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For understanding and modelling the ~-ray diffuse emission, especially at
higher energies, it is crucial the capability to describe and reproduce the CR trans-
port within the Milky Way, and through the interactions with the interstellar gas
—locked in complex structures — it is possible to estimate the expected emission in
each part of the Galaxy. The reproducibility of the large-scale CR-sea is an impor-
tant aspect in the current, and especially, next generation telescopes since it has
a key role in the definition of the background model, a crucial ingredient in the
analysis chain of ~-ray data.

FIGURE 6.1: Image of the inner few degrees of the Milky Way around
the Galactic Centre at sub-mm to mid-IR wavelengths. Credit: fig.1 in
Longmore and Kruijssen, 2018.

In this work, a phenomenological model featured by inhomogeneous diffusion has
been extensively used to analyze HE and VHE real and simulated data (section 6.1.1)
in the peculiar Galactic Center (GC) . This region is the perfect laboratory to study
phenomena and physical processes that may be occurring in many other galactic
nuclei. The current observations show the evidence for a central massive black hole
— the compact radio source Sgr A* with a mass of ~ 4.4 - 106M, — and a dense and
luminous star cluster — in which early-type stars have been forming in the vicinity
of the black hole recently — as well as several components of neutral, ionized, and
extremely hot gas (fig. 6.1), representing a presently not fully understood paradox of
youth (Genzel, Eisenhauer, and Gillessen, 2010). Several astrophysical observations
show that the GC seems to have significant star formation and a large rate of super-
nova explosions compared to the average value in the Galaxy. The star formation
rate (SFR) in the inner few degrees away from the GC is of order 1% of the SFR in
the Galaxy, with a factor of 250 higher than the mean rate in the Milky Way (Figer
et al., 2004). This should be the consequence of the presence of a large amount of
molecular gas filling the inner part of the Galactic bulge (section 6.1.2).
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6.1.1 Modelling the gamma-ray Diffuse Emission

The requirement to analyze vy-ray data has prompted the theroretical astroparticle
community to provide increasingly realistic models for the diffuse emission able to
compute and reproduce the observations. The large-scale background, detected by
EGRET and Fermi-LAT at high energies, is explained in terms of galactic CR popu-
lation (CR-sea) diffusing within the Galaxy.

For building a realistic phenomenological model to reproduce the observations,
the starting point is a physical model for the CR density distribution in the Galaxy.
In this work the DRAGON numerical code has been used to solve the transport
equation. The code is designed to simulate all processes related to galactic CR
transport, such as diffusion, re-acceleration, convection, energy-losses and spalla-
tion, for all CR species, from heavy nuclei to protons, antiprotons, and leptons.
DRAGON works in both 2D and 3D mode, and in both cases it is possible to imple-
ment anisotropic diffusion (see below). The code further includes the nuclear cross
section database, interstellar radiation field model, and gas distribution map of the
Milky Way, as adopted in the public version of GALPROP! (Vladimirov et al., 2011;
for major details see Evoli et al., 2017b). In DRAGON the inclusion of detailed dis-
tribution of the major galactic accelerators, as SNRs, to modelling the source term
of the diffusion equation is fundamental (see section 2.1.4 and eq. (2.10)). In this
work the Case and Bhattacharya, 1998, distribution has been adopted, where — for
deriving the surface brightness-to-diameter relation from the galactic rotational curve —
have been used radio and X-ray observations?, leading to the SNR radial distribution
(fig. 6.2)

To

—Br
F(r) = Asin<W + 90> 6.1)

where A = 1.96+1.38 kpc‘Q, ro = 17.2+1.9kpc, 0y = 0.08+£0.33 and 3 = 0.13+0.08

kpc_l.

As mentioned above, different propagation setups can be used in the code, in

this framework two major types have been considered

A homogeneous and isotropic, the standard conventional diffusion in the quasi-
linear theory (section 2.1.5) in which the diffusion coefficient (eq. (2.13)) is § =
0.5 — compatible with a Kraichnan spectrum of the ISM turbulence (Gaggero
et al.,, 2014) — and it is assumed uniform in the whole Galaxy, predicting a
uniform spectral index for primary CRs, E' - T ~ 2.7+ 2.8, as observed at
the Earth position (eq. (2.2); Workman et al., 2022). In this work it is named
base model

!GALPROP webpage.
’Re = 8.5 kpc is the Sun galactocentric distance and Vi = 220 km/s is its velocity respect to
Galactic Centre.


https://galprop.stanford.edu
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FIGURE 6.2: Supernova Remnants Radial Distribution and best-fit de-

scribed by eq. (6.1). The scaled total number of shell SNRs in region

of interest is (56 & 4)/ f,, where the error on the number of SNRs rep-

resents the uncertainty in the radio brightness-to-diameter (£-D) rela-

tion and f, represents the incompleteness due to the lack of selection
effects. Credit: Fig.7 in Case and Bhattacharya, 1998.

B inhomogeneous and anisotropic, in this case the diffusion coefficient (eq. (6.2))
has a linear dependence with galactocentric distance, rigidity and advection
velocities, increasing approaching the GC (Gaggero et al., 2015b). An addi-
tional hardening is present at ~ 250 GeV/n (Gaggero et al., 2015b). In this
work it is called gamma model.

The first case, type A, is implemented also in GALPROP (Vladimirov et al., 2011)
code, used, for instance, by the Fermi-LAT collaboration. In the last case, type B, the

diffusion coefficient is parametrized as

8(r)
D «x (EE;)) (6.2)

where 0(r) = ar + b for r < 11 kpc, in which a = 0.035 kpc and b = 0.21 leading to
Org
CR spectra at the Earth position, and Fermi-LAT ~-ray data on the whole sky. The

= 0.5. All the parameters have been tuned to consistently reproduce observed

physical interpretation of this choice lies in the assumption of a smooth transition
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between a dominant parallel escape along the poloidal component® of the regular
galactic MF, and a perpendicular escape associated with the regular field lying in the
plane (Cerri et al., 2017). In this interpretation, in the inner Galaxy ¢ is lower, while in
the outer Galaxy, the scaling is steeper. Moreover, an advective wind for » < 6.5 kpc
increases as the perpendicular distance from the galactic plane (GP) increases, as
observed in X-ray by ROSAT (Snowden et al., 1997). The diffusion coefficient in
eq. (2.13) is also set up with an exponential dependence with the vertical distance (z)
from the GP. Assuming then a uniform CR source spectral index across the whole
Galaxy, the CR spectral index is dependent to the galactocentric distance, and leads
to a longitude-dependent (r) y-ray spectrum along the GP. This parametrization is
in good agreement with the results shown in fig. 6.3 of y-ray analysis of Fermi-LAT
data®.
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FIGURE 6.3: On the left: the radial distributions across the Galaxy of
(a) the y-ray emissivity per H atom measured at 2 GeV; (b) the proton
flux integrated above 10 GV, with the prediction from the GALPROP
(solid curve); (c) the proton spectral index, with statistical error bars
and the prediction for proton rigidities above 1 TV from the same
GALPROP (solid line) and from Gaggero et al., 2015a (dashed line).
Credit: fig. 8 in Acero et al., 2016. On the right: the distribution of the
photon index of the galactic diffuse y-ray emission associated with
the gas distribution in different rings. Credit: fig. 6 in Yang, Aharonian,
and Evoli, 2016.

Finally, a spectral hardening has been introduced in the proton and helium
source spectra at 250 GeV /n, in order to reproduce the local propagated spectra mea-
sured by PAMELA (Adriani et al., 2011), AMS-02 (Aguilar et al., 2015) and CREAM
(Ahn et al., 2010) (see fig. 6.4). This feature has assumed to be present in the whole

Galaxy, as may be expected if it is produced by propagation effects. Furthermore, in

*In presence of the poloidal MF component the parallel and perpendicular components of diffusion
coefficient (egs. (2.11) and (2.13)) have a different rigidity dependence getting stronger at low galacto-
centric radii.

*However, in Yang, Aharonian, and Evoli, 2016, the CR spectrum at the GC is slightly softer than
that found by the Fermi-LAT collaboration.
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order to match KASCADE-Grande results (Apel et al., 2013), a cutoff at 5 PeV /n has
been introduced in the CR source spectra.
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FIGURE 6.4: The flux as a function of kinetic energy Ej multiplied by
E%" compared with recent measurements by ATIC, BESS, PAMELA

and CREAM. For the AMS results Ex = /R*+ M? — M, where

M, is the proton mass, and R is the rigidity. The figure shows the
hardening above ~ 250 GeV /nucleon. Credit: fig. 3.b in Aguilar et al.,
2015.

All the ingredients allow gamma model to predict the hardening of CR propa-
gated spectrum and ~-ray emissivity as observed in the inner Galaxy, providing
a viable solution to the long-standing MILAGRO anomaly”. Indeed, standard con-
ventional model (here base model) are not able to properly fit the y-ray observations
(Ackermann et al., 2012a), which are instead reproduced by the gamma model (Gag-
gero et al., 2015a; Gaggero et al., 2015b; Acero et al., 2016; Yang, Aharonian, and
Evoli, 2016; Grasso et al., 2017; Ventura, 2018).

Once the setup is formed, the numerical code computes the CR spatial distribu-
tion in the whole Galaxy, and the outcomes are included as input in the second code
GAMMASKY that returns the 7, IC and bremsstrahlung components of the y-ray dif-
fuse emission integrating the convolution of the spatially-dependent CR spectrum,
gas/radiation density distributions and proper nuclear cross-sections along the line-
of-sight. The GAMMASKY outcomes are all-sky maps organized in high resolution

°In particular, an excess of the diffuse emission in the inner GP at 15 TeV with respect to the predic-
tions of conventional models (Abdo et al., 2008) was observed.
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HEALPIX projection maps, where each pixel has the same surface value in sr ac-
counting the intensity of the y-ray diffuse emission from the correspondent region
of the sky, and all the map is stored in a single array containing all the pixels.

The 7° component is dominant in the GC region, because of the incremented
number of targets consisting in the dense gaseous clouds filling the inner Galaxy.
Assuming a reasonable choice of interstellar radiation field (ISRF) template, the -
ray opacity in the CMZ is considered negligible, but above several TeVs the im-
pact of v y-absorption is increasingly important and cannot be excluded. In the
updated version of DRAGON2Y, this radiative effect is included together with up-
dated cross-section values allowing to propagate multi-PeV CRs and then achieving
multi-TeV ~-ray maps (Evoli et al., 2018; De La Torre Luque et al., 2021). The evo-
lution of the internal code version GAMMASKY, is now publicly available under
the name of HERMES, in which several updates improve the capability of the code
thanks to the inclusion of updated nuclear cross-sections, ISRF models, a variety of
multi-messenger and multi-wavelength radiative processes, spanning from the ra-
dio domain up to high-energy gamma rays and neutrino production” (Dundovic et
al., 2021).

6.1.2 Modelling the Galactic Center Interstellar Environment

The Galactic Center (GC) of the Milky Way is the perfect laboratory for studying
phenomena and physical processes that may be occurring in many other galactic
nuclei. The observations show the evidence for a central massive black hole — the
compact radio source Sgr A* — and a dense and luminous star cluster, as well as sev-
eral components of neutral, ionized, and hot gas (Genzel, Eisenhauer, and Gillessen,
2010). The inner part of the GC is represented by the so-called Central Molecular Zone
(CMZ) which represents one of the densest environment of the Galaxy.

