Modelling the diffuse TeV ~-ray
emission in the Galactic Center

Bachelorarbeit aus der Physik

vorgelegt von

Martin Schneider
Tag der Abgabe: 30. Juli 2019

Friedrich-Alexander-Universitat Erlangen-Nurnberg

1. Gutachter: Prof. Dr. Christopher van Eldik
2. Gutachter: Prof. Dr. Stefan Funk



Abstract

The very high energy diffuse y-ray emission in the Galactic Center was observed
to roughly follow the dense matter distribution in the central molecular zone.
This thesis explores a possible scenario for the origin of the diffuse emission. The
general assumption is that the TeV v-rays emerge from interactions of the ambient
molecular matter in the Galactic Center and diffusing cosmic rays. These cosmic
rays are assumed to originate from a more active past of the super-massive black
hole Sgr A* 107 years ago. In this thesis an existing simulation of this process is
build upon that assumes the diffusion of protons in a purely turbulent magnetic
field of 50pnG. These protons are distributed according to a power law with a
spectral index of T', = 2 and tracked over the period of 107 years. The resulting
~v-ray flux map has a spectral index of =~ 2.26, coinciding with a recent H.E.S.S.
analysis. It is then used as a diffuse model component for the analysis of H.E.S.S 1
observations. The simulation can reproduce the characteristics of the observed
emission in general with the exception of an excess at 1.25° longitude and —0.15°
latitude near the center of Sgr D that might be an unknown source.
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1 Introduction

~-ray astronomy is the astronomical observation of photons with the highest en-
ergies. These photons are created in regions where particles are accelerated to
very high energies e.g. supernova remnants, but also the center of the Milky
Way. Compared to charged particles y-rays are not deflected by magnetic fields
when passing through the Galaxy, thus pointing back directly at their origin when
observed. In order to detect very-high-energy (VHE) ~-rays with photon ener-
gies between 100 GeV and 100 TeV Imaging Air Cherenkov Telescopes (IACTS)
are used. As the name implies the telescope works by imaging a short flash of
Cherenkov radiation, which is created by a shower of relativistic charged particles
when a VHE 7-ray hits the atmosphere.

Located in the southern hemisphere, the H.E.S.S ("High Energy Stereoscopic Sys-
tem”) array is an IACT system that provides excellent observation conditions for
VHE ~-ray sources such as the Galactic Center region. Apart from the two most
dominant sources of VHE ~-rays located in that region, the central super-massive
black hole Sagittarius A* (Sgr A*) and the pulsar wind nebula G0.940.1, the
surrounding molecular clouds as well as the diffuse v-ray emission associated with
it have become a subject of current research.

Currently a promising scenario for the origin of the observed diffuse y-ray emission
is the interaction of cosmic rays with the matter in the molecular clouds. Unlike
the name suggests, cosmic rays are actually high-energy particles with intrinsic
mass such as protons and muons. At first it was proposed that the cosmic rays
originate from a supernova explosion around 10* years ago [Aharonian et al., 2006],
but further research on this topic suggests a more active past of the super-massive
black hole Sgr A* over the last 10% to 107 years as the source of these high-energy
particles [HESS Collaboration et al., [2016]. In this context Sgr A* is often called
a 'PeVatron’ (short for petaelectronvolt accelerator).

One approach to achieve an interaction between the cosmic rays and the matter in
the central molecular zone is to let the cosmic rays diffuse away from the center.
The hardness of the y-ray spectrum and the condition in the molecular clouds
indicate that the diffuse ~-ray emission is more likely to be produced by nuclei
or protons, rather than electrons [Aharonian et al., |2006]. With that in mind,
the hadronic diffusion scenario can be tested by diffusing charged particles in a
turbulent magnetic field and calculating the resulting emission from the interaction
of these particles with ambient matter.



This bachelor thesis aims to model the diffuse y-ray emission based on the simu-
lation approach by |Ziegler| (2014) to assess the validity of the hadronic diffusion
scenario. In Chapter 2, a recent characterisation of the diffuse y-ray emission made
with the H.E.S.S. experiment is shown. In Chapter 3, the used model is explained
in detail and the refined distinctions to the developed python-version of the code
written by [Wong (2019) are presented. In Chapter 4, the simulated ~-ray emission
is then used as a model for the diffuse emission in the Galactic Center and fit to
H.E.S.S1 data. The obtained results are then used to analyse the diffuse emission
model for different energy regimes. At last, in Chapter 5, a brief summary and
outlook is given.



