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Figure 3: Pictorial all-sky map in Galactic coordinates and Hammer-Aitoff projection showing the sky loci
of 4FGL catalog sources and their class. All AGN classes are plotted with the same blue symbol, other
associations to a well-defined class are plotted in red, while unassociated sources and sources associated to
counterparts of unknown nature are plotted in dark grey [22].

for the 3FGL is about 20% larger acceptance at all energies and improved angular resolution
above 3 GeV.

• A new model of underlying diffuse Galactic emission was developed. The model is based
on linear combinations of templates for components of the Galactic diffuse emission. For
the 4FGL catalog all the templates are updated with refined partitioning the HI and H2 (2.6-
mm CO line) into separate ranges of Galactocentric distance (‘rings’), and a new template
is added for all-sky high-resolution, 21-cm spectral line HI4PI survey as tracer of HI. The
interstellar emission dominates in the Galactic Ridge and the dark gas is responsible for
a large part of the small-scale structures of the interstellar matter and gamma-ray diffuse
emission. Recent published data are used in the new model, and improvements are reached
against spurious structures around massive star-forming regions.

• Weighted logarithmic maximum likelihood analysis is adopted to mitigate the effect of sys-
tematic errors due to the imperfect knowledge of the Galactic diffuse emission.

• 75 4FGL sources are explicitly modeled as extended emission regions, up from 25 in 3FGL.

• To study the associations of LAT sources with counterparts at other wavelengths, several
catalogs of counterparts at lower frequencies are updated and correspondingly the association
procedure is recalibrated.
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2.3. Localization

The position of each source was determined by maximizing
the likelihood starting from the seed position, using gtfindsrc.
We used gtfindsrc rather than pointlike (used in 3FGL) in order
to benefit from the full power of PSF event types introduced
in Pass 8. The gtfindsrc tool works in unbinned mode,
automatically selecting the appropriate PSF for each event as a
function of its event type and off-axis angle (the PSF broadens
at large off-axis angles). The gtfindsrc run was integrated into
the main iterative procedure (Section 2.4), starting with the
brightest sources. This ensures that the surrounding sources
were correctly represented. The main drawback is that gtfindsrc
provides only a symmetric (circular) error radius, assuming a
Gaussian distribution, not the full TS map and an ellipse as
pointlike does. There is no reason to believe that this is a
serious limitation. For example, in 3FGL the average ratio
between the two axes of the error ellipses was 1.20, so most
ellipses were close to circular. At higher energies (1FHL) this
ratio was even smaller, 1.12.

The systematic uncertainties associated with localization
were not calibrated on 3FHL itself, but on the larger (and more
precise) preliminary source list derived from an analysis over
all energies greater than 100MeV. The absolute precision at the
95% confidence level was found to be 0°.0075 (it was 0°.005 in
3FGL, but the statistical precision on localization was not
good enough to constrain the absolute precision well). The
systematic factor was found to be 1.05, as in 3FGL. We
checked that the 3FHL localizations were consistent with the
same values. Consequently, we multiplied all error estimates by
1.05 and added 0°.0075 in quadrature.

2.4. Significance and Spectral Characterization

The framework for this stage of the analysis was inherited
from the 3FGL catalog analysis pipeline (Acero et al. 2015). It
splits the sky into regions of interest (RoIs), each with typically

half a dozen sources whose parameters are simultaneously
optimized. The global best fit is reached iteratively, by
including sources in the outer parts of the RoI from the
neighboring RoIs at the previous step. Above 10 GeV the PSF
is narrow, so the cross-talk is small and the iteration converges
rapidly. The diffuse emission model had exactly one free
normalization parameter per RoI (see the Appendix for details).
We used unbinned likelihood with PSF event types over the
full energy range, neglecting energy dispersion. Extended
sources (Section 2.5) were treated just as point sources, except
for their spatial templates. Whenever possible, we applied the
new RadialDisk and RadialGaussian analytic spatial templates
for the likelihood calculation. They are not pixelized and hence
are more precise than the map-based templates used in 3FGL.
Sources were modeled by default with a power-law (PL)

spectrum (two free parameters, a normalization and a spectral
photon index). At the end of the iteration, we kept only sources
with TS> 25 with the PL model, corresponding to a
significance of just over 4σ evaluated from the χ2 distribution
with 4 degrees of freedom (position and spectral parameters,
Mattox et al. 1996). We also enforced a minimum number of
model-predicted events Npred� 4 (only two sources were
rejected because of this limit, and only two have Npred< 5).
We ended up with 1556 sources with TS> 25, including 48
extended sources.
The alternative curved LogParabola (LP) spectral shape
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was systematically tested, and adopted when
Signif_Curve= 2 ln LP PL 3L L >( ( ) ( )) , corresp-
onding to 3-σ evidence in favor of the curved model (the
threshold was 4σ in 3FGL). Among 1556 sources, only 6 were
found to be significantly curved at the 4σ level. Lowering the
threshold to 3σ added 26 curved sources, whereas an average

Figure 1. Adaptively smoothed Fermi-LAT counts map in the 10 GeV–2 TeV band represented in Galactic coordinates and Hammer–Aitoff projection. The image has
been smoothed with a Gaussian kernel whose size was varied to achieve a minimum signal-to-noise ratio under the kernel of 2.3. The color scale is logarithmic and the
units are counts per (0.1 deg)2 pixel.
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3.5. The Galactic Population

The majority of Galactic sources detected in 3FHL are
sources at the final stage of stellar evolution such as pulsars,
PWNe, and SNRs, many of which are detected as extended,
and high-mass binaries.

In this catalog 125 sources are associated with Galactic
objects and 83 are unassociated within the plane of our Galaxy
( b 10< n∣ ∣ ). The same low Galactic latitude region has 133
extragalactic objects. Considering the density of extragalactic
sources outside of the plane and the decreased sensitivity for
source detection in the plane, we estimate that ≈25–40 of the
83 unassociated objects may be Galactic. Indeed, the distribu-
tion in Galactic latitude of unassociated sources (see Figure 11)
shows a peaked profile for b 2< n∣ ∣ on top of a flat isotropic
background.