As said earlier, once the CR profile distribution has been computed with DRAGON,
the y-ray emission has to be computed considering the distribution of targets for CR
interactions within the Galaxy. The targets are included in 2D maps with informa-
tions on the column density of the interstellar gas locked in the Milky Way, and
observed at different wavelengths. Indeed, the space between the stars of Our Own
Galaxy is not empty, but rich interstellar environment populated by extremely rar-
efied ordinary matter (the interstellar medium, ISM), relativistic particles (CRs) and
electromagnetic fields. New stars form out of the reservoir of matter given by the
ISM, in its densest and coldest regions. During their life stars emit electromagnetic
radiation in the interstellar space and enrich the matter locked in their interior in
heavy elements. Part of this matter eventually returns to the ISM via powerful stel-
lar winds or violent supernova explosions. The latter process is thought to power as

*DRAGON2 webpage.
"HERMES webpage.


https://github.com/cosmicrays/DRAGON2-Beta_version
https://github.com/cosmicrays/hermes
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well the injection of CRs in the interstellar space. One of the most interesting aspects
is the interplay between the interstellar environment and stars.

The ISM accounts for 10% + 15% of the visible mass of the Galaxy and it has a
highly inhomogeneous in distribution. Roughly half of the ISM mass is located in
clouds occupying only a small fraction of the galactic volume, containing very cold
(T = 10 =+ 20 K) molecular gas and cold (" = 30 =+ 100 K) atomic gas. The rest of
the interstellar matter constitute the intra-cloud medium in form of warm atomic
gas, warm ionized gas and hot ionized gas. The chemical composition of the ISM
is similar to that of the solar system (Asplund, Grevesse, and Jacques Sauval, 2006):
~ 74% of hydrogen, ~ 25% of helium and ~ 1.2% of heavier elements, the so-called
metals. More than 50% of the metals are locked in solid dust grains responsible for
the obscuration and reddening of starlight, and represent an important component

in many non-thermal processes.

Our Galaxy is divided in a thin and a thick disk, an inner bulge, and a spherical
halo (Robin et al., 2003). The Milky Way extends over more than 60 kpc from its
center (Kalberla and Dedes, 2008). The solar system resides in the disk at a radius of
approximately R = 8.5 kpc (Kerr and Lynden-Bell, 1986), and the stars of the disk
rotate around the GC in nearly circular orbits. The neutral hydrogen line indicates
the presence of a spiral structure, similar to that seen in other external galaxies.

Neutral atomic hydrogen (HI) can be counted through the observations of the
21-cm line, and the measured quantities are the intensity of the line (brightness tem-
perature) and the Doppler shift, which is related to the velocity with respect to the
local standard of rest (LSR) frame. Instead the hydrogen molecular component (Hy)
is not directly observable, and then it is traced by other ISM molecular transitions,
such as those associated with 12CO (J = 1 — 0) — which is observed at wavelength
of 2.6mm, CS — HCN, and more. The molecular gas is contained in clouds forming
giant complexes (size of a few tens of pc and mass up to 10° M) down to small cores
(size of a few pc and mass up to 103 Mg). For deriving the Hy column densities is
used the conversion factor (Lebrun et al., 1983)

_ N(Hy)

Xco = 6.3
©= W (6.3)

where Wco represent the mass of the molecular cloud. Several methods, involving
different tracers including v rays, are used to estimate the Xco conversion factor,
but none of them — because of the optically thick line of 12CO - is a good mass tracer
(Dickman, 1975; Lebrun et al., 1983; Dame, Hartmann, and Thaddeus, 2001). In any
case, all these methods converge to a common value of order of magnitude around
Xco ~ 2 x 102 cm~?K~!'km~!s. The molecular gas is of particular interest in CR
studies since represent the major target of CR interactions leading to secondary ~-
ray via ¥ decay (for a more complete description of the galactic ISM see chapter 3
of Ventura, 2018).
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In this work to compute the -ray model for the background emission have been
used the gas distribution map of GALPROP, and a detailed analytical and dynami-
cal description of the gas distribution in the inner Galaxy (Ferriére, Gillard, and Jean,
2007). Moreover, another analytical representation of the CMZ has been used to per-
form simulations in view of the Cherenkov Telescopes Array (CTA) era (section 6.3).
In this case, the y-ray emission from the CMZ has been computed illuminating the
gas distribution — obtained through CS molecular lines emission — with the 1/ Pe-
Vatron profile observed by H.E.S.S. in the GC (HESS Collaboration et al., 2016).

The inner region of the Milky Way is known as Galactic bulge (GB) and corre-
sponds to the central ~ 3 kpc, subdivided in the outer molecular ring (r > 1.5 kpc)
largely devoid of interstellar gas, and in the nuclear bulge (inner 300 pc) The molec-
ular gas (H») is concentrated in the central molecular zone (CMZ), an asymmetric
layer extending in projection out to r ~ 200 pc® (Burton and Liszt, 1978; Liszt and
Burton, 1980). The CMZ itself contains a ring-like feature with mean radius ~ 180
pc, the so-called 180-pc molecular ring, and, inside that, a thin sheet populated by
dense molecular clouds, known as the GC disk population or the GC molecular disk
(Bally et al., 1987; Bally et al., 1988). Due to the important interstellar extinction
along the line-of-sight and the complex motion of gas structures, a certain descrip-
tion of the GC gas distribution is still not available. The internal disk has a torus
structure with a thickness ~ 45 pc and a total hydrogen mass ~ 2.0 x 10"M, with
~ 4 x 10°M, in the inner disk and ~ 1.6 x 10’M in the outer torus. The verti-
cal hydrogen mass distribution is asymmetric: at higher latitudes (0.5° < [ < 4°)
corresponds to ~ 2.9 x 10"M, while at negative latitudes (—4° < [ < —2°) it is
~ 1.1 x 10’Mg. The total hydrogen mass in the CMZ is ~ 6 x 10"Mg, and the
interstellar matter in the central region is extremely clumpy and trapped in small,
compact molecular clouds, which an average hydrogen density of ~ 103 cm™3. The
remaining 10% of the interstellar matter forms a diffuse, homogeneously distributed
intra-cloud medium, with an average hydrogen density ~ 10 cm™3. Furthermore the
strong UV radiation field due to the numerous high-mass stars embedded in the GB
cause the thin intra-cloud medium to be both warm and ionized.

For estimating the Hy column density (np,), through measurements of line trac-
ers, it is widely used the Xco-factor, assumed to be an outward radial gradient
in order to reproduce the y-ray observations performed by EGRET, dropping from
~ 1.5 x 102 em?K~'km~!s at r = 7 to ~ 4 x 10 em—2K~'km~!s at r = 2 kpc,
and extrapolating its value for r = 0 to be ~ (2 +4) x 10* em~2K~'km™!s. (fig. 6.5;
Strong et al., 2004). The value of Xco near the GC remains fairly uncertain and the
notion that Vg, is proportional to Wizco may be questionable Huettemeister et al.,
1998. Once the value of Xco is known, the Hs spatial distribution can be inferred
from CO line emission measurements.

8More precisely, r ~ 250 pc at positive longitudes and r ~ 150 pc at negative longitudes.
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FIGURE 6.5: X0 as function of r. Solid black line represents ~y-ray
data. Dash-dot red line represents data using metallicity gradient.
Credit: fig. 2 in Strong et al., 2004

The presence of a galactic spike could be responsible for the observed asymmet-
ric distribution and non-circular motions of the interstellar gas close to the GC since
the clouds move in the gravitational potential of a barred galaxy (Binney and Mer-
rifield, 1998; Sormani et al., 2018). Although the numerous gaps and uncertainties
in observing data, a theoretical gas distribution model can be builded starting from
the sky maps of molecular line emissions and transforming the measured line-of-
sight velocity into line-of-sight distance, even if the poor knowledge of the true gas
kinematics close to the GC makes this kind of method unreliable (Ferriere, Gillard,
and Jean, 2007). The CMZ projected onto the Galactic plane has the shape of a
500 pc x 200 pc ellipse tilted at 70° to the line-of-sight toward positive longitudes
(Sawada et al., 2004). The GC molecular disk appears planar and closely aligned
with the Galactic plane and the thickness of the disk is approximated to 30 pc. The
H; density can be inferred from the local Hy mass of the CMZ and the value of Xco
factor, estimating a total mass in the CMZ of ~ 1.9 x 107 M. In fig. 6.6 the projected

molecular gas content in the CMZ is shown.

In the model the GB disk is an elliptical disk with semi-major axis 1.6 kpc, and an
hole of size 800 pc x 258 pc in the middle, just large enough to enclose the CMZ. The
GB disk is further tilted at a = 13.5° out of the Galactic plane. The total H, and HI”
masses in the GB region are ~ 5.3 x 107]\/[@ (Sanders, Solomon, and Scoville, 1984)
and ~ 5.2 x 105M® of HI respectively (Liszt and Burton, 1980). Moreover, the H»
and HI mass content of the GB hole is ~ 3.4 x 10" M, and 3.5 x 105 M, respectively.
The GB disk extends out to 7, = 1.14 kpc!® on each side of the GC (fig. 6.8).

*The HI mass is supposed to be distributed as H> mass with a total mass of 8.8% of the H> mass,
and a thickness of 90 pc (fig. 6.7).
10 That is the radius at half-maximum density.
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FIGURE 6.6: Projection of the CMZ -
molecular gas — (bright area) and the
holed GB disk (fainter area) onto the
plane of the sky. Credit: fig. 4 in Ferriere,

FIGURE 6.7: Projection of the CMZ -
atomic gas — (bright area) and the holed
GB disk (fainter area) onto the plane of
the sky. Credit: fig. 4 in Ferriere, Gillard,

Gillard, and Jean, 2007. and Jean, 2007.

The total space-averaged mass density of interstellar gas in the GB is related to

the hydrogen space-averaged density through
(p) = 1.453 - mp(nn) (6.4)

where m,, is the proton mass (fig. 6.9; for major detail about the 3D analytical model
see Ferriere, Gillard, and Jean, 2007).
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FIGURE 6.8: Projection of the CMZ
(bright area) and the holed GB disk
(fainter area) onto the Galactic plane.
Displayed here is the Hy map. The
Hi map looks identical, except for this
hardly noticeable difference that the GB-
disk-to-CMZ luminosity ratio is slightly
greater. Credit: fig. 5 in Ferriere, Gillard,
and Jean, 2007.

FIGURE 6.9: Azimuthally-averaged column
densities through the Galactic disk of inter-
stellar hydrogen nuclei in molecular form
(solid line), atomic form (dot-dashed line) and
ionized form (dotted line) and associated sur-
face densities of total interstellar matter, as
functions of Galactic radius.Credit: fig. 6 in
Ferriere, Gillard, and Jean, 2007.
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For having a reliable description of the central region is desirable to estimate the
filling factor — the ratio between the space-averaged density and the true density -
of the different gas phases, but it is hard to obtain and only some upper-limits are
given (Rodriguez-Ferndndez et al., 2001).