2 H.E.S.S Observations of diffuse y-ray emission in
the Galactic Center

A recent H.E.S.S analysis of the Galactic Center by H. E. S. S. Collaboration
et al.| (2018) has shown that the emission correlated with the dense matter in the
central molecular zone follows its distribution, while accounting for half of the
total diffuse emission flux. After subtraction of the two main point sources in the
Galactic Center the super-massive black hole Sgr A* and the pulsar wind nebula
G 0.940.1, the observations are dominated by the remaining dense gas component.
The stages of the iterative fitting process to test for a variety of contributions to

the observed y-ray emission are shown in [Figure 1

The noticeable dip in 7-ray emission at about 1° longitudinal distance from the
Galactic Center is predicted to be caused by two effects. These are a more diffuse
matter distribution along the line-of-sight axis, supported by the face-on view
of the central molecular zone presented by [Sawada et al. (2004) and a declining
cosmic-ray density towards the outer regions.

Interestingly an additional large-scale emission component is found by H. E. S. 5.
Collaboration et al.| (2018) with a larger extension in latitude. This component is
needed to reproduce the observed morphology. Further contributions are likely to
originate from more dense structures or unresolved sources.

Also worth noting is the big central component in the center that indicates a
cosmic-ray accelerator at the very centre of the Galaxy. This hypothesis is also
supported by HESS Collaboration et al.| (2016|) as their findings suggest that Sgr
A* is a possible candidate for a PeVatron, although its current rate of particle
acceleration is not sufficient. Looking at these results the idea of the hadronic
diffusion scenario is pursued by developing a diffuse emission model and comparing
it to H.E.S.S 1 data.
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Figure 1: The steps of the iterative fitting process are presented with the added
model count map of each component on the left and the corresponding
residual significance map on the right. The model count maps are corre-
lated with the H.E.S.S point spread function (PSF) and given in counts
per pixel whereas the significance maps are given in units of significance
level. The Li & Ma significance maps use the correlated model map
as background and the data counts map as signal (picture taken from
H. E. S. S. Collaboration et al.|2018]).



3 Modelling approach for the diffuse y-ray emission
in the Galactic Center

The modelling approach in this thesis is based on the scenario that charged
hadronic particles are accelerated by a central source and diffuse out into the
ambient space under a purely turbulent magnetic field. A first step to simu-
late this process has already been done by |Ziegler| (2014). Based on this work a
python-version of the simulation was developed by Wong| (2019)) in order to im-
prove computation time with the final goal to reproduce an emission as observed
with the H.E.S.S instrument for a simulation time scale of 107 years. The output
of the code features a y-ray flux map with an energy axis, which is required for a
later fitting to H.E.S.S 1 data using the |gammapy-package for python.

3.1 The model idea

The simulation code used in this thesis was implemented by Wong (2019) and
roughly follows the approach by [Ziegler| (2014). To briefly summarize the sim-
ulation procedure its concept can be split in three steps. The charged hadronic
particles responsible for the diffuse emission in the Galactic Center will be repre-
sented by protons.

Since the idea is to produce the v-ray flux by interaction with these particles, the
first step is to initialize a number of protons in the central bin and distribute them.
This is set up, so that the differential energy spectrum of the protons follows a
power law

de (Ep) —2
Td(B) o (Ep) (1)

where £, denotes the proton energy and dN, (E,) the number of protons in the
energy interval (E,, E, + dE,). Following that in step two, the diffusion process
for the protons is calculated using the diffusion coefficients for 50 pG to obtain
a Gaussian spread proton distribution. Finally in step three a y-ray flux-map is
produced. This is done by multiplying the density map of the molecular clouds in
the Galactic Center with the proton distribution element wise. After that a look-
up table is used to finally convert the number of protons at a certain energy with
its density value into v-ray flux. The full y-ray spectrum produced by the protons
of the entire energy range of 107! TeV to 10° TeV is obtained by a summation over
the y-ray spectra resulting from the individual energy bins of the proton spectrum.



3.2 The diffusion process

The high-energy protons are assumed to diffuse away from the center due to their
interactions with the surrounding turbulent magnetic field. When a time depen-
dent source term and energy losses or gains are neglected the diffusion equation
for this problem assuming scalar and constant diffusion is given by [see Ziegler,
2014]

on(E,r,t)

ot

with n(FE,r,t) being the number density of particles and D(FE) being the diffusion
coefficient.