The spectral index distribution of Galactic sources is broad,
with a median index Γ≈ 3 as shown by Figure 12. This arises
from the superposition of the distributions of the indices of the
different source classes. The majority of sources are pulsars,
and at >10 GeV, the LAT samples their super-exponential
cutoffs, yielding a median spectral index of Γ≈ 4. Sources
classified as pulsars in 3FGL retain this classification in 3FHL
for consistency. A source is reclassified as PWN only if it is
associated with a known, small-size PWN and has a rising SED
indicative of a dominant PWN component. Only 3FHL J0205.5
+6449, 3FHL J0534.5+2201, and 3FHL J1124.4-5916 have
been reclassified accordingly. SNRs and PWNe account for 56
objects. Their similar index distributions translate into much
harder spectra than the rest, having a median of Γ≈ 2. The
unassociated sources within the plane of the Galaxy display the
full range of spectral indices 1<Γ<5. However, those

Figure 2. Distributions of angular separations in σ units between 3FHL sources and their counterparts (r95 = 2.448σ). (Left panel): sources associated with the
Bayesian method (red solid line) and sources solely associated with that method (black dotted line). (Right panel): Same, but for the LR method. The curves
correspond to the expected distributions for real associations.

Figure 3. Sky map, in Galactic coordinates and Hammer–Aitoff projection, showing the objects in the 3FHL catalog classified by their most likely source classes.
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Figure 1. The TeV sky in mid-2019. A compilation of known VHE gamma-ray sources (from
TeVCat), compared to the high energy Fermi-LAT catalogue (3FHL) sources. Adapted from [1].

harder (for example with respect to the ultra-high-energy cosmic rays, where the GZK horizon
leads to a dramatic reduction in the number of candidate sources).

Particularly in the case of transient events, the very large area of VHE gamma-ray instruments
(in particular the Imaging Atmospheric Cherenkov Telescopes – IACTs) makes them an ideal
counterpart to neutrino telescopes, with typically thousands of detected gamma-rays expected
for each neutrino. Interactions of accelerated nuclei both with matter and radiation fields lead
to simultaneous neutrino and gamma-ray production. In general neutrino and gamma-ray fluxes
from the two process are comparable and in the absence of absorption e↵ects it is straightforward
to predict the expected neutrino spectrum from the observed gamma-ray spectrum (see e.g. [2]).
In the case of photo-hadronic interactions however the necessary presence of strong radiation
fields makes gamma-gamma interactions and cascading very likely. This situation breaks the
simple relationship between gamma-ray and neutrino fluxes, but the combination remains very
powerful as a diagnostic of the underlying physics and physical conditions in the emission region.

For the proton accelerators in our own galaxy the p-p channel is the most promising,
and extensive surveys exist of the Galactic Plane in both, neutrinos and VHE gamma-rays.
Unfortunately there are so far no firmly identified Galactic neutrino sources, but it is intriguing
to note that one of the most promising regions from the recent IceCube search [3], is coincident
with a source (MGROJ1908+06) now established by the HAWC collaboration to emit TeV
photons to energies beyond 100 TeV [4].

Beyond our galaxy, the large dataset from IceCube now places tight constraints on cosmic-ray
acceleration and neutrino production in both gamma-ray bursts (GRBs, [5]) and the population
of gamma-ray emitting active galaxies know as blazars [6]. Whilst there is so far no evidence for
neutrino emission from active galaxies as a population, there is one very important candidate
object which is discussed in detail below.
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Figure 3: Pictorial all-sky map in Galactic coordinates and Hammer-Aitoff projection showing the sky loci
of 4FGL catalog sources and their class. All AGN classes are plotted with the same blue symbol, other
associations to a well-defined class are plotted in red, while unassociated sources and sources associated to
counterparts of unknown nature are plotted in dark grey [22].

for the 3FGL is about 20% larger acceptance at all energies and improved angular resolution
above 3 GeV.

• A new model of underlying diffuse Galactic emission was developed. The model is based
on linear combinations of templates for components of the Galactic diffuse emission. For
the 4FGL catalog all the templates are updated with refined partitioning the HI and H2 (2.6-
mm CO line) into separate ranges of Galactocentric distance (‘rings’), and a new template
is added for all-sky high-resolution, 21-cm spectral line HI4PI survey as tracer of HI. The
interstellar emission dominates in the Galactic Ridge and the dark gas is responsible for
a large part of the small-scale structures of the interstellar matter and gamma-ray diffuse
emission. Recent published data are used in the new model, and improvements are reached
against spurious structures around massive star-forming regions.

• Weighted logarithmic maximum likelihood analysis is adopted to mitigate the effect of sys-
tematic errors due to the imperfect knowledge of the Galactic diffuse emission.

• 75 4FGL sources are explicitly modeled as extended emission regions, up from 25 in 3FGL.

• To study the associations of LAT sources with counterparts at other wavelengths, several
catalogs of counterparts at lower frequencies are updated and correspondingly the association
procedure is recalibrated.
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The position of each source was determined by maximizing
the likelihood starting from the seed position, using gtfindsrc.
We used gtfindsrc rather than pointlike (used in 3FGL) in order
to benefit from the full power of PSF event types introduced
in Pass 8. The gtfindsrc tool works in unbinned mode,
automatically selecting the appropriate PSF for each event as a
function of its event type and off-axis angle (the PSF broadens
at large off-axis angles). The gtfindsrc run was integrated into
the main iterative procedure (Section 2.4), starting with the
brightest sources. This ensures that the surrounding sources
were correctly represented. The main drawback is that gtfindsrc
provides only a symmetric (circular) error radius, assuming a
Gaussian distribution, not the full TS map and an ellipse as
pointlike does. There is no reason to believe that this is a
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optimized. The global best fit is reached iteratively, by
including sources in the outer parts of the RoI from the
neighboring RoIs at the previous step. Above 10 GeV the PSF
is narrow, so the cross-talk is small and the iteration converges
rapidly. The diffuse emission model had exactly one free
normalization parameter per RoI (see the Appendix for details).
We used unbinned likelihood with PSF event types over the
full energy range, neglecting energy dispersion. Extended
sources (Section 2.5) were treated just as point sources, except
for their spatial templates. Whenever possible, we applied the
new RadialDisk and RadialGaussian analytic spatial templates
for the likelihood calculation. They are not pixelized and hence
are more precise than the map-based templates used in 3FGL.
Sources were modeled by default with a power-law (PL)

spectrum (two free parameters, a normalization and a spectral
photon index). At the end of the iteration, we kept only sources
with TS> 25 with the PL model, corresponding to a
significance of just over 4σ evaluated from the χ2 distribution
with 4 degrees of freedom (position and spectral parameters,
Mattox et al. 1996). We also enforced a minimum number of
model-predicted events Npred� 4 (only two sources were
rejected because of this limit, and only two have Npred< 5).
We ended up with 1556 sources with TS> 25, including 48
extended sources.
The alternative curved LogParabola (LP) spectral shape
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was systematically tested, and adopted when
Signif_Curve= 2 ln LP PL 3L L >( ( ) ( )) , corresp-
onding to 3-σ evidence in favor of the curved model (the
threshold was 4σ in 3FGL). Among 1556 sources, only 6 were
found to be significantly curved at the 4σ level. Lowering the
threshold to 3σ added 26 curved sources, whereas an average

Figure 1. Adaptively smoothed Fermi-LAT counts map in the 10 GeV–2 TeV band represented in Galactic coordinates and Hammer–Aitoff projection. The image has
been smoothed with a Gaussian kernel whose size was varied to achieve a minimum signal-to-noise ratio under the kernel of 2.3. The color scale is logarithmic and the
units are counts per (0.1 deg)2 pixel.
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3.5. The Galactic Population

The majority of Galactic sources detected in 3FHL are
sources at the final stage of stellar evolution such as pulsars,
PWNe, and SNRs, many of which are detected as extended,
and high-mass binaries.

