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Dense molecular clouds in the Central Molecular Zone (CMZ) filling the ~200 pc region around
the Galactic Center (GC) allow to use gamma rays as tracers for cosmic rays (CRs). We present
the updated analysis covering more than 100 hours of MAGIC observations of this region, which
is believed to host a PeV proton accelerator. We use new analysis tools that were specially de-
veloped for such a task for computing the instrument responses, studying the morphology and
extracting energy spectra of the extended gamma-ray emission. We observe no significant differ-
ence between the diffuse emission spectra of the immediate Galactic Center vicinity and the rest
of the Galactic Ridge. Though the derived best fit CR profile is compatible with the 1/r radial
distance scaling, we argue that this measurement is presently limited by the our knowledge of the
gas distribution in 3D at the GC.
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1. Introduction

The Galactic Centre (GC) is one of the densest and astrophysically ’richest’ regions in our
galaxy. It hosts a super-massive black hole with 4 x 10° M), associated with the point-like radio
source SgrA*, which is remarkably dim in radio and X-ray [11]. A TeV gamma-ray source at
the Galactic Centre can probably also be associated with SgrA* [7, 4, 1]. The mechanism by
which this object produces those TeV photons gives rise to speculations, but still largely remains
unknown [5, 14, 8]. Apart from the point-like gamma-ray source at the coordinates of SgrA*,
extended emission stretching around 2 degrees along the Galactic plane and tracing the distribution
of molecular gas has been found by all three major Cherenkov telescope installations [6, 3, 1]. In
this case, a hadronic origin of the gamma rays seems most likely as the gamma-ray intensity traces
the density of molecular clouds in that region and thus favors the idea of highly energetic protons
interacting and producing pions. More recent studies have found evidence that the source of those
high energy protons could indeed be the location of SgrA* and therefore possibly linked to the
super-massive black hole. This conclusion is founded on two observations: a) the comparably hard
spectral shape (index ~ 2) that extends well beyond 10 TeV in energy, b) the radial profile of the
underlying cosmic-ray (CR) density that is needed to explain the gamma-ray emission given the

underlying gas density of the molecular clouds [13].

2. The MAGIC observation campaign and data analysis
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Figure 1: Sky map of the 2.5 x 2.5 degrees around the GC. The three point-like gamma-ray sources (SgrA*,
G09, Arc) are highlighted with markers and the gas density traced by CS radio emission is shown by white
contours [15]. The red and yellow contours highlight regions corresponding to more than 3 and 5 sigma
deviations from the background test statistic, respectively.



Galactic Centre region - MAGIC C. Fruck

\ -=-- 1/r (Abramowski + '16)
\\f * ® HESS. (Abramowski + 16)

} Ny * -4 MAGIC (this work)

[y
o
—

wer (> 10 TeV), x1073 eV/cm3

10° . ; ; -
0 50 100 150 200
Projected distance from Sgr A*, pc

Figure 2: MAGIC CR density profile as a function of distance from the GC, compared to the H.E.S.S.
measurement. This measurement has been obtained using events with £ > 1 TeV and applying the method
described in [13].

MAGIC has observed the GC region for more than 100 h between April 2012 and May 2017,
in the season from March to July. The observations were carried out in the so-called “Wobble”
mode [9] with a pointing offset of 0.4°, centred on Sgr A*. Due to the low culmination (~ 58 deg
when observed from La Palma), all observations were conducted at large zenith distances (58 deg
- 70 deg), resulting in a higher energy threshold, but also a larger effective collection area (see [1]
for details). The data have been processed with the standard MAGIC Analysis and Reconstruction
Software (MARS [17]). This procedure includes the computation of image and stereo parameters
and the exclusion of bad data quality periods such as low atmospheric transmission or a too high
level of background light. The machine learning technique Random Forests, trained on image
parameters of MC and real data is used for the direction reconstruction, energy estimation and
background reduction [2]. The high-level analysis has been preformed using the SkyPrism [16]
package, which includes tools for computing energy-binned sky maps and instrument response
functions, as well as a tool-set for performing spatial and cross-bin (simultaneous fit to energy
binned sky maps across energy bins, using spectral model for each spatial component) likelihood
fits on the data.