= D(E)V*n(E,r,t) (2)
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Figure 2: Derived results for the diffusion coefficient D(F) for By = 50 pG. The
data points exhibit a break in the linear scaling of log(D) as well as
the diffusion coefficient as a function of log(FE). The red dashed curves
represent linear fit curves to the data, the vertical dashed line indicates
the position of the break (picture taken from |Ziegler| (2014))).

Using the solution to [Equation 2| for Ny particles ejected at the origin at ¢ = 0 [see

Bakunin|, 2008]
2

NO r
n(E,rt) = —[47TD(E)t]% exp <_4D(E)t> (3)

the marginal probability density function along each spatial axis r; = x, y, z found
by |Ziegler| (2014]) is a Gaussian distribution

) = e (— 5 ) (1
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with a mean of 1 = 0 and width of o = [2D(E)t]z.

The simulation uses the derived diffusion coefficients D(E) by Ziegler| (2014) for a
purely turbulent magnetic field of 50 nG. Separated into two energy regimes the
energy dependence of the diffusion coefficient follows a power law

D(E) = Do (1O§eV)6 (5)

where Djo represents the value of the diffusion coefficient D(FE) at 10 GeV (see

Figure 2).

3.3 The proton distribution
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Figure 3: Simulated proton distribution projected to the Galactic plane. This
was generated using a tracking time of 107 years. Particle loss due to
interactions with the molecular clouds were not taken into account.

The input proton spectrum and the diffusion process in the simulation follow
the work of Ziegler| (2014)). The calculation for the number of protons for an
energy interval of 107! TeV to 10° TeV based on the estimate given by |Aharonian
et al| (2006) is adopted. Thus, 4.5 x 10* protons are distributed according to
the differential energy spectrum shown in over the energy range of



1071 TeV to 10° TeV partitioned into 300 bins equally spaced on a logarithmic
scale. The spatial binning contains 105 bins in each direction to cover a range
from —525pc to 525 pc or —3.5° to 3.5° respectively. The total tracking time was
set to 107 years while keeping discrete time steps of At = 50yr.

For the diffusion process the derived diffusion coefficients D and indices 6 from
Ziegler| (2014) for purely turbulent magnetic fields of 50 uG are adopted and the
diffusion process is handled in the same way. However the code by [Wong (2019)
that is used in this thesis does not factor in particle losses due to the interaction
with the molecular clouds as they are deemed insignificant. As was expected from

Equation 4] this produces a Gaussian proton distribution shown in

3.4 Interaction process with the density map of molecular

clouds
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Figure 4: Density map of molecular clouds constructed by [Ziegler| (2014) based
on the work of |[Nekrassov| (2010) projected on the Galactic plane. The
integrated density along the line-of-sight axis is represented by the color
scale in units of m™3. The non-projected map will later be used to

calculate the y-ray flux.



No changes were made to the density map of molecular clouds that was constructed
by [Ziegler| (2014)) based on the work of Nekrassov| (2010)). The map is shown in
[Figure 4] and [Figure 5| with a projection to the line-of-sight axis and a projection
perpendicular to the line-of-sight axis respectively. For the later analysis with
gammapy a y-ray flux cube is needed. In order to obtain the gamma-ray flux map
with an energy axis produced by the interaction between proton-distribution and
the density map of molecular clouds, the diffusion process is calculated for protons
in the first energy bin. Afterwards the resulting proton distribution is multiplied
by the density map elementwise and projected to the line-of-sight axis.
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Figure 5: Density map of molecular clouds constructed by |Ziegler| (2014)) integrated
over Galactic Latitude using a face-on velocity distribution from Sawada
et al. (2004). The color scale represents the density in units of m=3. The
non-projected map will later be used to calculate the ~-ray flux.

To get the y-ray flux a two-dimensional look-up table developed by |Ziegler| (2014))
based on the results given in |Kelner et al.| (2006) is used. This table contains
the resulting flux d®(E,, E,) in discrete energy bins. A ~-ray flux cube along the
line-of-sight can then be determined for the first proton energy bin. To get the
complete v-ray flux map this process is repeated for all 300 previously defined
energy bins and the resulting maps are added up.



3.5 Simulation results

The v-ray flux map produced by protons with an energy of 1 TeV can be seen in
[Figure 6l The produced 7-ray flux follows the distribution of the density map of
molecular clouds, while the intensity decreases towards the outer regions.
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Figure 6: Simulated 7-ray flux map produced by protons with an energy of 1 TeV.
The map was Gaussian smoothed with a radius of 0.08° to account for the
H.E.S.S PSF and integrated over the line-of-sight axis. The distribution
was generated from the code by Wong (2019) using a tracking time of
107 years with diffusion coefficients for 50 G found by |Ziegler| (2014).
Particle loss due to interactions with the molecular clouds were not taken
into account.