In this catalog 125 sources are associated with Galactic
objects and 83 are unassociated within the plane of our Galaxy
( b 10< n∣ ∣ ). The same low Galactic latitude region has 133
extragalactic objects. Considering the density of extragalactic
sources outside of the plane and the decreased sensitivity for
source detection in the plane, we estimate that ≈25–40 of the
83 unassociated objects may be Galactic. Indeed, the distribu-
tion in Galactic latitude of unassociated sources (see Figure 11)
shows a peaked profile for b 2< n∣ ∣ on top of a flat isotropic
background.

The spectral index distribution of Galactic sources is broad,
with a median index Γ≈ 3 as shown by Figure 12. This arises
from the superposition of the distributions of the indices of the
different source classes. The majority of sources are pulsars,
and at >10 GeV, the LAT samples their super-exponential
cutoffs, yielding a median spectral index of Γ≈ 4. Sources
classified as pulsars in 3FGL retain this classification in 3FHL
for consistency. A source is reclassified as PWN only if it is
associated with a known, small-size PWN and has a rising SED
indicative of a dominant PWN component. Only 3FHL J0205.5
+6449, 3FHL J0534.5+2201, and 3FHL J1124.4-5916 have
been reclassified accordingly. SNRs and PWNe account for 56
objects. Their similar index distributions translate into much
harder spectra than the rest, having a median of Γ≈ 2. The
unassociated sources within the plane of the Galaxy display the
full range of spectral indices 1<Γ<5. However, those

Figure 2. Distributions of angular separations in σ units between 3FHL sources and their counterparts (r95 = 2.448σ). (Left panel): sources associated with the
Bayesian method (red solid line) and sources solely associated with that method (black dotted line). (Right panel): Same, but for the LR method. The curves
correspond to the expected distributions for real associations.

Figure 3. Sky map, in Galactic coordinates and Hammer–Aitoff projection, showing the objects in the 3FHL catalog classified by their most likely source classes.
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Figure 1. The TeV sky in mid-2019. A compilation of known VHE gamma-ray sources (from
TeVCat), compared to the high energy Fermi-LAT catalogue (3FHL) sources. Adapted from [1].

harder (for example with respect to the ultra-high-energy cosmic rays, where the GZK horizon
leads to a dramatic reduction in the number of candidate sources).

Particularly in the case of transient events, the very large area of VHE gamma-ray instruments
(in particular the Imaging Atmospheric Cherenkov Telescopes – IACTs) makes them an ideal
counterpart to neutrino telescopes, with typically thousands of detected gamma-rays expected
for each neutrino. Interactions of accelerated nuclei both with matter and radiation fields lead
to simultaneous neutrino and gamma-ray production. In general neutrino and gamma-ray fluxes
from the two process are comparable and in the absence of absorption e↵ects it is straightforward
to predict the expected neutrino spectrum from the observed gamma-ray spectrum (see e.g. [2]).
In the case of photo-hadronic interactions however the necessary presence of strong radiation
fields makes gamma-gamma interactions and cascading very likely. This situation breaks the
simple relationship between gamma-ray and neutrino fluxes, but the combination remains very
powerful as a diagnostic of the underlying physics and physical conditions in the emission region.

For the proton accelerators in our own galaxy the p-p channel is the most promising,
and extensive surveys exist of the Galactic Plane in both, neutrinos and VHE gamma-rays.
Unfortunately there are so far no firmly identified Galactic neutrino sources, but it is intriguing
to note that one of the most promising regions from the recent IceCube search [3], is coincident
with a source (MGROJ1908+06) now established by the HAWC collaboration to emit TeV
photons to energies beyond 100 TeV [4].

Beyond our galaxy, the large dataset from IceCube now places tight constraints on cosmic-ray
acceleration and neutrino production in both gamma-ray bursts (GRBs, [5]) and the population
of gamma-ray emitting active galaxies know as blazars [6]. Whilst there is so far no evidence for
neutrino emission from active galaxies as a population, there is one very important candidate
object which is discussed in detail below.
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2.3. Localization

The position of each source was determined by maximizing
the likelihood starting from the seed position, using gtfindsrc.
We used gtfindsrc rather than pointlike (used in 3FGL) in order
to benefit from the full power of PSF event types introduced
in Pass 8. The gtfindsrc tool works in unbinned mode,
automatically selecting the appropriate PSF for each event as a
function of its event type and off-axis angle (the PSF broadens
at large off-axis angles). The gtfindsrc run was integrated into
the main iterative procedure (Section 2.4), starting with the
brightest sources. This ensures that the surrounding sources
were correctly represented. The main drawback is that gtfindsrc
provides only a symmetric (circular) error radius, assuming a
Gaussian distribution, not the full TS map and an ellipse as
pointlike does. There is no reason to believe that this is a
serious limitation. For example, in 3FGL the average ratio
between the two axes of the error ellipses was 1.20, so most
ellipses were close to circular. At higher energies (1FHL) this
ratio was even smaller, 1.12.

The systematic uncertainties associated with localization
were not calibrated on 3FHL itself, but on the larger (and more
precise) preliminary source list derived from an analysis over
all energies greater than 100MeV. The absolute precision at the
95% confidence level was found to be 0°.0075 (it was 0°.005 in
3FGL, but the statistical precision on localization was not
good enough to constrain the absolute precision well). The
systematic factor was found to be 1.05, as in 3FGL. We
checked that the 3FHL localizations were consistent with the
same values. Consequently, we multiplied all error estimates by
1.05 and added 0°.0075 in quadrature.

