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Distribution of CR protons in the Galaxy



Distribution of CR protons in the Galaxy

● Gamma-ray produced by interactions of CR protons with gas are 
proportional to the density of CRp times the density of gas

● If we know the distribution of gas and gamma rays, we can recover 
the density of CR protons
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LAB Galactic 21cm H I survey, 
Kalberla et al. A&A 440 (2005)

CO surveys to trace molecular hydrogen
Dame et al. ApJ 547 (2001)



Distribution of CR protons in the Galaxy

Diffuse gamma-ray emission - Dmitry Malyshev – ISCRA 2021 6

● Split the gas distributions in rings
● Fit to gamma-ray data together with other components

+ other components

Sun



Distribution of CRp in the Galaxy

● Normalization coefficients in front of gas-in-rings maps are 
proportional to CR protons density

● This way we derive the CRp density as a function of Galactic radius 
and energy:
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Figure 1. CR density at E > 20 GeV (Acero et al. 2016) and
emissivity per H atom (Yang et al. 2016) as a function of the
Galactocentric distance, as labelled. Our predicted CR density at
E > 20 GeV is shown as a dashed line. The case of exponentially
suppressed magnetic field is shown as a solid line. The dotten line
shows the distribution of sources (Green 2015).
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Figure 2. Radial dependence of the power-law index of the pro-
ton spectrum as inferred by (Acero et al. 2016, filled circle) and
(Yang et al. 2016, filled triangle). Our predicted slope for the ba-
sic model is shown as a dashed line, while the solid line illustrates
the results for the exponentially suppressed magnetic field.

DH(p) ∝ B4
0/Q

2
0 (see equation 13) and that both B0 and

Q0 are assumed to drop exponentially at large R. Clearly,
this result loses validity when δB/B0 approaches unity and
the amplification enters the non linear regime. Using equa-
tion (10), such condition in the disk can be written as
F(z = 0, k) ≈ DB/(2vAH) ! 1 which, for 1 GeV particles
occurs for R ! 28 kpc (red-dashed line in Figures (1) and
(2)). In any case, the density of CRs at large galactocentric
distances drops down, as visible in Figure (1).

4 CONCLUSIONS

The CR density recently inferred from Fermi-LAT obser-
vations of the diffuse Galactic γ-ray emission, as carried
out during the last seven years, appears to be all but
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Figure 3. Diffusion coefficient D(z = 0, p) as a function of mo-
mentum in GeV/c for different Galactocentric distances as la-
belled.

constant with galactocentric distance R (Acero et al. 2016;
Yang et al. 2016). In the inner ∼ 5 kpc from the Galactic
center, such density shows a pronounced peak around 3− 4
kpc, while it drops with R for R ! 5 kpc, but much slower
than what one would expect based on the distribution of
SNRs, as possible sources of Galactic CRs. Moreover, the
inferred slope of the CR spectrum shows a gradual steep-
ening in the outer regions of the Galaxy. This puzzling CR
gradient is hard to accommodate in the standard picture of
CR transport.

Here we showed that both the gradient and the spec-
tral shape can be explained in a simple model of non-linear
CR transport: CRs excite waves through streaming insta-
bility in the ionized Galactic halo and are advected with
such Alfvén waves. In this model, the diffusion coefficient
is smaller where the source density is larger and this phe-
nomenon enhances the CR density in the inner Galaxy. In
the outer Galaxy, the data can be well explained only by
assuming that the background magnetic field drops expo-
nentially at R ! 10 kpc, with a suppression scale of ∼ 3
kpc. This scenario also fits well the spectral slope of the CR
spectrum as a function of R, as a result of the fact that
at different R the spectrum at a given energy (∼ 20 GeV)
may dominated by advection (harder spectrum) or diffusion
(softer spectrum). A simple prediction of our calculations is
that the spectral hardening should disappear at higher en-
ergies, where transport is diffusion dominated at all galac-
tocentric distances.
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nentially at R ! 10 kpc, with a suppression scale of ∼ 3
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spectrum as a function of R, as a result of the fact that
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from Fermi-LAT γ-ray observations at the position of
Sgr B complex (see Fig. 6) excludes the interpretation
of Ref. [36].
At the same time, we found significant deviations from

