering only the contribution from prompt gamma rays
and the total contribution from prompt plus ICS gamma rays.
First, it is worth noting that if the DM density follows an Einasto, NFW or Burkert profile,
the upper limits on the annihilation cross section are above the value of the thermal cross-section
for any annihilation channel. Nevertheless, the situation is drastically different when we consider
3
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the DM compression due to baryonic infall in the inner region of the Galaxy. As pointed out
in Ref. [5], the effect of the baryonic adiabatic compression might be crucial for indirect DM
searches, as it increases by several orders of magnitude the gamma-ray flux from DM annihilation
in the inner regions, and therefore the DM detectability. Indeed, by adopting the NFWc profile and
for a bb̄, τ + τ − and W +W − channel, the thermal annihilation cross-section is already reached for a
DM mass of 680, 530 and 490 GeV, respectively. For the µ + µ − channel the effect of the prompt
gamma rays is less important since generally fewer photons are produced in the FSR compared to
the hadronic decays of the other channels. (For the W +W − which is open when mDM & 90 GeV,
the W ± decays produce a large number of photons, especially at high energy). Notice that the
lower bound associated with prompt gamma rays for µ + µ − is 100 GeV compared to about 500–
700 GeV in the other channels. Thus the ICS is important in this case, also due to the relatively
harder e± spectrum [29]. We can see that for B0 = 1 µG the lower bound on the DM mass turns
out to be 358 GeV and for B0 = 10 µG the bound is 157 GeV, using the MIN diffusion model.
For MED and MAX diffusion models the values turn out to be 404, 171 GeV and 439, 179 GeV,
respectively. As discussed in [27], when the magnetic field is stronger the energy of the injected e±
is more efficiently liberated in the form of microwaves, resulting in a softer gamma-ray spectrum,
and producing therefore lower constraints . Therefore, we have shown that in those cases in which
the ICS component is dominant (for heavy WIMP masses in general), the variation of the magnetic
field can significantly alter the expected gamma-ray fluxes from the inner regions of the Galaxy.
Although the above results can be interpreted in general as implying that vanilla WIMP models and contracted DM profiles are incompatible with the Fermi data, one should keep in mind
that if one works in the framework of a specific particle physics model this conclusion might in
principle be avoided in some regions of the parameter space. For example, the final state can be
a combination of the annihilation channels presented here, as in supersymmetry where the lightest neutralino annihilation modes are 70% bb − 30%τ + τ − for a Bino DM, and 100% W +W −
for a Wino DM (or for a Higgs-portal model). More importantly, the value of the annihilation
cross section in the Galactic halo might be smaller than 3 × 10−26 cm3 s−1 for a DM candidate
that is thermally produced. For example, in the early Universe coannihilation channels can also
contribute to hσ vi. Also, DM particles whose annihilation in the early Universe is dominated by
p-wave (velocity-dependent) contributions would have a smaller value of hσ vi in the Galactic halo,
where the DM velocity is much smaller than at the time of freeze-out, and can therefore escape the
constraints presented here. These two effects can in fact occur in some regions of the parameter
space of well motivated models for particle DM, such as the neutralino. In this sense, the results
derived above for pure annihilation channels can be interpreted as limiting cases that give an idea
of what can happen in realistic scenarios.
A new version of the event-level reconstruction and analysis framework (called Pass 8 ) is now
implemented from the Fermi LAT collaboration. With this new analysis software we can increase
the efficiency of the instrument at high energy and have a data set based on independent event
analysis thus gaining a better control of the systematic effects [32].
A new analysis of the dSphs with the use of Pass 8 begin to constrain some of the preferred
parameter space for a DM interpretation of a gamma-ray excess in the Galactic center region.
As shown in 2, for interpretations assuming a bb final state, the best-fit models lie in a region
of parameter space slightly above the 95% CL upper limit from this analysis, with an annihilation
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Figure 2: Comparison of constraints on the DM annihilation cross section for the bb(le f t) and ττ (right)
channels [33] with previously published constraints from LAT analysis of the Milky Way halo (3σ limit)
[28], 112 hours of observations of the Galactic Center with H.E.S.S. [16], and 157.9 hours of observations
of Segue 1 with MAGIC [17]. Closed contours and the marker with error bars show the best-fit cross section
and mass from several interpretations of the Galactic center excess [22].