2.4. Significance and Spectral Characterization

The framework for this stage of the analysis was inherited
from the 3FGL catalog analysis pipeline (Acero et al. 2015). It
splits the sky into regions of interest (RoIs), each with typically

half a dozen sources whose parameters are simultaneously
optimized. The global best fit is reached iteratively, by
including sources in the outer parts of the RoI from the
neighboring RoIs at the previous step. Above 10 GeV the PSF
is narrow, so the cross-talk is small and the iteration converges
rapidly. The diffuse emission model had exactly one free
normalization parameter per RoI (see the Appendix for details).
We used unbinned likelihood with PSF event types over the
full energy range, neglecting energy dispersion. Extended
sources (Section 2.5) were treated just as point sources, except
for their spatial templates. Whenever possible, we applied the
new RadialDisk and RadialGaussian analytic spatial templates
for the likelihood calculation. They are not pixelized and hence
are more precise than the map-based templates used in 3FGL.
Sources were modeled by default with a power-law (PL)

spectrum (two free parameters, a normalization and a spectral
photon index). At the end of the iteration, we kept only sources
with TS> 25 with the PL model, corresponding to a
significance of just over 4σ evaluated from the χ2 distribution
with 4 degrees of freedom (position and spectral parameters,
Mattox et al. 1996). We also enforced a minimum number of
model-predicted events Npred� 4 (only two sources were
rejected because of this limit, and only two have Npred< 5).
We ended up with 1556 sources with TS> 25, including 48
extended sources.
The alternative curved LogParabola (LP) spectral shape
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was systematically tested, and adopted when
Signif_Curve= 2 ln LP PL 3L L >( ( ) ( )) , corresp-
onding to 3-σ evidence in favor of the curved model (the
threshold was 4σ in 3FGL). Among 1556 sources, only 6 were
found to be significantly curved at the 4σ level. Lowering the
threshold to 3σ added 26 curved sources, whereas an average

Figure 1. Adaptively smoothed Fermi-LAT counts map in the 10 GeV–2 TeV band represented in Galactic coordinates and Hammer–Aitoff projection. The image has
been smoothed with a Gaussian kernel whose size was varied to achieve a minimum signal-to-noise ratio under the kernel of 2.3. The color scale is logarithmic and the
units are counts per (0.1 deg)2 pixel.
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3.5. The Galactic Population

The majority of Galactic sources detected in 3FHL are
sources at the final stage of stellar evolution such as pulsars,
PWNe, and SNRs, many of which are detected as extended,
and high-mass binaries.

In this catalog 125 sources are associated with Galactic
objects and 83 are unassociated within the plane of our Galaxy
( b 10< n∣ ∣ ). The same low Galactic latitude region has 133
extragalactic objects. Considering the density of extragalactic
sources outside of the plane and the decreased sensitivity for
source detection in the plane, we estimate that ≈25–40 of the
83 unassociated objects may be Galactic. Indeed, the distribu-
tion in Galactic latitude of unassociated sources (see Figure 11)
shows a peaked profile for b 2< n∣ ∣ on top of a flat isotropic
background.

The spectral index distribution of Galactic sources is broad,
with a median index Γ≈ 3 as shown by Figure 12. This arises
from the superposition of the distributions of the indices of the
different source classes. The majority of sources are pulsars,
and at >10 GeV, the LAT samples their super-exponential
cutoffs, yielding a median spectral index of Γ≈ 4. Sources
classified as pulsars in 3FGL retain this classification in 3FHL
for consistency. A source is reclassified as PWN only if it is
associated with a known, small-size PWN and has a rising SED
indicative of a dominant PWN component. Only 3FHL J0205.5
+6449, 3FHL J0534.5+2201, and 3FHL J1124.4-5916 have
been reclassified accordingly. SNRs and PWNe account for 56
objects. Their similar index distributions translate into much
harder spectra than the rest, having a median of Γ≈ 2. The
unassociated sources within the plane of the Galaxy display the
full range of spectral indices 1<Γ<5. However, those

Figure 2. Distributions of angular separations in σ units between 3FHL sources and their counterparts (r95 = 2.448σ). (Left panel): sources associated with the
Bayesian method (red solid line) and sources solely associated with that method (black dotted line). (Right panel): Same, but for the LR method. The curves
correspond to the expected distributions for real associations.

Figure 3. Sky map, in Galactic coordinates and Hammer–Aitoff projection, showing the objects in the 3FHL catalog classified by their most likely source classes.
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:
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where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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the final products of annihilation. Thus from cosmic DM
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cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
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and again towards Draco and Ursa Minor by Whipple [41].
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sensitivity to reach the “thermal” value of the annihilation
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0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
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on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
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integrated DM density 
squared along the line of site

from N-body simulations of matter clustering 
(e.g. Millenium simulation)

simulation of hadronic showers (e.g. PYTHIA)

flux of SM particles 

per DM annihilation

the DM signal:

this is what 
we are after!

130 GeV Line Feature towards Galactic Centre

Weniger (2012)

3.2σ significance (post-trial)  Einasto profile

Also – Possible
 VIB signal  
Bringmann etal 2012   

         

Galactic center
MW satellites: 
LMC/SMC 

dSphs 

Dark sub halos

Local group 

M31 

M33

Galaxy Clusters 

Cumulative ExtraGal signal

Spectral signatures

Φγ(θ) ∼ ρ2
DM /d2

Larger sky coverage needed



State-of-the-art constraints 

[M. Cirelli, A. Strumia, J. Zupan to appear]



State-of-the-art constraints 
Latest: Legacy Analysis of Dark Matter Annihilation from the Milky Way Dwarf 
Spheroidal Galaxies with 14 Years of Fermi-LAT Data (30-50 dSphs)

Fermi LAT

[McDaniel, A.+, 2311.04982]

DES Y3 and Pan-STARRS DR1
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The big picture

‘TeV gap’
?

LHAASO
Sichuan, China

Complementary Facilities Fermi-LAT

CTA-S

MAGIC
CTA-N

VERITAS

H.E.S.S.
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1) CTAO is arguably the only experiment in a position to close the TeV gap. 
AMS-02 complementary, systematics due to CR propagation significant. 



The big picture

?

2) CTAO + LHAASO, Ice Cube etc.  

Note: TeV+ DM mass range - theoretical dragon-land 

- at mDM ≳ few TeV expect long-range behavior with bound states playing a role 

- there is no model-independent unitarity limit on mass of thermal relic DM 

- σvrel ∝ 1/vrel and rich resonance structure expected

Heavy DM



The big picture

GCE

?

Few words about the GCE:

Mind the gap: the fact that reality is not part of the (background) model is a limiting factor of 
many (all?) current works. Which current results trustable? 