the homogeneous CR sea at locations of some GMCs in the
inner Galaxy, at galactocentric distances between 4 and
8 kpc. Some clouds show enhanced, by a factor of 2 to 5,
γ-ray fluxes, and somewhat harder energy spectra com-
pared to γ rays induced by the sea of CRs (see Fig. 5). A
tendency of increase of the density of CRs had been
reported earlier based on the analysis of the diffuse γ
radiation of the GD [5,6,37–39]. In Fig. 7 we show the CR
density at energy for proton energies greater than 10 GeV
derived from the diffuse gamma-ray measurements [5] and
from individual clouds (this work), as a function of the
galactocentric radius. In the same figure we show also the
theoretical curve from Ref. [35]. The latter has been
calculated under the assumption of spatial anticorrelation
of the diffusion coefficient with the source distribution, to
explain the sharp maximum of the CR density at ≈2–5 kpc
as reported by Ref. [5]. While the method based on the
diffuse γ-ray emission gives the average density of CRs
inside the galactocentric rings, γ rays from individual
clouds provide direct information about CR density in
specific regions localized within a few tens of parsecs. This
is important information which can tell us whether the
enhanced γ-ray emission of these clouds is a result of (1)
the global variation of the level of the CR sea or (2) it is
caused by an additional component of relativistic particles
on top of the CR sea. The CR densities presented in Fig. 7
show fluctuations in the 4 to 8 kpc region. The effect is well

visible especially for three clouds, #964, #876 and #243,
located at similar, R ≃ 6 kpc galactocentric distances (see
also Fig. 5), when considering only the statistical uncer-
tainties. Note that the density derived for cloud #964 is
rather close to the density derived from the analysis of the
diffuse γ-ray emission; the density in clouds #876 and #243
exceeds that level by a factor of 2 to 4.
This could be a direct consequence of the fact that most

of the active star-forming regions, and therefore, the
potential particle accelerators, are located within the
4–6 kpc ring. The dimension of regions with enhanced
CR density depends on the strength and the age of the
accelerator. For SNRs with 1051 erg mechanical energy
release, the CR density in the surrounding ISM can exceed
the level of the CR sea up to 100 pc from the acce-
lerator [40]. In the case of young stellar clusters of age
≥ 106 years with mechanical luminosity of stellar winds of
1038–39 erg=s, the regions with enhanced CR density can
extend well beyond 100 pc [41]. Since both types of
accelerators are tightly linked to the star-forming regions,
they are often surrounded by GMCs. The presence of
dense gaseous regions close to particle accelerators creates
favorable conditions for effective production of γ rays [40].
High-energy γ rays from massive molecular clouds provide
direct information about the density of CRs in different
locations of the Milky Way. The results of this work prove
the feasibility of the method and demonstrate that γ rays
from GMCs can serve as unique CR barometers. An in-
depth study of this issue requires significantly larger
statistics of gamma-ray emitting clouds and denser cover-
age of galactocentric distances. Unfortunately, in the
context of this task, the potential of Fermi-LAT is almost
saturated. Even the doubling of γ-ray photon statistics, after
another ten years of operation of the telescope, cannot
significantly increase the number of detectable gamma-ray
emitting GMCs. For a breakthrough, a new generation
gamma-ray telescope is needed with a sensitivity improved
compared to Fermi-LAT, by a factor of 3 or more.
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APPENDIX A: MASS DETERMINATION

To have a consistent estimation of the mass, we derived it
from our cut-out template, as the mass given in the catalog
by [19] might refer to a slightly different shape. Following
Rosolowsky [31], the mass and consequently the parameter
A ¼ M5=d2kpc is computed from the column density,
derived from the CO emission:

FIG. 7. Energy density of protons derived above 10 GeV. For
each cloud are indicated the statistical (thick lines) and the
systematic (thin lines) error bars. The red points are taken from
Ref. [5]. The black curve indicates the model of [35], while the
green dashed line indicates the local proton density derived from
the measurements of Ref. [12].
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Molecular clouds



