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Abstract

The High Energy Stereoscopic System, H.E.S.S., is an arrayf dour imaging atmospheric
Cherenkov telescopes, located in the Khomas highlands of Maibia, designed for the ex-
ploration of very high-energy (E > 100 GeV) -ray emission in the universe, arising in
non-thermal processes. Its location in the southern hemispére renders sensitive obser-
vations of a large region of the Galactic Plane possible. In articular, a deep exposure
of the Galactic Center region allows detailed studies of theobserved emission, helping to
identify the sources of the radiation and the physics proceses at play. In this thesis, new
methods are developed to study both the morphological and sgctral properties of dif-
fuse very high-energy -ray emission from the Galactic Center region. Assuming thatthe
radiation originates from hadronic interactions of di usi ng cosmic rays with the ambient
matter, this study helps to constrain the parameter space ofcosmic-ray di usion in the
Galactic Center region. The second part of this work introduces new methods to search for
signals of Dark Matter annihilations, putting upper-limits on the production of spectral
line features in the H.E.S.S. Galactic Center data. Finally an upper-limit on the total
annihilation cross-section of Dark Matter particles is derived.

Kurzfassung

H.E.S.S. ist ein System aus vier abbildenden Cherenkov-Tes&open und untersucht sehr
hochenergetische £ > 100 GeV) Gammastrahlung aus dem Universum, die bei nicht-
thermischen Prozessen entsteht. Aufgrund seiner Lage in deSed-Hemisphare kann das
H.E.S.S.-Experiment sehr emp ndliche Beobachtungen von eiem gro en Teil der Ga-
laktischen Ebene durchiihren. Die gro e Menge an gesammelten Daten aus der Region
des Galaktischen Zentrums erlaubt detaillierte Studien de dort detektierten Emission, die
dazu dienen, den Ursprung der Strahlung sowie die dort stathdenden physikalischen Pro-
zesse zu untersuchen. Neuentwickelte Methodernuff die Analyse der di usen Emission aus
dem Galaktischen Zentrum ernmeglichen eine weitgehende Einsclemkung der Di usions-
Parameter fur die hadronische kosmische Strahlung, falls dieseif die beobachtete Gamma-
Emission verantwortlich ist. Der zweite Teil der Arbeit han delt von der Analyse der Daten
im Bezug auf megliche Signale von Paar-Annihilation der Dunklen Materie in der gleichen
Region, die zur Bestimmung der oberen Grenzen sowohbf einen meglichen Flu -Beitrag
durch spektrale Signaturen als auch ér den gesamten Wechselwirkungsquerschnitt der
Paar-Annihilation f ehrt.
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Preface

Since 1989 { the year of the discovery of the rst very high-enegy (E > 100 GeV) -ray
source, the Crab Nebula (Weekes et al. 1989) { the eld of grond-based -ray astronomy
has rapidly evolved. Nowadays, more than 100 astrophysicasources are known to emit
photons in the TeV range, both of galactic and extragalacticorigin. The majority of these
sources were discovered by H.E.S.S., the currently most saessful experiment in the very
high-energy -ray astronomy. Since its completion in December 2003, H.E.S. has been
conducting dedicated observations of various objects of terest as well as an extensive
scan of Galactic plane (Aharonian et al. 2006c), which revelad a large number of Galac-
tic TeV emitters. Amongst others, remnants of supernova exposions, pulsars and active
galactic nuclei are now known to constitute astrophysical &boratories, in which charged
particles are accelerated to ultra-relativistic energies.Even though one of the main goals
of this eld - the determination of the origin of hadronic cosmic rays that bombard the
Earth's atmosphere, rst detected by Victor Hess in 1912, isstill not doubtlessly achieved
{ there has been a signi cant scienti ¢ progress, in particular the characteristics of sources
detected so far contribute a lot to the understanding of particle acceleration processes.

During now more than 6 years of operation, H.E.S.S. has in pdicular performed deep
exposures of some regions of the sky, which raise a speciatdrest for high-energy astro-
physics. The collected data allows sophisticated studiesfahe detected emission, going be-
yond pure source detection (see e.g. Aharonian et al. (200pand Aharonian et al. (2007)),
aiming at detailed understanding of the underlying astrophysical processes. Among those
regions, theGalactic Center region is the most prominent Galactic representative. The
presence of the super-massive black hole Sgr A* at the dynamat center of the Galaxy
makes it an unique environment, o ering the possibility to study the non-thermal pro-
cesses in vicinities of galactic nuclei in general. Moreovethis area is populated with a
high density of objects of various types, also hosting sevai regions of non-thermal in-
teractions. In particular, several very high-energy sourcs were discovered in this region,
including a point source coincident with Sgr A* and a region d di use radiation ( di use
emission ). The latter is believed to arise from interactions of a locd, di using hadronic
cosmic ray population, accelerated by a central source, wit ambient matter (Aharonian
et al. 2006d). The current data set allows detailed studies bthis emission, leading to
a restriction of the parameter space of cosmic-ray di usion,taking place in the Galactic
Center region. Moreover, the gravitational center of the Milky Way presumably hosts the
largest density of Galactic Dark Matter , which according to common knowledge is the
dominant matter component of the universe. Interactions of Dark Matter constituents in
the Galactic Center region might be noticeable in very high-mergy -rays, both as -ray
line signals and a continuum emission, hence a careful sedrfor its signals in the available
H.E.S.S. data is performed.



PREFACE

This work is organized as follows:

In Chapter 1 the non-thermal view of the Galactic Center regim is introduced and
the motivation for the studies performed within the scope ofthis work is given.

In Chapter 2 the working principle of the H.E.S.S. experimer is described, including
the data analysis techniques.

The analysis of the diuse emission in the Galactic Center ragion is described in
Chapter 3. It is shown, how studies of its spectral and morphtngical properties,
using new developed analysis methods, help to constrain th@arameter space of
cosmic-ray propagation in this region.

Chapter 4 deals with the analysis of the Galactic Center regbn data with respect
to possible signals from Dark Matter interactions. New methods are developed to
search for possible spectral signatures in H.E.S.S. data,lso helping to generally
restrict the parameter space for annihilations of Dark Matter particles.

Finally, the obtained results are summarized and a brief outook is given.



1 Non-thermal phenomena in the Galactic
Center Region

The inner part of the Milky Way belongs to the most complex regions studied in high-
energy astrophysics. First of all, it hosts asuper-massive black hole (SMBH) that
was discovered in radio in 1974 (Balick & Brown 1974), which,given its distance of 8.5
kiloparcecs (kpc) (Ferrere et al. 2007), is the closest Géactic Nucleus to Earth and is
therefore used to study the physical phenomena in such envenments. Various observa-
tions in radio, microwave, infrared, X-rays and -rays followed that discovery and revealed
an enormous density of emitting objects in every waveband, Wwile optical and ultra-violet
observations are completely obscured by dust in the line ofight. In this chapter, rst
the overall morphology and constituents of the Galactic Center region (GC region)
are presented and then TeV observations, including publiskd results from H.E.S.S. and
other Cherenkov telescopes, and observations in other wakands relevant for non-thermal
interactions, are summarized and discussed. Finally, bagskeon the presented observational
results, the motivation for the studies developed within the framework of this work is
given.

1.1 Morphology and main components of the Galactic Center
region

The Milky Way has a density distribution of matter forming es sentially ve spiral arms.
This shape is dominant down to the galactocentric! radius of 3 kpc. For smaller radii,
the density strongly decreases, de ning the so-called "zonef avoidance”, which surrounds
the Central Molecular Zone  (CMZ). The latter extends over about 600 pc in galactic
longitude and 200 pc in latitude around the dynamical centerof the Milky Way (around
4 1.5 inangular coordinates), revealing an ellipsoidal shape (érrere et al. 2007), (Gold-
wurm 2008)). It is a very dense region hosting, among other ojects, about 10% of the
total molecular mass of the Galaxy that can predominantly befound in Giant Molecular
Clouds (GMC), a large number of objects producing thermal and non-thermal emission
and the SMBH Sgr A*. The shape of the CMZ is believed to be due tca barred gravita-
tional potential acting in the central part of the Galaxy (Fe rrere et al. 2007), making the
Milky Way belong to the class of spiral barred galaxies

The spatial extension of the CMZ de nes the GC Region, as it isused throughout this
work. A good impression about its complexity provides the image obtained with the VLA
telescope at 90cm wavelength (see Fig. 1.1) (LaRosa et al. @0). It shows a complex
morphology consisting mainly of molecular clouds (MCs), supernova remnant (SNR)

! The galactocentric radius is the distance from the center of our Galaxy. The Sun is located at a galac-
tocentric radius of R =8:5 kpc.



1 Non-thermal phenomena in the Galactic Center Region

shells and HIl regions. A large population of stars is seen ithe infra-red waveband (Fig.
1.2), of which some are concentrated in stellar clusters Ailtes and Quintuplet (X-ray im-
age in Fig. 1.2).

Sgr A region

When the radio counterpart of the SMBH, Sgr A*, was rst detected (Balick & Brown
1974), the resolution of the instrument was too low to resole the overall morphology
of the Sgr A region. As observations improved, it was discowed that apart from the
non-thermal emission from the SMBH, the region exhibits an epanding non-thermal shell
from the SNR called Sgr A East, a thermal, spiral-shaped di use HIl nebula Sgr A West,
the stellar cluster IRS 16 and two GMCs (Goldwurm 2008). Sine these objects are
located within just a few parsecs, their interactions are epecially interesting from the
point of view of high energy astrophysics, knowing that SMBHs, SNR shells and objects
in stellar clusters® can accelerate particles to relativistic energies, while egions of dense
molecular gas provide sites of -ray creation both for hadrons and leptons. However, such
a density of possible candidates for high energy radiations a challenge for a proper source
identi cation, as described in Sec. 1.2.

Sgr A*

Since the discovery of the radio source Sgr A*, many observains at di erent wavelengths
have been carried out (see Sec. 1.2). An important con rmaton for its existence was
provided by infra-red measurements of the orbits of stars wihin 1" distance from Sgr A*
by VLT and Keck (Eisenhauer et al. (2005), Ghez et al. (2008)) The latest results allow
the conclusion that a mass of 3 4 10°M is con ned within a radius smaller than 100
astronomical units, what in fact can be only ful lled by the p resence of a SMBH (Reid &
Brunthaler 2004). The spectrum of Sgr A*, measured from rado to the infrared domain
helped to establish the understanding of its quiescent nonfiermal low energy radiation
as synchrotron emission from relativistic electrons (Dushl & Lesch (1994), Melia et al.
(2000)). Additionally, the overall ux level of near-infrar ed emission from Sgr A* was
monitored by VLT (Melia et al. 2000), which measured the ari ng activity of Sgr A* in
the infrared domain, later con rmed by Keck (Ghez et al. 2004). The spectrum of aring
emission can again be explained by synchrotron emission fno a population of electrons,
accelerated to relativistic energies or, as an alternativeexplanation, by expansion of hot
plasma, occurring like in extragalactic radio jets (Goldwurm 2008).

Sgr A* was also detected in X-Rays (Muno et al. 2004), howevert$ luminosity, L =
2 10% erg s 1inthe 2-10 keV band, is very low compared to other galactic nutei (Narayan
et al. 1998). This fact is explained by a now widely acceptedhieory of Radiative Ine cient
Accretion Flow, which explains that the ine ciency of the ac cretion activity of Sgr A*,
suggested by the level of X-ray emission, is due to convectioe ects, leading to out ow or

2 |t is also assumed that stellar clusters themselves can accelerate prticles through collective e ects such
as colliding winds of massive stars or the interactions of several SNR epcta (Ohm et al. 2009).



1.1 Morphology and main components of the Galactic Center rgion

winds of accreting material (Goldwurm 2008). The observatonal results for X-rays and for
other wavelengths must be taken into account by models that @scribe possible mechanisms
for particle acceleration in the vicinity of the SMBH. At the same time, the low luminosity
of Sgr A* from IR to optical, which accounts to 10 8L ¢qq, With Leqq being the Eddington
luminosity 2, makes the vicinity of the SMBH transparent to  -rays, otherwise shielded by
pair-production of very high-energy -rays with ambient radiation (Aharonian & Neronov
2005). Furthermore, X-ray satellites detected bright ares from Sgr A* and also took part
in multiwavelength campaigns monitoring its aring activi ty (Bagano 2005), (Goldwurm
et al. 2003). Like already discussed above, synchrotron ession from relativistic electrons
close to the SMBH is one way to explain the observed spectra. B expanding hot plasma
can also account for at least some of the are emission (Goldurm 2008).

Molecular clouds

For understanding of the propagation and interaction of acelerated relativistic particles,
knowledge about the matter distribution and the magnetic eld con guration (and also
radiation elds for electrons/positrons) in the region of i nterest is important. As far as the
matter distribution is concerned, as already mentioned, tre GC region hosts about 10% of
the total molecular material of the galaxy. Usually, its distribution is mapped using CO*2
and CO?*? rotational state transition lines, which e ectively trace the H; density pro le
(Bania (1977), Dame et al. (2001)). However, this method is mappropriate for the GC
region, due to the high foreground and background contamintion in the corresponding
velocity bands. Instead, the emission line of the CS molecel (J=1-0) is used. Its advan-
tage is a higher critical densityn(H»)  10* cm 2 of molecular material that is essentially
only reached in the vicinity of the GC. Additionally, MCs wit h lower densities would be
destroyed due to tidal forces present in this region (Tsuboiet al. 1999), so one can expect
the entire molecular content of the GC region to be properly maged by such observations.
The most complete measurement so far was achieved by the NRQelescope (see Fig. 1.3
and Fig. 1.4). The total mass of the molecular clouds in the maped area was estimated
tobe3 7 10’'M . Most of the molecular material is found at low rotational velocities,
organized in GMCs. Such a crowded and dense environment carrqvide a very e cient
interaction region for cosmic rays accelerated GC region.

Magnetic eld

For the magnetic eld con guration, the situation is much le ss certain. The radio map
in Fig. 1.1 exhibits several thin laments of non-thermal emission, of which the Radio
Arc is the most prominent one, that are believed to harbour a ppulation of relativistic
electrons that emit synchrotron photons (LaRosa et al. 2000. Based just on these obser-
vations, the magnetic eld in the GC region appears to have a wloidal shape, due to the
outward curvature of these laments, and its strength was esimated to be in the order

3 The Eddington luminosity denotes the level of electromagnetic radiati on of an object, for which the
gravitational and radiative pressures cancel against each other.
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of (B 1 mG) (see Ferrere (2009) and references therein). Howevefurther radio obser-
vations of Faraday rotation and Zeeman splitting e ects in t he region suggested that the
eld strength is not uniform, ranging from 10 G in the Interstellar Matter (ISM) to
a few mG in the Sgr A region. Also the shape of the magnetic eldappeared to be more
complicated than the simple poloidal assumption. Further insights could be gathered by
infrared observations of dust grains in the MCs, from which t was concluded that inside
the MCs, the magnetic eld is parallel to the galactic plane and is less strong than in the
radio laments (Ferrere 2009). A recent measurement puts a lower limit on the magnetic
eld in the GC region of 50 G by analyzing the large-scale non-thermal radio spectrum,
given its origin as emission of relativistic electrons (Craker et al. 2010). However, there
exists no general agreement on the eld strength between dierent observational methods
and a conclusive picture of the magnetic eld properties is nissing, particularly a ecting
the understanding of particle propagation in the GC region (see Sec. 1.6 and 3.1.2).

1.2 TeV observations of the Sgr A region

The unique environment makes the GC region a prime target forvery high-energy (100
GeV - 100 TeV) observations. These were extensively perforaed by Imaging Atmospheric
Cherenkov Telescopes (IACTs) of past (Whipple, (Kosack et & 2004)) and current gener-
ation (Cangoroo, (Tsuchiya et al. 2004), MAGIC (Albert et al . 2006), H.E.S.S. (Aharonian
et al. 2004a)). Among those, the H.E.S.S. array is the most sesitive instrument, thanks

to its location in the southern hemisphere, its wide eld of view (5 ) and the excellent
hardware performance (see also chapter 2). Thus, data coltéed by the HESS experiment
provide the most detailed picture of the GC region to date andis therefore mostly used in
the following discussion.

1.2.1 Detection in TeV  -rays

In 2004, Cangoroo Il (Tsuchiya et al. 2004) and Whipple (Kos&k et al. 2004) experiments
reported the detection of a point source in the very center ofour galaxy, positionally co-
incident with the SMBH Sgr A*. Cangoroo Il spent 67 hours on this source, detecting
itat 10 signicance (Li & Ma 1983), whereas the Whipple telescope neded 26 hours
of observations, which were carried out at large zenith angls due to its location in the
northern hemisphere, for a 37 signal. The most sensitive measurement was then provided
by the HESS experiment, which observed the GCR in 2004 for 49 durs with a complete
four-telescope array*. The central point source (henceforth called HESS J1745290) was
detected with a signi cance of 38 above background (see Fig. 1.4), its spectruf could
be described with a hard power law with the photon index of =2:25 0:04stat  0:10sys
and an integral ux of =1 :87 0:10sa 0:30ys 10 2cm 2s ! above 1 TeV (see
Fig. 1.5). The luminosity of the source accounts to 18° erg/s between 1 TeV and 10 TeV.

“ First detection by HESS was based on observations with only two telescopes, the point source was
detected with 9:2 signi cance (Aharonian et al. 2004b).

5 The spectrum, rst derived by Cangoroo I, largely deviated from the spectra obtained by other experi-
ments, i.e. the spectral shape was determined as/ E *7 %%, A new analysis by Cangoroo Ill yielded
results, consistent with other experiments (Mizukami 2008).
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Figure 1.1: The galactic center region as observed by VLA at 90cm (LaReisal.
2000). Numerous features like SNR shells, thin non-thermalmknts and Hil
regions are visible at this wavelength.

With observations by MAGIC (Albert et al. 2006), Cangoroo Il | (Mizukami 2008) and a
reanalysis of Whipple (Kosack 2005) data the spectral propeies of HESS J1745 290 de-
rived by H.E.S.S. were con rmed.

1.2.2 Related observations at other wavelengths

Beside emission from Sgr A*, X-ray emission was also detecteflom Sgr A East (Maeda
et al. 2002). However, in this frequency range, the source tns out to be smaller in diam-
eter ( 4 pcvs 20 pcin radio) and reveals a non-thermal shell together with athermal



1 Non-thermal phenomena in the Galactic Center Region

(a) Spitzer's (IR) view of the GC region
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(b) Chandra's (X-rays) view of the GC region

Figure 1.2: The GC region as observed Spitzer (top) (Ramrez et al. 2p0&nd

Chandra (bottom) (Muno et al. 2009). The scale of both imagesnmtched. A
large number of point and extended sources is visible in bo#ivelbands. In the
X-ray image, the counterparts to the TeV point sources at thesfimns of G0.9+0.1
and Sgr A are visible.

core region. The latter is explained by a reverse shock of thexpanding shell that heats the
matter inside the remnant. With the help of X-ray observations it was possible to estimate
that the explosion took place (10 2:5)10° years ago and the mass of the exploding
starwasM =13 20M , contradicting earlier estimates based on radio observatins that
stated the emission seen from Sgr A East is a result of up to 40upernova explosions
(Goldwurm 2008). Additionally, Chandra has discovered an @ergetic pulsar wind nebula
G359.95-0.04 (Wang et al. 2006). It is located only &%away from the position of Sgr A*,
making it a suitable candidate for TeV emission, since despe its low X-ray luminosity

L =103 erg s 1, the very dense radiation elds of the GC region provide enogh photons
for e cient IC interactions (see Sec. 1.2.3).

Although not related to the TeV point source at rst glance, a nalyses of X-ray observations
carried out by ASCA and Suzaku of the Sgr B HII area, the non-themal radio lament
Sgr C and the complex with the SNRs 359.0-0.09 and 359.1-0.0%veal, that they appear
to be so-calledX-ray re ection nebulae (Murakami et al. 2000), (Ryu et al. 2009). This
term means that most part of the X-ray emission received from a object is not produced
there but is rather due to re ection of and ourescence causé by X-ray photons coming
from a di erent site, with a strong uorescent 6.4 keV iron li ne located on top of a non-
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Figure 1.3: A map of molecular clouds in the galactic center region obtaiirisy
NRO telescope imaging the CS line (units are arbitrary). Thepwds essentially
free of background, con rming the ability of CS observart®to properly map the
molecular content in this region (Tsuboi et al. 1999).

thermal continuum as its main characteristic. The connection to HESS J1745 290 is, that
in all three cases it is assumed that the source of primary erssion is the SMBH Sgr A*.
The ux produced by Sgr A* that is required to t the observati ons from the re ection

nebulae is about 16 times higher than the quiescent emission observed during t last
years (Goldwurm 2008). From the distance of Sgr B and Sgr C tolie GC it was concluded
that Sgr A* must have been very bright in X-rays some hundreds ¢ years ago. Due to
a possible correlation between X-ray ux and particle acceleation in the GC, this fact is

important for studies of TeV emission from this region (see &0 Sec. 1.4).