The complete y-ray flux map for all proton energies in the considered range from
1071 TeV to 10° TeV is gained simply by adding up the produced flux maps for
each of the 300 energy bins. The result is shown in [Figure 7]

Unsurprisingly higher flux values are again observed towards the Center because
the interaction of protons with the molecular cloud material is more likely due to
their distribution. The spatial shape roughly matches the expectations from the
density map of molecular clouds.
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While the complete v-ray flux map in still looks very similar to the flux
map produced for only a single proton energy bin, the difference in flux can be
seen when comparing the color bars. Another interesting property of the ~-ray
flux map is its energy spectrum, which can be extracted by summation over the

spatial dimensions. This is shown in [Figure 8|
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Figure 7: The full y-ray flux map created by adding up the single proton energy
flux maps. The map was Gaussian smoothed with a radius of 0.08° to
account for the H.E.S.S PSF and integrated over the line-of-sight axis.
Due to the used proton distribution the produced v-ray flux is highest
in the center.

For a later analysis with H.E.S.S data a power law is fit to the flux spectrum
in an interval of 2 x 107! TeV to 8.4 x 10' TeV. The result of a spectral index
of ~ 2.26 for the ~-ray spectrum suggests that the simulation produces a softer
~v-ray spectrum compared to the input proton spectrum. The produced spectral
index will be compared to the observed spectral index of the diffuse emission in

the Galactic Center in lsubsection 4.4l
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Figure 8: The v-ray flux plotted as a function of energy created from the ~v-ray flux
map by summation over the spatial axes. The orange line represents a
power law fit (®(E) = @y (%) ) in an interval of 2 x 107! TeV to
8.4 x 10! TeV for a later analysis.

4 Using the model to analyse H.E.S.S data

The scenario that charged hadronic particles that were accelerated by a central
source produce the diffuse v-ray emission in the Galactic Center through inter-
actions with the ambient matter is put to the test in this chapter. This is done
by analysing 190 hours of H.E.S.S 1 data (gathered between 2004 and 2013) of
the Galactic Center with the help of the |gammapy-package for python. The idea
is to model the background as well as known sources in the galactic center with
the addition of the simulated ~v-ray flux map as a model for the diffuse emission.
The modeled sources include the super-massive black hole Sgr A*, the pulsar wind
nebula G 0.94-0.1 and the gaussian source HESS J1745-303. The results are then
compared to the data to check the validity of the model. Furthermore the obtained
fit results for the point sources are compared to other publications.

4.1 Data configuration and background model preparation

For the analysis of the Galactic Center the same data set of 190 hours of dedicated
observation of the Galactic Center region from the H.E.S.S 1 telescope are used

12



as in the work of . In much the same way the thresholds for the used
hadronic background model are calculated. This means that every observation has
its own threshold as low as about 0.2 TeV applied, so that the analysable data is
maximized. Because the sources and the diffuse model will be fit to the stacked
counts map later, the background is fit separately from the other components at
first to improve the stacked background model. Therefore the background is fit to
each observation individually resulting in the right-hand plot in For a
more accurate background estimation the central region with the three considered
sources and the diffuse emission was excluded (see [Figure 10). The pixel size of the
observations is set to match the bin size of the diffuse model (~ 0.06°) produced

in [section 3l
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Figure 9: a, vy-ray count map of the Galactic Center b, fitted background count
map. Both plots are summed over the energy axis. The color scale of
the count map is dimensionless and corresponds to 190 hours of H.E.S.S
1 data of the Galactic Center after applied background model thresholds
covering an energy range from 2 x 107! TeV to 8.4 x 10 TeV. Both plots
are smoothed to account for the H.E.S.S PSF.

In the excess map is shown, which is computed by subtracting the two
maps pictured in from each other. This time the right-hand plot shows
excess map masked with the region that was used to fit the background. The
masked map is reasonable flat, however there is still a visible hot spot area near
the location of HESS J1745-303. Despite this unevenness there is no point in
further increasing the volume of the excluded region because of the downside of
having less data points for the background fit.
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Figure 10: a, excess map created from by subtracting the maps in from

one another b, same excess map masked with the excluded region that
was used to fit the background. The smoothing of the excess map was
done after subtracting the unsmoothed counts and background map
from each other. The masked excess map is reasonable flat supporting
a proper background fit.