PeVatron at the Galactic center



PeVatron in the GC

● H.E.S.S. measurement of diffuse gamma-ray emission near the GC

● Emission is correlated with the
distribution of molecular clouds
(white contours)

● Radial profile ~ 1/r – characteristic
of diffusion

● Spectrum is consistent with a power
law up to several tens of TeV, which 
means that the CR spectrum extends
up to ~ PeV 9

Sgr A* Sgr A*

a b

Figure 1: VHE �-ray image of the Galactic Centre region. The colour scale indicates counts per 0.02�⇥0.02� pixel.
Left panel: The black lines outline the regions used to calculate the CR energy density throughout the central molecular
zone. A section of 66� is excluded from the annuli (see Methods). White contour lines indicate the density distribution
of molecular gas, as traced by its CS line emission30. The inset shows the simulation of a point-like source. Right
panel: Zoomed view of the inner ⇠ 70 pc and the contour of the region used to extract the spectrum of the diffuse
emission.
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Diffusion near the GC

● Gaggero et al. (2017) have found
similar distribution of CRp
near the GC from the Fermi data

● However, they propose a different
interpretation that the 1 / R 
dependence can be explained by
radially-dependent diffusion,
which can at the same time
explain the change in CRp index
at larger distances:
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2

sources in the central parsec of the Galaxy.
The aim of this Letter is to estimate the contribution

of the CR large-scale population (hereafter the CR sea)
to the di↵use emission measured by H.E.S.S. and Fermi-
LAT in the GC region, and to provide a consistent inter-
pretation of those data. Di↵erently from previous com-
putations, we model the CR sea by relaxing the simpli-
fied hypothesis of a uniform spectral index in the Galaxy.
This approach is motivated by recent analyses of Fermi-
LAT data [8–10] showing that the �-ray di↵use emission
of the Galaxy, and hence the CR primary spectrum, gets
harder approaching the GC along the GP.

In [8] this behavior was interpreted in terms of a ra-
dial dependence of both the scaling of the CR di↵usion
coe�cient with rigidity, and the advection velocity. The
phenomenological model based on these ingredients re-
produces the Fermi-LAT data in most of the regions of
the sky, including the inner GP where conventional mod-
els provide an unsatisfactory fit [11]. Later, it was shown
[12] that the same scenario is in agreement with the high-
energy data as well, providing a viable solution to the
long-standing Milagro anomaly, i.e. an excess of the dif-
fuse emission in the inner GP at 15 TeV with respect
to the predictions of conventional models [13]. More-
over, this setting may also imply a significant Galactic
contribution to the astrophysical neutrino flux recently
measured by IceCube [12] (see also [14]).

Here we adopt the same scenario and, using a detailed
3D gas model for the CMZ region [15], compute the con-
tribution of the CR sea to the �-ray di↵use emission from
the GC region. We compare our results with 2006 and
2016 H.E.S.S. data and, for the first time in this context,
with Fermi-LAT PASS8 data for the same region. We
will show (see Fig. 1 and 2) that – above 10 GeV – this
contribution is significantly larger and harder than the
one estimated so far on the basis of conventional models.
Therefore we propose that a large fraction of the �-ray
emission measured by H.E.S.S. and Fermi-LAT near the
GC and in the whole GR is originated by the di↵use,
steady-state Galactic CR sea interacting with the mas-
sive molecular clouds in the CMZ.

FERMI-LAT DATA ANALYSIS

The Fermi-LAT collaboration recently released a new
set of data based on the PASS8 event reconstruction algo-
rithm [16]. In comparison to previous analyses, this ap-
proach yields a larger e↵ective area, hence more statistics
for the same observation time, as well as better energy
and angular resolutions. Such improved performances
are valuable in this context since they allow to improve
the morphological and spectral information of the emis-
sion in the small portion of the sky under scrutiny.