Concering counterparts at higher energies, INTEGRAL perfamed a deep exposure the
GC region in the energy range between 20 and 400 keV (Belangeet al. 2006). These
observations revealed several point sources, among whichsaurce coincident with the po-
sition of Sgr A* was detected, however due to Integral's anglar resolution of  1°it is
not yet conclusive, whether the emission has its origin diretly at the SMBH or whether
it is rather a di use radiation. The combined spectrum of soft and hard X-rays from the
GC can be t by a thermal component, produced in hot plasma, in soft and a non-thermal
power law component in hard X-ray, which origin is still under exploration. Additionally,
some observations were carried out together with XMM-Newtonand during that period
several soft X-ray ares were detected, while the emission irhard X-rays stayed steady,
therefore mostly favouring the di use hypothesis and a link to the very high-energy emis-
sion. Besides, the detection of hard X-rays from Sgr B2 suppas the intepretation that
this region is a X-ray re ection nebula and therefore strengtens the indications for a past
GC X-ray activity (Goldwurm 2008).
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Figure 1.4: Galactic center region as seen by H.E.S.S. in 2004. In theeupmage
both point sources, HESS J174290 and G0.9+0.1 are seen. The green circles cor-
respond to the sources detected by EGRET (Hooper & Dingus220n the lower
image, the faint di use emission appear after both point soescwere subtracted.
The white contours represent the density distribution of mollar clouds. Coinci-
dent with the EGRET source in the low right corner, the unidieed H.E.S.S. source
HESS 1745 303is visible. Image taken from (Aharonian et al. 2006d).

In the -ray domain (20 MeV - 100 GeV), a point source close to the posion of Sgr A*
was seen by EGRET (Hooper & Dingus 2002) and by the FERMI satdite launched last
year (Atwood et al. 2009). While a detailed analysis of FERMI data is still under way, the
spectrum of this source derived by EGRET suggests a hadroniorigin for the high-energy
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Figure 1.5. Compilation of spectral energy distributions of the GC satdESS
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spectral cut-o, undetermined by previous analyses (Ahaemmet al. 2009b).

-28°58'

Declination

-29°00'

-29°02'

-29°04'

C 1 1 1 1 I 1 1 1 1 1 1 1 1 l 1 1 1 1
17"45™50°  17"45™40°  17"45M30°
Right Ascension

Figure 1.6: Improved position determination of HESS J174890 achieved by
H.E.S.S. overlayed on a smoothed VLA 90cm image of Sgr A Easie Géntre of
the SNR is denoted by the white square, the positions of Sgrafsti G359.95-0.04
are given by the cross hairs and the black triangle, respetyi The dashed white
circle represents the uncertainty on the position of 2004iaved with the standard
pointing procedure, while the white circle indicates the impemend reached with
the new method described in (The HESS Collaboration & Acer@20
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emission (Mayer-Hasselwander et al. 1998). However, due to krge error on paosition

around 0:2 , it was not possible to determine the exact location and extasion of detected

emission, similar to the case of INTEGRAL. Furthermore, the analysis of data from GCR

is very complicated for both -ray experiments because of the large di use background in
this energy range (Strong et al. 2009).

1.2.3 Interpretation of the origin of very high-energy  -ray emission

As it was already pointed out above, the Sgr A region hosts searal objects that can serve
as candidates for particle acceleration. In particular, the SNR Sgr A East, the pulsar

(G359.95-0.04 (see Sec. 1.2.2) and Sgr A* itself were considdras viable counterparts

for the central point source. Based only on the data availabé in 2004, no discrimination

could be achieved between these possible counterparts, smthe angular extension as well
as spectral properties could in principle be reproduced by lhthese candidates (van El-

dik 2008). Besides, also annihilation of Dark Matter particles was proposed as origin of
the TeV emission, however the spectral analysis of 2004 dataxcluded the level of DM

contribution higher than 10% (for a further DM discussion, see chapter 4). However, the
H.E.S.S. experiment continued to observe the GC region thraghout the last years, roughly

tripling the total observation time. New analyses of HESS J1745-209 allowed an improved
position determination (The HESS Collaboration & Acero 2009), as well as a precised
measurement of spectral properties (Aharonian et al. 2009) see Fig. 1.5.

As far as spectral analysis is concerned, it was shown for thest time that the  -ray

spectrum of HESS J1745-209 is better described with a powervwahaving a harder index
than previously published of =2 :10 0:04stst 0:10sys together with an exponential

cut-o at Eqyo =14:7 3.4 TeV, than by a pure power law (see Fig. 1.5). Addition-

ally, some of observations were carried out simultaniouslywith X-ray telescopes. During

this time, several ares occured in the vicinity of Sgr A* in X -ray waveband, increas-
ing the ux by up to a factor of 9, while no signi cant ux chang es were detected in
the very high-energy regime. A contemporaneous detection ofares in X-rays and very

high-energy -rays would immediately pinpoint at least a part of the detected emission to
originate from the SMBH. On the other hand, the absence of sug correlation does not
exclude Sgr A* as a source candidate, since some models pretdabscence of correlation
between X-ray and -ray ares. The presence of a cut-o in the spectrum indicates éther

escape of highest energetic particles or that the energetiamit of the accelerator is reached.
Still, the spectral properties can be reproduced by all soure candiates, thus based just on
that, no discrimination is possible (see also Fig. 1.7 for tle full spectral energy distribu-

tion).

The optimization of the pointing accuracy of the H.E.S.S. tdescopes results in a reduc-
tion of the systematic error on the position determination from 28°°down to 9% thus
making the systematic error comparable with the statistica error (see Fig. 1.6) on the
position determination, if the full collected dataset is used (The HESS Collaboration &
Acero 2009). The new position determination method allows o exclude the SNR Sgr A
East as the source of the very high-energy emission at high sigcance. Both Sgr A* and

12
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G359.95-0.04 are still compatible with the source position vthin errors, thus making a
de nite statement about the origin of the radiation impossi ble by means of source position
determination for the current IACT generation.

Hence, with currently only Sgr A* and G359.95-0.04 as possilel astrophysical counterparts
for the central source HESS J1745 290, a question about the emission mechanism should
be addressed. While PWNe belong to a rather standard class afery high-energy acceler-
ators, serving as counterparts for a number of H.E.S.S. soges discovered in the galactic
plane survey (Aharonian et al. 2006c), for Sgr A* speci c aceleration mechanisms are
required, which are valid for its extreme environment. Here on the one hand, the unusu-
ally low luminosity of the SMBH in other wavelengths must be satis ed by models trying
to explain the TeV emission, but at the same time it allows the very high-energy -ray
photons to escape the proximity of the SMBH without signi ca nt absorption and therefore
renders the study of relativistic phenomena in its direct neghbourhood possible. There
are several models that were proposed to explain the TeV eméson of Sgr A*, including its
broad-band spectrum (see Fig. 1.7). Some use interactions dfighly relativistic protons
with either ambient radiation elds, followed by productio n of -mesons and subsequent
decays into -rays (for neutral pions), or interactions with other proton s/nuclei from mat-
ter either in direct vicinity of the SMBH or in the local envir onment, where the protons
di use, also resulting in meson production. As acceleratiomm processes, strong electric and
magnetic elds or shocks in the ambient matter are proposed Aharonian & Neronov 2005).
Also electrons are suggested as producers of the very highengy radiation, being accel-
erated by well-ordered electric and magnetic elds and creaing -rays by IC upscattering
of surrounding radioation photons (van Eldik 2008). It is worthwhile mentioning, that for
some acceleration mechanisms correlations with other walenghts are implied, of which
the most convincing proof would be detection of simultaneos ares e.g. of X-rays and

-rays, that has not occured to date, whereas for protons di usng out from SMBH inter-
action zone no aring activity is predicted (see Sec. 1.2.2)

On the other hand, the PWN G359.95-0.04 can account for the TeVemission despite its
low luminosity in the X-ray band, because the radiation elds in the GC region have a
su cient density to allow electrons, accelerated by the PWN to relativistic energies, to

produce the right level of very high-energy ux (Hinton & Ahar onian 2007). A hint for the

presence of relativistic electrons is the fact, that the nonthermal spectrum of the PWN

in X-ray steepens with increasing distance to the pulsar. Ths e ect can be caused by
synchrotron cooling of the electron population in a strong magnetic eld, estimated by

Hinton & Aharonian (2007) as B > 100 G.

1.3 Other sources

The thus far unprecedented sensitivity achieved in the H.ES.S. data collected in 2004
allowed the detection of additional sources in the GC regionbeside HESS J1745-209. A
point source coincident with the SNR (see Fig. 1.1) G0.9+0.1and the extended source
HESS J1745-303 are visible in Fig. 1.4, which were detected iy.E.S.S.. While the origin
for the emission from latter is still unclear due to a lack of alequate counterparts in other
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Figure 1.7: Broad-band spectrum of the GC source. Figure is taken fromgsimian
et al. 2009b).

wavebands (see Aharonian et al. (2008a) and Bamba et al. (2@) for possible intepreta-
tions), the situation for G0.9+0.1 appears to be much simple. In fact, the TeV-emission
detected from this object is most likely due to IC interactions of electrons, accelerated by
a PWN inside the SNR shell, which was discovered by Chandra (@ensler et al. 2001), see
Fig. 1.2. The shell of the SNR as a source of the main part of theery high-energy emis-
sion is unlikely, given the fact that the extension of the object is compatible with a point
source assumption and its position corresponds to the locaéin of the Chandra PWN within
errors.

1.4 Di use emission

Apart from the very high-energy sources already discussed ave, H.E.S.S. has also discov-
ered an extended emission component in the GC region (Ahardan et al. 2006d), using 55
hours of observational time, collected in 2004. This emissn was revealed after subtraction
of the point sources HESS J1745-209 and G0.9+0.1, see Fig 1.4s main morphological
property is a correlation between the intensity of -ray emission and the density distribu-
tion of molecular clouds. Since no population of sources isrpsent at other wavelengths,
which could account for the detected emission, it seems liktg that the origin of the emis-
sion is hadronic, arising through interactions of relativistic hadrons with the gas in the
MCs. If this holds, it was the rst time that emission in the ve ry high-energy domain
was detected that is apparently not associated with an actie source, i.e. with an object,
which accelerates particles. Thus, this emission can be deed asdi use emission

For -ray satellite experiments like EGRET or FERMI, di use emission from the Galactic
plane is a large background for active sources, originatinfrom interactions of the Galactic
cosmic ray population with the environment®. For the energy range of H.E.S.S. however,

® The galactic cosmic ray population is assumed to have, on average, the samespectral properties as
measured on Earth. Local uctuations are accounted for by propagation models like GalPROP (Strong
et al. 2009).
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1.4 Diuse emission

this background is negligible. In fact, even in the GC region the ux caused by the “sea’ of
cosmic rays, would be much lower than the ux of the di use emission observed (Aharonian
et al. 2006d), being =1:9 0:10s 0:30ys 10 *cm 2s ! above 1 TeV. So either
the density of the cosmic ray “sea' in the GC region is higheror the cosmic rays come from
a local source. The clear lack of correlation between-rays and MC density for jlj > 1deg
(see Fig. 3.11) can be explained by di usion of protons from acentral source but not by
a constant CR density and is thus a strong argument for the presence of a local source.
Besides, the spectral shape of di use emission is very sinait to the spectrum of HESS
J1745 290, based on 2004 observations. More precisely, the speaitindex of di use emis-
sion was measured as =229 0:07stgt 0:10sys comparedto =2 :25 0:04sar  0:10sys
estimated for HESS J1745 290. This fact suggests a connection between central point
source HESS J1745290 and the di use emission.

Using the di usion assumption, it is possible to search for a optimal value for the dif-
fusion coe cient of protons in the GC region that describes the morphology of di use
emission. In (Aharonian et al. 2006d), it was stated that the data puts an upper limit on

the diusion coecient of D 35 % (10°%° %), if Sgr A East is taken as the source
of protons, assuming that the progenitor star exploded 160 years ago. Besides, also Sgr
A* can be the source of di using protons, since it might have had an explosive event, e.g.
merging with a star at some time in the past. As hints for its stronger activity in the
past the presence of the X-ray re ection nebula can be consided (see 1.2.2). Thus, for
the SMBH as the source of protons and an active time being f0years ago as assumed in

(Aharonian et al. 2006d), a good description of data is achieed with D = 0:3 %

There are several papers that followed on this topic, adoptig di erent methods for de-
termination of the di usion coe cient. In Basching et al. (  2007), an analytical approach
was applied by solving the transport equation for protons inthe GC region using simple
parametrisations for the MC density distribution. The di u sion coe cient was found to be
D=1:6 % close to the value determined by the simple estimation in (Aaronian et al.
2006d). However, due to various uncertainties, amongst otérs in the actual distribution
of the MCs along the line-of-sight, a systematic error of 50% wa quoted. These authors
later extended their study to include di erent \on"-times of the proton source, i.e. the
time during which the source was accelerating particles (Bsching & de Jager 2008). A
di erent approach, tracking the paths of simulated protons in a grid of molecular material,
representing the density distribution in the GC region, wasimplemented in (Dimitrakoudis
et al. 2009) for various di usion coe cients. Taking into ac count the energy losses of pro-
tons through strong interactions with surrounding gas, the optimal di usion coe cient was
foundtobeD =3:0 0:2 % again consistent with the H.E.S.S. resulf. However, a yet
another method was used in (Wommer et al. 2008), which includd tracking of particles
exposed to the Lorentz force in a turbulent magnetic eld, asumed to be present close
to the GC (for observational results on magnetic eld con guration, see Sec. 1.1). The
outcome of this analysis was that the di usion of particles from a central source appears
to be too slow to be able to account for the morphology of the enssion seen by H.E.S.S..
Instead, acceleration of particles inside the molecular duds by e.g. Fermi-Il process was

” This result is also in agreement with buesching, despite the higher value for D, since the deviation is due
to the inclusion of energy losses of protons, that was not taken into account in (Busching et al. 2007).
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proposed, as a natural way to achieve a correlation between-rays and MCs. See Sec. 3.1
for more details on CR di usion.

1.5 Galactic Center halo

The GC halo in general is a very interesting region from the pit of view of very high-
energy observations not only because of acceleration progses of charged particles, but
also because of more exotic sources ofrays like annihilation or decay of Dark Matter
(DM) particles, since the density distribution of the galactic DM pro le peaks in the GC
(see Sec. 4.2.2). As far as the observations of the point scee, HESS J1745 290, are
concerned, it was already discussed that its origin is astiphysical, so that just an upper
limit on the DM ux contribution was obtained. However, besi de the stripe of the dif-
fuse emission, containing also G®@ + 0:1, the inner degree of the halo is free from further
astrophysical sources (see Sec. 3.2) in the TeV domain. This supported by current
X-ray observations, revealing a large point source populatin, which show similar spectral
properties and thus are believed to be of the same class of adjts. Most of the \standard"
X-ray sources like normal stars or X-ray binaries were esserdily ruled out and currently
the widely accepted interpretation of these sources arenagnetic cataclysmic variables

This source class never appeared as site of very high-energyogesses, supporting the idea
that the GC region is undisturbed by astrophysical very high-energy -ray sources and
hence a good target for DM search.

Recent results, connecting the GC halo with the DM topic, cone from WMAP and FERMI
observations. In the microwave frequency range, dedicatedbservations of the GC re-
gion are pointless because of the foreground thermal emigsi outshining the galactic disk.
However, an interesting feature related to the GC region wasfound in the three-year
WMAP dataset (Finkbeiner 2004), which is supposingly an exess of synchrotron emission
from relativistic electrons. This so-called WMAP Haze exhihits a spherical morphology
being centered in or close to the GC with a radius of 20 40 and is also found by an anal-
ysis of now public FERMI data, where a di use feature with a morphology matching the
WMAP Haze was discovered (Dobler et al. 2009), which is, howeer, disputed in Linden &
Profumo (2010). The derived spectrum can be described by ICniteractions of a population
of relativistic electrons, con rming the assumption that t he emission seen by WMAP is
synchrotron radiation of presumably the same population, wiich can originate from DM
interactions (Finkbeiner & Weiner 2007). However, also astophysical explanations, like
massive star explosions, were proposed (Biermann et al. 20 See Sec. 4.1 for further
DM discussion.

1.6 Open guestions

As it was shown in previous sections, the GC region is a very ¢oplex environment and

observations are often di cult to interpret, especially in view of non-thermal processes,
despite of the intensity of observations already carried ot There are a number of open
guestions, like the origin of the high-energy emission at th&5C and the physics responsible
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for the ares of Sgr A*. Additionally, the nature of di use em ission in very high-energy -
rays remains uncertain. Currently, there are still multiwavelength compaigns planned for
monitoring the Sgr A* aring activity and results from FERMI  observations of the GC
region might be promising for understanding of the -ray emission. For the future, experi-
ments like Planck (microwaves), Simbol-X (hard X-rays) and CTA (next generation IACT
array) will shed more light on the high-energy phenomena in tlis area.

However, it is worthwile to summarize the current status of available very high-energy data
to see whether there is still room for improving the understanding of the TeV view on the
GC region:

For HESS J1745 290, it appears that H.E.S.S. observations collected to da already
exhaust the capabilities of the current IACT generation, allowing to reject of Sgr A
East as a possible counterpart, but yet not being able to disinguish between Sgr A*
and PWN G359.95-0.04 both in terms of position in spectral chaacteristics, due to
a limited energy coverage especially for lower energies armbmparably poor angular
resolution. As long as no -ray ares will be detected, a de nite statement about
the nature of this source will be very di cult with the next ge neration of Cherenkov
instruments like CTA (Wagner et al. 2009) as well. However, ®me insights may
already be gathered from results of the FERMI experiment, ifthe spectrum would
allow a discrimination between leptonic and hadronic orign. In latter case, the PWN
interpretation might become more unlikely.

The PWN G0.9+0.1 has an established counterpart and the emision processes seem
to be understood and, while for HESS J1745 303 more multiwavelength data, es-
pecially in radio and X-ray domain, would possibly help undesstanding its nature,
e.g. strengthen the interpretation of MCs being illuminated by SNRs (Gabici et al.
2009).

The physical processes responsible for the di use emissiaare still unclear (see Sec.
1.4), since neither particle propagation nor the magnetic eld con guration, which
in uences the diusion, are fully understood (see Sec. 3.11). In this case, a new
analysis of the di use emission using the now available dataet has not yet been
done and might be able to determine its morphological and speral properties more
precisely. In particular, it is important to nd out whether the di usion hypothesis
is still in agreement with new data, e.g. whether there is stil a correlation between
MCs and -ray that vanishes for large distances from the GC.

Additionally, the collected dataset allows to perform searches for Dark Matter signals
from the GC halo. Since for the point source DM annihilations are excluded as the
main contribution (see 1.2.1), areas with less astrophysial background in the GC
region can be studied.

The last two aspects are treated in the current thesis. A new aalysis of the diuse
emission is developed with the aim of revising the di usion lypothesis and contraining its
parameter space, if applicable (chapter 3). Moreover, a seeh for DM signals from the
GC halo is performed (chapter 4).
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2 Detection of very high-energy -rays with
H.E.S.S.

Energetic -rays from space can not be directly detected on the ground bewse they get
absorbed in the Earth's atmosphere. Thus for a direct detecion, the detector must be
placed on board of a satellite orbiting the Earth, with EGRET (Hartman et al. 1999),
INTEGRAL (Winkler et al. 2003) and FERMI (Atwood et al. 2009) as well-known rep-
resentatives of this detector type. Such detectors can obsee -rays up to energies of
several hundreds of GeV, but due to a strongly decreasing uxof CRs with energy, their
detection area, typically of the order of 1 n?, is not su cient for detection of particles
with even higher energies. However, particle cascades in ¢hatmosphere, induced by very
high-energy -rays and other CRs, can be detected on the ground due to the Chienkov
radiation, emitted by charged particles in such cascades. fus in the energy range between

100 GeV and 100 TeV, indirect detection is carried out by ground basedlmaging
Atmospheric Cherenkov Telescopes (IACTs). The detection area of such instruments
exceeds the detection area of satellite experiments by up tsix orders of magnitude, thus
accounting for the decreasing ux of very high-energy partides.

The section is organized as follows: In section 2.1, the chacteristics of air showers pro-
duced by -rays and hadronic CRs and the implications on the resulting Gerenkov light
emission are discussed. In section 2.2, the H.E.S.S. insment and the detection technique
are introduced. The data analysis procedure, including metods for the rejection and sub-
traction of hadronic background and the reconstruction of energy spectra, is described in
section 2.3.

2.1 Air showers

A particle cascade (or shower) is produced in the atmosphetewhen a high-energetic
particle from space hits molecules and ions in its outer layes. The type of the impinging
particle in uences the characteristics of such a shower. lrcase the particle undergoes only
electromagnetic (and weak) interactions, like a photon or éectron, a purely electromagnetic
shower develops, containing only electromagnetically intracting particles as well. If the
shower is produced by a proton or nucleus, which also interdwia strong force, the created
shower is partly hadronic. In the following the di erent cha racteristics of electromagnetic
and hadronic showers are introduced and the implications orthe pro le of the subsequently
emitted Cherenkov light are discussed.
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2 Detection of very high-energy -rays with H.E.S.S.