4.2 The source models

The considered sources for the fit are the super-massive black hole Sgr A*, the
pulsar wind nebula G 0.940.1 and the Gaussian source HESS J1745-303. As the
central source, Sgr A* seems to follow a power law with an exponential cutoff ac-
cording to [HESS Collaboration et al. 2016, pg. 13, whereas for G 0.9+0.1 no cutoff
is needed [see Aharonian et al., 2005]. On that account the spectral models for
these two sources are adopted. These two sources are fitted as point sources unlike
HESS J1745-303 as this source is more spread out and therefore a Gaussian spatial
model is preferred by the data. As with G 0.940.1 a power law is used as a spectral
model for HESS J1745-303. The diffuse model that was described in [section 3l is
used as source model via the |gammapy-package with only the normalization as a
fit parameter.

4.3 The fit result

Using a mean energy dispersion and a mean point spread function with a maximum
radius of 0.3° for all observations while refitting the stacked background model,
the plots in are obtained. The corresponding parameters found to fit
the data best are shown in and

14
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Figure 11: a, Fit result using the source models for Sgr A*, G0.9+0.1, HESS
J1745-303 as well as the diffuse model that was presented in
b, residual map obtained by subtracting the fit result from the original
counts map seen on the left-hand plot in |[Figure 9. The smoothing of
the residual map was done after subtracting the unsmoothed counts
map and fit result from each other.

model parameter value error unit

Sgr A* index 2.01e+00 2.01e-02
amplitude  2.80e-12  6.57e-14 cm 25 ! TeV~!
lambda  1.18¢-01  6.91e-03 TeV~1

G0.940.1 index 2.49e+00 5.26e-02
amplitude  7.54e-13  3.78¢-14 cm2s ! TeV~!

HESS J1745-303 index 2.63e+00  4.45e-02
amplitude  8.63e-12  6.0le-13 cm 25 ! TeV~!

sigma 4.76e-01  2.32e-02 degree
background model norm 9.95e-01  1.39e-03
tilt -2.88e-03  1.28e-03

diffuse model norm 9.56e+02 2.62¢+01

Table 1: Selected model parameters produced by fitting Sgr A*, G 0.9+0.1, HESS
J1745-303, the diffuse model from and the stacked background
in [gammapy shown in The fit for the 3 source models and the
background model is done with a reference of 1TeV.
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The energy spectra are fitted by a power law, ®(E) = &g (%)

law with an exponential cutoff, ®(E) = @y ()

represents the amplitude and I' the spectral index.

-T
, and a power

-exp (—AE). In both cases ®q

model parameter value error unit
Sgr A* lon -5.51e-02  1.18e-03 degree
lat -4.63e-02  1.21e-03 degree
G0.940.1 lon 8.69e-01  1.96e-03 degree
lat 7.62e-02  3.23e-03 degree
HESS J1745-303 lon -1.32e+00 2.21e-02 degree
lat -5.61e-01  1.70e-02 degree

Table 2: Fitted coordinates for the sources Sgr A*, G0.9+0.1, HESS J1745-303
given in the galactic coordinate frame, shown in
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Figure 12: E? - y-ray flux plotted over energy for the best fit produced for Sgr A*,
G 0.940.1 and HESS J1745-303. The energy range of 2 x 107! TeV to
8.4 x 101 TeV is used to secure the validity of the background model.
The model parameters used to produce this plot are found in the

and in the appendix (Table 4]).



The cut-off energy is given by % For HESS J1745-303 the model parameter o for

the spatial model, ®(lon, lat) = # exp (—%g—z) where 6 is the angular separation
between the center of the Gaussian and the evaluation point, is shown, too.

For the central source Sgr A* a spectral index of ~ 2.0 is found while the cut-
off energy is about 8.5TeV. For G0.940.1 and HESS J1745-303 higher spec-
tral indices of =~ 2.5 and ~ 2.6 respectively are found. For the Gaussian source
HESS J1745-303 a sigma of =~ 0.476° is reported, indicating a large spatial ex-
tent, however the uncertainty of the spatial position of this source is one order of
magnitude higher compared to Sgr A* and G 0.9+0.1.
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Figure 13: Li & Ma significance map obtained from the residual map shown in
using a Top-hat filter with a radius of 0.24°. A high significance
is found at a longitude of 1.25° and latitude of —0.15°.