We extract Fermi-LAT data using the Fermi Science
Tools v10r0p5 [17]. We use 422 weeks of PASS8 data with
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FIG. 2. Same as Fig. 1 but for the pacman region defined in
the text.

the event class CLEAN and we apply the recommended
quality cuts: (DATA QUAL==1) && (LAT CONFIG==1).
Moreover events with zenith angles larger than 90� are
excluded. The exposure is computed using the Fermi-
LAT response function P8REP2 CLEAN V6. The data are
binned in 30 energy bins equally spaced in log scale be-
tween 300 MeV and 300 GeV. The counts and the ex-
posure maps have been produced using the HEALPix pix-
elization scheme [18], with a resolution nside = 1024, cor-
responding to a pixel size of ⇠ 0.06�.

The emission from the point sources is obtained from
the 4-year Point Source Catalog (3FGL) provided by the
Fermi-LAT collaboration [19]. We also considered the
high-energy 2FHL catalog finding only one source in the
considered sky window, which is compatible with 3FGL
J1745.6-2859c at the GC. We model the point source
emission convolving the flux of each 3FGL source with
the point spread function (PSF) of the instrument, which
is derived using the gtpsf Fermi tool.

In Fig.s 1 and 2 we report the Fermi-LAT and H.E.S.S.
observations in the GR (|l| < 0.8�, |b| < 0.3�) and in the
region considered in [1], an open annulus centered on
SgrA* with ✓inner = 0.15� and ✓outer = 0.45�, (hereafter
the “pacman”). The improved statistics provided by the
PASS8 algorithm allows, for the first time, an overlap be-
tween Fermi-LAT and H.E.S.S. data around 200 GeV,
covering therefore the entire energy range between 0.3
GeV and 50 TeV. Noticeably, the two data sets are con-
sistent with a single power law both in the GR and the
pacman regions: The 95% C.L. single-power-law fits from
10 GeV to 10 TeV in the two regions are respectively:

�GR = 8.96+1.35
�1.39⇥10�9

✓
E�

1 TeV

◆�2.49+0.09
�0.08 �

TeV cm2 s sr
��1

(1)

Gaggero et al. PRL 119, 031101 (2017)
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0 (see equation 13) and that both B0 and

Q0 are assumed to drop exponentially at large R. Clearly,
this result loses validity when δB/B0 approaches unity and
the amplification enters the non linear regime. Using equa-
tion (10), such condition in the disk can be written as
F(z = 0, k) ≈ DB/(2vAH) ! 1 which, for 1 GeV particles
occurs for R ! 28 kpc (red-dashed line in Figures (1) and
(2)). In any case, the density of CRs at large galactocentric
distances drops down, as visible in Figure (1).

4 CONCLUSIONS

The CR density recently inferred from Fermi-LAT obser-
vations of the diffuse Galactic γ-ray emission, as carried
out during the last seven years, appears to be all but
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constant with galactocentric distance R (Acero et al. 2016;
Yang et al. 2016). In the inner ∼ 5 kpc from the Galactic
center, such density shows a pronounced peak around 3− 4
kpc, while it drops with R for R ! 5 kpc, but much slower
than what one would expect based on the distribution of
SNRs, as possible sources of Galactic CRs. Moreover, the
inferred slope of the CR spectrum shows a gradual steep-
ening in the outer regions of the Galaxy. This puzzling CR
gradient is hard to accommodate in the standard picture of
CR transport.

Here we showed that both the gradient and the spec-
tral shape can be explained in a simple model of non-linear
CR transport: CRs excite waves through streaming insta-
bility in the ionized Galactic halo and are advected with
such Alfvén waves. In this model, the diffusion coefficient
is smaller where the source density is larger and this phe-
nomenon enhances the CR density in the inner Galaxy. In
the outer Galaxy, the data can be well explained only by
assuming that the background magnetic field drops expo-
nentially at R ! 10 kpc, with a suppression scale of ∼ 3
kpc. This scenario also fits well the spectral slope of the CR
spectrum as a function of R, as a result of the fact that
at different R the spectrum at a given energy (∼ 20 GeV)
may dominated by advection (harder spectrum) or diffusion
(softer spectrum). A simple prediction of our calculations is
that the spectral hardening should disappear at higher en-
ergies, where transport is diffusion dominated at all galac-
tocentric distances.
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Fermi bubbles



GC activity

● Another manifestation of an activity at or near the GC is a “surprise” 
discovery of the Fermi bubbles