In summary, the main components in the GC are molecular (H) and atomic
(HI) hydrogen. HI, which is inferred from 21-cm lines, is less than 10% of the to-
tal mass. While, Hs is not observed directly, and — except for the densest clumps
where for instace CS of HCN lines emission are used — the column density can be
inferred from several tracers, most commonly from the 2CO lines emission and
the Xco factor. This requires a conversion factor which has been estimated to be
Xco(r ~ 0) ~ 0.5 x 102 em~2 K~! km™! s with a factor 2 uncertainty (Ferriere,
Gillard, and Jean, 2007). In this work has been adopted Xco(r ~ 0) = 0.65 x 10%°
cm~2 K= km~! s because this value returns the best agreement with the integrated
mass distribution, based on the CS emission map reported in HESS Collaboration
etal, 2016. The quoted uncertainty on this parameter directly applies to the dif-
fuse ~-ray emission normalization. This effect, however, is degenerate with that
of varying the CR (poorly known) source density at the GC (see section 6.5).

6.1.3 Gamma-ray observation of the Galactic Centre region

This section reports the recent observations performed by currently operating IACTs
towards the GC position. A detailed description of the complex scenario surround-
ing the interpretation of the observed VHE 7-ray emission has been presented in
section 3.1.3.1.

In 2006, the H.E.S.S. collaboration reported for the first time the detection of
diffuse vy-ray emission from the inner Galaxy (Aharonian et al., 2006b). The VHE
emission was found to approximately trace the column density of the ISM traced by
CO and CS molecular lines emission, and it extends over about 2 degrees in galactic
longitude along the Galactic Plane (GP) corresponding to the dubbed central Galactic
Ridge region.

Above TeV energies the CR leptonic component is believed to be negligible be-
cause of the energy losses afflicting synchrotron and Inverse Compton mechanisms,
caused by strong MFs — as strong as ~ 100 G (Crocker et al., 2010) —and dense IR ra-
diation field in the inner Galaxy respectively. The emission observed by H.E.S.S. was
then interpreted as primarily originated by the interactions of high and very-high
energy CR hadrons (mostly protons) with the dense gaseous mater enclosed in the
molecular clouds filling the GC region. As shown in sections 2.2 and 2.2, the pp in-
teraction produces pions, and the neutral pion rapidly decay in v rays. The spectral
index of the observed y-ray emission I' = —2.29 £ 0.07ta¢ & 0.20sys was significantly
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harder considering that measured at the Earth position due to CR propagation and
diffusion within the Galaxy (sections 2.1 and 3.1.4 and eq. (2.2)).

Recently, the H.E.S.S. collaboration released the new measurements, obtained
with ~ 250 h of data-taking and increased statistics, that allowed to extend the ex-
plored energy range and to perform a better study of the morphology of the emission
(HESS Collaboration et al., 2016; H. E. S. S. Collaboration et al., 2018a). Here the
energy spectrum of the diffuse y-ray emission from an annulus (of radius ~ 0.45°;
pacman region) centered on the HESS J1745-290 point source was measured in the
range 0.2 <+ 45 TeV (fig. 3.4). The spectrum was found to follow a power-law (PL)
with index I'nrssie = —2.32 £ 0.054¢a; £ 0.114ys extending up to the maximal mea-
sured energy with no statistically significant evidence of a cutoff (see fig. 6.10).
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Eneroy, £ TaV) FIGURE 6.11: H.E.S.S. data of the GC ridge

region, |I| < 1°,b] < 0.3° (black points).
The pacman region are the red data from the
FIGURE 6.10: H.ESS. data of the GC  previous work (HESS Collaboration et al.,
region. The blue and red bands are the ~ 2016). The blue line is the y-ray spectrum
best fit of the source, while the red line resulting from a power-law proton spec-

is the expected emission from 7° decay. ~ trum with a cutoff at 1 PeV and a spectral
Credit: fig.3 in HESS Collaboration et al., index of ~ 2.4. Credit: fig. 5in H. E. S. S.
2016. Collaboration et al., 2018a.

Assuming that the emission is originated by proton-proton scattering, that im-
plies the presence of a population of primary protons in the region extending up to
energies close to ~ 1 PeV with a power-law (PL) spectrum with index close to ~ 2.4
due to the slowly increasing behaviour of the pp scattering cross section with energy
(Patrignani et al., 2016).

The emission extends throughout the whole molecular gas complex in the GC
region the Central Molecular Zone (fig. 3.4) which roughly extends along a disk of
about 250 pc radius from the GC. More precisely, in the Galactic Ridge, defined by
lI] < 1°, |b| < 0.3° included in the CMZ !! , the H.E.S.S. collaboration (H. E. S. S.
Collaboration et al., 2018a) measured a uniform spectral index I'yggsis = —2.28 £
0.03stat = 0.2yt up to 45 TeV which is compatible with that measured in the inner

'11° corresponds to ~ 150 pc at the GC distance (~ 8.5 kpc).
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pacman region (see fig. 6.11) suggesting that a single population of particles fills the
entire CMZ. The leptonic origin of the emission is disfavoured unless the primary
electrons are continuously re-accelerated throughout the whole CMZ.

Since the angular profile of the emission — peaked on HESS J1745-290 — and
the steepness of the photon indexes, the H.E.S.S. collaboration proposed the cen-
tral source as the possible origin of the CR population in the CMZ region. This
source is positionally compatible with Sgr A* supermassive black hole. However, as
suggested by the H.E.S.S. collaboration, the current data cannot provide definitive
answers about the nature of this source because the point-like source HESS J1745-
290 itself remains unidentified. Several plausible candidates were suggested by the
H.E.S.S. collaboration to be the potential counterparts of the observed v-ray emis-
sion. Among them there are Sgr A* (Aharonian and Neronov, 2005), pulsar wind
nebula (PWN) G359.95-0.04 (Wang, Lu, and Gotthelf, 2006; Hinton and Aharonian,
2007) and annihilation of dark matter (Belikov, Zaharijas, and Silk, 2012; Acharyya
et al., 2021; Abe et al., 2023).

Although the observed spectrum of HESS J1745-290 is suppressed above ~ 10 TeV,
this might be explained by the attenuation due to v scattering absorption in the
presence of a dense radiation field surrounding the source ((Celli, Palladino, and
Vissani, 2017). The H.E.S.S. Collaboration claimed a 1/r radial profile of the primary
CR density up to 200 pc as expected for a quasi-continuous injection of protons into
the CMZ from a centrally located accelerator on a timescale ¢ exceeding the char-
acteristic time of diffusive escape of particles from the region (see Aharonian, 2004
and fig. 6.12). This interpretation promote the center of the Milky Was as the astro-
physical site in which a PeVatron may exist, and CRs are accelerated in the vicinity
of a SMBH, and continuously injected in the sorrowing environment (section 3.1.3.1
and egs. (3.1) and (6.5)). This interpretation is also motivated noting that the knee of
the CR spectrum — at ~ 3 PeV /n —is thought to mark the maximal rigidity reachable
by Galactic accelerators.

In fig. 6.13 the compared spectrum with H.E.S.S., MAGIC and VERITAS obser-
vations is displayed. In particular in MAGIC Collaboration et al., 2020b, the diffuse
~-ray spectrum in a region of ~ 150 pc in width, favors on a ~ 20 level a cutoff in the
~-ray spectrum over a simple power law. The 1o confidence level for the cutoff en-
ergy ranging from 10 TeV to 80 TeV, corresponding to primary CR proton energies of
~ 0.1 + 1 PeV. This finding means that the data are still marginally compatible with
the PeVatron scenario, even if the measured spectral index, I' ~ 2, is harder than that
measured by H.E.S.S.. Moreover the deduced CR density profile is still compatible
with the 1/r profile obtained by H.E.S.S.. On the other hand, in Adams et al., 2021,
the diffuse y-ray emission observed by VERITAS has no evidence of a cutoff, and is
compatible with a pure power law with index I' = 2.19 £ 0.20, favoring the PeVatron

scenario.
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1°,|b] < 0.3°) emission measured by VER-
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(red; H. E. S. S. Collaboration et al.,
2018a), and MAGIC (green; MAGIC Col-
laboration et al., 2020b). Credit: fig.5 in
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Several theoretical models try to explain how astrophysical sources may accel-
erate particle up to PeV energies (Berezinskii et al., 1990; Malkov and Drury, 2001).
Current IACTs have not detected any PeVatrons because of their limited sensitiv-
ity above a few tens of TeV. Recently, LHAASO collaboration (Cao et al., 2021) has
reported the detection of v rays above 100 TeV from 12 galactic sources, including
Crab nebula (Lhaaso Collaboration et al., 2021) with an event at 1.12 PeV establish-
ing Crab as a possible PeVatron (fig. 3.3). In this framework, Sgr A* represents a
viable PeVatron candidate, since the spectrum of the observed emission has no evi-
dence of a cutoff till ~ 50 TeV. Nowadays, Sgr A* has experiencing its quiet phase,
and it is unable to provide the required acceleration power to continuously acceler-
ate CRs, but during the last 10 + 07 years it could have been in active phase associ-
ated with its accretion onto the SMBH may have powered strong relativistic jets able
to accelerate particles up to the PeV. Recent X-ray observations suggest the violent
past of Sgr A*, as evidence of the observed X-ray outbursts (Clavel et al., 2013) and
an outflow from the GC (Su, Slatyer, and Finkbeiner, 2010).

The PeVatron interpretation results, however, strongly relies on the poorly known
gas distribution in the GC region. As said earlier, the molecular gas distribution is
inferred from the radio lines emission of tracers (i.e. CO, CS, HCN, NHj3) integrated
along the line-of-sight. The distance is derived on the basis of the Doppler shift of the
emission lines, and on a dynamical model of the gas motion (rotation curves), giving
rise to strong systematics and uncertainties on the 3D position of clouds. Moreover
the CMZ is filled by dense molecular clouds that may partially absorb the lines emis-
sion, and then underestimate the proper gas density. As a consequence, it is difficult
to firmly establish if the peaked vy-ray emission observed by H.E.S.S., MAGIC and
VERITAS from the GC is due to a gas distribution more peaked than expected or to a
CR distribution increasing towards the GC. The further estimated 1/r profile is itself

strongly dependent on the poorly known 3D distribution of molecular clouds, and
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then on their real distance from the center.