2.1.1 Electromagnetic air showers

An electromagnetic air shower develops, if a high-energetielectron! or photon interacts
with the atmosphere. In case of a photon, the rst interaction with the electromagnetic
eld of an air nuclei leads to an electron-positron (e ) pair creation, occuring after the
traversed mean free path of 29X, with Xo = 37:2 g cm 2 being the radiation length
for electrong, whereas the interaction of an incoming electron with an airnuclei leads
to irradiatation of an energetic photon due to bremsstrahlung. These two processes are
responsible for a subsequent exponential rise of the partie number, until the mean energy
of particles drops below 80 MeV and energy losses due to iomiZon start to be become
dominant. From this point on, the number of particles decreases and the shower starts to
die out.

The number of particles in the shower is proportional to the energy of the primary particle.
This fact is expoited by IACTs for the energy reconstruction of the latter (see Sec. 2.3).
The trajectories of created particles remain close to the diection of the incident one,
however due to multiple Coulomb-scattering of createde -pairs electromagnetic showers
get a certain lateral extent, which is, however, small compaed to its longitudinal extent,
which accounts to several kilometers, as it can be seen in Fig2.1.

2.1.2 Hadronic air showers

Like electrons and photons, CR nuclei initiate a particle cascade in the atmosphere as well.
However, since its constituent quarks also undergo strongnteractions, a hadronic shower
deviates from the electromagnetic one. For a hadronic showethe dominant process for
creation of secondary particles is hadronization, in whichfurther hadronic particles like
mesons and baryons are produced. Due to meson decays into teps and photons, each
hadronic shower also comprises an electromagnetic companmtg(see Sec. 2.1.3). The mass
of particles, created in strong interactions, is much highe than the mass of electrons,
thus their transverse momentum is larger and the shower has greater lateral extent,
compared to the electromagnetic one (see Fig. 2.1). Besidethe complex multiplicity
of strong interactions results in a much more irregular shag of the shower, whereas for
electromagnetic showers mainly three-particle processeslgy a role, as explained above.
Moreover, a part of the energy of a hadronic shower is carriedway by muons and neutrinos,
created in charged mesons' decay, whereas the energy of é¢femagnetic showers mostly
remains in its constituent particles. These di erent characteristics a ect the properties of
the subsequently produced Cherenkov radiation, which is dicussed in the following.

2.1.3 Cherenkov radiation from air showers

Particles, which move faster than the speed of light in a medim with the refraction index
n, emit the so-called Cherenkov light. Many particles in an eletromagnetic or hadronic

! The term electron stands here for both electrons and positrons.
2 Since the atmosphere has a thickness of 1000 g cm 2 27X, no initial photons or electrons can reach
the ground.
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2.1 Air showers
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Figure 2.1: Comparison between shower shapes induced byray (a) and by a

proton (b). The distribution of Cherenkov light on the grodnemitted by relativistic

shower constituents, images the shape of the shower, yigldiregular circular shape
for -rays (c), while Cherenkov light from a proton shower has aheat disperse
distribution (d). The image is kindly provided by Konrad Béstr.

shower have su cient energy to emit this radiation, if the im pinging particle is energetic
enough. The opening angle . of the radiation cone can be calculated as:

where
air, ¢ 1

is the particle velocity, expressed in units of the speed ofight. For showers in

2 , assumingn = 1:0003, the refraction index at sea level. Most of the
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2 Detection of very high-energy -rays with H.E.S.S.

Cherenkov emission is located in the UV regime, however, dué absorption in air, the
peak of the emission on the ground is shifted towards opticablue component (see Sec. 2.2).

The distribution of the Cherenkov light on the ground, emitt ed by particles in a shower,
resembles the structure of the shower with high precision, de to the small opening angle
of the Cherenkov cone. In Fig. 2.1 the distribution of light on the ground is shown for a
simulated electromagnetic (c) and hadronic shower (d). Forthe electromagnetic shower,
the light pool on the ground exhibits a homogeneous and circlar shape. Given that the
shower maximum, from which most of the Cherenkov light orighates, occurs at 10 km
height, the radius of the light pool on the ground is 120 m. The ring structure, that
surrounds the main part of the emission, arises due to the in@asing refraction index with
decreasing height, resulting in such “focusing" of the Cheenkov light. Outside the ring,
the light intensity on the ground rapidly decreases. The total duration of a Cherenkov
light \ ash" from an electromagnetic shower is of the order of 10 ns, since the shower
develops along the Cherenkov light path with approximately the same velocity. As far
as the hadronic case is concerned, due to a irregular and s¢ated shape of the hadronic
shower, the light yield on the ground is irregular as well. Sice the energy of a particle,
needed for the production of Cherenkov photons, is proportnal to its mass, electrons and
muons contribute most to the Cherenkov light in a hadronic shower, making its pool on
the ground even more dispersed.

The total number of Cherenkov photons reaching the ground anounts to 100 photons per
m? for a 1 TeV -ray. Such a low number of photons makes a large collecting aseand
sensitive electronics necessary for the detection of Chemkov light from particle cascades
in the atmosphere.

2.2 H.E.S.S. experiment and the imaging atmospheric
Cherenkov technique

In the energy range between 50 GeV and 100 TeV, the atmospheric imaging technique
has proven to be the most successful and e cient one. This telsnique was rst invented by
the Whipple collaboration, which discovered the Crab nebuh, the rst very high-energy -
ray source (Weekes et al. 1989), operating a single IACT withthe focal length of 10 m
and the energy threshold of 350 GeV. The operation of multiple telescopes, enabling the
stereoscopic mode, was rst used by e.g. HEGRA (Daum et al. 197) and is implemented
in all detectors of the current generation: H.E.S.S. (Hinton 2004), Cangoroo Il (Kubo
et al. 2004), Veritas (Weekes et al. 2002) and Magic (Lorenz @4). The stereoscopic
approach, together with larger mirror areas and improved sasitivity of the optical and
electronic components, rendered it possible to lower the esrgy threshold to 100 GeV (50
GeV for Magic) and improve the overall performance of IACTSs.
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2.2 H.E.S.S. experiment and the imaging atmospheric Cherddv technique

2.2.1 Imaging atmospheric Cherenkov techique

Cherenkov light, emitted by constituents of a particle cas@de, carries information about
properties of the primary particle, i.e. its type, energy and incident direction. In order
to determine these characteristics with su cient precision, telescopes with mirror areas
of the order of 100 n? are placed on the ground to collect the Cherenkov photons.
These are subsequently re ected onto a camera, that is sersie and fast enough to be
able to detect such weak Cherenkov ashes of 10 ns duration. (&h cameras are comprised
of highly sensitive photo-multiplier tubes (PMTs), which are capable to provide the
needed sensitivity and time resolution.

35km ) A Cherenkov light
emission region

40m C D
Image
A B C||D
: / Focal plane Focal plane
5 Reflector Reflector
T
(a) (b)

Figure 2.2: lllustration of the imaging principle, used in IACTs: The itudinal

extension of the shower de ned the length of the image in a Gméov camera,
while its latitude extent de nes its width. The angle betwedhe shower and the
axis de ned the position of the shower image in the camera plammage taken
from (Hoppe 2008).

In Fig. 2.2, an image of such a Cherenkov light pulse is sketad. It is evident, that

the resulting image on the camera is a two-dimensional projaon of the corresponding
particle shower. Its shape is ellipsoidal and thus charactézed by the long (major) and

short (minor) axes. The size of the major axis, also called tb length of the image, is
determined by the angle between the observation position ath the shower direction, while
the size of the minor axis (width of the shower) is determinedby the lateral extension of
the particle cascade. As described above, electromagnetghowers have a smaller lateral
extent, compared with hadronic ones, hence usually imagesdm hadronic showers have
a larger width, in this way o ering a selection criterium for the rejection of the hadronic

background (see Sec. 2.3).

The major axis of a shower image in the camera points towardshe indicent direction

of the primary particle, which can in principle be reconstructed by a single telescope.
However, operating multiple telescopes proved to improve hie performance concerning
the direction reconstruction. Moreover, the irregular shgpe of hadronic showers leads to
deviating images between individual telescopes, yieldingn improved background rejection
potential for a multiple telescope array.
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2 Detection of very high-energy -rays with H.E.S.S.
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(a) Primary ~-ray, E = 3.14 TeV, impact 144 m (b) Primary proton, E = 4.554 TeV, impact 152 m

from the telescope from the telescope

Figure 2.3: Cherenkov light distribution from a simulated-ray shower, caused
by a 3.14 TeV photon (a), and from a proton shower, with the ege of 4.554
TeV. Pixels, which are kept for the subsequent Hillas pararmzetion, are marked
with crosses. The regular shape of aray shower and the irregular distribution of
Cherenkov photons from a proton shower are clearly visible.

2.2.2 The H.E.S.S. experiment

The High Energy Stereoscopic System  (H.E.S.S.) is an array of four IACTs, designed
for observations of very high-energy -ray radiation in the energy range between 100
GeV and 100 TeV. The rst observations were conducted in summer 2002when the
construction of the rst telescope was completed. From decmber 2003 on, observations
have been carried out with the completed 4-telescope array ée Fig. 2.4).

Figure 2.4: The site of the H.E.S.S. experiment.
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2.2 H.E.S.S. experiment and the imaging atmospheric Cherddv technique

The site

The H.E.S.S. array is located in the Khomas Highlands Of Nambia (23 16°17°%, 16 29%58°F)
at 1800 m above sea level. The site was chosen due to its exeglt astronomic conditions,
in particular a cloudless sky is present for 54% of all moonless nights and the humidity
hardly reaches 90% for almost all nights, thus enabling safeperation of electronic equip-
ment. Beside, the location in the southern hemisphere allow for observations of the most
part of the Milky Way, including the GC region (see chapter 1).

The telescopes

The four identically designed IACTs of the H.E.S.S. array are placed on a square of 120m
side length. For the choice of an appropriate distance betwen telescopes, two basic prin-
ciples needed to be taken into account: On the one hand, it is esirable to have a large
distance between telescopes in order to have an optimal steoscopic reconstruction. On
the other hand, the size of the Cherenkov light pool on the grand limits the distance
between telescopes, since for the stereoscopic approachlaast two telescopes need to see
the same shower. Each of the telescopes consists of a mirrorsd of 13 m in diameter,
its support structure and a camera. On each dish, 382 sphera mirrors are arranged in
a Davies-Cotton design (Davies & Cotton 1957) with a total mirror area of 107 m and
a focal length of 1528 m. At the peak of the Cherenkov light on the ground at 330
nm, the re ectivity of the mirrors accounts to 80%. The optic al point spread function
after alignment of individual mirror segments lies between0.25 mrad on-axis and 2.8 mrad
at the edge of the eld of view (for comparison with the -ray point spread function of
H.E.S.S., see Sec. 2.3). The rotation of the telescopes iniamth direction is performed
on a circular steel rail of 13.6 m in diameter, while rotation in altitude is done by friction
drive systems acting on altitude rails at 7 m radius from the axes, with a maximum
rotation velocity of 100 =min in both directions. The total weight of the dish and its
support structure is 60 t, ensuring a su cient rigidity of the telescope. The pointing
of each telescope is monitored by two optical CCD cameras, ahwith all systems in use,
the pointing accuracy of the H.E.S.S. array can be reduced &m 289 being the standard
pointing accuracy, to 9°%for selected sources (The HESS Collaboration & Acero 2009).

The camera

As discussed above, the short and weak Cherenkov light asterender the use of fast and
sensitive PMTs necessary. Each of H.E.S.S.' cameras compés 960 of such PMTs (see
Fig. 2.3), which are integrated in 60 individual moduls (drawers), containing also trigger
and readout electronics and the high voltage supply (Aharoman et al. 2004c). The readout
time is adjusted to 16 ns, thus taking into account the short duration of a Cherenkov pulse
and reducing background photons from the night sky. In orderto reduce light losses,
Winston cones are installed in front of each PMT, focusing tre incident light into the
active volume of PMTs. The angular size of each PMT is QL6 , thus the total eld of view
of a H.E.S.S. camera accounts to 5 adapted for observations of extended -ray sources.
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2 Detection of very high-energy -rays with H.E.S.S.

The trigger

The trigger of the H.E.S.S. experiment consists of two leved, a telescope trigger and a
central trigger system (Funk et al. 2004). As far as the telesope trigger is concerned, it
is implemented by dividing the camera into 64 overlapping tigger sectors. A telescope
trigger signal is generated, if more than 3 pixels within sub a sector receive a signal of more
than 4 photo-electrons (p.e.) within a time window of 1.5 ns. The frequency of telesope
triggers depends, beside atmospheric conditions, on the m#¢h angle of observations and
has a rate between 300 Hz and 500 Hz. The telescope trigger B is subsequently sent to
the hardware central trigger, located in the control building on the site. The central trigger
checks, whether at least two telescope trigger signals ané within a time window of 80
ns. If this is the case, the central trigger sents a readout gjinal to the telescopes, and the
information of the individual telescopes is subsequently ead out and stored on the data
acquisition system on the H.E.S.S. site. The requirement ot least two triggered telescopes
reduces the system trigger rate to 150 to 200 Hz and e ectively discriminates against
Cherenkov light from myons, mostly seen only by single telesopes.

2.3 H.E.S.S. data analysis

In this section the analysis chain of the H.E.S.S. experimenis described. The di erent
steps are described in the order of their usage during H.E.S. analysis, consisting of
data taking (Sec. 2.3.1), data calibration (Sec. 2.3.2), inage processing (Sec. 2.3.3),
signal selection (Sec. 2.3.4) and calculation of statistial (Sec. 2.3.5) and physical source
parameters (Sec. 2.3.6).

2.3.1 Data taking

H.E.S.S. carries out observations of -ray sources during moonless nights with good weather
conditions, which amount to maximum 1700 hrs per year, while the mean total data
taking time is 1000 hrs per year. The light from the Moon would severely in uence
the sensitivity of the telescopes, making the detection of he Cherenkov light from very
high-energy photons at energies close to the energy threstibbf 100 GeV impossible, thus
only some data taking for calibration purposes is possbile.The observations are split in
28 min runs, during which a potential target is tracked on the sky. The observational
programm of H.E.S.S. consists of the scan of the accessibleag of the Galactic plane,
dedicated observations of galactic and extragalactic targts and observations of the so-
called targets of opportunity, which show aring activity i n relevant wavebands (X-rays to
very high-energy -rays), detected by other instruments.

2.3.2 Data preparation and calibration

The data, recorded during -ray observations, need to be prepared for its analysis. Ther-
fore, corresponding observation runs are rst checked for the stability of the system per-
formance. This means, that beside the hardware performancealso the stability of the
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2.3 H.E.S.S. data analysis

weather conditions is checked, since the atmosphere is uses a calorimeter and is thus
an integral part of the detection system. This is checked by equiring a certain absolute
value and maximal spread of the system trigger rate, to rejecruns with clouds in the
eld of view or a dusty atmosphere. As far as the hardware perbrmance is concerned, it
is required that the number of disabled PMTs due to hardware &ilures or bright stars in
the eld of view does not exceed 10%. The decreasing optical @ency of the system due
to aging of the mirrors and the PMTSs, is accounted for by analyzing muon rings, occuring
within images of hadronic showers. From the geometrical paameters of such a ring image
in the camera, conclusions can be drawn about the energy of thmuon. By comparing
the expected and the detected intensity in the ring, the change of opticale ciency, com-
pared to the initial state of the particular telescope, can be accurately measured. A full
description of calibration steps can be found in (Bolz 2004)

2.3.3 Event reconstruction

Calibrated camera images undergo dedicated processing g in order to extract informa-
tion about the properties of detected particle showers. Fist, recorded images are cleaned
in order to remove pixels containing only random backgroundphotons and/or electronic
noise. For further processing, only those pixels are kept, hich contain at least 5(10) p.e.
and have a direct neighbouring pixel, containing at least 105) p.e. The result of such im-
age cleaning are spatially connected pixels, which resends a two-dimensional projection
of the detected shower (see Fig. 2.3). These pixel regions ersubsequently used for the
parametrization of shower images according to (Hillas 1986 This parametrization yields
a set of ve Hillas parameters , comprising the center of gravity (CoG) of the shower
image, the length and width of the shower, de ned as the lengh of the major and minor
axes, respectively, the orientation of the shower with respct to the particular camera co-
ordinate system and the overall image intensity. These parmeters are illustrated in Fig.
2.5. Other parametrizations of showers exist as well (Nauman-God et al. (2009), de
Naurois & Rolland (2009)).

Hillas parameters, extracted from a shower image in the canra, contain the necessary
information to reconstruct the incident direction and the energy of the primary particle.
Since for all events at least two telescopes exist, which ha observed the same particle
shower, the determination of particle's incoming direction is possible by intersecting the
major axes of the reconstructed ellipses. [N telescopes have triggered for the same
shower, the number of intersection points isN (N 1)=2, i.e. one intersection point
for a two-telescope event and six intersection points for a for-telescope event. In case
N > 2, the direction is reconstructed by calculating a weightedmean (Aharonian et al.
2006a). It is obvious, that the more telescopes have seen thehower, the more accurate is
the direction reconstruction. The precision of the direction reconstruction depends on the
applied event selection and is discussed later.

In order to estimate the energy of the primary particle?, beside the intensity of the pixels

® The expected light yield from a single muon is determined by Monte- Carlo simulations, assuming a
certain optical e ciency of the array, e.g. 100%.
4 In the standard analysis chain it is always assumed, that the detected event is a -ray, thus the recon-
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2 Detection of very high-energy -rays with H.E.S.S.
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Figure 2.5: lllustration of Hillas parameters and of the stereoscopiredtion recon-

struction. The intersection of the major axes of shower edép provides the direction
of the incident particle. The accuracy of such reconstractidepends on the set
of selection criteria and the number of telescopes, havingorded the particular

shower. The parameters width and length are used for backgdotejection. See
text for further details. Image taken from (Aharonian et al0@6a).

within a shower image, knowledge is needed about the distarcbetween the incident direc-
tion of the particle and the observation position, called the o set angle , the position of
the showerimpact point and the zenith angle of the observation. The impact point of a
shower depicts the hypothetical position, where the showeaxis would hit the ground. This
position is determined, as well as the o set angle , by the reconstructed direction of the
shower. It is obvious, that for the same energy of a shower ingcing particle, the light yield
in a telescope would decrease with increasing distance beden the impact point and the
telescope position. The expected light yield for a given -ray energy, impact point, o set
angle and zenith angle must be determined by Monte-Carlo simiations. These are used to
reconstruct the particle's energy in data, taking into accaunt the current optical e eciency
of the telescope, determined with the muon method, describd above. The performance of
the energy reconstruction also depends on the applied eveselection and is discussed later.

The tted shower parameters length and width carry informat ion about the shape of the
shower, thus these parameters are used to determine the typef the incident particle,
described in the following. Other parametrizations use di erent methods for the rejection
of hadronic background (Naumann-God et al. (2009), de Naupis & Rolland (2009)).

2.3.4 Event selection

For the analysis of recorded data, several selection critéa are applied in order to im-
prove the precision of the reconstruction of shower paramedrs and discriminate against

structed energy for hadronic particles is always a factor of 3 too low.
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2.3 H.E.S.S. data analysis

the numerous hadronic background. As far as thémage quality criteria are concerned,
it is required that a certain minimum intensity, also called size, is reached by a shower
image in a camera (see Tab. 2.1). Besides, to avoid edge e estthe reconstructed CoG
of the shower image must be located within 2 with respect to the camera center. Since
H.E.S.S. applies the stereoscopic mode for further paramet reconstruction, at least 2
telescopes have to ful ll these requirements.

As described in Sec. 2.1, electromagnetic and hadronic aihswers exhibit a quite di erent
shape, therefore parameters like length and width of the caiesponding Hillas ellipse can be
used for discriminating between air showers induced by -rays (and electrons) and hadronic
CRs. The reconstructed parameters of individual shower imges are used for determination
of the system-wide shape parametermean reduced scaled width (MRSW) and mean
reduced scaled length (MRSL). These parameters are calculated by using, beside #n
measured width for a telescope, the simulated quantaties hwidthi; and i, with hwidthi;
being the mean reconstructed width and , ; its spread for simulated -ray showers,
observed by the telescopé under the same zenith angle and utilizing the same o set angd
of the shower :

Ntel . i - s . 2
MRSW = Ni: , width; h widthi; |\ where! ; = h’V'dtzhh
i=1 - i

i=1 W i

The parameter MRSL is calculated accordingly. The distribution of these parameters for
simulated -rays, protons and data from empty regions in the sky (o -data) is shown in
Fig. 2.6. It can be seen that the distributions for simulated -ray events are highly con-
centrated around 0, whereas the distributions for simulatel protons exhibit a much more
extended shape, being in good agreement with o -data, which Emost entirely consists of
hadronic CRs. In the same gure, cut values, introduced to rgect the most part of the
hadronic background, both for MRSW and MRSL distributions, are depicted by vertical
lines.