● Although there was a residual “haze” emission near the GC 
discovered in the WMAP data, the shape of the bubbles in the Fermi 
LAT data turned out to be rather different
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Fig. 4.— Full sky residual maps after subtracting the SFD dust and disk templates from the Fermi-LAT 1.6 year gamma-ray maps in
two energy bins. Point sources are subtracted, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been
masked. Two large bubbles are seen (spanning −50◦ < b < 50◦) in both cases. Right panels: Apparent Fermi bubble features marked
in color lines, overplotted on the maps displayed in the left panels. Green dashed circles above and below the Galactic plane indicate the
approximate edges of the north and south Fermi bubbles respectively. Two blue dashed arcs mark the inner (dimmer) and outer (brighter)
edges of the northern arc – a feature in the northern sky outside the north bubble. The red dotted line approximately marks the edge of
Loop I. The purple dot-dashed line indicates a tentatively identified “donut” structure.

artifact of that subtraction.
Next, a simple disk model is subtracted (Figure 3, mid-

dle row). The purpose of this subtraction is to reveal the
structure deeper into the plane, and allow a harder color
stretch. The functional form is (csc |b|) − 1 in latitude
and a Gaussian (σ! = 30◦) in longitude. The disk model
mostly removes the IC gamma-rays produced by cosmic
ray electrons interacting with the ISRF including CMB,
infrared, and optical photons; as discussed previously,
such electrons are thought to be mostly injected in the
Galactic disk by supernova shock acceleration before dif-
fusing outward.
Finally, we fit a simple double-lobed geometric bub-

ble model with flat gamma-ray intensity to the data, to
remove the remaining large-scale residuals towards the
GC (Figure 3, bottom row). In this model, we identify
the approximate edges of the two bubble-like structures
towards the GC in the bottom left panel (shown with
dashed green line in right panels of Figure 4). We then
fill the identified double-lobed bubble structure with uni-
form gamma ray intensity, as a template for the “Fermi
bubbles” (bottom right panel of Figure 3). If the Fermi
bubbles constitute the projection of a three dimensional
two-bubble structure symmetric to the Galactic plane
and the minor axis of the Galactic disk, taking the dis-
tance to the GC R" = 8.5 kpc, the bubble centers are

approximately 10 kpc away from us and 5 kpc above and
below the Galactic center, extending up to roughly 10
kpc as the most distant edge from GC has |b| ∼ 50◦.
No structures like this appear in GALPROP models, and in
fact GALPROP is often run with a box-height smaller than
this. Because the structures are so well centered on the
GC, they are unlikely to be local.
In Figure 4, we show the full sky residual maps at 1−5

GeV and 5−50 GeV after subtracting the SFD dust and
the disk model to best reveal the Fermi bubble features.
Although photon Poisson noise is much greater in the
5 − 50 GeV map, we identify a Fermi bubble structure
morphologically similar to the structure in the 1−5 GeV
map, present both above and below the Galactic plane.
In Figure 5, we show the full sky maps at 1−5 GeV with

the zenithal equal area (ZEA) projection with respect to
both north pole and south pole. We found no interesting
features appear near the poles.

3.1.3. Low Energy Fermi Map as a Diffuse Galactic Model

In Figure 6, we show the 0.5− 1 GeV and 2− 50 GeV
residual maps after subtracting only the SFD dust map
as a template of foreground π0 gammas. The residual
maps should be dominated by IC emission from CR elec-
trons interacting with the ISRF. We use the 0.5− 1 GeV
maps as a template of IC emission from high energy elec-

Su, Slatyer, Finkbeiner, ApJ 724 (2010)

Fermi bubbles



Fermi bubbles origin

● Emission mechanisms
● Leptonic (inverse Compton)
● Hadronic

● Origin
● AGN-like activity
● Star formation or star-burst

13Dmitry Malyshev, Fermi bubbles
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Gamma-ray spectrum at high latitudes
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● Cutoff or softening above ~ 100 GeV
● Both leptonic and hadrnoic models fit the spectrum
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Fermi bubbles near the GC