Looking at the best best fit spectrum for the spectral model of the sources, see
the model error for G 0.940.1 is surprisingly low. In comparison the
model of Sgr A* has a higher uncertainty, especially for high energies. However
as there are not as many data points for higher energies because of decreasing
sensitivity of the H.E.S.S instrument in this energy range, this behaviour is ex-
pected. For energies less than 10 TeV the model uncertainty of Sgr A* is much
lower, even undercutting the model uncertainty of HESS J1745-303. The energy
range is chosen to cover an interval from 2 x 107! TeV to 8.4 x 10! TeV as these
are the needed boundaries for the background model to be valid.
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The Li & Ma significance map of the fit shows a very high significance
at 1.25° longitude and —0.15° latitude. The pixel size of =~ 0.06° results in a
smoothed area of 0.24° which is significantly bigger than the HESS PSF, however
even with a lower filter radius the detection of a possible source is clearly significant
beyond statistical uncertainties. As the molecular cloud map for the diffuse model
is clearly extending beyond a longitude of 1.25° the high significance value could
represent a possible source.

4.4 Comparison of the fit results

In order to get a first impression of the fit parameters the results will be com-
pared to those found by other publications (see . For the super-massive
black hole Sgr A* the results from HESS Collaboration et al|(2016)) are used for
comparison as a power law with an exponential cutoff was used for the spectral
model, too. Furthermore the measured index of the diffuse emission can also be
used for comparison. The spectral indices for G 0.94-0.1 and HESS J1745-303 are
taken from |Aharonian et al.| (2005) and |Aharonian et al.| (2008).

source spectral index citation

Sgr A* 214 £ 0.0245¢ £ 0.024, HESS Collaboration et al.| 2016} pg. 13
diffuse emission  2.32 £ 0.054ta; £ 0.115  [HESS Collaboration et al.| [2016| pg. 13

G0.9+0.1 240+ 0.115a £ 0.24y¢  |Aharonian et al.| 2005, pg. 3
HESS J1745-303  2.71 4 0.11,¢ £ 0.25ys¢  Aharonian et al.| 2008| pg. 3

Table 3: Spectral indices for Sgr A*, G 0.940.1, HESS J1745-303 and the diffuse
emission found by other publications. The spectral indices for the sources
found in this thesis can be found in [Table 1 There are only slight de-
viations for Sgr A* while G 0.940.1 and HESS J1745-303 are within the
margin of error. The spectral index of the diffuse emission is also very

close to the one obtained through the simulation (see [Figure §)).

While the approach for analysing HESS J1745-303 in |Aharonian et al. (2008)) is
much more refined, the approximation of the source by a Gaussian distribution
does produce a similar spectral index and is sufficient for the purpose of testing
the diffusion model. The measured spectral index of the diffuse emission in the
work of HESS Collaboration et al.| (2016) is also very similar to the one found for
the y-ray flux map produced by the simulation (see . In this context
the slightly different result for the spectral index of Sgr A* may be caused by the
overlap with the diffusion model.
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4.5 Analysing the diffusion model in different energy regimes

In this chapter the fit will be analysed in different energy regimes. As the model
of the diffuse emission for the Galactic Center which was introduced in [section 9
is particularly interesting, the focus is set on small cutouts of the Galactic Center.

energy bins 0-129 (0.2-84 TeV) energy bins 0-129 (0.2-84 TeV)
7000 4 red. x? =2.08 60004 red. x?2 =1.55
—— background-fit —— background-fit
6000 - —— diffuse model —— diffuse model
sgr A 5000 1 sgr A
5000 A — G0.9+0.1 — G0.9+0.1
—— HESS J1745-303 4000 - —— HESS J1745-303
4000 1 —— combined —— combined

Counts
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1000 -
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2° 1° 0° 359° 358° -2° -1° 0° 1° 2°
Galactic Longitude Galactic Latitude
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Figure 14: a, Cutout of 4.0° longitude and 0.5° latitude of the counts and model
map integrated over latitude b, Cutout of 0.5° longitude and 4.0° lat-
itude of the counts and model map integrated over longitude. The
separate model components and the combined model is shown. Both
plots cover the full energy range of 2 x 107! TeV to 8.4 x 10! TeV. For
the errorbars the RMSE was used.

Two cutouts were made with the central coordinate being the location of Sgr
A*. The first one covers a range of 4.0° longitude and 0.5° latitude, while the
extent from the second one is 0.5° longitude and 4.0° latitude. The obtained maps
are then integrated in latitude and longitude respectively and the different model
components are plotted. This is shown for the whole energy range of
2 x 1071 TeV to 8.4 x 10! TeV.