A set of selection criteria is chosen upon the expected or kwen properties of the -ray
source under study. For sources with a ux of the order of 10% 6the ux from the Crab
nebula, or simply Crab ux, and a spectral index of = 2:6, the standard cut set is
used. If weak sources with a ux of 1% Crab ux are analyzed, having at the same time
a harder spectrum of = 2.0, then hard cuts are used. Corresponding cut values are
summarized in Tab. 2.1. It should be noted here, that the addiional cut on , being the
distance between the reconstructed direction of a shower ahthe presumed position of the
source, is optimized for analyses of point sources. This cutan be adapted to the actual
size of the source, in order not to reject events because of arfer source extension.

The performance of the instrument concerning the energy andlirection reconstruction is
shown in Fig. 2.7 for both cut con gurations. Due to the tight er event selection for hard
cuts, both the energy and direction reconstruction perfornmance is superior compared with
the standard event selection.

29



2 Detection of very high-energy -rays with H.E.S.S.
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Figure 2.6: Distribution of mean (a) reduced scaled width (MRSW) and (b) are
reduced scale length parameters (MRSL) for simulatecays and protons, and data
taken from empty regions in the sky (o -data). The simulationsene performed
at a zenith angle o220 . Proton and o -data distribution show a nice agreement,
leading to the conclusion that the distribution are undessid and can be used as
selection variables. The standard cut values are indicabgdvertial lines. Image
taken from (Hoppe 2008).

MRSW MRSL | 2[dedf] | Size [p.e]
Cut set | min max | min max max min
Standard | -2.0 0.9 |-2.0 2.0| 0.0125 80
Hard -20 0.7]-20 20 0.01 200

Table 2.1: Two sets of cut values, optimized for di erent source typeshd standard
cut set is optimized for a luminous source, having a ux of 10%@Brand a spectral
index of = 2:6. Hard cuts were optimized for weak ( 1% Crab) and hard
( = 20) sources. At least two telescopes must have properly reqoictéd the

shower (see text for further details).

2.3.5 Background subtraction

After the application of selection criteria, a considerabke number of hadronic events still
remains in the dataset, for which the shower parameters hapen to be reconstructed in
the -ray phase space, thus they are undistinguishable from true Ipotons. In order to
calculate the number of -ray events, located within a source region, and to reconstrat
the spectrum of the potential source (see Sec. 2.3.6), the mber of background events,
located within the source region, needs to be estimated. Th@umber of -ray events can
be calculated as:N = Non N o , with Ngy being the number of events within the source
region, calledon-region , N, the number of events within dedicated background regions,
called o -regions , and being a method-dependent weighting factor. O -regions can be
de ned from the same eld of view (geometrical subtraction), making use of the fact, that
the hadronic background is isotropic, or a certain o -range for a cut parameter is taken
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2.3 H.E.S.S. data analysis
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Figure 2.7: Performance of direction and energy reconstruction for tihenslard and
hard cut sets. Image (a) shows the PSF of H.E.S.S. for both cetss Image (b)
shows the energy resolution as function of energy for bothsmis. Hard cuts show
to be superior in both cases, thus being the preferrable ciele set, if a precise
morphological and spectral analysis is desirable. Image daaken from (Hoppe
2008). Image b) is taken from (Gast 2009).

(phase space subtraction):

Re ected (background) method . This algorithm utilizes a geometrical back-
ground subtraction. Therefore, rst the o set between a potential source and the
observation position for a given run is determined. N, _eg nON-overlapping o -

5 The methods for background subtraction, described here, are the onesalso used for this work. There
are additional methods, not mentioned here (Hoppe 2008).
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2 Detection of very high-energy -rays with H.E.S.S.

regions are then placed around the observation position atle same o set. Their
size (and shape) is identical with the size (and shape) of then-region, which is,
for point source analyses, usually a circle with a radius caesponding to the used
2_cut, centered at the source positions(see Fig. 2.8). Assumg that the acceptance
of the detector is radially symmetric around the observation position, this means

that is simply = No.l,eg . Besides, due to the same detector acceptance for on

and o -events, this method is used for the spectrum reconstration (see Sec. 2.3.6).

Ring (background) method : This algorithm de nes a ring around the poten-
tial source as o -region, hence also using geometrical backgund subtraction, with
the inner ring radius and the ring width adopted to the expected source extension.
Contrary to the re ected method, this o -region is selected only once for the total
data analysis of a particular source and is valid of all runs,independent of the ac-
tual observation position. Since background events are exacted from a region with
deviating detector acceptance, compared with the on-regionthe latter has to be
modelled for each run individually. Thus is here not simply the relation between
the source and the background region areas, but rather a retson of detector ac-
ceptance, integrated over the on and o -regions, respectivig. Due to the di erence
in detector acceptance, this method is not used for spectrunteconstruction but for
maps production and morphological studies.

Template (background) method . This algorithm uses a certain phase space re-
gion for background estimation. As described above, discmination against hadronic
background is mainly done by cuts on the MRSW and MRSL distributions, i.e. these
distributions show explicit regions, either dominated by -rays or by hadronic back-
ground. Hence a parameter range, fully dominated by the bacground, can be used
to estimate the number of background events in the -like phase space. For the
template method, the following o -range is dened: 3 MRSW 9. The geomet-
rical o -region is the same as the on-region, thus is completely determined by the
relation of the detector acceptance for o -events between tle -like and hadron-like
phase space. This method is currently used only for morpholgical studies, like the
ring-method (Rowell 2003).

Both methods of geometrical background subtraction use ol empty regions of the sky
for background estimation. Sources of -ray emission are masked with so-called exclusion
regions, which can not be used as o -regions.

The statistical signi cance of a source candidate is deternmed using the number of on-
and o -events as well as the acceptance factor (Li & Ma 1983):

p

= 1+ )N 1+ )N
S=" 2 Ngnln 3+ Non_ + No In @+ INo_

(Non + No ) Non + No

2.3.6 Spectrum reconstruction

For the reconstruction of the spectral distribution of a -ray source, based on a particular
dataset, knowledge is needed about the energy distributios of on- and o -events, as well
as of the detector acceptance of the source region. As it is iplemented in the re ected

method, reconstructed energy values of events within the omnd o -regions are stored, see
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Figure 2.8: lllustration of both geometrical methods for background stdattion.
The on-region is cross hatched. The o -regions for the re edtenethod are dis-
tributed around the observation position, marked with a \+"and are lled with
diagonal lines. The o -region for the ring-method is lled withorizontal lines. See
text for further details. Image is taken from (Aharonian et &006a).

Fig. 2.9 (a). The distribution of o -events is weighted with ; for each runi. Beside, the
detector acceptance of the on-region, also called ective areas ° (EAs), is determined
as a function of energy for each run, weighted with its livetme’ and integrated for the
total dataset, see Fig. 2.9 (b). EAs are determined from a lage set of Monte-Carlo -ray
events, simulated to originate from point sources at varioss zenith and o set angles, and
stored as lookup tables for usage during data analysis. Sp&al points for an energy E;

for the on- and o -events are thus determined a$:

don;i:iNon_do;i:i N o

with E; being the width of the bin i and A . being the dataset integrated, time-weighted
e ective area value for the energyE;, see Fig. 2.9 (c). The residual spectral distribution,
see Fig. 2.9 (d), can be used for a t with a dedicated function chosen upon the as-
sumed physical process at work producing the observed-ray emission, e.g. a power law:
dﬁ'z—dit =f(E)= o E . The tted function can be used to calculate the integral ux :

6 E ective areas are nothing else but cut e ciencies for  -like events, multiplied with the total detection
area of the H.E.S.S. array, which is of the order of  10° m?
" Livetime of an observation run is the for the dead-time of the system cor rected run duration.

8 It is hereby assumed, that the bin-weighted method for the integrat ion of EAs is used (Aharonian et al.
2006a).
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2 Detection of very high-energy -rays with H.E.S.S.

R
‘é—t = Elthr f (E)dE. As determined in (Aharonian et al. 2006a), the systematic eror on

the reconstructed integral ux is 20%.
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Figure 2.9: The reconstruction of the spectrum of a-ray source. a) Energy distri-
bution of events in the on and o -regions. b) Integrated e ege area distribution
for the particular dataset. c) Spectral distributions fohé on and o -regions. d)
Residual distribution, being the spectrum ofray emission. As a source, the GC
point source HESS J174%290 is used. See text for further details. Image taken
from (Hoppe 2008).
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3 Analysis of the di use emission from the
Galactic Center Region

In this chapter the new analysis of the di use emission from he Galactic Center is de-
scribed. First, in Sec. 3.1 the di usion process in the cont&t of cosmic ray propagation is
introduced, followed by the description of the method to sinulate gamma-ray maps for the
GC region. In Sec. 3.2 the analysis of H.E.S.S. data is prestd, including the comparison
to the simulations introduced before. Finally, in Sec. 3.3 te results of the analysis are
summarized and discussed.

3.1 Theoretical background and modelling

As described in Sec. 1.4, the detected extended emission frothe GC region is believed
to be due to the interaction of hadronic CRs accelerated at tle center, which then di use

to the ambient space. This hypothesis is strongly supportedoy the observed correlation
between the ux of the gamma-ray emission and the density of GMCs, that decreases for
jlj > 1 . If this assumption holds, it is not only the rst time that ve ry high-energy gamma-
ray emission is detected having a (con rmed) hadronic orign, but is also a unique pos-
sibility to directly observe the di usion of CRs. This is especially important because, as
discussed in the following, the knowledge about the propag@n of CRs in the galaxy is

still very limited and on the observational side mostly relying on the measurements of the
abundance of di erent elements in the total cosmic ray ux.

3.1.1 Short overview of propagation models

Since the discovery of the cosmic ray radiation in 1912 by Vitor Hess a fully conclusive
proof for its origin is still missing. It is however common to assume that the CRs below the
so-called \knee-energy" of several PeV stem from galactic saues like SNRs. Under this
assumption one can try to explain the observational data of his cosmic ray population
using models describing their propagation. These have a lge spread of complexity and
are mainly based upon two di erent concepts:

Box concept: The galaxy is considered as a disk of 15 kpc radius and sevenalin-
dreds pc height, framed by re ecting boundaries and having @ uniform distribution

of matter and CRs that can propagate freely inside the disk. The most prominent
representative of this concept is the \Leaky Box Model" (Cesarsky 1980), in which
the CRs have a nite probability to escape the galaxy each time they interact with
the boundaries. Additionally, a (spherical) halo with a smaller density of matter can
also be included in this concept to match the data (Kachelriess 2008).
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3 Analysis of the di use emission from the Galactic Center Rgion

Diusion concept:  After leaving the acceleration region, CRs perform a di usive
\random walk" in the galaxy due to irregularities in the gala ctic magnetic eld
structure. In contrary to the box concept, there are no boundaries that prevent
the CRs from leaving the galaxy. This concept should be clogeto reality than the
box concept, however it contains a number of additional paraneters like di usion
coe cients, e.g. along and across the disk, distribution of sources and matter and
other (Le Guet (1977), Skilling & Strong (1976)).

These propagation models are meant to explain the followingnain experimental results
(Cesarsky 1980):

CRs are almost completely isotropié.

The pure power law shape of the cosmic ray spectrum. Since asacceleration pro-
cesses like the diusive shock acceleration produce powealv spectra [/ E

( > 0), the propagation is not supposed to change the overall sh@e, however a
change of is possible.

The abundance of secondary particles as measured in the emgrrange 1 GeV/n <

E < 100 GeV/n, with n being the number of nucleons, and its energy dependence.

Elements like Li, Be, B outnumber the solar abundance by ordes of magnitude.

They are believed to be almost entirely created from primary elements like O or

Fe by nuclear spallation. Since these cross sections are &mably well known, it is

possible to calculate the amount of matter the CRs have travesed. The result is
crR 5 10-%,, which compared to the line of sight integrated density through

cm2?

the whole galactic disc of o 10 2 % immediately yields that CRs propagate
distances orders of magnitude larger than the size of the My Way before they

reach the Earth.

The abundance of unstable isotopes can be used to measure thge of the cosmic ray
population that turns out to be tese 1 2 107 years. This yields that the mean
density CRs encounteris 0:3 cm 3, which, taking into account the measured local
ISM density of 1 cm 3, leads to the conclusion that CRs spend most of their time
not in the galactic disc but rather in regions of low density, e.g. in a spherical halo.

For calculations of space-averaged mean values like mean trarsed distance cr or the
mean escape timdegc both concepts lead to basically equal results, justifying he fact why
the so dramatically simpli ed box concept is still in use. However, for more sophisticated
applications like the GalPROP model (Strong et al. 2009), where spatial (and temporal)
inhomogeneities are important, box models are not usable ahdi usion models are used.
For this reason, the basic aspects of di usion are summarizg in the following together
with the question, which contribution the current analysis of very high-energy -ray data
from the CG region may have on this topic.

! The anisotropy for low energies E 1 GeV/N is mostly due to solar wind modulation. The anisotropy
for higher energies of the order of 0:1% can be understood as moving of the solar system with respect
to the Galactic Center (Kachelriess 2008).
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3.1 Theoretical background and modelling

3.1.2 Cosmic ray di usion

The basic concept of di usion of CRs is understood as a resulof interactions between the
CR particles and the magnetic eld in the Galaxy. Given the strength of the magnetic
eld in the solar neighbourhood of 3 G that is assumed to be a typical order of
magnitude at least for the interstellar and intercloud medium, the following expression for
the gyroradius of protons can be obtained:rqy 3 10 7(1 (Eev) pc. When comparing
this value with the height of the galactic disk of 300 pc it becomes evident that CRs
move closely attached to the magnetic eld lines (Cesarsky 280). Here, both small and
large-scale characteristics of the magnetic eld play an imprtant role. But until now, the
knowledge about its con guration on various scales is stillinsu cient. While the situation
seems to be clear for the solar neighbourhood, where the magtic eld is parallel to the
galactic plane and has a strength of 3 G, its characteristics e.g. in the GC region is
still disputable, as was shown in Sec. 1.1. Moreover, theresino conclusive view on its
large-scale uctuations (100 pc) and on magnetic eld con guration inside molecular
clouds (Cesarsky 1980).

For the discussion of theoretical aspects of di usion, it isworthwhile to introduce rst
the di usion equation, since its solution is also required br the description of simulation
models in Sec. 3.1.3. The diusion equation connects the netow of particles J(+ E;t)
with the spatial gradient of particle density rn(¥ E;t):

J(&E;t)= D(&E;t)rn(rE;t) (3.2)

Sincer J(¥ E;t) = @%Et;t) one obtains following di erential equation:

@i Et) _

@t FD(xE;t)Fn(xE;t) (3.2)

For scalar, constant di usion D (¥, E;t) = D(E), and assuming spherical symmetryn(« E;t) =
n(r; E;t) the solution is:

. h 2 i
e.y- NOE) r
nnE) [4D (E)t]%eXIO 4D (E)t

(3.3)

The relation n(t)=n(0) simply gives the probability of nding a particle at & dis tance r
for a given time t. It is obviously a Gaussian function with a width of =~ 2Dt2. From
this relation is follows that the mean distance a pachIe travels away from its source is
proportional to the square-root of time: hr(t)i = [/ = Dt.

Insights about the nature of di usion of CRs in magnetized ervironment come from mag-
netohydrodynamics (MHD). It is assumed that particles are scattered by perturbations
in a MHD uid, consisting of the magnetic eld, ions and electrons, that are treated with

2 Box models provide the possibility to calculate a di usion coe ¢ ient across the disk, by using the box
height h as and the mean age of CRs ast.

37



3 Analysis of the di use emission from the Galactic Center Rgion

a wave approach. These waves are called \Alfven waved"and extensive studies were per-
formed to determine their energy density and power spectrumin the galaxy (Cesarsky
1980). It turns out that the major part of the power spectrum i s described by a power
law ! (k) / k 2*2 with a = 1=3 as a typical value for Kolmogorov-like turbulences (see
Strong et al. (2007) and references therein). Given this poer spectrum it is in princi-
ple possible to calculate the di usion coe cient D (for di usion along eld lines) and its
energy dependance:

h i
_ B 2¢Crg.
D= B © 3 (3.4)

where B is the overall strength of the magnetic eld, B (k) the amplitude of Alfven
waves at wavenumberk and rqy the particle’'s gyroradius. The diusion coe cient has
a lower limit, the so-called Bohm limit, given by D = crg=3, for which the mean free

path |, dened as | = 3D=c, equals to the gyroradius rg of the particle (Aharonian
2004). Assuming B (k) = 5 G one obtains a theoretical value for the di usion coef-
cient Dy 1077 R 78 cm? s 1, with magnetic rigidity R = E((;iev) that is close to the

value obtained from the secondaries data for GeV particlesDeyp, 1078 cm? s 1 (Kachel-
riess 2008). However, despite this rather good agreement tveeen theory and experiment,
a detailed treatment of di usion along and across eld lines for a wide energy range is very
complicated, in particular concerning the role of the di usion across magnetic eld lines
(see Casse et al. (2002)), so that the determination of di uson coe cients still has to be
done empirically (Strong et al. (2007), Strong et al. (2009). But still, two main outcomes
should be emphasized here: The di usion concept can provid¢he di usion coe cient in
the right range at least for GeV particles and its energy depeadence is a power law, as
required in Sec. 3.1.1.

For completeness it should be noted that empirical models ke GalPROP also include a
distribution of sources of CRs (1st term), convection (3rd term), energy losses (and gains)
(4th - 6th term) as well as fragmentation from heavier nucleiare taken into account (last

term). Thus the transport equation  for CRs of species i:

@urE) _ Q(xE;t)+ r(Dfnj wn)
h i

@t
@ c 1
@E(b([;)ni) ) + . nj +
X Zinf g i (ECE)

C
+ =
m e dE

ni(E9dE® (3.5)

is solved numerically.

It is clear that for empirical models that make predictions on scales much smaller than the
size of the Galaxy the simpli cation of a scalar di usion wit h a space-independent di usion

3 Galactic Alfven waves can be generated by astrophysical sources such agulsars or be excited by CRs
themselves. The latter is also plausible because the energy densies of CRs and the galactic magnetic
eld are similar and both elds are coupled to each other (Gaisser 1991).
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3.1 Theoretical background and modelling

coe cient does not hold and several parameters have to be vaed, including the di usion
coe cient and the source distribution (see Sec. 3.1.1), in ader to t the already existing
observations, which in their turn have an impact only on CRs wp to energies of a few TeV
(Atwood et al. 2009). And here a connection to the analysis otthe TeV di use emission
from the GC region can be established: It is for the rst time possible to directly measure
the properties of di usion of multi-TeV CRs released by a singe source with presumably
established position (Aharonian et al. 2006d). Moreover, tiis possible to get an impression
of deviations of the di usion speed in di erent regions of the Galaxy. Given corresponding
future advances in theoretical understanding of interactons in turbulent magnetic elds
and a precise measurement of the magnetic eld con gurationin the GC region, it could
also be possible to compare this measurement with predictizs from a theoretical model
(see also Sec. 3.1.3). So the current analysis may help to imgpve the understanding of
di usion properties of highly relativistic particles and t herefore contribute to the total
picture of propagation of galactic CRs.

3.1.3 Diusion model

In the last section it was emphasized how important the undestanding of di usion is for
the propagation of (Galactic) CRs. The measurement presergd in this thesis aims at
better knowledge of di usion parameters at least for the GC region. In order to interpret
the H.E.S.S. data with regard to the di usion hypothesis, it is desirable to be able to
compare the data that was collected during observations wih theoretical expectations. In
(Aharonian et al. 2006d), this comparison was done using a siple model, in which the
expected emission from di using hadrons was estimated in te following way: Since it is
assumed, that the -ray ux coming from hadronic interactions between CRs and arnbi-
ent matter is proportional to the matter density, the two-dim ensional map of molecular
material, obtained by means of CS observations (Fig. 1.3),d folded with the solution of
the di usion equation (Eq. 3.3), assuming a burst-like injection of the primary hadrons.
For each bin of this map, the hadron densityn(r) is obtained by calculating the distance
r between the bin center and the center of the map, while assumig a certain di usion
coe cient D and diusion time t (see also Sec. 1.4). The normalisation is arbitrary and
is later matched to the data. The distancer is calculated in degrees, since the CS map
and all H.E.S.S. maps are shown in angular coordinate systesn The conversion between
distance in pc and degrees is done using the relation 1 140 pc for the distance of &
kpc between Sun and the GC. In order to match the angular resaltion of H.E.S.S., the
map is smoothed with the PSF corresponding to the cuts used irthe analysis (see Sec.
2.3). The result can be seen in Fig. 3.1. The underlying simplcations are that CRs
di use isotropically from the GC and the interaction probab ility is linearly proportional
to the density of ambient matter and is independent of energy time and space. Besides,
the GMCs are all assumed to have the same line of sight coordate as the GC. It should
be pointed out that n(r) does not depend on the di usion coe cient or time individua lly,
but on their product: n(r;D;t) = n(r;Dt). This means that as long as the exact di usion
time is unknown, only the product Dt can be measured, allowing to obtain the di usion
coe cient D only by assuming a di usion time t.