An alternative explanation of the H.E.S.S. observations was proposed in Gag-
gero et al., 2017a; Ventura, 2018, in which the bulk of the Galactic Ridge emission
could be originated by the diffuse steady-state Galactic CR-sea'?, which is able to
naturally reproduce the y-ray diffuse emission spectrum in the Galactic Ridge. Un-
der this assumption the required spectral index of the diffuse y-ray emission has to
be significantly harder than the local one. The gamma model (section 6.1.1) satisfies
the requirement of the spectral index hardening approaching the GC, and its param-
eterization is justified by recent results of the Fermi collaboration (fig. 6.3). Indeed,
the measured v-ray diffuse emission in the range 0.1+100 GeV is not properly repro-
duced by conventional model, as base model or the GALPROP outcome, stressing the
presence of an excess at higher energies (Ackermann et al., 2012a; Acero et al., 2016).
On the other hand, the scenario proposed with gamma model (Gaggero et al., 2015a;
Gaggero et al., 2015b; Gaggero et al., 2017a; Ventura, 2018) predicts a CR proton
spectral index I'cr(r ~ 0) = I'cr(re) — are. As a consequence, since I'cr(re) ~ 2.7
above ~ 300 GeV, this implies I'cr(r ~ 0) ~ 2.4, independently on the (poorly
known) value of § measured at the Earth position. Moreover, independent analysis
of Fermi-LAT data performed in Gaggero et al., 2017a; Ventura, 2018, have shown the
agreement with the H.E.S.S. observation and Fermi-LAT data at lower energies, the
energies where gamma model is validated against Fermi-LAT data on larger galactic
scales.

Discovering the nature of PeVatrons in our Galaxy is thus of particular interest
because it is linked with the understanding the origins of galactic CRs. In this frame-
work the detected spectra and morphologies of the astrophysical sources, and their
variability could constrains models of VHE ~-ray emission. Indeed, correlated vari-
ability in different wave bands would suggest a common origin of the emissions,
while variability timescales could constrain the nature of the acceleration mecha-
nism (Ballantyne, Schumann, and Ford, 2011) or the size of the emission region.
Nowadays no variability has been detected in the TeV emission from the direction
of Sgr A* (Aharonian et al., 2009; Ahnen et al., 2017b; Adams et al., 2021), sug-
gesting a differing origin of the VHE ~-ray emission with respect to the variable IR
and X-ray observed emission (Wang, Lu, and Gotthelf, 2006). As said earlier, Fermi-
LAT detected a 3 GeV excess from the GC (Ackermann et al., 2017), and among the
proposed explanations there are an unresolved point source population (Macias et
al., 2018; Buschmann et al., 2020) , annihilation of dark matter particles (Leane and
Slatyer, 2019) , or it is associated with the large scale CR component.

!2The CR-sea is defined as the large scale CR population due to the bulk of CR accelerators present
in the whole Galaxy after diffusing in the turbulent galactic magnetic field (sections 2.1 and 3.1.4).
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Several attempts try to explain the observed excess at HE and VHE ~ rays
with a local component, while in this work the observed emission could be nat-
urally explained in terms of the large scale background (CR-sea) emission which
gets harder approaching the GC. Even if this interpretations relies on several uncer-
tainties, mainly related with the poorly known gas distribution in the inner Galaxy;,
the evidence of a radial dependence of the diffusion coefficient is becoming widely
accepted by the astroparticle community. The requirement of a realistic descrip-
tion of the y-ray background model, especially at GeV and TeV energies is crucial,
because above its permeating flux astrophysical sources could be detected and ana-
lyzed. The complexity of the analysis of galactic sources in current y-ray detectors’
analysis chain, requires the use of a background model supported by catalogs of
known sources in order to perform a likelihood 3D analysis returning the spectral
(and eventual morphological) parameters of the source under investigation. In this
context, it is crucial to adopt proper background models which cannot over/under
estimate the contribution of the observed ~-ray emission, by H.E.S.S. (HESS Collab-
oration et al., 2016; H. E. S. S. Collaboration et al., 2018a), by MAGIC (MAGIC
Collaboration et al., 2020b), by VERITAS (Adams et al., 2021), and recently also at
higher energies by HAWC (Abeysekara et al., 2021), by Tibet AS-y (Amenomori et
al., 2021a) and by LHAASO (Cao et al., 2021).

6.2 Untangling the complexity in the Galactic Center region

This section is devoted to the description of the impact of background models in the
analysis of y-ray data. Two main region of the inner Galaxy are considered, HESS
J1741-302 and the Central Molecular Zone. The HE v-ray data have been estimated
with an ad-hoc analysis of Fermi-LAT observations, while the VHE data come from
the major currently operating IACTs, H.E.S.S., MAGIC and VERITAS.

Four models reproducing the y-ray diffuse emission have been scrutinized against
-ray observations in the CMZ. The models accounts for the same parameterization
of nuclear cross-section, ISRF and gas distribution map (section 6.1.1). On the other
hand, the parametrization differs in the choice of the radial dependence of the dif-
fusion coefficient, and the inclusion of the hardening at 250 GeV /n, as measured by
PAMELA (Adriani et al., 2011), AMS-02 (Aguilar et al., 2015) and CREAM (Ahn et
al., 2010). The first is gamma model, which is widely described in section 6.1.1 (type
B). In the second, the background model is set without the additional hardening
at 250 GeV/n, and it is called gamma model without hardening. The third model is
base model, described in section 6.1.1 (type A). While the last representation is the
conventional description of the CR diffusion, without the additional hardening at
250 GeV /n.
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The inner ring of the Galaxy, is modelled with the analytical description reported
in section 6.1.2, while the remain rings are considered the same used in GALPROP.
Since the observations of the inner ring of our Galaxy are affected by large uncertain-
ties and systematics, the present parametrization represents an extension at the GC
position of the trend tuned on local data, and an extrapolation at higher energies.

In fig. 6.14 are displayed four views of the expected emission from the CMZ at
10 GeV, coincident with the Galactic Ridge fig. 3.4. Starting from the top left, Gamma
Model, Gamma Model without hardening, Base Model, and Conventional diffusion.

CMZ Base Model (10.0 GeV)

CMZ Gamma Model (10.0 GeV)

Galactic
Galactic

Il(:ev::m7s‘sr1 IlGch:mzs‘sr1

CMZ Conventional (10.0 GeV)

CMZ Gamma Model noHardening (10.0 GeV)

Galactic
Galactic

_:Iﬁev::mzs‘sr1 _:lGchmzs‘sr1

FIGURE 6.14: View of the v-ray expected emission as outcome of

Gamma Model, Gamma Model without hardening, Base Model and Con-

ventional diffusion. The representations are obtained at 10 GeV, and

in a region corresponding to the Galactic Ridge (|I| < 1°, |b] < 0.3%
tig. 3.4). Credit: fig.1 in Ventura, 2022.

The four models have been compared with the observed data by currently op-
erating gamma-ray observatories. In particular, a detailed analysis of ~ 10 years
of PASS8 (Bruel et al., 2018) Fermi-LAT data extracted with FERMI SCIENCE TOOLS
v11R5P3%3, and performed with the last version of IRFs (PSR3_CLEAN_V2), rec-
ommended quality cuts (DATA_QUAL==1) && (LAT\_CONFIG==1) event class
256 for extended sources analysis, isotropic background (iso_P8R3_CLEAN_V2),
and 4FGL catalog (Abdollahi et al., 2020a). The Fermi-LAT analysis has been per-
formed with codes developed on purpose for this work by the author. The codes
compute all-sky maps in HEALPIX projection method (Gorski et al., 2005) of the
complete dataset returning a counts-map, the exposure map, and the source map
(accounting of all source models listed in the 4FGL caatalog). A detailed description
of the procedure is reported in Ventura, 2018, chapter 4.

3 FermiTool.


https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/v11r5p3.html
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In fig. 6.15 top is displayed the energy spectrum from 1 GeV to more than 50 TeV
of the y-ray emission observed in the inner part of the CMZ, the Galactic Ridge, as
defined in H. E. S. S. Collaboration et al., 2018a, and corresponding to |I| < 1°, |b] <
0.3° in extension. The Fermi-LAT data has been compared with HE.S.S. (H. E. S.
S. Collaboration et al., 2018a), MAGIC (MAGIC Collaboration et al., 2020b) and
VERITAS (Adams et al., 2021) measurements. The expected diffuse y-ray emission
of the four phenomenological models described above is also displayed. It is useful
to note that at the Fermi-LAT energies all the models can reproduce the observed
excess in the Galactic Ridge, while at higher energies — essentially at that energies
reachable by IACTs — the four energy spectra reproduce a different behaviour of the
modelled v-ray diffuse emission. In particular the measured emission is reproduced
by the Gamma Model, but not properly by the other three models.

In fig. 6.15 bottom, the measured Fermi-LAT and H.E.S.S. data are compared with
the expected -ray emission computed with Gamma Model. The blue band represents
the uncertainty in the normalization of the spectrum of the diffuse emission. Indeed
in Ferriére, Gillard, and Jean, 2007, for estimating the gas mass of the inner ring of
Our Galaxy, has been considered the so-called Xco factor (Dickman, 1975) equals
to ~ (2 +4) x 10" cm™2K~'km™'s with an uncertainty of order 2. This causes
a corresponding uncertainty in the prediction of the model used to compute the
expected -ray emission from the region, stressing the diffuse model dependence on
the poorly known gas distribution in the GC region.

For performing the Fermi-LAT analysis two HEALPIX maps with flux informa-
tions have been subtracted: the first is the total counts map with all type of events,
and the second is the source maps with predicted counts computed with spectral and
morphological parameters listed in the catalog and obtained with the diffuse model
used by the collaboration (g11_iem_v06). Several point-like sources are present
in the region that have to be subtracted from the total emission (counts map) of the
region under investigation, in this case the inner CMZ. In the work presented in Ven-
tura, Grasso, and Marinelli, 2019, has been used the Fermi-LAT 8 Years (FL8Y) list of
sources'* which contains 8 sources in the region under investigation. The catalog
was built assuming the same diffuse model of 4FGL- that is the performed version
of FL8Y — gl1_iem_v06 described in Acero et al., 2016. The FL8Y source list is
based on the first 8 years of science data of Fermi-LAT reconstructed with the PASS8

algorithm.

On the top of fig. 6.16 the H.E.S.S. and Fermi-LAT data points are in good agree-
ment between the two datasets which overlap at few hundred GeV and can actually
be fitted with a single power law with index I'qr = —2.36 £ 0.03. In the same plot is
displayed the predictions of the gamma model with and without (dashed line) the con-
tribution of the CMZ (inner ring) in order to obtain the foreground emission. In this

HEL8Y catalog.


https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/FL8Y_description_v5.pdf
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total diffuse emission spectrum computed with the gamma model accounting for the contribution of the diffuse background computed on the basis of the
same model (dashed line). Credit: fig.2 in Ventura, Grasso, and Marinelli, 2019.
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case, the foreground emission underestimates the combined Fermi-LAT and H.E.S.S.
data, which are on the contrary better reproduced by the combined effect of the
foreground emission in addition to the expected flux computed only in the inner ring,
corresponding to the CMZ. In the same region of interest, other diffuse backgrounds,
such as isotropic extragalactic emission and Fermi bubble have been considered sub-
dominant. Moreover, it has been checked that the gamma model background is ba-
sically coincident with the high-energy extrapolation of the g11_iem_v06 diffuse
model used to compute the point and extended sources” models listed in FL8Y, used
to build the HEALPIX source map.

A sub-region at the rim of the CMZ, approximatively centered on the Sgr B com-
plex has also been observed by the H.E.S.S. telescopes Yang, Jones, and Aharonian,
2015, and on the bottom of fig. 6.16 is displayed the H.E.S.S. and Fermi-LAT data com-
parison, and the gamma model outcome for Sgr B. Even in this case gamma model

provides a good description of the data.