The reduced x? value is computed via the formula

1 (counts — combined)”
’ 2.

counts

as the root-mean-square error (RMSE) was plotted as error bars. For the whole
energy range this results in a red. x? of 2.08 and 1.55 for the latitude and longitude
integrated map respectively, see [Figure 14 Looking at the contributing sources
only Sgr A* can be seen in as G0.940.1 and HESS J1745-303 are



located outside the central region from —0.25° to 0.25° in longitude. Also worth
noting is that the shape of the used diffuse model in this plot is similar to that
of a slightly off-centered Gaussian distribution. In contrast shows a
contribution by all model components, despite that the full extent of HESS J1745-
303 is not covered by the cutout of 4.0° longitude and 0.5°. Here, the shape of
the diffusion model roughly follows the expectations from the used y-ray flux map

(Figure 7).

energy bins 0-33 (0.2-1TeV) energy bins 0-33 (0.2-1TeV)
5000 red.x? =1.66 red. x? =1.89
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Figure 15: a, Cutout of 4.0° longitude and 0.5° latitude of the counts and model
map integrated over latitude b, Cutout of 0.5° longitude and 4.0° lat-
itude of the counts and model map integrated over longitude. The
separate model components and the combined model is shown. Both
plots cover an energy range of 2 x 107 TeV to 1TeV. For the error
bars the RMSE was used.

There are improvements to the red. x? when only the lower end of the energy range
(2 x 107! TeV to 1 TeV) is taken into account (see [Figure 15). While the regarded
energy range is near the lower threshold of the background model, the contribution
by its model component still fits the data quite well. In at around 0.4°
longitude and 1.3° longitude there are slight deviations from the model, however
these are not significant enough to leave much room for interpretation.

Looking at the energy range from 1 TeV to 3 TeV shown in[Figure 16| the computed
red. x? values stay at the same level. While there is a decrease in counts, the
source components start to have more impact compared to the background model
when going to higher energies. Interestingly in the slight difference
between the model and the observed counts at 1.3° longitude still persists while
the deviation at 0.4° longitude does not. This hints at the high significance found

in that region that are shown in [Figure 13|
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energy bins 34-56 (1-3TeV) energy bins 34-56 (1-3TeV)
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Figure 16: a, Cutout of 4.0° longitude and 0.5° latitude of the counts and model
map integrated over latitude b, Cutout of 0.5° longitude and 4.0° lat-
itude of the counts and model map integrated over longitude. The
separate model components and the combined model is shown. Both
plots cover an energy range of 1 TeV to 3 TeV. For the error bars the
RMSE was used.

As previously noted going from the energy range of 1TeV to 3TeV to a range
of 3TeV to 10TeV comes with a significant decrease in counts (see [Figure 17).
As a result the error bars produced by applying a RMSE are now clearly visible.
The resulting values for the red. y? are very close to 1 for this energy range, sug-
gesting that the extent of the match between the observations and estimates is in
accord with the error variance at least in the considered region. In the
contribution of the diffuse model is now visible beyond the location of G 0.940.1.

For very high 7-ray energies the sensitivity of the H.E.S.S instrument is declining
and even less counts are registered from the observations. For this reason there
is no point in looking at energies up to the threshold of the background model
of 84TeV. Therefore the highest energy range to be analysed is chosen to be
10 TeV to 30 TeV (see [Figure 18)). The plot features only data below 100 counts
further increasing the relative size of the error bars. The resulting red. x? values are
increased, even reaching ~ 2 for [Figure 18b. It’s worth noting that the diffusion
model seems to be more spread out for higher energies compared to lower energies,
which can be seen in [Figure 18a. However since the counts also vary with energy
this relation can not be proven right away.
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Figure 17: a, Cutout of 4.0° longitude and 0.5° latitude of the counts and model

map integrated over latitude b, Cutout of 0.5° longitude and 4.0° lat-
itude of the counts and model map integrated over longitude. The
separate model components and the combined model is shown. Both
plots cover an energy range of 3 TeV to 10 TeV. For the error bars the

RMSE was used.
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Figure 18: a, Cutout of 4.0° longitude and 0.5° latitude of the counts and model

map integrated over latitude b, Cutout of 0.5° longitude and 4.0° lat-
itude of the counts and model map integrated over longitude. The
separate model components and the combined model is shown. Both
plots cover an energy range of 10 TeV to 30 TeV. For the error bars the
RMSE was used.
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In order to compare the diffusion model component for different energies, they
need to be on the same scale. Therefore after extracting the model component a
normalization is done. This is achieved by dividing the model by the integral over
longitude or latitude, thus fixing the area under the curve to 1 for all energies.
This leads to the plots shown in [Figure 19| and |[Figure 20|