The approach used by Aharonian et al. (2006d) was su cient to roughly estimate the
di usion coe cient of CRs and the result was in a fair agreement with more sophisticated
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3 Analysis of the di use emission from the Galactic Center Rgion

methods (see Sec. 1.4). However, studies described in thikdsis not only aim at the
determination of the diusion coe cient, but also, for the rst time, probe its energy
dependence, while the simple method described above onlyelds an energy-averaged dif-
fusion coe cient D = D (E)i. Clearly, there is a need for a more elaborate model that
allows for the search for the energy dependence. This is dedmed in the following.
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Figure 3.1: The resulting -ray count map for the di usion model from (Aharonian
et al. 2006d). The underlying CS-map was folded with a Gauss@rnwhich the

width  corresponds to the di usion coe cient ofB% (see Eg. 3.3), smoothed
to match the angular resolution of H.E.S.S..

Development of the 2-D di usion model

The starting point for the new di usion model remains the same: It is assumed that the
GMCs mapped in CS-observations provide the target material ér hadronic interactions of
di using CRs. So once again the CS map (Fig. 1.3) is used. It isagain supposed that the
GMCs are aligned along the same coordinate with respect to th line of sight, i.e. assuming
the same line of sight density distribution for all MCs: (I;b;z) = (I;b) (z), with (I;b)

denoting the longitude and latitude positions, while z denotes the line of sight position.
However, an upgrade to a three-dimensional model was also derwithin the scope of this
work and is described at the end of this section.

A possible energy dependence of the diusion coe cient now reeds to be taken into
account. ,lts e ect implies dierent diusion speeds for di erent energies because of
hr(t)i / D(E)t. If D(E) E with > 0, then particles with higher energy dif-
fuse faster than those with lower energy. This e ect is visudized in Fig. 3.2, where the
particle density n(r; E) as a function of distancer and energyE is shown (see Eq. 3.3).
The energy dependence of the di usion coe cient is setto = 0:6. It can be seen that
while the density for particles with E < 1 TeV drops rapidly for r > 1 , an almost homo-
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3.1 Theoretical background and modelling

geneous density distribution is reached for particles withE > 100 TeV. Thus a certain
spectral hardening of -ray emission with increasing distance from the center couldbe
expected in this case.
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Figure 3.2: Density distribution n(r, E) of diusing particles forDg=3:2 tev =

1:5 kpc®=Myr and = 0:6. One observes a rapid drop of density of low-energetic
particles with increasing distance, while the density ajtivienergetic g > 100 TeV)
particles is almost constant within the considered distameage.

To include the energy dependence the corresponding energymge of primary hadrons
(100 GeV 2 PeV) is divided into steps much smaller than the energy resaition (15%
- 20%) of the H.E.S.S. experiment, like it is shown in Fig. 3.2 and the particle density
n(r; E) is calculated for every applicable pair ofr and E. The relative normalisation
n(0; E)=n(0; Ep) with respect to a certain energy Eg, €.g. Eg = 1 TeV, is given by the
initial spectral index , of the accelerated CR populatio. The absolute normalisatia is
done later by ts to the data.

Expansion to a 3-D di usion model

As mentioned above, the 2-D diusion model does not take into &count the density
distribution of GMCs along the line of sight, thus assuming the same (z) for all GMCs.
Distances between two points are calculated by means of theiangular coordinates!| and
b, using the relation 1 140 pc (see 3.1.3). Of course, the assumption that the GMCs &l
have the same line of sight density distribution is not very realistic. Thus it is desirable
to nd a model that is able to adequately distribute the molecular material along the line
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3 Analysis of the di use emission from the Galactic Center Rgion

of sight. Such a model was developed in (Sawada et al. 2004)n this paper, the authors
used observations of CO emission from MCs in the GC region andompared it with the

magnitude of OH absorption lines to estimate their z-coordirates with respect to the GC.
This method was used, among others, to obtain a face-on veldyi distribution map (see

Fig. 3.3) of the GC region. It assigns a velocity value to the orresponding position in the
x-y plane, where the x-axis coincides with the galactic longiide and the y-axis denotes
the line of sight coordinates relative to the GC.
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Figure 3.3: Distribution of velocities of MCs in the GCR in a face-on reg@etation.
The x-axis coincides with the galactic longitude, whereas thaxis denotes the line
of sight coordinate with the origin at the GC (Sawada et al.(2).

The CS map ttﬂ_@t is used for the di usion model is obtained by integrating CS maps in
velocity bands ; f (I;b;vi), where f (I; b; Vi) is the distribution of the molecular material
as a function of |, b and the velocity v; 2 [ 200%™; 190XT;:::; 190X™; 200X™] (Tsuboi
et al. 1999). The face-on map, derived in (Sawada et al. 2004)an thus be used as a
look-up table, allowing the conversionf (I;b;v;) ! f (I;b;z) for the position of GMCs in

the GC region. This can be done as follows (see Fig. A.1 for anxample):

For a CS map in a given velocity range ¥1::v2], for each longitude position| it is
checked, whether there is a bin Bl;z) at the same longitude position in the face-
on velocity map, containing a velocity value v(l;z) within the current range, i.e.
V1 v(l; 2) vo. If this is the case, all bins in the CS map, which have the
same longitude value, are moved to the corresponding line o$ight position z of
bin B, assuming that the face-on map is valid throughout the laitude range under
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3.1 Theoretical background and modelling

consideration. If no matched bin B could be found, then all bns in the CS map at
longitude | are assigned the z-value 0.

All maps in velocity bands are added up to obtain the total 3-D map of MCs (see
g. 3.4). Atthe end it is tested, whether the sum over all bin entries is the same for
both 2-D and 3-D maps, to check errors in the algorithm.
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Figure 3.4: Derived face-on distribution of molecular material as seen I8/dbser-
vations using the face-on velocity map from (Sawada et al. 200%he MCs are
mostly moved towards positive z-values and the distributiopegrs to be elongated
and far from exhibiting a circular or ellipsoidal shape. Tdensity stripe atz = 0
is partly due to MCs for which no adequate z-position could edmined.

With this method it was possible to nd a line of sight coordin ate according to the model
by Sawada et al. (2004) for more than 75% of the total mass of M€. It should be noted,
however, that due to high foreground contamination in the vdocity range [ 60%“::10'%“]

the model provides no information for the MCs in that range. Nevertheless, the 3-D map
is expected to reproduce the actual three dimensional distbution of molecular material

and thus the regions of interactions for CRs more accurate tan the 2-D map. The cor-
responding di erence in the longitude pro les of the mean distance between MCs and the
GC is shown in Fig. 3.5. As expected, the mean distance is alwa larger for the 3-D

realisation, and the di erences between the 2-D and 3-D casesra most pronounced at the
GC.

Calculation of the -ray maps

In order to achieve an additional improvement on the precison of the measurement, no
simpli cation is applied concerning the conversion of the gimary proton spectrum into
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3 Analysis of the di use emission from the Galactic Center Rgion
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Figure 3.5: Comparison of pro les of distances from MCs to the GC for the 2-
D and 3-D gas distributions. While the distance distributidar the 2-D case is
basically linear, the distance pro le for the 3-D realisatids more complex and
shows deviations especially in the central region.

a corresponding -spectrum. Instead, the results described in (Kelner et al. R06) are
used. In this paper, the authors applied Monte-Carlo simulaions of inelastic, xed target
proton-proton interactions, for incident protons having energies aboveE, > 100 GeV and
found analytical expressions describing the arising specda = ( Ej;Ep) of stable sec-
ondary particlesi like -rays or neutrinos.

Thus, to calculate the -ray emission for an energyE at a certain position P (l;b) in the
map, the contribution from protons having energiesE, E needs to be integrated. In
reality, this was done using a two-dimensional look-up table §éee Fig. 3.6), that was built
upon the formula for the -ray spectrum provided in (Kelner et al. 2006), ne-binned both
in E and Ep, to speed up the calculations. Thus one obtains -ray emission ( ux) maps
for E i, with E ; being corresponding -energies for each bin from the look-up table (see
Fig. 3.2), having correct relative normalisations. To transform the ux maps into count
(event) maps, they have to be folded with the detector accepance for the corresponding
energy, obtained from the observational dataset (see Sec..26). Two example maps are
shown in Fig. 3.7.

In this way it is possible to easily access simulated ux or cant maps for every possible
set of di usion parameters (D, , ) and in any chosen energy bands, later necessary for
the analysis (see Sec. 3.2).

As far as the di erences between the 2-D and 3-D realisations & concerned, they are

44



3.1 Theoretical background and modelling
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Figure 3.6: Spectrum ( E ;Ep) of secondary photons from xed target proton-
proton collisions, as a function of the incident proton eggrE, for three photon
energiesE = 0.1, 1, and 10 TeV. The spectrum is weighted with, 2. For this
weighting, the spectra reach their maximum &, 4E , e.g. 100 GeV photons
are mainly created in interactions of 400 GeV protons. Thetieh is taken from
(Kelner et al. 2006).

demonstrated by showing their longitude pro les for an exanple set of di usion parame-
ters, see Fig. 3.8. The di erences originate from deviatios in the mean distance pro les
of the GMCs, especially pronounced in the central region (se Fig. 3.5). It is visible that
for 3-D di usion the predicted -ray distribution appears wider, meaning that restricting
the analysis to the use of the 2-D model tends to overestimatehte di usion coe cient.

As aforementioned, the purpose of the di usion models is to povide a possibility to com-
pare the theoretical predictions for CR di usion with observational results. The models
introduced in this section should be better suited with regad to the determination of
di usion parameters than the one used in (Aharonian et al. 2M6d), especially concerning
parameters in uencing the spectrum of the detected very hidi-energy emission and .
However, there are still important simpli cations involve d, that are worth emphasizing:

The acceleration of CRs happens instantly, i.e. the accelation time is a delta
function.

The di usion occurs completely isotropically. In reality, the diusion coe cient is
rather a 3 3 tensor, which depends on the actual location. This means tat the
di usion coe cient determined later within the scope of thi s work is a space-averaged
value.

The cross-section of interactions between CRs and MCs is asswed to be energy-
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Figure 3.7: Excess maps obtained with the 2D di usion model for the GC regio
The diusion parameters aredDg=3.2 Tev = 3 kpczzMyr, = 21and =0;1
for the top and bottom plot, respectively. One can see thakiag into account
the energy-dependence of the di usion coe cient leads to @irent predictions for
di erent -values.

independent and the -ray ux scales linearly with the density of MCs, i.e. CRs can
freely penetrate into all clouds.

It is sensible to make these simpli cations because there ign insu cient knowledge con-
cerning these points and studies on these subjects would gaelond the scope of this work.
Despite this, it can be expected that the di usion models, presented in this section, o er
enough power for interpreting the H.E.S.S. data, for which he analysis is described in the
following section.

3.2 Analysis of H.E.S.S. data

In this section the analysis of H.E.S.S. data and its interpetation using the di usion model
introduced in the last section is described. The purpose ofhis study is to use the full
dataset collected throughout the years 2004-2008, which isoughly a factor of three larger
than the subset used for the discovery of the di use emissior{fAharonian et al. 2006d). It
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3.2 Analysis of H.E.S.S. data

Figure 3.8: Comparison of longitude pro les for predicted-ray emission for 2-D
and 3-D di usion models for an example set of di usion parameteBg =32 Tev =
0:2kpc®=Myr, = 2and =0:5(t = 10* yrs). The incorporation of the third
dimension in the di usion model leads to a broader distributjahus the 2-D model
would overestimate the di usion coe cient.

o ers the ability to test the proposed di usion hypothesis a nd may restrict the parameter
space of di usion, in particular with regard to a possible spectral hardening of the emission
towards its outer regions due to energy-dependence of the diusion speed. There is as well
a chance to recognize individual sources in case they amouatlarger part to the extended
emission in the GC region.

3.2.1 Dataset

Since morphological and spectral characteristics of the dise emission are especially im-
portant, it is desirable to have a dataset that has a superiorquality in terms of energy and
direction reconstruction. For that purpose, the dataset used for this analysis is chosen to
consist only of runs, for which the data of all 4 telescopes s&fy the quality criteria de-
scribed in Sec. 2.3. Besides, the maximum angular distanceebwveen observation position
and the GC point source HESS J1745290 is set to 15 to avoid systematic e ects due to
low detector acceptance at the edge of the eld of view. The rsulting dataset consists of
329 runs taken from March 2004 until July 2008. These datasepartly comprises pointed
observations on HESS J1745290 (288 runs), mostly taken with an o set of 0:7 , dedi-
cated observations of G0.9+0.1 (19 runs), dedicated obseations of the unidenti ed source
HESS J1745-303 (10 runs), 11 runs belonging to the Galactic ao program and 1 run tar-
geting at the GRB 060603A. The zenith angles range from 5to 61 , while the mean zenith
angle is 21. 194 runs were taken at a zenith angle of less than 20Qthus the lowest ener-
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3 Analysis of the di use emission from the Galactic Center Rgion

gies are accessible for a large number of runs, what will beote important in the following.

For optimal angular and energy resolution, and for superiorbackground rejection, hard
cuts as described in Sec. 2.3 are used. As far as backgroundogiaction is concerned, the
ring-method is used (see Sec. 2.3.4), with a ring radius of:2 . The signi cance map, ob-
tained with the described analysis con guration, is shown n Fig. 3.9. With regard to the
number of sources and extension of the di use emission in theeld of view, the exclusion
region (see Sec. 2.3.5), selected for this analysis, is velgrge and consists of a rectangle
centered onl = 0 and b= 0:1, having an extension of 6 in longitude and 1:4 in
latitude, and circular regions covering contamination from the unidenti ed source HESS
J1745-303, the newly discovered unidenti ed source HESS J#4-302 (Tibolla et al. 2009),
and possible emission from the Sgr D region. Because of suclmusually large exclusion
regions, the acceptance in the eld of view is determined fran lookup-tables and the sys-
tematic of geometrical background subtraction must be cros-checked. For that purpose,
two other ring radii were used, L0 and 1.4 , as well as the template-method. As described
in Sec. 2.3.4, the template method uses a certain region of ghshower parameters space,
MSCW between 3 and 9, to estimate the -like hadronic background, thus is less a ected
by the size of the exclusion regions. On the other hand, this mthod does not correct for
gradients in the eld of view like the ring-method, hence the ring-method is taken as the
default background subtraction algorithm.

Additionally, to reduce possible systematic e ects due to d erences between the assumed
and real energy thresholds during performed observationswhich might in uence on the
comparison between data and the di usion models, a cut atE 350 GeV on the event
energy is applied (see also Sec. 3.2.3).

Statistical results are summarized in table 3.1. They referto the on-region of Q1 radius
around the central source HESS J1745290, and serve as a rst consistency check between
the background methods. As one can conclude from the resultshere is a good agreement
between di erent analysis con gurations. A comparison of resulting distributions is shown
in Fig. 3.10.

The following analysis methods will be explained by means ofesults from the analysis
using the ring-method with a ring radius of 1:2 , whereas results from other ring and
template con gurations will serve as systematic crosschécs.

-ray emission in the eld of view

It is now worthwhile to take a closer a look at di erent emission regions, seen in Fig.
3.9. As far as individual sources are concerned, one recoges the point sources HESS
J1745 290 and GO0.9+0.1, the unidenti ed source HESS J1745-303 andhie recently dis-

covered unidenti ed source HESS J1741-302 (Tibolla et al. 209). Possible counterparts
for HESS J1745 290 were already extensively discussed in chapter 1, the gntecent devel-

opment concerning the map shown in (Aharonian et al. 2006d)s that now also Fermi sees
a positionally coinciding source (Abdo et al. 2009). There $ an emission region showing
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3.2 Analysis of H.E.S.S. data

Ring 1.0 | Ring 12 | Ring 1.4 | Template
Number of processed runs 329
Livetime [h] 139.89
Mean zenith of on-region [] 21.27
Mean o set of on-region [ ] 0.74
Number of on-eventsNg, 8393
Number of o -events N, 10769 10967 7797 49393
0.3449 0.3291 0.4687 0.0752
Number of excess eventN 46764 981|47839 97:9|47365 1005|46769 931
Signicance [ ] 54.4 56.4 52.4 62.6
Signi cance per hour [=  h] 4.6 4.8 4.4 5.3

Table 3.1: Summarized statistics referring to &l radius region around the central

point source HESS J1745290 from the analysis of the GC region using di erent
con gurations of background subtraction. While the numbefr@xcess events agrees
within errors between di erent con gurations, the templatanalysis, according to

these results, is the most sensitive one due to the intringyclaw -value.

up at the position of the Sgr D complex, that was not seen befag. For that, an obvious
counterpart is missing and it is located well outside the are@ covered by CS observations,
so it can not be included in the studies involving the di usion model, because predictions
of -ray emission are only possible for the regions containing GK&s. Therefore, a close
examination of this source would go beyond the scope of this ark.

The di use emission still appears to be elongated along the @lactic plane and a visual
correlation with GMCs remains. From the map alone, there is ro obvious hint for existence
of further sources that would be located within the di use emission region (see also Fig.
3.10 and 3.12 for a plot of longitude and latitude pro les, respectively). To probe the new
data more quantitatively, a detailed study of the excess digribution with regard to the
di usion model is needed, for which rst both point sources have to be subtracted from
the map. For that, the methodology is described in the followng.

3.2.2 Study of the di use emission

After having de ned the dataset and the basic analysis con guration, the further discussion
deals with the analysis methods used to extract and to study he extended di use emission
in the GC region. In this section the basic procedures for pait source subtraction and
scan of the parameter space of di usion is described, whilehte following section treats
modi cations of the analysis, which make use of the event engy information.

Point source subtraction

In Sec. 2.3 it was explained, that morphological charactestics of a H.E.S.S. point source
are described by the PSF. The PSF is modelled by two radial-symnetric Gaussian func-
tions with di erent normalisations and widths and a common center (Berge 2006). So if
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(a) Signi cance map of the GC region saturated at 40

(b) Signi cance map of the GC region saturated at 8

Figure 3.9: Signi cance maps of the GC region obtained from the full dagbsis-
ing hard cuts and the ring background method. The distributits saturated at
40 and 8 to simultaneously display both point sources HESS J17290 and
G0:9 +0:1 (labeled in the map as HESSLJ47 281), and the regions of extended
emission, respectively. Positions of H.E.S.S. sourcesratieated with yellow mark-
ers. Positions of EGRET and FERMI sources are shown in greehred, respec-
tively. Unidenti ed sources HESS1¥45 303and HESS 1741 302are extended
and weak, hence only visible in bottom map. Beside, the corgoof the CS map
are overlayed (black lines), as well as regions excludeah tbackground estimation
(white lines).
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3.2 Analysis of H.E.S.S. data

the position of a point source needs to be determined, usualithe excess distribution is
tted with the PSF, including another Gaussian function for extended sources, and thus its
center is taken as the position of the particular source. If he tis reasonably good, then

a subtraction of the t function from the map should yield res iduals that are compatible

with zero.

However, for this analysis the situation is more complicatel. Before HESS J1745 290 and
G0.9+0.1 can be modelled with the corresponding PSF and subthcted from the excess
map, the di use emission needs to be taken into account. Thiscan happen in two ways:

A map describing the diuse emission is subtracted from the &cess map, before
the point source ts are performed. Subsequently, the pointsources are tted and
subtracted and the di usion model is added back to the map.

A second possibility is to include the normalisation of the nodel map as an addi-
tional parameter in the t, thus tting the diuse emission a nd the point sources
simultaneously. This method should be able to describe the idise emission in the
vicinity of point sources more accurately than the rst one, but it must be controlled

that the normalisation factor converges in a physically sesible range.

For this analysis the second approach is chosen. The di usemission is here modelled
by simple energy-independent di usion. This choice is justied, because even though the
in uence of a choice of a certain model map on source ts was nostudied, the e ect is

not expected to be large (The HESS Collaboration & Acero 2009) Applying the method

described above one obtains a point source subtracted excemap which longitude pro le

is shown in Fig. 3.10 for all con gurations of background sutliraction (see Fig. 3.13 for
point source subtracted latitude proles.). The binwidth o f the longitude pro le is cho-

sen as 016 , so given the fact that the area of such a bin corresponds to 92% PSF
containment radius (see Sec. 2.3), bins are considered to pproximately uncorrelated.

The quantitative agreement is veried in Tab. 3.2, where the number of -rays before
and after point source subtractions are summarized. As a cleX, in Fig. 3.14 and 3.15
one-dimensional pro les are made for the point source regios before and after the point
source subtraction, and additionally after the subtraction of the di use component. They

show that the nal residua agree quite well with zero within errors, meaning that both the

point sources and the di use emission are reasonably well deribed.