ML (Deep SVDDs) offer a possibility to test severity of the reality gap [Caron+, JCAP 06 (2023) 013]

Robustness of results

There is only one sky… ML (as  any analysis) gives  a 
result, but how to check if results are robust ?  
+ Such checks specially relevant when using a new 
(black box?) tool

• The Pass 8 Fermi diffuse model uses ’patches’ of selected sky regions when deriving the model. 
As a consequence, large scale residual emission (including the (smoothed) GCE and FBs) are 
part of the diffuse model itself, in strike difference from the models our network was trained on.  

• Despite these differences, the overall emission in the verification data set, contains the emission 
components the network is expected to be broadly familiar with and should be able to quantify. 

Show network a model it has not seen before  
—> apply network trained on the Model 3A on the verification data set that uses ‘Pass 8 
Fermi diffuse model’ for the Interstellar emission component
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Mind the gap: the fact that reality is not part of the (background) model is a limiting factor of 
many (all?) current works. Which current results trustable? 

ML (Deep SVDDs) offer a possibility to test severity of the reality gap [Caron+, JCAP 06 (2023) 013]

The big picture

GCE

?

Few words about the GCE:

Robustness of results

There is only one sky… ML (as  any analysis) gives  a 
result, but how to check if results are robust ?  
+ Such checks specially relevant when using a new 
(black box?) tool

• The Pass 8 Fermi diffuse model uses ’patches’ of selected sky regions when deriving the model. 
As a consequence, large scale residual emission (including the (smoothed) GCE and FBs) are 
part of the diffuse model itself, in strike difference from the models our network was trained on.  

• Despite these differences, the overall emission in the verification data set, contains the emission 
components the network is expected to be broadly familiar with and should be able to quantify. 

Show network a model it has not seen before  
—> apply network trained on the Model 3A on the verification data set that uses ‘Pass 8 
Fermi diffuse model’ for the Interstellar emission component
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Multi-wavelength measurements essential: 
• SKA (pulsars in radio) [Calore+, Astrophys.J. 827 (2016)] 

• CTA (IC from electrons injected by pulsars) 
[Manconi+, 2402.04733, etc]
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CTAOs sensitivity to thermal DM 

X=

simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

dEγ
︸!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!︸
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(1.1)
where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite

3

simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

dEγ
︸!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!︸

Particle Physics

· J̃(∆Ω)︸!︷︷!︸
Astrophysics

,

(1.1)
where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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integrated DM density 
squared along the line of site

from N-body simulations of matter clustering 
(e.g. Millenium simulation)

simulation of hadronic showers (e.g. PYTHIA)

flux of SM particles 

per DM annihilation

the DM signal:
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we are after!

130 GeV Line Feature towards Galactic Centre
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3.2σ significance (post-trial)  Einasto profile
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 VIB signal  
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Galactic center  
[CTA Consortium, JCAP 01 ( 2021) 057]

MW satellites 
LMC/SMC [CTA Consortium, MNRAS 523 (2023)] 

dSphs [CTA Consortium, PoS ICRC2023 (2023) 1366] 

Dark sub halos [Coronado-Blázquez+, Phys.Dark Univ. 32 (2021) 100845]

M31/M33 
[Michailidis+, JCAP 08 (2023) 073]

Galaxy Clusters  
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Spectral signatures  
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Figure 2: Summary of J�factor profiles considered in this study. Left panel: Di↵erential
J-factor for an observation pointing an angle ✓ away from the GC (translating to a physical
o↵set distance r = r� tan ✓). Right panel: Summary of benchmark DM spectra adopted
in this analysis. [Gabi: Color code has changed, use black for the benchmark
channel.]

will further comment on the impact of instead choosing the also often considered NFW and
Burkert [65] profiles in Appendix ??.

We use the public code CLUMPY [66–68] to generate J�factor sky maps of the central
region of the MW. In Fig. 2 we show the resulting radial and angular profile for our benchmark
profiles, both in terms of the di↵erential J-factor and the integrated J-factor for annuli
around the GC with a width of 0.5� (corresponding to the resolution of the morphological
analysis that we will adopt). We performed an independent cross-check of these J�factors
by instead calculating them with DarkSUSY [69], finding a relative error of less than 1% for
annuli centred at ✓ & 1�. At even smaller scales the di↵erence can be larger, pointing to an
underlying uncertainty due to numerical precision in either of the codes of up to O(10%).
[Torsten: Why did you remove the J-factor for annuli [but not in the text ;)]? If
only one, I would actually keep that figure!]

4.3.2 Spectral distribution

[Gabi: below we should also define and motivated the ’benchmark channel]
The dominant source of prompt gamma-ray emission from DM, as described in Eq. (4.1),

is expected to stem from the tree-level annihilation of WIMP(-like) particles into pairs of lep-
tons, quarks, Higgs or weak gauge bosons. The primary annihilation products for the latter
three channels then hadronize and decay, producing secondary photons mainly through the
eventual decay of neutral pions.The resulting photon spectra dNf

� /dE� for a given annihi-
lation channel f can then be obtained from event generators like Pythia [70] or Herwig [71].
Owing to the large multiplicity of pions produced in the event chains, these secondary spectra
are typically of a rather universal form, lacking pronounced features apart from a relatively
soft cuto↵ at the kinematical limit E� = m� (see, e.g., [8]). For leptonic final states on the
other hand the production of pions is suppressed (for ⌧+⌧�) or kinematically impossible (for
light leptons), implying a harder gamma-ray spectrum (from final state radiation in lepton
decays) with a sharper cuto↵ at E� = m�.

Whereas the spectrum from a given two-body annihilation channel is in principle uniquely
defined – with intrinsic uncertainties still deriving from how di↵erent event generators im-
plement the hadronization and decay chains (e.g. [72]) – an inevitable dependence on the
underlying DM model enters from taking into account radiative corrections leading to three-

– 11 –

Einasto, peaked

Einasto, cored (1 kpc)

DM, peaked DM, cored

Inner DM density poorly constrained within ~1kpc

Target 1: Galactic Center, smooth spectra 

Credit: C. Eckner
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Spectra Analysis

CRs

IEM

FB
DM

Likelihood (template fitting):

+ systematic uncertainty

CTA likelihood tables for smoothDM spectra available at
zenodo.org (https://doi.org/10.5281/zenodo.4057987)

Target 1: Galactic Center, smooth spectra 

http://zenodo.org
https://doi.org/10.5281/zenodo.4057987
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Figure 15: Same as Fig. 14, but the solid black line now shows the sensitivity projection for
the reduced initial construction configuration (while the dashed black line shows the result
for the benchmark analysis setting presented in the main text).