● Intensity is higher near the Galactic plane
● Fermi bubbles at the Galactic plane are shifted to the right from the GC
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Spectrum of the FB at low latitudes 
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● The intensity of the Fermi bubbles emission at low latitudes is larger 
than at high latitudes

● There seems to be no cutoff up to ~ 1 TeV

● CTA and SWGO should be sensitive to the FB emission at low 
latitudes
● May be possible to detect at a few sigma level with H.E.S.S.
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Galactic center excess around 3 GeV



GC excess around 3 GeV

● There is an excess emission near the Galactic center with
● a peak in the spectral distribution around 3  GeV
● approximately spherical morphology, consistent with DM annihilation

● Possible interpretations:
● Dark matter annihilation?
● Millisecond pulsars?
● Additional source of CR near the GC?
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GC excess emission

A lot of groups have studied the excess with similar conclusion about the 
spectrum and morphology
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Dark Matter

● Dark matter models fit the excess spectrum reasonably good

● Comparison with dwarfs:
● There is a slight tension
with DM limits from observation
of dwarf galaxies
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Millisecond pulsars (MSPs)

● GC excess spectrum is similar to spectrum of MSPs
● Large uncertainties due to diffuse emission modeling

● Population of MSPs
● Should be enough of MSPs in the 

galactic bulge if the bulge is formed 
by disruption of globular clusters

21

10-9

10-8

10-7

10-6

10-1 100 101 102

E2
F 

(G
eV

 c
m-

2 s
-1
)

E (GeV)

Gordon & Macias
total

1032<L/erg s-1<1033
1033<L/erg s-1<1034
1034<L/erg s-1<1035

Yuan & Zhang, JHEAp 3 (2014) Hooper et al, PRD 88 (2013)

MSPs

Brandt & Kocsis, ApJ 812 (2015)



Limits on dark matter annihilation



Limits on dark matter

● GC is the brightest expected source of DM annihilation, but the 
astrophysical emission is also very large with a lot of uncertainties

● One can also place limits on DM annihilation at high latitudes above 
the Galactic plane:
● DM annihilation in other galaxies
● DM annihilation in the halo of Milky Way

Diffuse gamma-ray emission - Dmitry Malyshev – ISCRA 2021 23

Kuhlen et al., Science 325 (2009)

?

Simulation of DM annihilation 
in a Milky Way-like galaxy

Fermi-LAT gamma-ray data

Fermi-LAT / NASA



Limits on DM annihilation

● Use Isotropic gamma-ray background (IGRB)
● IGRB is derived after removing from gamma-ray data: Galactic 

emission, known point sources, CR contamination
● The Galactic and extragalactic DM annihilations are added until the 

deviation from a simple power-law model with an exponential cutoff 
overproduces the observed IGRB
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Fig. 4.— Results of the IGRB fit for foreground model A. Average intensities for Galactic lati-

tudes |b| > 20� are shown. Left: Intensities attributed to the di↵erent foreground templates, the

isotropic emission, and the individually resolved sources in the multi-component likelihood fit. The

isotropic emission and the individually resolved sources are fitted separately in each energy bin. All

other components are fitted individually in each energy bin below 13 GeV and included with fixed

normalizations above this energy. The total intensity obtained from the IGRB fit is compared to

the total intensity observed by the LAT. Error bars include statistical errors as well as systematic

errors from the uncertainty in the LAT e↵ective area parametrization. See text for details. Right:

IGRB and CR background contributions to the isotropic emission. The line indicates the best-fit

IGRB spectrum with a power-law plus exponential cuto↵ spectral model. Spectral parameters are

given in the legend. The total intensities obtained from the fit and measured by the LAT are shown

with the CR background contributions subtracted in this graph.
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Figure 6. Examples of DM-produced gamma-ray spectra which are at the border of being
excluded at 2� level in our procedure to calculate the sensitivity reach of the IGRB data.
The WIMP mass and its annihilation channel is given in the upper left corner of each panel.
The normalizations of the extragalactic signal and of the Galactic substructure signal are
given by our benchmark HM model, as defined in section 2.1. Data points from ref. [8].

at energies close to the observed IGRB exponential cut-o↵ and thus must be included.
For that reason, both annihilation channels prove to be especially strongly constrained
by the IGRB measurement [12]. We calculate the DM annihilation prompt spectra
using the publicly available PPPC4DMID code [67], which takes into account electroweak
bremsstrahlung corrections, which are particularly relevant for heavy DM candidates.
For the calculation of the IC emission from the muon channel we follow the calculation
presented in [12].