Ring 1.0 | Ring 1:2 | Ring 14 | Template

Number of excess events
before point subtraction | 13038.2 13133.5 13159.5 13216.5
Number of excess events
after point subtraction 9237.2 9502.6 9355.27 9686.7

Table 3.2: Summarized statistics referring to the region of the di use ession, be-
fore and after point source subtraction, using di erent cgurations of background
methods. The number of excess events of the di use emissiororegias calculated
for 1:.07<l< 1:.65and 0:31<b< 0:33
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3 Analysis of the di use emission from the Galactic Center Rgion

Comparing the longitude pro les obtained with current data set (Fig. 3.10¥ and pub-

lished in (Aharonian et al. 2006d) (Fig. 3.11), there is a quditative agreement between
the published and the new results. For both datasets, there g three pronounced peaks
in the distribution (I 0,1 06, 0:5 ) and an overall decreasing ux for larger

longitudes. However, still non-zero emission can be obsergdefor | > 1.7 and Il < 1,

that is due to the emission from the Sgr D and HESS J1745 303 regions, respectively.
Moreover, still no discrete sources are observable in the medistributions.

First comparison with di usion models

The point source subtracted excess map of the di use emissioregion can now be used to
get a rst impression of how well the di usion hypothesis is compatible with the newest
data and for testing the performance of the di usion model, not making use of any spectral
information. For that purpose, event maps obtained by meansof the 2-D di usion model,
which is taken for this rst assessment, are compared with thke excess map (more precisely:
pro le) from the data. The approach is the following: The parameter space of di usion
is divided into small steps and for each set of parametersi¥p, p,, ) an event map is
produced, using the acceptance of the studied dataset, ands normalisation is tted to
the data, withintherange 1 | 1:7 . The di usion parameters are selected as follows
in order to cover the whole region of interest, as will be show in the course of the analysis:

kpc?

Di usion coe cient: 0 :03 Do= Dg=3:2Tev 3 %5 divided into logarith-

Myr
mic steps logo( De=3:2Tev) = 0:2. The age is set to 160 years.
Spectral index of primary particles: 2:2 1:65 in linear steps of =0 :05.
Energy dependence of di usion: 0 1in linear steps of =0 :1.

The resulting 2 of the t is stored, so at the end a (reduced) 2-distribution over the
total parameter space under study is obtained, see Fig. 3.160ne observes that the best
2=NDF-values, lying within the 95% con dence level, calculated as 3., = 2, +9:498

min
are obtained within a stripe-like region extending over a lage range of spectral indeces.
Besides, the absolute value of the reduced? is quite large 2., = 6:33, indicating that

the t does not perform well.

Systematics

As discussed in Sec. 3.1.3, the diusion model used in this alysis is not expected to
reproduce the observations exactly for small scales, giveall the simpli cations that were

4 The slight gradient along the eld of view that is visible for the templ ate method is due to the zenith
dependence of the detector acceptance within the same eld of view, which cannot be corrected for in
the current dataset due to the large size of exclusion regions.

5 The value E = 3:2 TeV is chosen for easier comparisons with results from (Dimitrakoudi s et al. (2009),
citetBueschingl), since these papers publish di usion coe cie nts relating to particle energies of 3 TeV
and 3.2 TeV, respectively.

5 The de nition of the 95% con dence region implies, that the total number  of t parameters is 4, being
the 3 parameters of di usion and the normalisation of the simulated  -ray maps.
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(a) Longitude pro le before point source subtraction.
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Figure 3.10: Longitude pro les of the exposure-corrected excess disiitn be-
tween 0:31 <b < 0:33 grad (a) before and (b) after subtraction of both point
sources HESS J174%290 and ®:9+0:1. Note the ner binning used for the pro le
in (a). All four analyses agree within errors. The observedess fol > 1.7 and

| <

1 is due to emission from SgrD and HES$7315 303regions, respectively.
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3 Analysis of the di use emission from the Galactic Center Rgion

Figure 3.11: The longitude pro le of the -ray exposure-corrected excess, shown
together with the pro le of MC density (red curve) and the piestion for the di usion

model.

reproduces the observed excess distribution.
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Figure 3.13: Latitude pro les of the exposure-corrected excess disttibn after
subtraction of point sources, obtained for the indicatechigtude ranges. Colour
code: Ringl.0 : red, Ring1:2 : black, Ringl:4 : blue, Template: green.

applied. Thus taking into account only statistical uncertainties for the scans of the param-
eter space underestimates possible systematic e ects. Andalitional systematic error can
be included that takes into account experimental and model-elated uncertainties. This
is chosen to be calculated from the number of excess events @2 N , i.e. a systematic
error of 20% is assumed. This uncertainty comprises the expignental part, given that for
source spectra obtained by the H.E.S.S. experiment a systeatic error on the total ux of
20% is quoted (see Sec. 2.3.6), as well as theoretical uncairities leading to possible bin-
to-bin variations. Taking such a systematic error into accownt, now for 2-D (Fig. 3.17) and
also the 3-D di usion model (Fig. 3.18), makes the area of low 2-values more extended,

as expected. Besides, the now lowest achieved reduced-values are 2, =1:14 for 2-D
and ﬁ“n = 0:98 for the 3-D model, suggesting a good agreement between thatd and

the model, if systematic uncertainties are included. In Fig 3.20 and 3.20 the correlations
between the measured and simulated excess are plotted for tiothe 2-D and 3-D di usion
models. As it can be expected from the comparison of excess@les, a linear correlation
is obtained. However, since non-zero uxes are measured foegions where the simulated
emission vanishes, the correlations exhibit small o sets.
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56

@ @
g [ 8 1400
3312007 —+ E F —4—
g T &€ 1200—
& L =) r
1000— —+ r
r 1000— —+
t r —
800— —+ 800
600~ 600
N e c —+
- 400—
400 -
F - - o
r —— 200—— ——
200=4— T —
L S S B ol L L L L L L L L
02 01 01 02 R R O S I YR KR E R 07
Galactic Longitude [deg]

(a) Longitude pro le with point source

Galactic Latitude [deg]

(d) Latitude pro le with point source

g-ray excess
w
o
o

g-ray excess

+
e
4'7
——
4’7

4'7
4'7
+

N N
=} a
o o
RN ARERRAREN R

\HH\HH\HJﬁ
+
+

i
a
=}

+

i

S P A P B M I
005 0.1 015 0.2
Galactic Latitude [deg]

—
—
+
+

=
o
S
=
o
o

o
o
=
o
=1

N
=}
o
ARRRRRRRERRRRNE

o
N

o

.
.2 0.1
Galactic Longitude [deg]

(b) Longitude pro le di use component (e) Latitude pro le di use component

L .
-0.2 -0

N
=3
=1

B e

N}
=}

o
=1

gray excess

150

®
o

[

o

o
o
=}

\Lﬁ\\\\
-
—

IS
o

N
o

o
=}
[=}
T T[T T[T TT T[T T TTT 77T

JT
W Y

-0.1

-2

=]

-4

&
S
S

5050 02
Galactic Lamude [deg]

(f) Latitude pro le residua

-0.2

OO [T
N

lactic Longltude [deg]

(c) Longitude pro le residua

Figure 3.14: Proles of the HESS J1745290 region after tting and subtraction
of the point source. The normalisation of the di use componenas included as a
parameter in the t. a) Longitude pro le of emission before swhction of the point

source. b) Longitude pro le of emission after subtraction thfe point source. c)
Longitude pro le of emission after subtraction of both the p source and di use
component. d) Latitude prole of emission before subtractidhe point source.
e) Latitude pro le of emission after subtraction of the poirgource. f) Longitude
pro le of emission after subtraction of both the point souresd di use component.
The pro les were produced within 0:25 around the position of HESS J174%90.

In comparison it becomes visible that most of the di use emissiwas properly
modelled and only a small fraction still remains in the resid(gee also Fig. 3.15).
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Figure 3.15: Pro les of the G0:9+0:1 region after tting and subtraction of the point
source. The normalisation of the di use component was inclddes a parameter
in the t. a) Longitude pro le of emission before subtractionf the point source.
b) Longitude pro le of emission after subtraction of the paisource. c) Longitude
pro le of emission after subtraction of both the point souresd di use component.
d) Latitude pro le of emission before subtraction the poinbgrce. e) Latitude pro le
of emission after subtraction of the point source. f) Longit pro le of emission
after subtraction of both the point source and di use comparte The pro les were
produced within 0:15 around the position of G:9+0:1. As in Fig. 3.14, also for
G0:9 + 0:1 one can see that the di use component was modelled properly tred
residua in ¢) and f) are compatible with zero within errors.
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3 Analysis of the di use emission from the Galactic Center Rgion

In Fig. 3.19 the excess longitude pro le together with the best-t di usion models (2-D
and 3-D) is shown, determined in in the scans which included sstematic uncertainties
(Fig. 3.17 and Fig. 3.18). The data is well described by both nodels, however for neg-
ative (positive) longitudes towards the outer regions of the emission an the emission is
over(under)estimated by the model predictions. Besides, & already shown in Fig. 3.11,
the peaks in the data distribution at | = 0:6 and | = 0:5 are shifted relative to the
peaks in MC.

As aformentioned, this scan of the parameter space is not me# to be the nal result,
but rather to serve as a test of the di usion model and to detemrmine what restrictions on
the parameter space can be achieved if the spectral informain is not used, like it was
done in publications before. As one can see, only having theotal number of -ray events
at hand, it is not possible to draw a more precise conclusion laout the parameters and

. Moreover, no signi cant di erences are seen between the us of the 2-D and the 3-D
di usion model. Both should be achieved by taking into accowunt the spectral properties
of the emission.

3.2.3 Improvement on parameter space restriction using the energy
information

In the last section it was shown that the morphology of the extended emission from the GC
region derived with the new dataset is still compatible with the di usion hypothesis and
can be used for a restriction of the di usion parameter space However, this restriction is
not very tight, since from the morphological properties alme it is di cult to learn more
about the spectral parameters and . In this section, the spectral analysis of the di use
emission is described and its implications on the di usion @mrameters are demonstrated.
An analysis in energy bands is motivated and discussed, falved by the description of the
developed and applied statistical analysis using contrastialues. The discussion about the
application of the standard spectral analysis technique ca be found in A.2.

Analysis in energy bands

In Sec. 3.1 it was shown, that the energy dependence of the diision coe cient D(E) = DoE
has the e ect that particles with higher energies propagatefaster than those with lower
energies (see also Fig. 3.2). Thus in this case, the di eremcof di usion speeds should
become most apparent if the lowest and highest energies of ¢haccessible range are con-
sidered.

The way to address this issue is to perform an analysis in tworgergy bands, a low and high
energy band, and study the resulting -ray maps. Therefore, rst suitable energy bands
must be selected. These have to ful ll the compromise of beig an optimal choice for the
study of the expected physical e ect on the one hand while sii having enough statistical
sensitivity on the other. The latter point implies that both bands should have approxi-
mately the sarge expected signal-to-signal and square-root ofdzkground-background ratio
(Siow=Shigh Biow=Bnign). In order to determine such energy bands, one can consider
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Figure 3.16: Results of the scan of the parameter space of diusion using th
point source subtracted excess pro le distribution fromgFi 3.10 by tting the
normalisation factor of the maps from the di usion model. Onl{asistical errors of
the number of excess events are taken into account. The reduce(z-axis) of the
ts is plotted as a function of(Do; ; p). The red line denotes the 95% con dence

regions (see text). The mininum reduced?-value 2. = 6:33 is obtained for

Do=0:3 K< (for t=10%yr), ,= 1:65and =0:6.

distributions of excess events at the position of HESS J1745290 for a power law spec-
trum with = 229 and = 2:43.7 These distributions are obtained by folding the
power-law spectrum with the acceptance from the data (see Sec3.1.3), and reach their
maximum at E  0:45 TeV, thanks to ISh(—:' large number of runs at low zenith angles(see
Sec. 3.2.1). DemandingSiow=Shigh Biow=Bnigh for the selected bands, which at the
same time should be separated from each other as fas as podsilin order to emphasize
the di erence of di usion e ects, then based on the present dstributions following energy
bands arepsuggested: B5TeV Ejpw 0:6TeVand255TeV Epgn 100 TeV. The
ratios are = Biow=Bhigh = 2:1, Siow=Shigh 1.7 for = 2:29 and Siow=Shigh 2:3 for
=  2:43, respectively. These energy bands are used for the rest tife analysis.

" The indeces used here were determined in (Aharonian et al. 2006d) (Fig. 3.22) and using the standard
spectral analysis of the GC region (see Sec. A.2 and Fig. A.15)
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Figure 3.17: Results of the scan of the parameter space of diusion using th
point source subtracted excess pro le distribution fromgFi 3.10 by tting the
normalisation factor of the maps from the 2-D diusion model. Sistical and
systematic errors (20%) of the number of excess events arertakéo account.
The reduced ? (z-axis) of the ts is plotted as a function o{Dg; ; p). The red
line denotes the 95% con dence regions (see text). The mimnreduced 2-value

2. = 1:14is obtained forDo = 0:75 % (for t = 104 yr), , = 1:65and

=0:2

In Sec. 3.2.1 it was explained that due to the large size of thexclusion regions in the
eld of view, the acceptance of the detector cannot be deternmed from the data but is

read from dedicated look-up tables. However, these acceptae distributions are created
for the whole energy range, and since it is known that the acgatance has a non-negligible
energy dependence, these look-up tables should not be used fanalyses incorporating
cuts on the event energy. Thus new look-up tables were createffom o -data (see Sec.
2.3.5), for which only events of the corresponding energy mge were used. In Fig. 3.23,
two acceptance distributions for the low and high energy bauls as a function of the o set
angle (for 20 zenith angle) are shown, which are meant to reveal the di ereit behaviours

of the detector acceptance for lowest and highest energie®©ne observes that while for the
low energy range the acceptance rapidly drops, the distribtion for the high energy range
is much smoother and has a non-zero acceptance even for veryde o set angles ( & 2 ).
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Figure 3.18: Results of the scan of the parameter space of diusion using th
point source subtracted excess pro le distribution fromgFi 3.10 by tting the
normalisation factor of the maps from the 3-D diusion model. Sistical and
systematic errors (20%) of the number of excess events arertakéo account.
The reduced ? (z-axis) of the ts is plotted as a function o{Dg; ; p). The red
line denotes the 95% con dence regions (see text). The mimnreduced 2-value

2. =0:93is obtained forDo = 1:89 % (for t =10%yr), ,= 22and =0.

The analysis of the GC region in both energy bands is then pedrmed using the same
background subtraction methods as described in 3.2.1. Statical results are summarized
in Tab. 3.3. They show that the emission from the HESS J1745 290 region is more sig-
ni cant in the high-energy band, as expected, since the spectim of HESS J1745 290 is
harder than determined for the diuse emission: =  2:1, according to new measure-
ments. The statistical results concerning the di use emisson (see Tab. A.1 and Tab.
A.2) show that the number of low energy events,N .o, = 2053 exceeds, as expected, the
number of high energy events,N . hgn = 1767, although their ratio is di erent from the
predicted, suggesting an overall harder spectrum than assued: > 2:29. Signi cance
maps obtained for the ring method (12 ring radius) are shown in Fig. 3.24. The fact that
aside the exclusion regions the map only shows usual backgrd uctuations con rms the
validity of the used acceptance curves for the correspondm energy bands (see also Fig.
A.3 and A.4). The emission in the high-energy range appears tdoe more smooth, while
the low energy band shows rather clumpy structure.
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Figure 3.20: Correlation of measured ux vs. predicted ux from the 2-D dision
model, normalized to their maximum values. The values are olgdifrom excess
maps, binned ir0:16  0:16 squares. The correlation is well described by a linear
t. See text for further details.

As for the analysis of the total energy range, point sources @ed to be removed from
maps in energy bands as well. For the point source subtractio the same method as abov
was used. For the ts, the PSF was matched to the particular erergy ranges (see Fig.
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Figure 3.21: Correlation of measured ux vs. predicted ux from the 2-D dision
model, normalized to their maximum values. The values are oladifrom excess
maps, binned irM:16  0:16 squares. The correlation is well described by a linear
t. See text for further details.
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Figure 3.22: Calculated distribution of -ray events using the e ective areas at the
position of HESS J1745290 for =  2:29(red line) and =  2:43 (blue line).
For the distribution of -like hadron events, cr = 2:7 was assumed. The signal
and background distribution were used to determine optimaémyy bands for the
di use emission analysis (see also text).

3.25). Longitude pro les from the the resulting excess distibutions are shown in Fig. 3.27
for all con gurations involved (see Fig. A.5 and A.7 for latitude proles). One can see
that the distributions obtained with di erent background s ubtraction con gurations agree

within statistical uncertainties. The low energy pro les e xhibit several peaks of emission,
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Figure 3.23: Comparison of radial pro les of detector acceptance for thosvland
high energy bands foRO zenith angle. One notices that the acceptance for low
energies is decreasing rapidly with increasing angulaadée from the observation
position, while the acceptance for the high energies doet stmw a signi cant
decrease. The energy dependence of acceptance renderssth®fuookup-tables
necessary, that are dedicated to the particular energy tmnded in the analysis.

0:35TeV E 0:6 TeV \ 255 TeV E 100 TeV
Number of processed runs 329
Livetime [h] 139.89
Mean zenith of on-region [] 21.27
Mean o set of on-region [ ] 0.74
Number of on-events 2655 1331
Number of o -events 3266 1341
0.50 0.26
Number of excess events 10113 589 9799 377
Signi cange [ ] n 18.1 33.2
Signi cance per hour [= h] 1.68 2.81

Table 3.3: Summarized statistics referring to @l radius region around the central
point source HESS J174%290 from the analysis of the GC region using di erent
con gurations of background subtraction for the analyseslow and high energy

bands.

explaining the clumpiness observed in the signi cance mapywhile the high energy pro le
is much more smooth. Another interesting point is that the emission in the GC is clearly
the one with the highest ux for the high energy band, while it is not standing out for the
low energy range (see also Sec. 3.3).

After the subtraction of point sources the excess distributons in both bands can be used
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3.2 Analysis of H.E.S.S. data

(a) Signi cance map for low energy band

(b) Signi cance map for high energy band

Figure 3.24: Signi cance maps, overlayed with CS contours, obtained framal-
yses of low and high-energy bands. Each map is saturated &0% of maximal
signi cance at the position of HESS J174%290. The di use emission appears to
be more clumpy in the low-energy map, whereas it looks much more smimotthe
high-energy band.
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Figure 3.25: Dierence between the PSF for the low and high energy bands.

for another scan of the parameter space. Therefore, simulad excess maps for both en-
ergy bands are created by means of the di usion model (see SeB.1.3). These maps are
properly normalized relative to each other, solely their atsolute normalisation is arbitrary.
The idea of the following scan is that simulated excess mapsiboth bands are now tted
simultaneously to the data, i.e. a simulated low-energy (hidh energy) excess map is tted
to the low-energy (high-energy) excess map from data and a comom normalisation for
both bands is obtained from the t. This means that now, unlik e the scan performed in
Sec. 3.2.1, a particular di usion model is required to propely describe emission pro les
for di erent energies, what should be more sensitive to and . For this scan, a 20%
systematic error was applied to the excess in both bands. Theesulting 2, is a sum of
2-values for both energy bands. Its distribution as a functionof di usion parameters can
be studied in Fig. 3.28, from which one can justify the choiceof parameter space described
in Sec. 3.2.1, since it fully contains the allowed region inlhe physically meaningful range.

In this plot one can observe that the shape of the parameter sace, restricted at 95%
con dence level ( 2, &t min +9:49), deviates from the one obtained in the scan of the
total excess pro le. While the latter revealed a stripe-like shape in theDg- plane extend-

ing in all spectral indices under study, the former exhibits an ellipsoidal shape, restricting

the allowed -values, depending on the assumed spectral index . This factonce again

conrms the presumption expressed in Sec. 3.2.1, that the us of spectral data should

allow to improve the constrains on and . However, one should stress here, that there
are still allowed parameter ranges with =0, i.e. an energy-independent di usion is not

excluded based on this scan.

The same scan is performed using the 3-D di usion model (see Bi 3.29). In comparison
of both scans di erences in position and shape of allowed régns can be assessed. While
for the 2-D model there is an allowed region for every spectraindex within the selected
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(b) Longitude pro les for high-energy maps after subtraction of point sour ces

Figure 3.26: Longitude pro les for exposure-corrected excess maps fohlarergy
bands before subtraction of point sources for all con guats of background sub-
traction. The emission was integrated betwebrs 0:31 andb= 0:33 galactic

latitude. Results from all con gurations agree within erso
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(b) Longitude pro les for high-energy maps after subtraction of point sour ces

Figure 3.27: Longitude pro les for exposure-corrected excess maps fohlaergy

bands after subtraction of point sources for all con guratis of background sub-
traction. The emission was integrated betwebrs 0:31 andb=0:33 galactic

latitude. Results from all con gurations agree within erso
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3.2 Analysis of H.E.S.S. data
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Figure 3.28: Results of the scan of the parameter space of diusion using th
excess pro le distributions from Fig. 3.27 by tting the nomalisation factor of the
maps from the 2-D di usion model. Statistical and systematic @rs are taken into
account. The reduced ? (z-axis) of the ts is plotted as a function ofDo; ; p).
The red line denotes the 95% con dence regions (see text). eTWhite contours
represent the allowed region according to the scan of theataxcess distribution.