A Initial construction configuration1522

Given the substantial investment in infrastructure that is required for an instrument with1523

the size of CTA, it is not surprising that current planning calls for the telescope arrays to be1524

constructed in phases. In the main text we have discussed the ‘baseline array’, i.e. the array1525

configuration corresponding to the original design goal. In this Appendix we instead consider1526

a slimmed-down (initial) construction configuration and discuss the impact of this preliminary1527

configuration on CTA’s sensitivity to a DM signal and its ability to test the WIMP paradigm.1528

It is worth stressing that the construction configuration could be realised with the funding1529

that is currently available at the time of this writing.1530

The reduced South array we considered is composed of 15 MSTs, 50 SSTs and no LST,1531

which compares to a baseline South array of 4 LSTs, 25 MSTs and 70 SSTs that was considered1532

in the main text. Here we follow exactly the same analysis steps as described in the main1533

text, in particular concerning the treatment of systematic errors, but generate templates and1534

mock data based on IRFs describing this initial configuration instead.1535

In Fig. 15 we illustrate the projected sensitivity for this array configuration (black solid1536

lines) in analogy to Fig. 14 in the main text, including for convenience also the sensitivity1537

for the full baseline array derived there (black dashed lines). The loss in sensitivity of the1538

reduced array is clearly visible and can, for DM masses above 200 GeV, mainly be attributed1539

to the reduction in the number of MSTs; for smaller DM masses the lack of LSTs leads to a1540

further clearly visible decrease in sensitivity (see also Appendix C.3). When only focussing1541

on this direct comparison between the two array layouts, the difference between the two1542

configurations may still not appear very dramatic. However, in comparison to expected1543

results from complementary techniques, in particular the projected limits from Fermi LAT,1544

it becomes clear that this impression is misleading. While there are many WIMP realisations1545

somewhat above the ‘thermal’ line, the number increases substantially as one gets close to the1546

line (and slightly below it). Losing the opportunity to robustly exclude annihilation cross-1547

sections within a factor of a few around this ’thermal’ value thus results in a significant loss1548

in theoretical models that can be probed, correspondingly diminishing the prospects for the1549

detection of thermally produced DM. Accordingly, it remains a critical goal to eventually1550

reach the baseline CTA configuration that is discussed in the main text.1551

As discussed in section 5.2, directly providing the bin-to-bin flux sensitivity to DM1552
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Figure V.12: Forecast of the upper limits on the DM pair-annihilation cross-section at 95%
CL assuming either an Einasto or a cored Einasto profile with rc = 1 kpc and an annihilation
channel into W+W� without EW corrections. The colour scheme differentiates the upper
limits obtained for the GC survey (black) and the GC survey + extended survey (magenta).
In the case of the Einasto profile (solid lines), the sensitivity of CTA does not largely improve
from the additional observation time due to the extended survey. In contrast, using the data
from the GC survey to constrain the DM signal from a cored Einasto profile (dashed lines)
yields limits more than one order of magnitude worse than the ones of the cuspy Einasto
profile. Adding the extended survey ameliorates this situation. The magenta dash-dotted
line displays the limits for the cored Einasto profile with extended survey imposing fixed
spectra on the background components, i.e. using a long energy correlation length. Due to
computational limitations, these upper limits were derived with 20 logarithmically spaced
energy bins instead of the benchmark setting.

ing to conduct a large-scale survey of the GC region extending to a Galac-
tic latitude of 15� with the ‘extended survey’ (see left panel of Fig. III.11).
The comparison of the integrated J-factors of the Einasto profile (JEinasto =
7.1 · 1022 GeV2/cm5) and a cored Einasto profile with a core size of 1 kpc
(Jcore (1 kpc) = 3.9 · 1022 GeV2/cm5) within the full ROI of GC survey and ex-
tended survey, results in a not overly pronounced deviation from each other.
CTA is therefore in a situation that resembles the study of dSphs as it will scan
the innermost 1 kpc of the MW where the DM density is mostly unconstrained
and hence reduce the level of uncertainty. That is in contrast with previous
DM-related IACT studies, which have usually considered much smaller anal-
ysis ROIs that resulted in a larger difference of the integrated J-factors for
cored and cuspy DM profiles. This argument, however, should be taken at
least with a grain of salt because the full ROI is not uniformly contributing
information for the discrimination of signal and background. A measure for
the constraining power of a certain region in the ROI is the signal-to-noise
ratio, and this ratio differs for cored and cuspy DM profiles, which we will
elaborate on in Appendix C.

In Fig. V.12 we give a quantitative comparison of the sensitivity to cuspy
and cored DM profiles assuming the GC survey or the GC survey plus the
extended survey. This comparison is exemplified using the W+W� channel
without EW corrections. Considering the GC survey, the benchmark limit for
an Einasto profile is displayed as a black, solid line. This upper limit worsens
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Results
Know thy ‘backgrounds’ 
- diffuse emission (IC in particular) - the most important background 

for DM search at the GC 

- Determination of IC —> GCE 

Target 1: Galactic Center, smooth spectra 

Sensitivity to IEM

[The CTA Consortium, JCAP 01 ( 2021) 057]
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Figure 2. The figures show characteristic DM signal spectra, dN�/dE� , of the type discussed in
Section 3, featuring sharp endpoints at or around E0 = 2TeV. Solid lines correspond to the physical,
injected spectra, while dashed lines show the observed signal spectra as modeled by including the IRF
of CTAO (see section 5.2). For comparison, dotted lines show the result of the physical spectrum
convoluted with a Gaussian of width equaling the energy resolution displayed in Fig. 1. Left panel:
Monochromatic line (black), Eq. (3.3), and VIB (red), Eq. (3.4). The solid, monochromatic line
at E� = m� = 2TeV is not shown explicitly. Right panel: The signal spectrum for two different
box scenarios, Eq. (3.5); green (orange) curves show the case of the box width �E being smaller
(larger) than the energy window. The DM mass for the narrow (wide) box shape in these examples is
m� = 4 (2.87) TeV. We note that the different areas under these curves directly reflect the different
number of photons per annihilation, namely N� = 2 for the line spectrum, N� = 1 for VIB and
N� = 4 for box-shaped spectra.

and Higgsino DM [49]). VIB signals, on the other hand, are inevitably accompanied by tree-
level processes (without the additional photon in the final state) that set the relic density
and hence generically suppressed only by a factor of ⇠ ↵em/⇡ with respect to the ‘thermal’
rate. For box signals, finally, the relic density is often set by the same process that gives rise
to the signal, namely ��̄ ! ��; in fact, the value of the relevant ‘thermal’ cross section can
easily be a factor of a few higher because, for such an annihilation scenario, freeze-out would
typically happen in a secluded dark sector (see Ref. [78] for how to determine the relic density
in such cases).