— diffuse model 10-30 TeV

0.06 - —— diffuse model 3-10TeV
diffuse model 1-3TeV

— diffuse model 0.2-1TeV

o o o o

o o o o

N] @ B a
1 1 1 1

arbitrary units

0.01 A

0.00 A

2° 1° 0° 359° 358°
Galactic Longitude

Figure 19: Comparison of the diffusion model components for different energy in-
tervals in Galactic Longitude. The area under the curves was fixed to 1
for all energies. The diffuse model is more spread out for higher -ray
energies as these tend to be produced by high energy protons which
diffuse faster than low energy protons.

The difference between the diffusion model components from each energy interval
in Galactic Longitude is clearly visible. Especially at a Galactic Longitude of
1.3° the difference is quite high due to the high density of molecular material in
that area. In Galactic Latitude the diffusion model does not change significantly
because of the cutout region of 0.5° longitude and 4.0° latitude. The molecular
cloud density in this region is much more centered around 0° latitude and therefore
almost all -rays are produced within a latitude of +0.5° latitude.
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Comparison of the diffusion model components for different energy in-
tervals in Galactic Latitude. The area under the curves was fixed to 1
for all energies. There is no significant change in the diffusion model
for different energies as the molecular cloud does not reach out that far
in latitude compared to longitude.
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5 Conclusion and Outlook

In this thesis a simulation to model the observed diffuse y-ray emission from the
Galactic Center was developed together with Wong| (2019) assuming the hadronic
diffusion scenario as its origin. The simulation used the diffusion constant for 50 pG
found by |[Ziegler| (2014) with a tracking time of 107 years while particle losses due to
the interaction with the molecular clouds were not accounted for. The differential
energy spectrum of the protons was assumed to follow a power law with a spectral
index of I'), = 2. The produced ~-ray flux map, which yields a spectral index of
~ 2.26, was then used as a model for the diffuse y-ray emission and fit to 190
hours of H.E.S.S 1 data together with source models for three dominant sources
in the Galactic Center (Sgr A*, G 0.940.1 and HESS J1745-303). In the end the
different model components were shown at different energy intervals with a focus
on the developed diffuse emission model.

The results show that with the diffusion hypothesis of high-energy protons in
the Galactic Center the observed diffuse emission can certainly be reproduced to
some extent. The model used here does not claim to be a physically accurate
representation of the processes in the Galactic Center but it does strongly favor
that diffuse emission is produced by proton-proton interactions. Compared to the
analysis of H. E. S. S. Collaboration et al.| (2018)) there is no need for a pronounced
central component as this is now part of the diffuse emission model. Furthermore
the results also support the possibility proposed by HESS Collaboration et al.
(2016)) that Sgr A* could have been more active over the last 10577 years, and
therefore can be considered as an alternative to supernova remnants as a source
of PeV Galactic cosmic rays. The spectral indices for the sources in this thesis
are similar to the ones found by other publications, however the significance map
(Figure 13)) shows the possibility of another source located at about a longitude of
1.25° and latitude of —0.15° near the center of the massive molecular complex Sgr
D. Another explanation for this excess could be that the density of the molecular
clouds in that area has been underestimated.

A further improvement of the approach in this thesis is also possible, since the
initial parameters for the simulations can be changed. This does apply for the
diffusion coefficients as they could be changed e.g. to account for a stronger tur-
bulent magnetic field in the Galactic Center as well as the index of the proton
energy spectrum and the total tracking time. This is also a great opportunity to
include data of the new H.E.S.S. II telescope.
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Appendix
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Figure 21: The full y-ray flux map created by adding up the single proton energy
flux maps. The map was integrated over the line-of-sight axis. Due to
the used proton distribution the produced v-ray flux is highest in the
center.

source model covariance index amplitude lambda

Sgr A* index 4.02e-04  1.6le-16  -4.05e-05
amplitude 1.61e-16  4.32e-27  1.56e-16
lambda -4.05e-05  1.56e-16  4.77e-05

G0.940.1 index -2.95e-04 4.19e-16
amplitude 3.72e-17  5.58e-296
HESS J1745-303 index -4.99e-05  5.94e-17

amplitude 4.11e-15  -7.14e-27

Table 4: Covariance for the spectral model parameters produced by the fit. These

are used to produce the model error in [Figure 12|
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