The relevance to compare HE Fermi-LAT data with VHE data is to stress that
even at higher energies the contribution of the CR-sea is crucial. Indeed, at few GeVs
the gamma model predicts the same emission of conventional diffusion, which as-
sumes a uniform CR spectrum in the whole Galaxy, and it provides a safe evidence
that at those energies the emission is dominated by the CR-sea. Therefore, the ab-
sence of a pronounced feature at higher energies is a further evidence against the
presence of a new component in the CR population in that region.

6.3 An hidden accelerator in the GC region? HESS ]J1741-302

The intriguing scenario represented by the ~-ray excess in the Galactic Center re-
gion has motivated several theoretical efforts, invoking a broad variety of physical
processes, to explain the observed emission. In this context, the search of regions far-
ther from the inner CMZ showing hard spectral index close to ~ 2.4 assumes a key
role. Indeed, as long as inner regions are used to test both the PeVatron and diffuse
scenarios, a definitive explanation could be not achieved. Due to the largest uncer-
tainties on the gas density distribution in the central Galaxy both the PeVatron and
gamma diffuse scenarios can reproduce the observed data (figs. 6.12, 6.15 and 6.16).
As shown in Ventura, 2018, the luminosity profile associated with the Galactic Ridge
region, is peaked in the central region corresponding to the so-called pacman region
(tig. 3.4 top; HESS Collaboration et al., 2016). This luminosity profile is not properly
reproduced by the gamma model itself, that on the contrary provides a flat profile in
the pacman region. This finding seems to support the evidence that in the vicinity
of Sgr A* the contribution of a local source is required to explain the VHE v-ray ob-
servations. On the other hand, moving away from the center and approaching the
edge of the CMZ, the contribution of the large-scale background emission featured by
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the hardening (section 6.1.1) could properly reproduce the data, and at some extent,
becomes dominant (fig. 6.17).
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FIGURE 6.17: Luminosity profile computed considering the 8 regions
at positive longitudes from GC on the right, while in on the left is shown
the luminosity profile for 5 Rols at negative longitudes. Two fits are
reported as follow: the yellow-dashed line is obtained considering all
the Rols, while the blue-dashed line considering only the five circular
region (excluding the first 3 points of pacman on the right). On the left is
reported the same approach. A representation of the Rols is shown in
fig. 3.4. The red dots represent the luminosities derived from the fits
parameters. The green shaded area represents the 1o errors. Credit:
fig. 5.7 in Ventura, 2018.

One of the farther region from Sgr A* considered in this work is HESS ]J1741-
302 discovered by the H.E.S.S. telescopes (H. E. S. S. Collaboration et al., 2018c)
during its galactic plane survey (fig. 3.2; H. E. S. S. Collaboration et al., 2018d), and
laying on the GP at an angular distance | = —1.7° from the GC (R.A. 17741™15.4,
Dec. —30°2237.4"). The observed spectrum extends from 0.1 to 10 TeV following a
single-power law with index I'j1741.302 = —2.3 & 0.25¢at & 0.25ys with no evidence of a
cutoff (fig. 6.18).

No clear astrophysical counterparts have been identified for that source. Among
several plausible origins of its emission, the H.E.S.S. collaboration proposed a mas-
sive molecular cloud (cloud 8), at a distance of 260 + 40 pc from the GC, as one of the
most plausible counterpart. The mass of that cloud — derived from the CO line emis-
sion — was estimated to be 6.8 x 10* M. Two main scenarios have been suggested
by the H.E.S.S. collaboration to explain the observed emission in which the parental
particle population, responsible for such emission, extends up to tens of TeVs in a
leptonic scenario, or hundreds of TeVs in an hadronic interpretation. In the first sce-
nario the emission is explained by the interaction of accelerated electrons coming
from a nowadays unresolved source, with energies of hundreds of TeV, undergo-
ing IC scattering off CMB or ambient radiation fields. This field could be associated
with a relic PWN, the source PSR B1737-30, or binary scenario associated with the
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FIGURE 6.18: On the left: y-ray excess map of the region around HESS
J1741-302. The black circle shows the source region used for extract-
ing the spectrum, while the black cross indicates the value and 1o er-
ror interval of the best fit position of the source. The white dashed line
indicates the orientation of the Galactic plane. On the right: VHE -
ray spectrum of HESS J1741-302. The black dots show the flux points,
while the red shaded region represents the 68% confidence interval
for the fitted spectral model. The dashed black line shows the best fit
power-law function. Credit: fig.1 and fig.2 in H. E. S. S. Collaboration
etal., 2018¢c.

compact radio source 1LC 358.266+00.038. However, the absence of a detected HE
7-ray counterpart, X-ray emission from PWN and variability, combined with the
point-like nature of the source!® disfavor the leptonic scenario. On the other hand
in the hadronic scenario, the observed emission arises from the interactions of CRs
with the dense molecular cloud filling the region. This represents the most plausible
astrophysical source associated with HESS ]J1741-302.

At the present observation state, HESS J1741-302 could be an active or passive
astrophysical source. In the first case, at that position of the sky an hidden accelerator
is covert, which locally accelerates particles interacting with the cloud responsible
for the VHE emission. On the other hand, in the passive case, the massive cloud
is lightened by the large-scale background component represented by the CR-ses, in
which the whole galactic CR population confined within the Galaxy is responsible
for the observed flux. The last interpretation is considerable under the assumption
of harder diffusion approaching the GC. Indeed, the presence of such cloud is of
crucial interest since represents a natural target to probe how and if the galactic CR

population properties change with the galoctocentric distance R.

As previously done for the Galactic Ridge and Sgr B analysis (figs. 6.15 and 6.16)
H.E.S.S. and Fermi-LAT data have been compared in order to extend the measured
emission spectrum to lower energies. A circular region of radius 0.1° centered on the
source position has been considered to estimate the Fermi-LAT v-ray emission and

5The size of the source is 0.1° that is compatible with H.E.S.S. PSF.
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the outcome of gamma model. Even in this case, the Fermi-LAT analysis has been com-
puted with the same approach described above, and considering the sources listed
in the FL8Y catalog. As displayed in fig. 6.19, the measured spectrum by H.E.S.S. ex-
tends steadily down to few GeVs bridging with Fermi-LAT data. The spectral index
resulting from the best-fit of Fermi-LAT and H.E.S.S. data is I'j1741300 = —2.24 4 0.08
which is in agreement with the gamma model prediction in the inner galaxy (fig. 6.3).
The data have also been compared with the predicted emission from both PeVatron
and gamma model. Even in this case, the gamma model prediction matches the ob-
served spectrum remarkably well. On the other hand, the predicted flux under the
PeVatron hypothesis under-estimate the observed flux and it is compatible with the
expected foreground as output of gamma model (fig. 6.19 dashed blue line).

m—— Gamma Model
10—1(] ] === PeVatron Scenario

= = Foreground
@ Fermi PASSS
A HESS Data

10—12 -]

—_
(e
|

—

'S

d®/dE, [GeV~lem 271
3

H

I
L
[oe}

10720 -]

10722 T T T T L II T T T T L II T T T T L II T T T
1072 1071 10° 10
E[TeV |

FIGURE 6.19: Comparison of H.E.S.S. data (H. E. S. S. Collaboration
et al., 2018c) and Fermi-LAT excess counts from a circular region of
angular radius 0.1° centered on the position of HESS J1741-302. The
solid line is the prediction of the gamma model under the hypothesis of
CR large-scale background interactions with the cloud 8 (at R = 260 pc),
identified in H. E. S. S. Collaboration et al., 2018c. The grey line rep-
resents the prediction of CR interactions in the PeVatron model derived
extrapolating the CR density profile reported in HESS Collaboration
et al., 2016 to the position of cloud 8. The dashed blue line epresents
the expected emission from the foreground emission as predicted by
gamma modelCredit: fig.2 in Ventura, Grasso, and Marinelli, 2019.
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For computing the v-ray flux associated with the CR density at the HESS J1741-
302 position, it has been used the eq. 1 in HESS Collaboration et al., 2016

F,(>E,) ~4.6x 101" (f) wer (> 10E,) erg [em 257 (6.5)
pc
where Mj is the cloud mass in units of 10° M, dypc the distance in unit of kpc.
Applying eq. (6.5) to cloud 8, where M5/ dﬁpc = 0.0094, and the CR density from
gamma model wor(> 4 TeV) ~ 0.1 eV/cm™3, as the result F, (> 0.4 TeV) ~ 5 x
10713 erg cm~2s~!. This finding is very close to the measured flux by the H.E.S.S. col-
laboration (1.2 x 10712 erg cm ™2 s71), and accounting for a comparable background
contribution (fig. 6.19) Moreover, for comparing the gamma model predictions with
the PeVatron outcome, it has been used the CR profile in fig. 6.12 (HESS Collab-
oration et al., 2016) obtaining a wcg value less than half the value predicted by the
gamma model at the position of cloud 8 implying an emission significantly lower than

the observed one.

The obtained results seem to support the passive scenario, in which the cloud is
not illuminated by a PeVatron at the GC position, 200 pc far away from cloud 8, but
rather by the galactic CR population featured by hard inhomogeneous diffusion.

6.3.1 Simulation Template and Analysis

As said earlier, the currently available informations on HESS J1741-302 are inade-
quate for converging to a definitive explanation. At some extent, under the hadronic
interpretation of the observed emission, both the local source and the galactic CR-sea
could reproduce the observations. In order to converge for a definitive classification
of HESS J1741-302, some simulation in view of the next generation Cherenkov Tele-
scope Array (CTA; section 4.3.2) have been implemented. This section is devoted
to explain the simulation template used to compute the energy spectrum associated
with HESS J1741-302.

The high-level analysis of CTA is performed similarly to that adopted by the
Fermi-LAT collaboration, and relies on 3D likelihood analysis, in which fundamen-
tal ingredients are the diffuse background model and the spectral and morphological
parameterization of the sources listed in the catalog. In this work two main back-

ground model have been used
a the first is gamma model described in section 6.1.1 (type B)

b the second is a combination of gamma model, for the predicted emission from
ring 2 (1.5 kpc) to the last one (ring 9), and the PeVatron template in the ring 0
associated with the CMZ. This template has been analytically computed con-
volving the 1/r profile in fig. 6.12 with the CTA IRF and the gas distribution
map derived by CS molecular line emission, as used in HESS Collaboration
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et al., 2016. The ring 1 has not been considered since HESS J1741-302 is located
within the region accounted in the ring.

The aim of this approach is to perform the 3D analysis of HESS ]J1741-302 applying
two different background model in order to understand if there are differences in
the simulated energy spectra, and if CTA will be capable to detect the source and
disentangle among different scenarios.

A box of 15° x 6°, centered on HESS J1741-302 position, has been simulated for a
total exposure time of 10 h, in the energy range 0.03 +100 TeV, with CTOOLS, and for
comparison with GAMMAPY v.1.0(section 4.3.2), using the CTA IRFs Prod3bv2 16
in the case of CTOOLS, and Prod5 v0.1 17, in the case of GAMMAPY, relative to the
CTA Observatory South (50 h). All the sources listed in the DC I'® and positionally
included in the box are considered, excluding the dark matter candidate and the
low latitude FermiBubble. The source under investigation, HESS J1741-302, has been
modelled as an extend source with a radial gaussian profile, and a simple power-law
spectral model, with the parameters listed in H. E. S. S. Collaboration et al., 2018c.
In table 6.1 are tabulated the major parameters of the simulation template.