For the four annihilation channels under consideration, we present the conserva-
tive limits and cross-section sensitivity reach at the 2� confidence level in figures 7 and
8, respectively. In all cases, the DM limits were obtained by adopting the cosmologi-
cal DM annihilation induced gamma-ray intensities given by the HM setup described
in section 2.1, as well as a theoretical uncertainty range as estimated within the PS
approach of section 2.2 (gray band in figure 1). In addition, two configurations for the
Galactic substructure contribution—which is assumed to be isotropic in this work—are
adopted: i) the reference case, labeled as ”SS-REF” in figures 7 and 8, where substruc-
tures boost the total Galactic annihilation signal by a factor of 15, and ii) the minimal
case, labeled ”SS-MIN” in the figures, where the boost from Galactic substructure is
3. Conservative DM limits and cross-section sensitivities at the 3� level for the bb̄ and
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● The limits on DM annihilation from IGRB are competitive to other 
limits derived from gamma-ray data for DM masses ~ 100 GeV – 1 
TeV

Diffuse gamma-ray emission - Dmitry Malyshev – ISCRA 2021 25

Limits on DM annihilation
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Figure 8. DM annihilation cross section sensitivity reach (95% CL). Green solid line shows
sensitivity obtained in our fiducial HM scenario described in section 2.1, and assumes the
reference contribution from the Galactic subhalo population; see section 2.4 (‘HM, SS-REF’
case in the panels). The broad green band labeled as ‘PS (min!max), SS-REF’ shows
the theoretical uncertainty in the extragalactic signal as given by the PS approach of sec-
tion 2.2. The orange dashed line (‘HM, SS-MIN’), with its corresponding uncertainty band
(‘PS (min!max), SS-MIN’), refers instead to the cross-section sensitivity obtained when the
Milky Way substructure signal strength is taken to its lowest value as calculated in ref. [35].
For comparison, we also include other limits derived from observations with Fermi LAT [9, 11]
and imaging air Cherenkov telescopes [99, 100].

contribution from the Galactic subhalo population (‘HM, SS-REF’ case in the panels).
For the bb̄ (⌧+⌧�) channel, the di↵erences are of about factors 9, 25, 11, 3 (26, 9, 4, 3)
at 10 GeV, 100 GeV, 1 TeV, 10 TeV.

For low WIMP masses, the full spectral shape of the IGRB is a↵ected by the
WIMP signal, and hence the sensitivity reach, assuming a known spectral shape for
the astrophysical contributions to the IGRB, places stronger limits, whereas for the
largest WIMP masses only the last point(s) in the IGRB spectrum is a↵ected and the
two approaches are more similar.22

For the largest WIMP masses considered, the signal from Galactic substructures

22If we omit the last data point, we find that both conservative limits and cross-section sensitivity
for the bb̄ channel worsen by <⇠ 30% at 5 TeV mass going up to a factor of ⇠ 2 for masses between 10
and 30 TeV. In the case of the harder ⌧+⌧� channel, limits and sensitivity reach progressively weaken
by a factor ⇠ 2 to 4 between 2 and 30 TeV, respectively.
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Limits on DM annihilation

● At energies above ~ 1 TeV the most constraining limits can be 
obtained with Cherenkov Telescopes

● For example, the limits obtained with H.E.S.S. for DM annihilation 
near the GC:
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Supplemental Material: Search for a Dark Matter annihilation signal

towards the inner Galactic halo with H.E.S.S.