A sky map of the 2.5 x 2.5 degrees region around the GC is shown in Figure 1. Apart from
the three point sources (SgrA*, G09, Radio Arc) extended gamma-ray emission has been found in
regions with high density of molecular gas, as traced by CS radio emission [15]. Assuming that the
density and distribution of target material is known, the energy density of CRs can be reconstructed
out of the gamma-ray luminosity. Figure 2 shows the derived CR density as a function of distance
from the GC, applying a similar method like the one described by [13]. The gamma-ray flux
has been extracted by cutting the CS map into concentric rings and fitting them simultaneously,
together with the three point-like sources to the gamma-ray sky map above 1 TeV in energy. This
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Figure 3: SEDs of the Diffuse Component, compared to the two published spectra measured by H.E.S.S., in
the inner region around SgrA* (green, [13]) and from a more extended region along the Galactic plane that
roughly corresponds to he region probed in this analysis (orange, [12]).

measurement is compatible with the assumption of a 1/r profile of the CR density, which would
favor diffusion from a central source, which could be SgrA*. In order to study the spectral shape
of the diffuse gamma rays emitted along the central molecular zone (CMZ), the data has been split
into 7 bins in energy, equally spaced on a logarithmic axis and ranging from 400 GeV to 50 TeV.
The energy spectrum has been derived in two different ways: bin-wise spatial likelihood fit, and
using a cross-bin spectral likelihood fit. For both methods a single spatial model has been fitted to
the energy-binned sky map. The model consists of 3 point sources (SgrA*, G09, Arc), the model
for the diffuse emission (CS map scaled with the 1/r CR profile), and a model for the irreducible
background that has been generated from OFF-source regions using SkyPrism. The resulting SED
of the diffuse component is shown in Figure 3. The bin-wise SED has been obtained by fitting the
multi-component model to each bin individually. A spillover-correction has been applied, based on
the energy migration matrix that has been computed from MC events. The solid line and the filled
bands were computed by fitting a spectral model of the general form

EANT
dN/dE =N <E> exp(—E/Ecu) (2.1)
0

(power law for G0.9 and Arc, power law with ct-off for SgrA* and Diffuse) to all energy bins simul-
taneously, using the forward-folding technique. During this process, flux maps are first computed in
bins of true energy, and then folded with the instrument response functions (IRFs) that include the
energy migration matrix. In order to improve the quality of the error calculation, MCMC sampling
has been applied, using the emcee Python package [10]. The best-fit parameters for the diffuse
component are N = 9.327232 x 1072 eV~ ecm 257!, T = —1.98703% and E,, = 17.575°:3 TeV.
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3. Discussion

The results of the MAGIC observation campaign of the GC are largely consistent with mea-
surements by H.E.S.S. [13, 12] (see Figure 3). The spectrum observed by [13] has been measured
in a region that is much closer to SgrA*, compared to [12] and the data presented here. Neverthe-
less, the overall spectral shape is compatible, even if there is a hint for a turn-over in the MAGIC
spectrum above around 10 TeV. The power law with cut-off as spectral model is preferred over a
single power law by ~2 ¢. A power-law extension of the gamma-ray spectrum beyond 100 TeV
is still possible within a statistical error margin of 2 ¢. Therefore the PeVatron scenario cannot be
ruled out, even if the data show evidence that the gamma-ray spectrum may cut-off before reaching
100 TeV. Our data also confirm the apparent radial profile in the CR density that seems to peak
towards the GC. This supports the idea of CRs being produced at the GC and diffusing outwards,
thereby “illuminating” the molecular clouds on their way. These CRs could also have been pro-
duced during a past episode of increased activity of the central BH, as observations of the current
brightness of SgrA* in radio and X-ray do not support the scenario of a large enough quantity of
protons being accelerated to TeV energies at present times. The biggest uncertainty when trying to
reconstruct the CR density profile is introduced by a lack of knowledge about the actual 3D dis-
tribution of the gas around the GC. The closer one approaches the GC and therefore the center of
rotational motion, the less accurate the estimation of the Z-coordinate becomes. The actual distance
of molecular clouds to the GC can therefore not be determined accurately, leading to systematic
errors, especially when approaching the GC closer than about 20 pc in projected distance. In the
future even deeper and better resolved observations with CTA might allow for a better understand-
ing of the distribution, spectrum and origin of the CRs in the vicinity of the GC, if the gamma-ray
observations are also matched with a more precise model of the 3D distribution of the dense gas in
the region.
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