TABLE 6.1: Morphological and spectral parameters used for mod-
elling HESS J1741-302.

RA(°) DEC() o(°) No(TeV-lem2s 1) Ey(TeV) T

265.310 —30.377 0.068 2.1x10°13 1 -2.3

With CTOOLS to simulate the events the class to useis ctobssim, and ct selectfor
selecting the events in the desired energy range. ct skymap to compute the skymap,
and ctlike to perform the likelihood analysis. For computing the residual map is
used ctremap, and for obtaining the spectrum ctbutterfly.

On the other hand, with GAMMAPY the classes to use are MapDatasetEventSampler
to simulate the events or Dataset.fake (). Map.from _geom, £fill_events and
sum_over_axes for creating the skymap.

Fit (optimize_opts={"print_level": 1}) toperform the likelihood anal-
ysis,and plot_residuals_spatial todisplay the residualsmap. FluxProfileEstimator
to compute the flux profile, and FluxPointsEstimator to obtain the flux points
and then the spectrum. It is also possible to perform the source detection and the
significance map with the class TSMapEst imator, and the method

find_peaks (maps|["sqgrt_ts"], threshold=5, min_distance="0.25 deg").

16 Prod3bv2 webpage.
17 Prod5 v0.1 webpage.
8First Data Challenge webpage.


https://www.cta-observatory.org/cta-performance-prod3b-v2-south-20deg-effectiveareanodirectioncut/
https://www.cta-observatory.org/science/ctao-performance/cta-performance-prod5-v0-1-south-alpha50h-differentialsensitivity-otherinstruments/
http://cta.irap.omp.eu/ctools/users/tutorials/1dc/index.html
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FIGURE 6.20: Skymap of the setup a (fop) and of the setup b (bottom).
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Two different setups have been used for simulating the v-ray emission from the
selected box, one for each background model defined above (a, b)

1. in the first setup has been considered HESS J1741-302 and all the sources listed
in the DC I within the simulated box area. Dark matter candidates a FermiBub-
ble have not been included. For accounting the background model has been
used the (a) definition, gamma model

2. the second setup shares with the first all the conditions, except for the back-
ground model, that is le (b) definition, gamma model as foreground + PeVatron
in the CMZ.

Once the event maps (fig. 6.20) are computed the 3D likelihood analysis can be
performed. The first setup has been divided in 10 energy bins in the range 0.03 + 100
TeV into a FoV of 10° (1 bin = 0.02° x 0.02°), while the second setup has been binned
in 30 equally spaced energy bins. The fit procedure has been performed iteratively,
starting from the 3 brighter sources HESS J1741-302, GC and G0.9+0.1, till the last
iteration including 8 sources, when the residuals have been considered acceptable
(fig. 6.21). At each step, the spatial and spectral residuals have been checked, and
in case the residuals were no flat, one other source component was added. In the
titting procedure the spatial coordinates of the sources, excluded HESS J1741-302,
have been fixed, as well as the spectral normalization.
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The results of the likelihood analysis are tabulated in tables 6.2 and 6.3.

TABLE 6.2: Likelihood analysis of HESS J1741-302, spatial parame-
ters.

TS RA (%) DEC (°) o (%)

Firstsetup  2606.81 265.3111 £ 0.0034 —30.3785 £ 0.0030 0.0686 + 0.0021

Second setup  3140.84 65.305 £ 0.003 —30.374 £0.003  0.0686 £+ 0.0021

TABLE 6.3: Likelihood analysis of HESS J1741-302, spectral parame-
ters.

Ny (TeV~tem=2s71h) r

Firstsetup  (1.930 + 0.066) x 10713 —2.252 + 0.023

Second setup  (2.136 4 0.067) x 10713 —2.345 + 0.021

— CMZ 1/r
—— CMZ gamma model

E2 x dN/dE (erg cm™2 s71)

10712 4

1071 10° 10t 102
Energy (TeV)

FIGURE 6.22: The red spectrum is computed considering the CMZ ring as “illuminated” by
the inhomogeneous CR-sea. The green spectrum is obtained considering the central ring as
“illuminated” by the central PeVatron described in HESS Collaboration et al., 2016.

In fig. 6.22 the butterfly plot with the HESS J1741-302 spectra computed with the
two setups is displayed. In green is represented the HESS J1741-302 spectrum as the
result of the simulation obtained considering the CMZ illuminated by the central
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PeVatron, as supported in HESS Collaboration et al., 2016. While the red spectrum is
obtained considering the CMZ illuminated by the galactic CR population (the CR-
sea) as predicted by gamma model.

As suggested by the same figure, the difference between the two spectra in both
normalization and spectral index, are evident and separated over the instrumental
precision, making of CTA a plausible PeVatron discriminator.

6.4 An hidden population in the GC region?

As said earlier, nowadays a definitive explanation on the nature of diffuse v-ray
emission observed in the GC region by H.E.S.S., MAGIC and VERITAS, has not been
achieved yet. Several sources of uncertainties surrounding the tested approaches
developed to explain the observations. At the first place the difficulty to properly
estimate the gas density in the inner Galaxy, and its dynamical distribution in com-
pact and dense clumps. That because the GC is a complex region to study at each
wavelength since it is obscured along the line-of-site from the foreground emission.
Another crucial difficulty is the detection of sources, especially CR accelerators that
are enveloped in the region. As already mentioned, the source model adopted in
this work to compute the CR spatial profile (fig. 6.2), provides an extrapolation at
the GC position of the SNR profile observed in the outer Galaxy, and vanishes at the
GC position. However, an exceptional supernova rate is expected to fill the inner
Galaxy, and then improve the number of potential CR accelerators.

The central SMBH Sgr A* is extremely inactive at present date, and the GC re-
gion is often compared with the one of starbust galaxies, in which massive star for-
mation occurs, many SNRs are visible in radio and X-ray (Ponti et al., 2015), and
PWNe are also numerous in the complex GC region (Muno et al., 2008; Johnson,
Dong, and Wang, 2009). An exceptional SN rate is then expected featuring the inner
Galaxy, and in Jouvin, Lemiere, and Terrier, 2017, the central 300 pc have been mod-
elled assuming three different and realistic 3D spatial distributions. The first region
is assumed as a uniform cylinder region centred at the Sgr A* position( with an esti-
mated SN;ate = 6.4-10~% yr~!. The second one is associated with the central disc, cor-
responding to the accretion disk around Sgr A*, and modelled with a spherical shape
with the center at the Sgr A* position. The estimated rate is SNyt = 4 - 107° yr— L.
The last region is compatible with the Quintuplet cluster, and it is shaped as a uni-
form sphere centered at R.A. 17"46™13.9%, Dec—28°49/48" with an associated rate of
SNyate = 4 - 1075 yr~L. Finally, at ~ 30 pc from Sgr A* is located the Arches cluster,
with a mass of ~ 10 Mg, ~ 2.5 Myr, in which young massive stars live and fill
the region with their strong winds able to accelerate CRs even at higher energies.
This region is although too young to experience SN explosions, leading to model
the region with a radial disk spatial shape with radius » = 0.13°, and the spectral
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model derived by the stellar wind bubble model of Morlino et al., 2021, parametrized

as a power-law with exponetial cutoff.

The 3D spatial distribution described above has been used by Jouvin, Lemiére,
and Terrier, 2017, to compute the y-ray emission due to CRs accelerated by SNRs
residing in inner parsecs of the Galaxy, associated with a starburst effect, and in-
teracting with the dense molecular clouds in the region (Macias and Gordon, 2014).
All the SNRs have been considered as core collapse since around 2/3 of the massive
stars detected in the inner Galaxy are located inside of these three massive starburst
clusters suggesting the existence of isolated high-mass star formation (Mauerhan
et al., 2010); thus no type Ia SNs are considered (for major details on the SN clas-
sification see section 3.1.1), also know as paradox of youth (Genzel, Eisenhauer, and
Gillessen, 2010). Even if the real SN spatial distribution is unclear, it is observed to
be non-uniform and concentrated in the inner 30 pc of the Milky Way. This high
SN concentration could be responsible for the higher detected CR density peaking
towards the GC. In Jouvin, Lemiere, and Terrier, 2017, the deduced v-ray emission
(tig. 6.23) is compatible with the H.E.S.S. observations in the inner 200 pc (HESS
Collaboration et al., 2016).
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FIGURE 6.23: In blue the spectrum generated from 100 SN temporal

and spatial distributions, and in red the spectrum from a stationary

source at the GC. Both are extracted from an annulus centred at Sgr

A* with inner and outer radii of 0.15° and 0.45°. The black points

are the H.E.S.S. data (HESS Collaboration et al., 2016). Credit: fig.3 in
Jouvin, Lemiere, and Terrier, 2017.
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In particular, the estimated CR density profile is peaked toward the Quintu-
plet cluster and central disc, and at higher longitudes the CR density is compatible
with that observed by H.E.S.S.. However, in the central 30 pc the SNR contribution
alone are not able to overlap the observations implying the contribution of a central

stationary-state source to explain the measurements.

The 3D model, of steady CR injection by a nowadays unresolved population of
SNRs and PWNe, described above is able to reproduced the measured VHE v-ray
excess under both the assumption of isotropic and anisotropic CR diffusion. In the
first scenario, the diffusion coefficient is considered equal to that observed locally
(~ 2.7+ 2.8, eq. (2.2)), while in the second it is harder approaching the GC, since in
this region the observed MF structure is poloidal and the perpendicular CR escape
is of advective origin rather than diffusive.

6.4.1 Simulation Template and Analysis

As discussed above, it is reductive thinking that in the CMZ the only source capable
to accelerate CRs is Sgr A*. From the observational point of view many candidate CR
accelerators filling the region, like SNRs, PWNe, and young stellar cluster (YSCs). In
this framework and following the work of Jouvin, Lemiere, and Terrier, 2017, a set
of simulations in view of the CTA era have been computed. In this sense, a synthetic
population template accounting of currently undetected SNRs, PWNe and YSC has
been used . The SNR template accounts of ~ 70 objects resulting from SNe explosion
in 100 kyr of integration time (the same time range used to build the upcoming GPS),
and it has been supplied by Pierre Cristofari. The obtained SNRs have been evolved
with a code supplied by Michele Fiori to get the PWNe template (fig. 6.24). The
spectral and morphological template of Arches cluster (YSC) has been provided by

Giovanni Morlino.