Figure 3: Comparison of constraints on the DM annihilation cross section for the ττ channel [33] with
Antares [18], IceCube-DeepCore [19] and MAGIC [17]

cross section in the range of (1–3)×10−26 cm3 s−1 and mDM between 25 and 50 GeV. However,
uncertainties in the structure of the Galactic DM distribution can significantly enlarge the bestfit regions of hσ vi channel, and mDM . Figure 3 shows a comparison of constraints on the DM
annihilation cross section for the ττ channel [33] with Antares [18], IceCube-DeepCore [19] and
MAGIC [17]. One can see that the Fermi limits are the best limits below 2 TeV.
At lower energies a new instrument like Gamma-Light [34] , ASTROGAM [35] or Pangu [36]
can really improve these results.
The ASTROGAM instrument is based on double-sided Silicon detectors coupled to front-endelectronics capable of acquiring analog information on energy deposition in the range 20-1000
keV with high efficiency and high signal-to-noise. Both Compton events induced by photons in the
5
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range 0.3-30 MeV and pair production events in the 30 MeV - 30 GeV range can be detected by the
ASTROGAM Tracker equipped with a Calorimeter and an Anticoincidence system. Figure 4 shows
representative topologies for Compton and pair events. For Compton events, point interactions
of the gamma ray in tracker and calorimeter produce spatially resolved energy deposits, which
have to be reconstructed in sequence using the redundant kinematic information from multiple
interactions. Once the sequence is established, two sets of information are used for imaging: the
total energy and the energy deposit in the first interaction measure the first Compton scatter angle.
The combination with the direction of the scattered photon from the vertices of the first and second
interactions generates a ring on the sky containing the source direction. Multiple photons from
the same source enable a full deconvolution of the image, using probabilistic techniques. For
energetic Compton scatters (above 1 MeV), measurement of the track of the scattered electron
becomes possible, resulting in a reduction of the event ring to an arc, hence further improving
event reconstruction. Compton scattering depends on polarization of the incoming photon, hence
careful statistical analysis of the photons for a strong (e.g., transient) source yields a measurement
of the degree of polarization of its high-energy emission. Pair events produce two main tracks
from the electron and positron at small opening angle. Tracking of the initial opening angle and
the plane spanned by electron and positron enables direct back-projection of the source. Multiple
scattering in the tracker material (or any intervening passive materials) leads to broadening of the
tracks and limits the angular resolution at low energies. The nuclear recoil taking up an unmeasured
momentum results in a small uncertainty, usually negligible compared to instrumental effects. The
energy of the gamma ray is measured using the calorimeter. Polarization information in the pair
domain is given by the azimuthal orientation of the electron-positron plane.
The Point Spread Function of ASTROGAM is shown in figure 5 , and the sensitivity is shown
6
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Figure 4: Representative event topologies for Compton events without (left) and with electron tracking
(center) and for a pair event (right panel) inside ASTROGAM .
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Figure 6: Point source continuum sensitivity of different X and γ-ray instruments compared with ASTROGAM.
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Figure 5: Point Spread Function (PSF, 68% containment radius) of the ASTROGAM gamma-ray detector.
For comparison, we show the Fermi-LAT Pass7 PSF and the COMPTEL instrument. In the Compton domain, the performance of ASTROGAM and COMPTEL is the FWHM of the angular resolution measure
(ARM) .
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Figure 8: ASTROGAM view of the Galactic Center Region in the 100 MeV-500 MeV energy region compared with the Fermi view.
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Figure 7: Differential energy spectra per annihilation for a few sample annihilation channels and a fixed
WIMP mass (200 GeV) (left) and differential γ-ray energy spectra per annihilation for a fixed annihilation
channel (bb(le f t)) and for a few sample values of WIMP masses [31]. For comparison we also show the
emissivity, with an arbitrarily rescaled normalization, from the interaction of primaries with the interstellar
medium. The solid lines are the total yields, while the dashed lines are components not due to π 0 decays
(right).
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Conclusions
Detection of gamma rays from the annihilation or decay of dark matter particles is a promising
method for identifying dark matter, understanding its intrinsic properties, and mapping its distribution in the universe (in synergy with the experiments at the LHC and in the underground laboratories). In the future it would be extremely important to extend the energy range of experiments
at lower energies (compared to the Fermi energies) ( ASTROGAM ) and higher energies (HAWC,
Dampe, HERD, Gamma-400, CTA, LHAASO)
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