The minimum reduced ?-value 2, = 1:34is obtained forD = 1:19 % (for
t=10%yr), = 205and =0:1.

range, the 3-D model excludes (at 95% conf. level) indices sriter than -2, i.e. the allowed
regions are shifted towards harder spectra. Besides, for #13-D model there is a tighter
correlation between the di usion coe cient and its energy d ependence, which is observable
as a more stretched and inclined shape of the allowed regions

A comparison between the best-t di usion models and the data for the scan in energy
bands is shown in Fig. 3.30. One observes that despite smaltale deviations, which are
also di erent between the energy bands, the data is reasondip well described, which is
especially due to large statistical errors for the low energ band. In Fig. 3.31 to 3.34
the correlations between the measured and simulated excesse plotted for both energy
bands and both the 2-D and 3-D di usion models. As for the total excess distributions,
the correlations are reasonably well described by linear .
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Figure 3.29: Results of the scan of the parameter space of diusion using th
excess pro le distribution from Fig. 3.27 by tting the nornisation factor of the
maps from the 3-D di usion model. Statistical and systematic s are taken into
account. The reduced ? (z-axis) of the ts is plotted as a function ofD; ; ) .
The red line denotes the 95% con dence regions (see text).eTWhite contours
represent the allowed region according to the scan of theataxcess distribution.

The mininum reduced ?-value 2. = 1:48is obtained forD = 0:48 % (for
t=10%yr), = 1.75and =0:5.

Despite the already achieved improvement on the restrictio of the parameter space of
di usion, compared to the results shown in Sec. 3.2.2, it is wrthwhile to discuss whether
there might be an additional method capable of further constaining the parameter space.
Indeed, the scans introduced above only use the t of the oveall normalisation as a method
to determine the validity of a particular set of di usion par ameters. With a view to the
ts in energy bands, this means that even though a proper comnon normalisation for both
bands is found in the t procedure, this normalisation might systematically under(over)-
estimate the number of excess events in the low(high)-energpand and vice versa. In
Fig. 3.35 such an example is shown for following values lyingvithin the allowed region:
D=1:19 % = 1:.95and =0:2 (2-D model). From the residua one clearly recog-
nizes that while the high-energy band is su ciently well described by the model, i.e. the
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3.2 Analysis of H.E.S.S. data

(a) Longitude pro les for low energy maps after subtraction of point source s.

(b) Longitude pro les for high energy maps after subtraction of point sourc es.

Figure 3.30: Longitude pro le of the exposure-correctedray low energy (top) and
high energy (bottom) excess maps from data and from the bestseé text) 2-D

(green lines and points) and 3-D (red line and points) di usionodels and their
residua, integrated betweebh = 0:31 and b = 0:33. Systematic uncertainties of
20% on the number of excess events are included. Deviatiohsdss the data and
the models are observable on small scales, but still the oveesdcription of the

emission by the di usion model looks quite solid.
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Figure 3.32: Correlation of measured ux vs. predicted ux for the low emggrband
from the 2-D di usion model, normalized to their maximum valueshd& values are

obtained from excess maps, binneddri6

described by a linear t. See text for further details.

0:16 squares. The correlation is well

sum of data events and simulated events agrees within 3% wiih the t range, for the low-

energy band the normalisation is underestimated, resultiig in a di erence of 23% related
to the total number of data events. And despite such a strong gidence for a systematic
2 is still located within the 95% con dence region and a further method

e ect, the total

is needed to discriminate against these cases.
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Figure 3.33: Correlation of measured ux vs. predicted ux for the high egg band
from the 2-D di usion model, normalized to their maximum valueshd& values are
obtained from excess maps, binneddri6
described by a linear t. See text for further details.
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Figure 3.34: Correlation of measured ux vs. predicted ux for the high egg band
from the 2-D di usion model, normalized to their maximum valueshd& values are
obtained from excess maps, binneddri6
described by a linear t. See text for further details.
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Contrast analysis

In order to get a handle on the regions of the parameter spacehswing the systematic prob-
lems described in the last paragraph, the number of coincida low and high energy events
must be related. Therefore, commonly applied parameters ke hardness ratios (HR), de-

ned as HR = Nhigh=Niow, With Njoy and Ny, being the number of low and high energy
excess events, respectively, or contrast values, de ned & = % can be used. The
latter has the advantage of not only having a de ned range of alues between -1 and 1, but
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3 Analysis of the di use emission from the Galactic Center Rgion
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(a) Longitude pro le for low-energy map after subtraction of point sources .

(b) Longitude pro le for high-energy map after subtraction of point source s.

Figure 3.35: Longitude pro les for exposure-corrected excess maps fohlmtergy
bands after subtraction of point sources together with théstibutions obtained
form the 2-D di usion models usindg® = 1:19 % (fort =10%yr), = 1:.95and
= 0:2. The emission was integrated betweénz 0:31 andb=0:33. These

values were selected as an example for those parts of the paearsgace, which can
not be rejected by the ts of excess pro les in energy banddile having obvious
systematic problems: The norm of the model distributions mateheell the high-
energy data within 3%, while the norm of the low-energy bandimslerpredicted by
23%, clearly visible for positive longitudes.



3.2 Analysis of H.E.S.S. data

also rendering it possible to extract corresponding index ad ux values, if a power-law
spectrum is assumed (Clapson et al. 2008)® Thus, the usage of the contrast parameter is
adopted for the further analysis. However, since the presdrd contrast de nition is only
valid for Npign; Njow > 0 and the case ofNpign < 0 or Njg < O can in principle occur (see
below), the contrast parameter used for this analysis has alightly dierent de nition:
C= M where Niqa IS the total number of events obtained in the data analysis
for the particular bin. This de nition still implies C = 1 and C =1 as extreme cases,
where the number of events in one energy band equals the totalumber of events, but in
addition also works for the caseNjow =  Nhign, for which the former contrast formula has
a gap in de nition.

Applying this contrast de nition a contrast map is obtained for the GC region, see Fig.
3.36. The map gives a qualitative impression about the di erences in excess distributions
of both energy bands. One observes that the region is mostly aminated by regions of
di erent shapes and sizes, in which the bins show similar coimast values, but there are
also single bins that have contrast values clearly deviatig from their close environment,
e.g. at position| =1:25, b= 04 oratl = 03, b=0:1. The dierences seen
in comparison of longitude pro les for both bands, already dscussed above, emerge as
latitude bands of contrast values largely deviating (within the considered range) from the
predicted value, e.g. forl = 0:3 . Beside, based on the contrast distribution, spectral
indices were calculated for the GC regiof. The index map is also shown in Fig. 3.36.
To get a more quantitative picture contrast values and their statistical uncertainties are
plotted in latitude slices in Fig. 3.37. In the same plot, also predicted contrast distribu-
tions corresponding to the best-t 2-D and 3-D di usion models from the previous scans
using energy bands are shown. Most data points seem to be ranchly distributed around
predictions from di usion models. Single bins or clusters @ bins with striking contrast
values in the data, partly mentioned before as examples, exhit comparatively large sta-
tistical uncertainties, so that judging on their signi can ce is impossible without a dedicated
statistical analysis. Such an analysis is also needed to vdate whether the overall data
contrast distribution is compatible with variation of simu lated values within the statistical
and systematic uncertainties.

The concept of the method introduced in the following is basd on the so-called Kolmogorov-
Smirnov test (Bohm & Zech 2004). This procedure tests whethea measured distribution
of a variable is compatible with a certain theoretical expedation for this particular vari-
able (or whether two distributions stem from the same parentdistribution) by means of
the maximum distance between their cumulative probability functions. It is sensitive to
systematic trends (or clustering) in the data and is therefae superior to the 2-method
for cases like in Fig. 3.35, for which not only the absolute vaue of deviation between
measurement and theory is important, but also its sign. To beable to quantify trends or
clustering in the data is the idea of the method, developed vthin the framework of this
thesis for the contrast analysis. It works as follows:

8 The extraction of spectral parameters like index and ux normalisation o based on contrast values
is nothing else but tting a power law spectrum to solely two spe ctral points, which correspond to the
energy bands in use.

° This is done by determination of the particular index value, using th e detector acceptance, which yields
the same contrast value as measured in data.
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3 Analysis of the di use emission from the Galactic Center Rgion

(a) Contrast map for the GC region

(b) Index map for the GC region

Figure 3.36: Top: Distribution of contrast values, as de ned in the texfor the
GC region. Most bins are concentrated in larger groups of Isingontrast values,
but there are also single bins deviating from their enviromteNo clear hint of
spectral hardening for outer regions can be observed. Sge Bi37 for a more
quantitative picture. Bottom: Distribution of index valuescalculated from the
contrast distribution. See text for details.

For a given bin i in the map, a set of simulated contrast values needs to be créed.
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Figure 3.37: Latitude pro les of the distribution of contrast values, at ned in the
text, data (points), best- t 2-D model (red line) and the best- t3-D model (green
line). Although some clustering of data contrast values ogdike for| = 0:3 or
| = 0:6, deviating from model predictions, any quanti cation of tiresigni cance
is at least not possible by eye and requires a dedicated fteél test.

For that, rst the number of background events from data is calculated: Npyg;i =
Noni N i, whereNgp; is the number of counts in the bin andN ; is the number of
excess events after subtraction of point sources. This mearthat -rays due to point
sources are included inNpg:i. Next the expected number of counts is calculated:
hNji = NG = Npkg;i + NT¢, where N¢ is the number of predicted -rays, which
is obtained by using normalisation factors that were tted in the previous scan of
parameter space. HerejN;i is the mean number of predicted count events, hence
it is used to generate a sample of random numbers of count evenfollowing the
Poisson probability distribution:

PN

X
X1 exp(Nji); X 2 N

P(X) =

where P(X) is the probability of occurence of X in the randomized sample. The
size of such samples was selected to contain 4 @entries. For every random number

N/, the corresponding number of excess events is calculated\ j;i = N(jm;i N bkg:i
(here it can occur that N, i = Njg, ). The systematic uncertainty of 20%
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3 Analysis of the di use emission from the Galactic Center Rgion

is included by an additional Gaussian randomization. The cé#culations have to be
carried out for both energy bands.

For every randomization step the corresponding contrast véue Cij in every bin i is
calculated and stored. Finally, the mean contrast value andits error is calculated
for each bin:

N
[ A ot 1
hCi i C/ and hCii ~ 1P 1

i=1 ]

(cl hcliz

For the particular di usion model, deviations between data and model are calculated
CcP hdcli

hcli
the maximum absolute sum of ;, integrated over the whole region of di use emission,
is calculated as:

foreach binas ; = , with CP as the contrast value for the data. Afterwards,

We
Spax =Max(j ] withl Ng Ng*;
i=1
where N is the total number of bins. The loop over bins in the map is dore in
both directions with respect to the galactic longitude, to avoid a bias, and the larger
number is kept. Here, Sphax is the analogy of the maximum Kolmogorov-Distance
applied in Kolmogorov-Smirnov tests.

The same procedure as for the data is done with the total set o§imulated contrast
maps. The only substitution is C° , C! for a mapj from the simulated set. The
resulting maximum sums S‘max_ are stored. Finally, they are used to calculate the
chance probability of having Shax ~ SB.x:

_ i b ,_ 1X i .aD .
Pc = P(Smax Smax) - 100 ( Smax’Smax)v
i=1

where ( Sl.;SP)=1for Sl SP.. and 0 otherwise.

The 95% con dence level obtained with this method contains dusion models for
which Pc  0:05.

Using the method described above additional scans of paranter space were performed
for the 2-D and 3-D di usion models. Their results are shown in Hg. 3.38 and Fig. 3.39
together with the results obtained from previous scans. Onecan see that compared to
the scan using excess maps in energy bands, the regions alemwvith the contrast method
are larger, i.e. the contrast method is overall less sensite for the available dataset, but
in some cases they exclude parts of allowed regions derivetbin scans of excess maps in
energy bands, amongst others the parameter set taken abovesan example and motivation
for the development of the contrast method (Fig. 3.35). Bediles, they show the similar
correlations with the di usion parameters, from which one can conclude that the data do
not show signi cant clusterings of data points or systematic trends for most models that
lie in the regions allowed by the previous scan. Neverthelss this method puts a more
constraining lower limit on the energy dependence of the diusion coe cient for harder
proton spectra ( 2 and 1:75 for the 2-D and 3-D models, respectively) for both
2-D and 3-D di usion models.
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Figure 3.38: Results of the scan of the parameter space of di usion for thé?2
model using the contrast distribution from Fig. 3.36 for the thed described in
the text. Systematic uncertainties are taken into accounte®des, also results from
the previous scans are shown, where black and red lines dethet region allowed
by ts of total excess prole and proles in energy bands, pectively. With the
help of contrast method it is possible in some cases to furthamtrain the allowed
parameter space, in particular put a lower limit on

3.3 Interpretation and conclusions

In the previous section it was described how the full H.E.S.Sdataset of the GC region is
analyzed with regard to the di usion hypothesis and the methods used to constrain the
parameter space of diusion were introduced. The results ofthe analysis, illustrated as

regions of the parameter space, allowed at 95% con dence lel are shown in Fig. 3.38 and
3.39. These plots show, that if the information about the enegy of events is not used, the
parameter space can only be constrained concerning the dision coe cient Dg, whereas
no meaningful constraints can be obtained for the parametes , and that in uence

the spectral properties of the detected -ray emission. Besides, no substantial di erences
between the 2-D and 3-D di usion model can be observed. On the aarary, if spectral

information is used, e.g. by performing analysis in energy ands, then the constraints get
tighter, especially regarding , and . Moreover, di erences between 2-D and 3-D model
start to emerge that manifest as a shift of allowed regions twards harder spectra for the
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Figure 3.39: Results of the scan of the parameter space of di usion for thdé3

model using the contrast distribution from Fig. 3.36 for the thed described in
the text. Systematic uncertainties are taken into accounte®des, also results from
the previous scans are shown, where black and red lines dethet region allowed
by ts of total excess prole and pro les in energy bands, pectively. With the
help of contrast method it is possible in some cases to furth@amtrain the allowed
parameter space, in particular put a lower limit on The parameter space for
< 2is excluded by the contrast scan as well, con rming the resubtained by
the ts of excess pro les in energy bands.

3-D realisation.

All the results obtained with di erent methods can now be combined in the most natural
way by requesting that a set of di usion parameters is consieéred to be in an allowed
region if it satis es the 95% con dence level criteria of evey scan method. 1° The allowed
parameter space de ned in such a way is plotted in Fig. A.12 ad Fig. A.13, showing
also results from other con gurations of background subtreaction, which agree very well

10 It es hereby assumed that all three methods have the same a-priori weght. This is not necessarily the
case, but it is not straightforward to quantify the importance of each sin gle method, given the fact that
these are sensitive to di erent characteristics of the di use em ission and use di erent statistics. Hence
it is waived to determine such in this work.
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3.3 Interpretation and conclusions

with each other. Main facts relating to the shape of paramete space constrained in this
analysis are summarized in the following:

2-D model: The allowed parameter space is mostly constrainety the ts of low and
high-energy excess distributions. For softer spectra 2, the preferred range
for is < 0:6, in particular including =0, i.e. an energy-independent di usion
can not be discarded for commonly assumed values of, (e.g. , = 2.1, see Sec.
1.4). In general the allowed region moves with increasing sgrtral index towards
larger , excluding =0 for 2and < 06 for , 1:8. The diusion
coe cient Dy reveals an anti-correlation with , i.e. smaller di usion coe cients
are preferred if increases. These correlations can be understood as an e eof
the basic methodology of the measurement:; It is sensitive tdhe absolute values
and the relation of spectrum-averaged di usion coe cients of the primary particles
contributing most to the -ray ux in the particular energy band, i.e. if the norm
of the di usion coe cient decreases, its higher energy-dep@dence compensates for
this and the mean di usion coe cient roughly remains the same.

3-D model: The most striking outcome of the 3-D model scans is tat very hard
initial spectra are preferred: > 2, by both ts of excess pro les in energy bands
and the contrast analysis. The allowed regions exhibit an een more pronounced
correlation between di usion coe cient and its energy dependence compared to the 2-
D models. The allowed regions shift as for the 2-D case towardarger for increasing

p, however an energy-independent di usion can only be rejecta for | 1.75.
In contrast to the 2-D models, it seems that the allowed paraméer space extends
towards even harder initial spectra , > 1:65, but those are considered to be rather
unlikely and are not treated here.

It is now necessary to discuss the physical implications of he results of this analysis.
Obviously, the most important one is that the new dataset can still be described by the
di usion hypothesis. Taking into account the systematic error yields 2-values of the
ts that suggest a good agreement between models and the dataThe di usion models,
both 2-D and 3-D versions, can provide a meaningful scan of the grameter space. The
values of diusion parameters found in other publications Dy = 1:3 kpc? p = 2:29,

Myr ?
= 0:6 (Basching et al. 2007), not using a 3-D model of the GMCs, andDg = 3:2 %
(Do L7 % if taking into account energy losses), 2:3 P 2.1, =0:3:06

(Dimitrakoudis et al. 2009), are in agreement with the allowed regions of the 2-D scan (see
Tab. A.3). However, due to the very hard spectral indeces préerred by the 3-D model,
there is a disagreement with the result in (Dimitrakoudis et al. (2009), see Tab. A.4),
although the autors used a three-dimensional model of the anmibnt gas as well. But it
should be emphasized that all previous results are based orhé longitude pro le of the
total emission, published in (Aharonian et al. 2006d).

The results obtained by the 3-D model are especially intereshg concerning a possible
origin of the primary protons. If one assumes the same energgependence for the hadrons
in the GC region as was measured for the CR spectrum on Earth asthputs = 0:6, then
the 3-D model de nes a lower limit on the spectral index: 1:85. For CRs acceler-
ated in SNRs this is a very hard spectrum and would imply that the hadrons might not
undergo just a pure Fermi-l acceleration in the expanding shi& which naturally gives an
index of 2, but a more complicated acceleration process, providing &rder spectra
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3 Analysis of the di use emission from the Galactic Center Rgion

(Berezhko & Velk 1997). On the other hand, the lower limits on the index may be used as
an argument for a di erent source of hadrons like Sgr A*. Indeed, one of the reasons that
the di use emission was connected with the central source wathe spectral similarity, and
since Sgr A East seems to be ruled out as the counterpart of thpoint source, it may also
mean that it is ruled out as the source of di using hadrons as vell. Then the assumed
time t = 10* yrs becomes arbitrary and the absolute value of the di usioncoe cient can
di er from the one obtained by at least an order of magnitude (Aharonian et al. (2006d),
Dimitrakoudis et al. (2009)). Besides, if the SMBH is consicred as the potential source,
then it is more natural to nd a corresponding acceleration mechanism providing such
hard spectra (Aharonian & Neronov 2005).

Even though the di usion picture still seems to be valid, it i s necessary to ask whether
there are indications that also other processes can be respsible for the di use emission
as seen by H.E.S.S.. Looking again at the excess proles in §i 3.10, 3.27 and the con-
trast distribution in Fig. 3.37, small scale deviations from the predictions of the di usion
models are visible. Such are of course expected, since, asias already mentioned in 2.1,
the di usion model that is used in this thesis is meant to represent the space-averaged
di usion process, because the di usion coe cent is in reality certainly space-dependent.
Besides, it is unclear how deep CRs of di erent energies cangmetrate dense molecular
clouds (Gabici et al. 2009), i.e. if the diusion can take place everywhere in the GC re-
gion. But if the small-scale deviations are considered as irdations of the invalidness of
the di usion hypothesis, then especially the non-smooth shae of the excess pro le in the
low energy band, including the low level of the emission in tle central region (see Fig.
3.30), can be a hint for the presence of further source(s) wit a softer spectrum than the
surrounding emission. And if in the region of the di use emission additional sources are
located (besides the known ones), then the observed emissicould be due to a population
of extended sources having the same longitude and latitudeigtribution as the GMCs. But
as long as the di usion hypothesis is not rejected, the latte assumption remains specula-
tive.

Further insights about the origin of the di use emission may be achieved by an analysis of
FERMI data from the GC region (Abdo et al. 2009), and the futur e array of Cherenkov
telescopes CTA (Wagner et al. 2009). However, in the energyange of Fermi, from 30
MeV to 300 GeV, the contamination from foreground and backgound galactic diuse -
ray emission is much more important and its proper modellingis essential for localising
the emission from the GC region. This might lead to further systematic e ects. The target
sensitivity of the CTA array, which is assumed to be 10 times better then the one of
H.E.S.S., and a better angular resolution of a factor 3 to 5 should render it possible
to map the GC region with a high precision, both in terms of momphological and spectral
properties. Thus if systematic uncertainties, both on expeimental and theoretical sides,
can also be reduced, then the origin of the di use emission Mli presumably be established
without ambiguity.
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4 Search for -rays from Dark Matter
annihilations in the Galactic Center halo

In this chapter the search for Dark Matter signals from the GC halo in very high-energy -
rays is described. First the theoretical properties of Dark Matter, both on the particle
physics and the cosmology side, are brie y introduced (Sec4.1), followed by a discussion
of the related observations conducted by IACTs so far (Sec. £2). Then the analysis of
H.E.S.S. data, developed within the scope of this work, is itroduced and described (Sec.
4.3 and 4.4). Finally, the results of this analysis are discased.