The sources in the SNRs, PWN and YSC templates have been simulated through
multiple events simulation with GAMMAPY for a total of 10 h and 50 h exposure
time, in the energy range 0.1 + 100 TeV, with the IRF PROD5 relative to the observa-
tion site CTA South 50 h, in a box of 5° x 2° centered on (I,b) = (0°,0°). Together
with the sources listed in the three templates, in the simulation has been considered
the background model provided by the CTA consortium, the same used for building
the upcoming Galactic Plane Survey (GPS). This background model is the updated ver-
sion of gamma model described in section 6.1.1. The updated gamma model assumes
the same non-uniform CR transport scenario of gamma model, but it is computed with
the updated DRAGON?2 and HERMES codes, In the first code have been updated the
nuclear cross-sections that allow to simulate even PeVCRs, and the ISRF map with
the more recent results. Regarding the second, HERMES represents the evolution of
GAMMASKY in which are included additional high-energy radiative processes, and
a new version of the gas distribution map, the same used to build the gll_iem_v06,
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FIGURE 6.24: Above TeV energies the major contribution is due to the
PWN population. Credit: Michele Fiori.

has been used to compute HEALPIX maps of the diffuse 7-ray emission (De La Torre
Luque et al., 2023).

The aim of this simulation is to provide the spectrum of a region compatible
with the Galactic Ridge (|/| < 1°,[b] < 0.3°), and to compare the result with the
currently available observations by H.E.S.S., MAGIC, and VERITAS from the same
region (fig. 6.13). If the simulated spectrum is at least compatible with the observa-
tions, it is worth including this synthetic population among the list of sources in the
updated DC II, which will contain a list of known and unknown sources and candi-
dates that are considered to be detectable by CTA. Indeed, at present date, in the GC

region are listed only two sources, evidence extremely unlikely.

In fig. 6.25 the simulation outcomes are displayed, in particular the skymap
(50 h) and the flux profile. The 3D analysis it is ongoing since some caveats have
been arise from the first analysis presented at the Spring CTAO Collaboration Meet-
ing 2023 in Granada (Spain). The certain inconsistency of the 3D analysis is not
shown in this work and represent an extension of the project for the future.
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6.5 Discussion

The nature of the VHE y-ray emission observed in the GC region is still unknown
and debated. The H.E.S.S. collaboration (HESS Collaboration et al., 2016; H. E. S.
S. Collaboration et al., 2018a) interprets the observed y-ray excess in terms of the
PeVatron scenario, in which the inferred CR density is compatible with CR escaping
from a stationary source that continuously injects CRs in the region. The PeVatron is
associated with the SMBH Sgr A* at the center of the Milky Way, or with a hidden
accelerator located in its vicinity, for instance associated with a compact Stellar Wind
Cluster Aharonian, Yang, and de Ofia Wilhelmi, 2019; Morlino et al., 2021.

The PeVatron interpretation relies on very poor informations on the molecular
gas distribution featuring the complex GC region. Indeed, it is known to be one of
the densest environment of the Milky Way, in which the gaseous matter is clumpy
and its dynamical behaviour is not properly understood (section 6.1.2). The dense
molecular clouds represent the ideal target for the CR interactions producing v rays
mainly via 7° decay. The Xco conversion factor is used for obtaining useful infor-
mations on the mass content of the clouds, but its direct measurements at the GC
position vanishes, and only extrapolations of local observations can be used (see
fig. 6.5 and Ferriere, Gillard, and Jean, 2007). As a consequence the Xco value in the
inner Galaxy has an uncertainties of a factor of 2.

As discussed in section 6.1.1, several observational evidences (Acero et al., 2016;
Yang, Aharonian, and Evoli, 2016) show that the HE ~-ray excess could be natu-
rally explained accounting of inhomogeneous CR transport model, in which the
anisotropic propagation is due to the linear dependence of the diffusion coefficient
with galactocentric distance, rigidity and advection velocities, and the predicted flux
increases approaching the GC (Gaggero et al., 2015b). The outcome of this model
provides an hardening of the spectral index of the diffuse y-ray emission in the in-
ner Galaxy at higher energies, while in the MeV +GeV regime it is in agreement
with the prediction of uniform (conventional) diffusion accounting of local measure-
ments. In this framework, the observed ~-ray emission from the Galactic Ridge
(J7] < 1°, ]b] < 0.3°) has been explained in terms of the galactic CRs’ contribution,
CR-sea, which are accelerated by all the galactic sources'” and confined within the
Galaxy by the galactic MF.

In fig. 6.14 the outcomes of four phenomenological models of the diffuse emis-
sion computed with a different set of parameters are displayed. In particular, as
displayed in fig. 6.15 (top), the expected flux of each model is in agreement with HE
Fermi-LAT data, while at higher energies, those reached by IACTs, only the param-
eterization featuring gamma model could naturally explain the observations. More-
over, the inclusion of the hardening at 250 GeV /n, as observed by PAMELA (Adriani

In the model the source term accounting of a analytical profile extrapolated at the GC position, and
computed starting from radio observation of known SNRs in the galactic plane (section 6.1.1).
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et al., 2011), AMS-02 (Aguilar et al., 2015) and CREAM (Ahn et al., 2010), is crucial
in reproducing the data (fig. 6.15, top, black line), while the conventional diffusion
scenario mismatches the data. It is useful to note that, for the analysis chain that
performs likelihood 3D fit using a conventional background model it is natural to ex-
pect an excess (especially at higher energies) mainly because a conventional approach
to some extent underestimate the real contribution of the diffuse emission, especially
in the GC region.

As said earlier, these phenomenological models suffer of the poor understand-
ing on the complex and clumpy gas distribution in the inner Galaxy, and the effective
mass of the gaseous matter in the region (fig. 6.15 bottom). Moreover, gamma model
represents an extension at the GC position of the behaviour observed between 8 kpc
and 3 kpc, and tuned on local data. Finally, at the highest energies the predicted flux
by the models is strongly dependent by the parameterization choice (fig. 6.15 top).

At present observation-state, both PeVatron and inhomogeneous diffusion scenario
may naturally explain the observed spectra in the innermost part of Our Own Galaxy
(fig. 6.16). The opportunity to clarify the intricate panorama in the GC region may
be given by the observation of regions farther from Sgr A*, especially at VHE ~ rays.
Indeed, as displayed in fig. 6.17, the expectations of gamma model in the inner par-
secs underestimate the observed luminosities by H.E.S.S. (HESS Collaboration et al.,
2016), while at farther radii the diffuse component seems to better reproduce the
observations. It is useful to note that the region close to Sgr A* is characterized by
yy-absorption due to the strong radiation field. Under this hypothesis, moving away
from the Galactic Ridge at the edge of the CMZ, the search of promising candidates
assumes a key role. In particular, the dense and compact molecular clouds could
represent ideal laboratories to test and study several phenomenological models and

scenarios.

In this context, the recently discovered HESS J1741-302 (H. E. S. S. Collabo-
ration et al., 2018c) may represent an ideal target for testing the impact of several
suggested scenarios (Ventura, Grasso, and Marinelli, 2019). As displayed in fig. 6.19,
the discrimination between inhomogeneous diffusion (gamma model) and PeVatron sce-
nario cannot be achieved with currently available data. All the expectations hinge
on the next generation Cherenkov Telescope Array (Gueta, 2022) with its improved
angular resolution and sensitivity, and in view of CTA era the HESS J1741-302 has
been simulated for a total exposure time of 10 h. In order to reach useful physi-
cal informations, and the possibility to untangling among scenarios, two main se-
tups have been implemented. In both setups the foreground model is represented by
gamma model, while the background model, in the first setup the CMZ is illuminated
by gamma model, and in the second by the central PeVatron. As clearly displayed in
fig. 6.22 the improved performance of CTA may be able to disentangle between Pe-
Vatron and inhomogeneous diffusion scenarios, and “put an end” on the long-standing
theoretical discussion on the origin of the GC excess. Moreover the detection of a
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cutoff in the measured spectra will give the definitive interpretation on the nature
and origin of the emission independently by models (Celli, Aharonian, and Gabici,
2020) and it will promote CTA as a plausible PeVatron discriminator.

As said in section 6.4, the SN rate in the GC region is extremely high, and the
star formation rate (SFR) is comparable to that of starbust galaxies. Many massive
stars have been detected in this complex region, and since the end of the life of mas-
sive star is represented by core collapse SNe and consequently SNRs, an exceptional
CR density is expected filling the region. In radio and X-ray wavebands several
particle accelerator candidates have been detected, and starting from the available
observations it is possible to estimate a realistic nowadays unresolved population of
particle accelerators, namely SNRs, PWNe and YSCs. Starting from the work of Jou-
vin, Lemiere, and Terrier, 2017, a set of simulations have been implemented in order
to understand if the computed spectrum from a region compatible with the Galactic
Ridge is comparable with the currently available data, and to include the synthetic
population as part of the DC II. As clearly displayed in fig. 6.25 the morphological
extension of the emission is extraordinary in coincidence with that currently ob-
served and displayed in fig. 6.15. Moreover, the flux profile is peaked towards the
center, as obtained by the observations. The inclusion of this synthetic population in

the list of sources of DC II is strongly recommended.
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7 Summary and Conclusions

IN the last two decades a novel face of Our Universe has been unveiled through
the observations performed with “gamma eyes” in the most energetic part of the
electromagnetic spectrum. The interplay of HE and VHE v-ray measurements has
allowed to check and define the extreme flavour of the galactic and extra-galactic
sky, in which powerful sources accelerate particles at the highest energies. The ac-
celerated particles then interact with the environment in which they travel before
reaching the Earth, where they are directly and indirectly detected. The nature of
such interactions can be either leptonic or hadronic in origin, and many theoretical
efforts are performed in order to understand and to describe the physical mecha-

nisms driving the secondary production of v rays.

This work is focused on the HE and VHE ~-ray observations from both the inner
parsecs of Our Galaxy, in its quiescent phase, and the core of external galaxies, which

are going through their active phase, known as active galactic nuclei (AGNs).

In chapter 5 the VHE ~v-ray emission from two blazars has been analyzed by
means of MAGIC observations, complemented with HE v-ray data from the Fermi-
LAT satellite.