Background measurement technique

The background is measured for each pointing position of the GC observations with the H.E.S.S. instrument in
the same camera field of view as for the signal. The GC dataset is composed of about 600 observational runs with
pointing positions taken between Galactic longitudes and latitudes of -1.1� and +1.1�, respectively. For a given
pointing position of the H.E.S.S. array, the background is measured in an OFF region taken symmetrically to the ON
region from the pointing position as in Ref. [10]. This enables a determination of the expected background in the ON
region from a measurement in the OFF region taken under the same observational and instrumental conditions as for
the signal measurement in the ON region. All regions of the sky with �-ray sources (yellow-filled regions in Fig. 1)
are excluded for ON and OFF measurements. By construction, the ON and OFF regions have the same angular size.
Fig. 1 shows a schematic of the background measurement technique for a pointing position at (-0.7�,+0.7�) in Galactic
coordinates and for the region of interest of inner and outer radii of 0.5� and 0.6�, respectively. For a pointing position
inside the ON region, the region which intersects the ON and the OFF regions is excluded.

Excluded	regions	

OFF	region	

ON	region	

Poin3ng	posi3on	

Reflected	posi3on	

Sgr	A*	
G0.9+0.1	

HESS	J1745-303	

FIG. 1: Schematic of the background measurement technique for a pointing position at (-0.7�,+0.7�) in Galactic coordinates.
The OFF region (red-filled open ring) is taken symmetrically to the ON region (blue-filled open ring) from the observational
pointing position (black cross). By construction, ON and OFF regions have the same angular size. The positions of Sgr A*
(black star), G0.9+0.1 (black dot) and HESS J1745-303 (black triangle) are shown. The yellow-filled box with Galactic latitudes
from -0.3� to +0.3� and the yellow-filled disc are excluded for signal and background measurements.

ON and OFF event distribution in the regions of interest

The analysis of ground-based Cherenkov telescope data utilizes the ON-OFF method to search for a �-ray excess
above the background in the signal region. As mentioned above, the background events in the OFF region are
measured at the same time as the events in the ON region within the camera field of view. This background
measurement technique on a run-by-run basis provides an accurate determination of the �-ray background in the ON
region. The signal region, defined as a circle of 1� radius centered in the GC with Galactic latitudes between ±0.3�

excluded, is divided into seven open annuli of 0.1� width. No �-ray excess is found between the ON and OFF regions
in any of the RoIs. The numbers of ON and OFF events summed over all the energy bins, are compatible within
1� for any of the seven RoIs. The absence of excess between the measured number of �-ray events in ON and OFF
regions allow us to derive constraints on h�vi.
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FIG. 3: Expected (solid black line) and observed (dashed black line) �-ray flux sensitivities above 100 GeV at 95% C. L. as a
function of the DM mass for DM particles annihilating into W+W� pairs and the NFW profile. The predicted flux above 100
GeV for h�vi = 2⇥10�25 cm3s�1 is also shown (solid red line).
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FIG. 4: Constraints on the velocity-weighted annihilation cross section h�vi derived from 10 years of GC observations by
H.E.S.S. for the bb̄ (left panel), tt̄ (central panel) and µ�µ+ (right panel) channel, respectively. The constraints are expressed
in terms of 95% C. L. upper limits as a function of the DM particle mass mDM. The observed upper limit is plotted as a
solid black line. Expected limits are derived from blank-field observations at high Galactic latitudes. The mean expected limit
(black dashed line) is plotted together with the 65% (green) and 95% (yellow) confidence bands. The natural scale for h�vi is
given as long-dashed black line.
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Limits on primordial black holes



Limits on primordial black holes (PBHs)

● PBHs can be created in the early Universe due to high density 
fluctuations with a range of masses from Planck mass to the mass of 
supermassive black holes

● BHs are expected to emit 
particles due to Hawking 
radiation with temperature 
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Conclusions

● Diffuse gamma-rays are a unique probe of some of the most basic 
properties of our Galaxy and fundamental laws of nature

● Using diffuse gamma-rays we can
● map the distribution of cosmic rays in the Galaxy and, e.g., study the 

diffusion in different parts of the Galaxy;
● study Fermi bubbles – could be our only chance to study this type of 

objects in details (although similar structures can be detected in some 
nearby galaxies, such as Andromeda)

● understand the past activity at the Galactic center – is there a source of 
cosmic rays up to PeV energies there?

● search for or constrain dark matter annihilation
● search for or constrain evaporation of primordial black holes (with initial 

masses around 1014 – 1017 g).
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