4 Target Regions

In Section 3 we discussed spectral signatures of annihilating DM, related to the particle physics
aspects of DM. In this section we turn our attention to the expected spatial distribution of
cold DM, largely independent of its particle properties, and how this motivates our choice of
target regions. Generally speaking, as evident from Eq. (3.1), close-by regions with a high
DM density are good targets for observing DM annihilation signals. The GC region has the
largest J-factor, Eq. (3.2), among all possible targets, making it arguably the best DM target
from the point of view of the overall expected signal strength (even when taking into account
that the uncertainty on the J-factor, �J , is considerable). However, the GC hosts a rich
environment of astrophysical gamma-ray emitters, resulting in complex backgrounds for DM
searches.

– 8 –

Target 1: Galactic Center, spectral features 

excellent energy resolution of 
CTA (E >1 TeV)ΔE/E ∼ 5 − 8 %
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— annihilation (loop suppressed)  
— virtual internal Bremsstrahlung 
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Target 1: Galactic Center, spectral features 

CTA likelihood tables for line-like DM spectra available at
zenodo.org (https://doi.org/10.5281/zenodo.10792466)

CTA will improve 
existing limits on line-
like searches by an 
order of magnitude.

http://zenodo.org
https://doi.org/10.5281/zenodo.10792466


Target 2: dSphs 

The CTA Consortium; PoS ICRC2023 (2023) 1366 

Three dSphs per hemisphere  
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between the expected signal 
intensity and the uncertainties 
on the astrophysical 𝐽ann factor
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Target 3: Galaxy Clusters 

Annihilation 95% C.L Upper Limits

MED !+! - !+! -
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THE PERSEUS KEY SCIENCE PROJECT – DM PART

Uncertainty due to 
substructure boost

300h

Perseus clusterMost massive virialized halos 
Large reservoirs of DM but also hot gas and CRs 

Not yet observed in gamma rays - CTA well 
positioned for a discovery 

NGC1275

IC310

Focus on Perseus Cluster 
Likelihood fitting, 8 parameters

Annihilating

[The CTA Consortium; arXiv:2309.03712] 

https://arxiv.org/pdf/2309.03712
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Perseus cluster
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Decaying DM

Gal Clusters among 
the most sensitive 
targets

300h

NGC1275

IC310

Most massive virialized halos 
Large reservoirs of DM but also hot gas and CRs 

Not yet observed in gamma rays - CTA well 
positioned for a discovery 

Likelihood fitting, 8 parameters

[The CTA Consortium; arXiv:2309.03712] 

Poster: Pérez-Romero 

https://arxiv.org/pdf/2309.03712
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Where to look? 

• strong magnetic fields  

• large distances

Strong mixing regime:

Credit: M. Meyer
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NGC1275

Galaxy clusters excellent target  
Perseus cluster hosts NGC 1275 AGN at its center 

and harbours a strong magnetic field, ~25 μG, modeled 
as a random field with Gaussian turbulence 

Planned 300h observation 

Quiescent or flaring state

Figure 6: Simulated spectra of the radio galaxy NGC 1275 to assess the sensitivity of CTA to
ALP-induced irregularities. The differential spectrum of NGC1275 multiplied by the square
of energy is displayed as a function of �-ray energy as blue points in the top panels, either in
the quiescent (left) or flaring state (right) of the �-ray source. For illustration, the observation
is simulated without an ALP effect and is modeled both without ALPs (green dashed line)
and with a fixed set of magnetic-field realization and ALP parameters that are excluded at
95 % confidence by the flaring state simulation (orange line). Residuals are shown in the
lower panel for the best-fit models with and without ALP effect as orange and green points,
respectively. The residuals are defined as (f � �(E))/�f , where f is the measured flux at
energy E with uncertainty �f and �(E) is the model prediction.

terms of the magnetic-field realization and use the likelihood value that corresponds to a
certain quantile Q of this distribution (profiling would correspond to Q = 1). As noted in
Ref. [36], we do not expect that either the TS or the log-likelihood ratio values, �, with respect
to the best-fit ALP parameters follow �

2 distributions (see Sec. A.1 for a full definition of
TS and �). Monte-Carlo simulations are therefore necessary to set confidence intervals with
appropriate coverage and to fully account for trials factors. The threshold values adopted for �
to exclude a given set of ALP parameters are known to depend on the tested ALP parameters
themselves [36]. Thus, a full statistical treatment would entail Monte-Carlo simulations for
all tested ALP parameters. For 100 pseudo experiments, 100 magnetic field realizations, and
110 tested ALP parameters, a total of 1.1 ⇥ 106 fits need to be performed per tested injected
signal. Here, we opt to test three sets of illustrative combinations of ga� and ma and leave
the simulation of the full parameter space for future work. The chosen parameter values
are (ma/neV, ga�/10�11 GeV�1) = (0, 0), (30, 0.4), (40, 4). The first set corresponds to the
case where no ALP is present. The second set corresponds to the case where ALPs could
constitute all of dark matter. The third case produces large amplitude oscillations below the
chosen energy threshold and small ones of the order of a few percent over the entire energy
range probed with the simulated observations.

For each of the tested parameter sets and 100 pseudo experiments, we run the full
analysis over the ALP parameters and magnetic-field realizations and set Q = 0.95, following
Ref. [36]. Based on the results presented in App. E, we adopt � thresholds of 23.3 and 26.9
for limits at the 95% and 99% confidence level, respectively. We checked that re-calculating
the limits for 500 magnetic-field realizations instead of 100 has only a negligible effect on our
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[The CTA Consortium; JCAP 02 (2021) 048] 

https://doi.org/10.1088/1475-7516/2021/02/048
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NGC1275

Galaxy clusters excellent target  
Perseus cluster hosts NGC 1275 AGN at its center 

and harbours a strong magnetic field, ~25 μG, modeled 
as a random field with Gaussian turbulence 

Planned 300h observation 

Quiescent or flaring state

[The CTA Consortium; JCAP 02 (2021) 048] 

https://doi.org/10.1088/1475-7516/2021/02/048


[The CTA Consortium; JCAP 02 (2021) 048] 

Note: Observations of several AGN can be 
combined to further improve the CTA sensitivity.

https://doi.org/10.1088/1475-7516/2021/02/048


CTAO will observe the TeV+ sky with unprecedented sensitivity: 

  

- Unique experiment capable of testing thermal DM in TeV range (where PP 
phenomenology expected to be rich) 

- Excellent sensitivity spectral features 

- Should be able to address the origin of DM signal hints from Fermi LAT 

- Promising sensitivity to DM ALP models (and PBHs!) 