In this framework, the blazar BL Lacertae, the prototype of BL Lac objects, repre-
sents an ideal laboratory for the study of variability pattern thanks to the long-term
multi-wavelength coverage. In this context, VHE ~-ray observations are crucial to
study the source evolution during its flaring state, when the flux of BL Lac exceeds
of several order of magnitude its value during the quiescent phases, too faint to be
observed by ground-based telescopes of the present generation. The BL Lac was
found in flaring state in May 2019 in several ranges of the electromagnetic spectrum,
spanning from optical to VHE v-ray. The detection of high state in the HE regime
with Fermi-LAT triggered MAGIC observations, and the source was found at ~ 20 o
significance level. The flaring pattern of this event is characterized by a rise time
and a decay time longer in comparison with the previous flares observed by both
VERITAS and MAGIC telescopes. For those events, the short time-scale has been
interpreted as due to a small knot interacting within the jet or in a region out of the
jet itself. However, a definitive explanation has not been reached, since all tested
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scenarios share several caveats. In this intricate panorama, dense multi-wavelength
observing campaigns are crucial, together with further measurements in the VHE
v-ray domain. The longer time of rise-and-decay featuring the BL Lac flare of May
2019 could be due to an interaction occurring farther away from the inner jet region,
such as a star/cloud-jet interaction or due to reconnection mechanisms in turbulent
plasma. Considering the BL Lac behaviour during the flaring state even at lower
y-ray energies, the Fermi-LAT light curves show that in this regime the peak of the
flare occurs slightly before the one in the VHE ~ rays. However, in the case of BL
Lac, the VHE observations are always triggered by the HE high state, usually in the
Fermi-LAT regime, evidence could lead to observational bias and caveats. Moreover,
the source is cataloged with HE ~-ray logParabola spectral shape in the 4FGL Fermi-
LAT catalog, and, indeed, that is the best-fit of its emitted flux during the quiescent
phase. In the presence of a fast flare, instead, the HE y-ray spectral behaviour of the
source is well described with a simple power-law profile. In the period December
2019-January 2020, BL Lac was found again in high state, but not high enough to de-
tect the source also at VHE ~ rays with MAGIC. In this case, the spectral behaviour
in the Fermi-LAT regime was reproduced by a logParabola, confirming that the In-
verse Compton (IC) peak in the Synchrotron Self Compton (SSC) scenario lies in the
HE ~ rays, and only the vanishing tail of the emission reaches the highest energies
leading to a non-detection of the source in the energy range covered by MAGIC.
Thanks to this study it is possible to infer that the spectral trend of BL Lac in the
MeV -+ GeV regime could be related with the detectability of the source even at very
high energies, and at some extent could disentangle among the several suggested
scenarios explaining the physics of its emission.Moreover, the changing of the BL
Lac spectral model in the Fermi-LAT regime may be evidence of the shifting of the
second peak in the SED of the source leading to the transition from LBL/IBL to HBL
behavior during flaring states.

Blazars represents also powerful probes in cosmology and for studying the pro-
cesses occurring at the higher energies featuring the IC-peak in the SSC scenario,
in the fundamental and multi-messenger (MM) physics. In this context, Extreme
High-frequency peaked BL Lac (EHBL) objects assume a key role. They are pow-
erful laboratories for the study of leptonic, hadronic or mixed scenarios. Moreover,
EHBLs are believed to be among the places in which high energy neutrinos could be
produced by UHE CRs, and also responsible for the processes occurring through the
interaction of high energy photons with the Inter Galactic Magnetic Field (IGMF),
and Extragalactic Background Light (EBL).

Nowadays only a few EHBLs have been detected at VHE ~ rays, and extend-
ing their known population represents one of the efforts pursued by the MAGIC
collaboration. Multi-wavelength observing campaigns are also crucial for hunting
promising candidates, and model their emission at very high energies. In chapter 5
has been presented the first-time detection at VHE of 1RXS J081201.8+023735 at VHE
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performed during the cycles XIV and XV of the MAGIC observing campaign, and it
was found at 5.21 o significance level. This source is of particular interest since its
spectral index in the VHE domain is soft allowing to test several leptonic scenarios.
Moreover, the source was listed in the reference catalog of TeV sources, TeVCat, in
January 2021 due to the discovery of gamma-ray emission obtained with this study,
and the work was presented at 43'4 COSPAR conference in Ventura et al., 2021.

The extragalactic sky is not the only venue in which the most energetic and pow-
erful phenomena occur. Even Our Galaxy represents an intriguing environment in
which many astrophysical sources are responsible for the extreme and non-thermal
behaviour of the Milky Way. In this framework, the study of the diffuse ~-ray emis-
sion represent a fundamental topic in the astroparticle and high-energy astrophysics
community. Since particles are accelerated by galactic sources, escape from their ori-
gin sites and diffuse throughout the Galaxy, interact with the interstellar medium
(ISM), and produce ~ rays, which permeate the whole galactic plane (GP). The dif-
fuse v-ray emission is evident at the energies covered by Fermi-LAT, but it is still
disputed to exist at the highest energies as well, even if very recent measurements
show the presence of diffuse emission above 100 TeV resulting from primary parti-
cles with energies above 1 PeV.

The modelling of the diffuse y-ray emission is a challenge in the theoretical as-
troparticle physics, since this emission assumes a key role in the context of HE and
VHE measurements, representing the only robust method providing the background
model to implement in the analysis chain of observational data.

The conventional approach to the CR propagation provides the uniform diffu-
sion featured by a constant diffusion coefficient in the whole Galaxy. On the other
hand, in this work has been considered a novel approach to the standard propaga-
tion, described in chapter 6, in which the diffusion coefficient is featured by a linear
dependence with galactocentric distance, rigidity and advective velocities. Under
these assumptions the diffusion is not isotropic, and the spectrum gets harder ap-
proaching the inner Galaxy, where the observed VHE ~-ray emission puzzles the
astroparticle community. Indeed, a VHE ~-ray excess has been found to trace the
gaseous dense matter filling the Galactic Center (GC) region. The nature of such
emission is still debated and several scenarios have been suggested to explain the
observations. In this work two of them have been considered: the PeVatron and
the inhomogeneous diffusion scenarios (gamma model), which have been tested and
scrutinized against Fermi-LAT, H.E.S.S., MAGIC and VERITAS data. Two main re-
gions of the inner part of the central molecular zone (CMZ) have been studied, the
Galactic Ridge and Sgr B. In these regions both the approaches may reproduce the
data, in particular regarding the diffusion scenario several ingredients are crucial,
namely the radial dependence of the diffusion coefficient and the observed harden-
ing at 250 GeV /n. Under these assumptions the inhomogeneous diffusion scenario
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may naturally explain the data, whereas the conventional approach fails. This work
was presented in several conferences: 37t ICRC (Ventura, 2022), TAUP 2023 and
TeVPA 2023.

In order to achieve a definitive explanation to the phenomenon, the study of far-
ther regions from the central SMBH Sgr A* could represent a viable solution to the
problem. Indeed, moving away at the edge of the CMZ, the impact of the central
PeVatron is reduced since its profile decays as 1/r. On the other hand, the inhomoge-
neous diffusion scenario assumes an increasing effect, and this suggests the feasibility
of such a test for the diffusion model.

In chapter 6 has been also considered the recently detected source HESS J1741-
302, and the comparison of H.E.S.S. measurements and Fermi-LAT data analyzed by
the author has allowed to test both the scenarios. In this case the inhomogeneous dif-
fusion approach properly reproduces the observations, while the PeVatron scenario
underestimates the emission. HESS J1741-302 is considered of particular interest
since at that position a dense molecular cloud - the ideal target for CRs interaction
— is present, and what has to be understood is the nature of the source “illuminat-
ing” the cloud: if the CRs are accelerated by the central PeVatron or by the galactic
CR population undergoing harder diffusion. This work was presented at 36" ICRC
conference in Ventura, Grasso, and Marinelli, 2019.

Nowadays a definitive explanation cannot be achieved, but the next generation
IACT, the Cherenkov Telescope Array (CTA), with its improved performances, could
provide the useful data to have the definitive explanation. In this framework, in
chapter 6 have been described a set of simulations performed in view of the CTA era,
in which HESS J1741-302 has been simulated under two main setups. In the first the
CMZ has been illuminated by the galactic CRs undergoing inhomogeneous diffusion,
while in the second the central PeVatron illuminates the region. From the comparison
of the two simulated spectra, it is possible to disentangle between the two scenarios,

that are well resolved with the expected precision in CTA observations.

In the future the CTA observations will be able to provide a definitive expla-
nation to the long-standing discussion on the origin of the GC excess, especially if
a cutoff will be detected and they could promote CTA as a PeVatron discriminator.
The importance to model the diffuse emission in an increasingly realistic way re-
sides on the evidence that the phenomenological models are used in the analysis
chain of data as the background model above which the detection of a source is possi-
ble. In this sense, the requirement neither to underestimate nor to overestimate the
predicted ~-ray diffuse emission is crucial. Moreover, the choice of a model rather
than another implies a different level of the predicted background emission leading
to different parametrization of the source under investigation. In particular, as dis-
played in fig. 6.22, the normalization and the spectral index in the spectral model of
the source changes when using different background models.
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In view of the CTA era, the CTAO consortium has provided the astroparticle
community of a Data Challenge (DC) accounting of simulated flux from a list of
nowadays known and unknown sources. In the CMZ only two objects are listed,
and this representation seems unlikely since in the inner Galaxy the supernova rate
is extraordinary high implying the presence of several particle accelerators, like
SNRs, PWNe and young stellar clusters. All these sources confined in the central
parsecs could provide a viable solution to the GC excess since the expected flux from
this nowadays unresolved population of particle accelerators is compatible with the
H.E.S.S. observations. The synthetic population is then simulated in order to obtain
the spectrum of the whole region filled by the population, and to compare it with
the currently available data. In this framework the aim of the simulation is to under-
stand if the synthetic population is worth including in the new version of the Data
Challenge (DC II). The morphology of the simulated population is compatible with
that observed at VHE ~ rays, as well as the flux profile. Considering the findings in
this work it is strongly recommended to include the synthetic population in the DC
IT of CTA.

The extreme flavour of the Universe is accessible with ground-based telescopes,
which have provided to the astroparticle and high energy astrophysics community
many observations of both the galactic and extragalactic sky giving the opportunity
to study the powerful, violent and non-thermal phenomena occurring in the Cos-
mos. With present date instruments a lot of new physics can be done, but many
expectations hinge on the upcoming Cherenkov Telescope Array.

7.1 Future Steps...

The further developments of this work are many, and a list of future steps follows.

* A paper on the BL Lac flaring state in 2019-2020 is in preparation, and at least
three major models have to be tested on the MWL SED of the source. Moreover,
the intra-night variability study has to be performed together with correlation
studies in search of relative lags between bands in the MWL light curves.

¢ 1RXS J081201.8+023735 will be included in the second EHBL catalog of the
MAGIC collaboration, and in this context the MWL SED has to be modelled.

¢ The simulations of HESS J1741-302 have to be updated and extended with
more exposure time, since in the GC key science project the total time bud-
get reserved for this kind of observations is 500 h. Moreover the setups have
to be changed including the new version of gamma model, the same used for
the upcoming Galactic Plane Survey (GPS), and the conventional propagation
scenario in order to have at least three plausible scenarios to compare.
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* The caveats found in the synthetic population of SNRs, PWNe and YSC have

to be properly addressed in order to perform the 3D likelihood analysis.

The search of PeVatrons in the Galaxy is of fundamental relevance, and in
this perspective the hunting of promising candidate is crucial. Here, the ob-
servation of HESS J1848-018 has been proposed to the MAGIC collaboration
in the Observing Cycle XV, but due to the COVID-19 shutdown the measure-
ments have not been performed. This source represents an interesting target
for testing several scenarios, in particular the stellar wind bubbles as CRs fac-
tories. The combination with contemporary LST-1 observations would also be
extremely beneficial.

In order to disentangle between PeVatron and inhomogeneous diffusion, the
identification of regions farther away from Sgr A*, at the rim of the CMZ, is
crucial. An interesting region is represented by the Bania Clump, a complex,
dense and giant molecular cloud located at ~ 500 < 800 pc away from the GC
(fig. 7.1). In this case, a detailed 3D gas distribution template is crucial.
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FIGURE 7.1: The Fermi-LAT data are compared with the expected

emission of gamma model, and the CTA sensitivity curve. Note that

the source seems to be detectable by CTA. Credit: fig. 5.11 in Ventura,
2018.
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