- Not only DM - tests of LIV together with other HE instruments (LHAASO, Pier 
Auger…) 

Surprises?

Outlook

Poster: Glicenstein 

Poster: Plard 



EXTRA SLIDES



Lorenz invariance tests with CTA

Dispersion measure 
ξα - correction factor, with the leading 
linear (α = 1) and quadratic (α = 2) terms 

Many QG models that lead to a vacuum velocity of light that is energy 
dependent

For measuring dispersion due to LIV there are three criteria that an ideal 
probe should meet: 
• emit very high energy photons (>10 TeV, SSTs!) 
• be very distant, 

• exhibit variability with good statistics 

—> energy-dependent time delay AGNs, GRBs, …



Lorenz invariance tests with CTA

LHAASO, Phys.Rev.Lett. 128 (2022) 5, 051102 

Consider LHAASO J0534+2202 and LHAASO J2032+4102 - two sources with the highest energy 
γ-like events up to PeV energies. The ultra-high-energy γ events are used to constrain the LIV 
effect, which is predicted to give hard cutoff to the energy spectra of γ-ray sources due to the 
MDR-induced photon decay or splitting. 

the superluminal LIV case: 

-  photons can decay into a pair of 
electron and positron, γ → e−e+, as 

long as the threshold condition is 
satisfied - leads to a sharp cutoff in the 
γ-ray spectrum 

- photon splitting into multiple photons, 
γ → Nγ (3γ), also results in a hard cutoff



Lorenz invariance tests with CTA
potential of CTA to detect or constrain LIV with two blazars, Mrk 501 and 1ES 0229+200 

flaring state of Mrk 501 and a long-term observation of 1ES 0229+200 are simulated for 10 hours 
and 50 hours 

CTA potential to test LIV-induced modifications of the pair-production threshold in γ-ray 
interactions with the EBL.

[The CTA Consortium; JCAP 02 (2021) 048] 

https://doi.org/10.1088/1475-7516/2021/02/048


Lorenz invariance tests with CTA

potential of CTA to detect or constrain LIV with two blazars, Mrk 501 and 1ES 0229+200 

flaring state of Mrk 501 and a long-term observation of 1ES 0229+200 are simulated for 10 hours 
and 50 hours

[The CTA Consortium; JCAP 02 (2021) 048] 

https://doi.org/10.1088/1475-7516/2021/02/048


Lorenz invariance tests with CTA

LHAASO, Phys.Rev.Lett. 128 (2022) 5, 051102 

Consider LHAASO J0534+2202 and LHAASO J2032+4102 - two sources with the highest energy 
γ-like events up to PeV energies. The ultra-high-energy γ events are used to constrain the LIV 
effect, which is predicted to give hard cutoff to the energy spectra of γ-ray sources due to the 
MDR-induced photon decay or splitting. 

The first-order LIV energy-scale is 
constrained to be higher than 105 Mpl, 
and the second-order LIV energy-scale 
should exceed 10−3 Mpl. 



PBHs

[HESS, JCAP 04 (2023) 040]



PBHs

Search for TeV gamma-ray bursts with a timescale of a few seconds to a few minutes, as expected 
from the final stage of PBHs evaporation  

H.E.S.S. is sensitive to PBH evaporations up to distances of order r0 = 0.1 pc 

[HESS, JCAP 04 (2023) 040]
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Axions/ALPs

Searches in astrophysical/cosmological data  
Signatures?

1. Injection of SM particles/Cosmic rays

39

- In DM DM interactions

- In DM conversions/decays

- PBH evaporation… 

axionssterile neutrinos

γ,  
ν,  
e±,  
p±  
D-

Searches in astrophysical/cosmological data (DM’s ‘natural habitat’)

1. Look for DMDM induced SM particle injection 

A matter of perspective: plausible mass ranges
DM Candidates

‘only’ 90 orders of magnitude!DM abundance determined by the same processes  
—> ’thermal’ DM

6

γ,  
ν,  
e±,  
p±  
D-

thermal DM

Sterile 𝛎

Little Higgs

Particle DM (‘Tait’) landscape
WIMP/thermal DM

A matter of perspective: plausible mass ranges
DM Candidates

‘only’ 90 orders of magnitude!



Dark matter indirect detection

DM

DM

SM

SM

DM

SM

5

Energy/particle injection Gravitational interaction

DM

SM

Capture/scattering/accretion 
in/onto astrophysical objects

What dark matter does
2. Altering of behaviour of astrophysical systems

40

- capture by stars or planets

- cooling of stars via DM channel 

- affecting GW emission …

29

GW from environmental effects
GW signals generated by local DM (or baryon) environments modifying the GW signal from a merger


of two compact objects in a distinctive way 

Cold DM “dress” around (P)BHs => de-phasing of GW-form
Gondolo&Silk PRD’99; Zhao&Silk PRD’05; Kavanagh+ PRD’18; Coogan+ arXiv:2108.04154

Light boson fields around BHs => Super-radiance
Brito+ Lect. Notes Phys.'15

Dark

Matter

Long-lived particle

Gamma Rays

Assumption:

Fermi-LAT, HAWC, HESS gamma-ray data available now

Dark matter signals

Searches in astrophysical/cosmological data  
Signatures?

Particle dark matter models
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Asymmetric DM

Axions/ALPs

Self-interacting DM

Particle DM (‘Tait’) landscape

Light bosons

- changes in stellar evolution  

- or (planet) internal temperature

A matter of perspective: plausible mass ranges
DM Candidates

‘only’ 90 orders of magnitude!



3. Purely gravitational interactions with visible matter

41

- gravitational lensing

- stellar tidal stream disruptions

- stellar wakes…

Micro lensing (asteroid to solar masses )

Galaxy-galaxy lensing

9

Gravitational lensing 
• Sensitive to DM substructures from asteroid to 

solar masses 
• Used to constrain PBHs, axion miniclusters, ultra-

compact mini-halos, or even boson stars
Green & Kavanagh J. Phys. G'19

Searches in astrophysical/cosmological data  
Signatures?

Particle dark matter models
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Self-interactions?
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Landscape in terms of (gamma-ray) signatures

‘WIMP/thermal’ DM

Axions/ALPs

Particle dark matter models

𝛄 rays - straight lines, high statistics 

𝛎 - straight lines, lower statistics but catching up 

CRs -  complex diffusion and energy loss processes

c

THIS TALK:  Focus on 𝛄 rays -> WIMP and ALPs (PBHs)

Detection strategies per mass range

Injection of SM particles