4.1 Evidences for the existence of Dark Matter

Nowadays it is considered as a conrmed fact, that the matter density of the universe
mainly consists of an unknown component, theDark Matter (DM). This component is
called dark, because it appears not to undergo electromagtie interactions and therefore
cannot be detected by usual direct observations of electroagnetic radiation. However,
a large variety of indirect observations exists, which all equire the existence of DM in
order to explain the data (see Bergstem (2000), Bergstrem (2009) for current reviews and
references therein), of which the most important are summaized in the following:

The rst observations suggesting the existence of DM were masurements of the
velocity distributions of stars and gas in galaxies (Zwicky1933). While acting on the
assumption that the total mass of a galaxy can be estimated riging on its luminous
area, the expectation is that for larger radial distances tte rotation velocities decrease
(see Fig. 4.1). However, it has been observed, that the velitg stays nearly constant
up to very large radii. This fact can be explained by a large alindance of a dark
mass, of which the density pro le reaches much further out than the density pro le
of the luminous material.

Observations of gravitational lensing caused by galaxy claters revealed that the
mass enclosed in such clusters is clearly dominated by a darkomponent (Tyson
et al. 1998).

Observations of hot gas in galaxy clusters like the Coma clusr show that in order
to keep the gas with the measured temperature inside the clusr, the gravitational
potential should be much larger that the one provided by visble matter, once again
requiring a dominant dark component that interacts gravitationally (Briel et al.
1992).

Observations of the Cosmic Microwave Background (CMB), a radiation compo-
nent stemming from the time of recombination of ions and eletons 300000 years
after the big bang, contributed a lot to the understanding of the modern cosmology.
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4 Search for -rays from Dark Matter annihilations in the Galactic Center h alo

These observations require a large DM component as well, inrder to explain the
density uctuations, detected in the CMB (Hinshaw et al. 2009), and to establish
a connection between these uctuations and the structures m the present universe
(Bergstmm 2000).

To complete the picture, it must be noted that modern cosmolay describes the universe
based on Einstein's theory of general relativity, from whidh one obtains the relation between
di erent energy densities in the universe:

0= m*+ ;with o=1;

where \ is the matter density and the density of the vacuum energy, which is respon-
sible for the currently observed accelerated expansion ohe universe (Bergstem 2000). By
putting o = 1itis assumed that the metric of the universe is at. Recent measurements of
SNe of type 1A favour > 0 and combined with the measurements mentioned above, the
best- t values for the vacuum energy and matter density are curently 0:7 0:2 and

m  0:3 0:2. The obtained limit on the contribution of baryonic matter is g  0:05
(Bergstmm 2009), re ecting the fact that the DM is the domi nant matter component in
the universe.

Figure 4.1: Rotational curve of the NGC6503 galaxy, broken down to itdiuid-

ual components. For small radii, gravitational potential ste from the matter in
the galactic disk, whereas for larger radii the in uence dfet DM halo is clearly
dominant. Figure is taken from (Freese 2009).
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4.2 -rays from DM interactions in space and their observations

Although the presence of DM until now is only suggested by itsgravitational interaction,

it might nevertheless be possible to observe e.g.-ray photons from the annihilation (or
decay, not treated here) of its constituent particles. In fact, the standard model of
particle physics (SM) does not provide the right particle candidate as a DM building
block, since this particle needs to be stable and electromamgtically non-interacting. The
only suitable particle within the scope of SM, the neutrino, is not considered as a viable
DM candidate, due to its light mass (Bergstmm 2000). Howe\er, expansions of the SM like
the theory of Supersymmetry (SUSY) or the model of universal extra dimensions
(UED) introduce additional set of particles, of which the li ghtest one must be stable due to
guantum number conservation (see (Haber & Kane 1985) for anxensive SUSY review and
(Servant & Tait 2003) for review on UED in the context of DM det ection). If this particle is
also electrically neutral, then it can be considered as a catidate for DM. If such a particle
is additionally a Majorana-particle, i.e. it is at the same time its own anti-particle, then
it can, despite its stability, annihilate with another part icle of the same kind and produce
SM particles, like -rays, which then can be observed on Earth (see Feng et al. (2Q9,
Hooper (2001) for reviews on indirect detection of particleDM). The probability of such an
interaction depends on the local density of DM, in uencing observational strategies. Hence
in the following, rst the interactions of DM particles prod ucing -rays are brie y discussed
followed by a short summary of the present knowledge about & density distribution. Then
observations performed by IACTs are discussed and the methtbused in this paper is put
in their context.

4.2.1 DM particle candidates

As it was mentioned above, promising candidates for partich DM can be found in the
expansions of the SM. Most interesting candidates from the pint of view of -ray obser-
vations are Weakly Interacting Massive Particles (WIMPs), which have a mass in
the range of the electroweak breaking scale (several hundids of GeV). The cross-section
of weak interactions matches quite well the requirements fothe proper development of
DM abundance throughout the history of the universe (Bergstem 2000). In the SUSY
model, the lightest neutralino  constitutes the most interesting WIMP candidate, hav-
ing its mass in the range 10 GeV M 10 TeV, thus partly in the energy range of
H.E.S.S.. Itis a Majorana patrticle, i.e. it can annihilate in the interaction with another
producing SM particles (Bergstem 2009). The most probabk annihilation channels are

I ff , preferring heavy quarks likeb or t-quarks, I W"W and I ZZ (Feng
et al. 2001). These processes are followed by the subsequéatdronisation and creation of,
amongst others, neutral mesons like ©, which then decay into -rays. The resulting pho-
ton spectrum is soft and featureless and several parameterations exist for its description
(see e.g. Bergstem et al. (1998), Tasitsiomi & Olinto (20@)). In particar, the spectrum
later used in this work is taken from (Tasitsiomi & Olinto 200 2) and has the form:

dN . p

- 1 15 agod oo 2 - F =
dE =5 (Ex 0.51%Y 0:25 x + 3), with x = E =M (4.2)

However, recent theoretical developments show that there night exist a possibility of non-
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negligible spectral features, coming e.g. from a boosted athilation cross-section for !
=Z (Hisano et al. 2004), which is usually suppressed by severalders of magnitude for
helicity reasons, creating a line on top of the continuum spetrum for E =M . Another
discovery was a possible large contribution from internal bemsstrahlung, peaking as well
at E M (Fig. 4.2) (Bringmann et al. 2008). A detection of such a featire in the
-ray spectrum would be a much stronger proof for DM as its origh than the continuum
spectrum, that is di cult to discriminate against astrophy sical sources.

Figure 4.2: -ray spectrum from neutralino pair-annihilations, includinhe com-
ponent arising due to hard internal bremsstrahlung, that sas a distinct feature at
E M . The gure refers to the model BM2 from (Bringmann et al. 2008).

Another viable WIMP candidate for DM is given by the theory of UED and is the lightest
Kaluza-Klein ~ (KK) particle B () (Bergstmm (2009), Bergstmem et al. (2006)), having
its mass in the TeV-range, again coinciding with the energy rage of H.E.S.S.. Contrary
to the neutralino, the pair-annihilation of KK particles int o pairs of light leptons in the
nal state is not suppressed (Bergstem 2009), which can gve rise to spectral features in
the resulting e spectrum (and subsequently in the -ray spectrum). This is the reason
that KK particles were considered as the origin of the infamas ATIC peak (Chang et al.
2008), which is however disputed by other experiments (Latonico & for the Fermi LAT
Collaboration (2009), Aharonian et al. (2009a)). Concerning spectral features in the -ray
spectrum, sharp cut-os at E = Mg can be expected due to internal bremsstrahlung
o light nal state fermions. Also, the annihilation proces s B®B® | =7 s possible,
however suppressed (Bertone et al. 2005).

Thus, to summarize, annihilation of both SUSY and KK particl es can produce a spectrum
of -rays, that can in principle be seen by H.E.S.S., if the mass i#n the accessible range.
However, a spectrum of secondary photons is di cult to discriminate against a possible
astrophysical background, while spectral features, that would provide a clear signal for
DM, mostly su er from low reaction probability, with some ex ceptions described above.
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4.2 -rays from DM interactions in space and their observations

4.2.2 DM density distribution

The rate of DM particle annihilations, e.g. in the Milky Way, is proportional to the squared
density of DM in a given region: d'\c',t I ?(r), where (r)isthe DM density as a function
of the distance to the GC, and of the (velocity-averaged) annhilation cross-sectionhv i .
Consequently, the total ux of -rays from DM annihilations, observed on Earth within a
certain eld of view can be calculated as:

zZ Z

d( JE ) 1 hvi dN 1 2
= — J ; whereJ = — (r)ds (4.2)
dE 4 M? dE line-of-sight

Whereé’?’\‘ is the spectrum of -rays produced in DM annihilations (see Sec. 4.2.1 and Fig.
4.22).

Thus in order to perform promising -ray observations of DM signals, regions with high
density along the line of sight should be preferred. A rst esimate of the density distri-
bution of DM can be obtained by studying the rotational curves of galaxies (including the
Milky Way), yielding the following phenomenological relation:

O =y @ (=) 107 (“3)

withe.g. (;; ) =(1;3;1) for the famous Navarro-Frenk-White (NFW) pro le (Navarro
et al. 1996), and with the scale lengtha =20 30 kpc for a Milky Way sized galaxy. From
this relation it is obvious, that the highest density is expected in the very centers of galaxies,
whereas it vanishes for large radii (see also Fig. 4.3). To orease the precision of the
density pro le parameterizations especially for the central region of the Galaxy and also to
study the role of local overdensities of DM, the so-called sualos (see e.g. Berezinsky et al.
(2003)), one needs to apply N-body simulations (being basedrothe current knowledge
of cosmology), which track the evolution of the universe andits structure formation from
an early stage until the present time (see Bertschinger (198) for an extensive review of
N-body simulations). Since the contribution of DM is essental for structure formation,
the evolution of DM distribution is precisely pursuited. Mo st recent N-body simulations
were performed by the Aquarius (Springel et al. 2008) and ViaLactea Il groups (Diemand
et al. 2008). Both the smooth and subhalo components of a Milik-way sized DM halo
were studied. The smooth density pro le obtained by Via Lactea Il is in agreement with
a NFW pro le, while Aquarius results are better described by the Einasto pro le, that
predicts a less dense central region (see Fig. 4.3):

M)z exp - 1 gwith =017 (4.4)
S

Subhalos could be resolved down to a mass of 48M and 1°M for Aquarius and
Via Lactea Il, respectively. However, according to Pieri etal. (2009) their contribution
to the total -ray ux from DM interactions is negligible, and for Aquarius results even
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dominated by the extragalactic component. The main contribution remains the ux from
the center of the galaxy, unless a subhalo is located very cée to the observer.
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Figure 4.3: Einasto and NFW density pro les in comparison. The parametars
set as follows: = 0:17 andrs = 20 kpc for Einasto prole anda = 27:6 kpc
for NFW, respectively. Both pro les are normalized to= 0:39 GeV/cm® at the
r = 8:5 kpc distance to the GC, according to (Catena & Ullio 2009).

4.2.3 Searches for DM signals performed by IACTs

Based on the insights discussed above it is clear that the besargets for the search for
DM signals in -rays are centers of galaxies, rst and foremost the Milky Way In Sec. 1.2
it was already described, that based on the spectrum obtaing by H.E.S.S. from the point
source in the GC, HESS J1745 290, a possible contribution of DM induced -rays to the
total ux was strongly limited (Aharonian et al. 2006b). Bes ides, it would be di cult to
prove that DM and not an astrophysical process causes the olesved emission, if just a
smooth spectrum is obtained from this source, lacking any sectral features, due to the
presence of various particle accelerating objects. Thus its desirable to observe regions
with less or without any astrophysical background. Therefae, IACT experiments carried
out observations of local dwarf galaxies, which on the one had must be strongly DM dom-
inated due to their high mass-to-light ratio and on the other hand do not possess SMBHS,
that would serve as an astrophysical background, in their ceters (Ibata et al. 1995). In
particular, H.E.S.S. has observed Sgr Dwarf (Aharonian et & 2008b) and Canis Major

! The extragalactic distribution mainly consists of DM concentrated in ot her galaxies and galaxy clusters.
The resulting -ray ux from extragalactic DM is isotropic and negligible compared witht he contribution
from central regions of the Milky Way, but depends less on the assumed pro le shape (Pieri et al. 2009).
See 0 -analysis for further details.
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(Aharonian et al. 2009c). No signi cant excess was detectednd hence upper limits on the
velocity-averaged annihilation cross-sectiorhv i (see Fig. 4.4) were obtained for some of
the particle candidates. Other experiments observed dwarfjalaxies as well, in particular
MAGIC (Lombardi et al. 2009) and VERITAS (Wagner & for the VER ITAS Collabora-
tion 2009) conducted observations on dSph Draco and dSph Wihan 1, also resulting in
determinations of upper limits. In turn, observations of local group galaxies again su er
from possible astrophysical backgrounds. The detection o187 in very high-energy -rays
(Beilicke et al. 2005), led to another upper-limit estimation on hv i, since the detected
emission showed variability, disproving a DM dominated origin of the radiation.

A further ansatz explored by the H.E.S.S. experiment was thesearch for -rays from in-
termediate mass black holes  (IMBH) (Aharonian et al. 2008c). These are believed
to be left over from the time of galaxy formation and have masgs between 18M and
10°M , as suggested by N-body simulations. Such objects would sesvas gravitational
potentials for DM, forming a subhalo in their vicinity. They are expected to appear in

-rays as point sources with identical spectra and no counterarts in other wavelengths.
However, no suitable objects were found in the H.E.S.S. mapfdhe Milky Way, thus upper
limits on the number of IMBH were derived (Aharonian et al. 2008c).
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Figure 4.4: Upper limits obtained for the velocity averaged annihilatioross-section

hv i from H.E.S.S. observations of the Sgr Dwarf galaxy. For tlase of an isother-
mal cored pro le some relevant parameter space for SUSY modeaisbeaexcluded.
Figure taken from (Aharonian et al. 2008b).
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4.2.4 New approach: Search for spectral features

All previously conducted searches for DM signals have one iportant aspect in common:
They require that -rays from DM annihilations are numerous enough to make them &-
tistically signi cant compared to the background of mis-identi ed hadrons throughout the

whole covered energy range, i.e. 100 Ge¥ E < 100 TeV, in order to have a positive
detection as a -ray source. Thus the performed observations looked for thersooth con-
tinuum spectrum from secondary particles, created in DM par-annihilations, which spans
over a large energy range.

However, in Sec. 4.2.1 it was shown that in some cases the pdsity exists that a spectral
feature like a -ray line from the I =Z reaction has a non-negligible cross-section
compared to the smooth component. In that case it can happenhat even if such a feature
would be signi cant compared to the background within its (comparably limited) energy
range, the signi cance of the overall emission from the paricular object/region would be
too low to be detected as a source.

Thus in this thesis a method of searching for features in a gien spectral distribution is
developed, that does not require source detections or backgund subtraction in general.
As spectral signature to look for, a Gaussian function is cheen. This method is then
applied to data from the GC halo, where the region of the di use emission, including both
point sources, is excluded, in order to have an environmentée of astrophysical background
(see also Sec. 1.5) on the one hand, but still a comparably higdensity of DM particles
on the other hand. The application of this analysis to the o -data, i.e. observations of
extragalactic regions without -ray sources, can be found in Sec. B.2. Moreover, this
method can also be applied to search for spectral features @uto any other processes,
beside DM annihilations, like the monoenergetic particle wnd caused by pulsars (Rees &
Gunn (1974), Kennel & Coroniti (1984)). Additionally, the d etermination of upper-limits
for a continuum spectrum, enabled by the developed backgraud subtraction method (see
Sec. 4.3.4), is described in Sec. 4.4.

4.3 Development of the peak search algorithm and application
to the GC halo

In this section the analysis of H.E.S.S. data from the GC halowith regard to spectral
features caused by DM annihilations is described. For this malysis, the same run sample
is selected as for the analysis of the di use emission (see &€3.2). However, now standard
cuts are applied to discriminate against hadronic backgromd, due to their lower energy
threshold (see Sec. 2.3.4). Additionally, to keep the enengthreshold low, observations
performed at zenith angles higher than 30 are rejected from the sample. Events passing
the shape cuts (see Sec. 2.3.4) were selected for the furthenalysis, without performing
any geometrical background subtraction. Besides, an addibnal dataset was created, for
which a cut on the event multiplicity was applied, requiring N = 4. While this cut slightly
increases the energy threshold and rejects a major part of th events (see Tab. 4.1), it
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improves the energy resolution of the H.E.S.S. array (see Bi 4.12). The sensitivity of the
analysis with (4-tel con guration) and without (all-tel con guration) the multiplicity cut
can thus be compared.

4.3.1 Calculation of the spectral distribution

The -ray events collected in the new data samples are not yet seled by their arrival
direction. In order to be restricted to the halo close to the GC and to reduce systematics,
the following further cuts are applied:

r 1, wherer = P 2+ B2 is the angular distance of the event direction to
the origin of the galactic coordinate system, with (;b) being the event direction
in galactic coordinates. In order to exclude astrophysicalbackground, additionally
jbj> 0:3 isrequired. The resulting on-region is shown in Fig. 4.5. Itsangular
area equals to 39 10 * sr (1:94 [deg}).

< 2, where is the angular distance between the shower direction and the
direction of observation. This cut reduces systematic e ets occuring at the edge of
the eld of view.

Galactic Latitude [deg]

-2

2 1
Galactic Longitude [deg]

Figure 4.5: Visualisation of the on-region (green circle) and o -regiom (between
red circles), used for the DM analysis. The purpose and mdibrafor o -regions
can be found in Sec. 4.3.4. The galactic plane within the rang0:3 <b < 0:3
is excluded.

The energy distribution of events remaining after the aboveselection is shown in Fig 4.6 for
both con gurations. One observes that most events are locatd in the low-energy range,
e.g. 92% are belovE < 1 TeV for the all-tel con guration, with a threshold at E 250
GeV, de ned as the maximum of the energy distribution (see ato Tab. 4.1). However,
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Nl 2 ‘ N =4

Number of runs 255
Livetime [hr] 111.53
Number of events after shape cuts 2866477 252287

Number of selected events within the on-region 137135| 14672

Number of selected events within the o -region| 255537 | 25864
Energy threshold [GeV] 235 310

Number of events with E < 1 TeV 118641 | 12441

Table 4.1: Summarized statistics concerning the analysis of the GC h@lee much
lower number of events witiNy = 4 is due to a low size cut (60 p.e.) for the
standard cut con guration, for which many events with lower itiplicity pass the
cuts. The number of events in the o -region relates to the bac&gnd subtraction
technique, explained in section 4.3.4.

the collected statistics up to several TeV should allow a sesitive measurement.

Figure 4.6: Energy distribution of -like events from the GC halo region for the
all-tel con guration. The energy threshold of the datasetedhed as the maximum
of the energy distribution, is found aEy,, 250 GeV. 92% of events are located
at energies below 1 TeV.

To obtain a spectrum from the energy distribution, it is fold ed with the detector acceptance
determined for the given dataset. For the 4-tel con guration, new e ective area lookup
tables were produced. The total detector acceptanceis calculated as follows:

2 The e ective area lookup tables are taken for the standard point source ¢ ut con guration, assuming a cut
on < 0:6 . The usage of point source lookup tables, while dealing with extended regions like the GC
halo, can be justi ed in the following way: The applied cut on is very loose compared to the typical
PSF extension ( 0:1 ) and means that for a data analysis of a point source, no events are rejectal
due to their reconstructed direction, i.e. due to the non-zero e xtension of the PSF, if their true arrival
direction is located at the point source position. Correspondingly appl ied to the case of an extended
source, this means that as long as for a certain (small) area within the source the same number of -rays
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4.3 Development of the peak search algorithm and applicatio to the GC halo

For each run, the eld of view is divided into small bins (0:02 0:02 ). Bins outside
the de ned on-region are not used for the acceptance calculan.

For the calculation of the e ective areas, corresponding oset and zenith angles have
to be used. While for the zenith angle the observation positn of the particular run
is taken, the angular distance to the observation position $ calculated for each bin
individually.

A loop over bins within the on-region is performed, and for eah bin the corresponding
e ective area distribution as a function of energy is obtained and added to the
e ective areas obtained from other bins. The sum is weightedwith the total livetime
of the run.

Thus in the end the total e ective area as a function of energyfor the de ned on-region is
obtained (see Fig. 4.7). The energy distribution (see Fig. %) is divided by the e ective
area distribution to obtain the spectral distribution of th e region, shown in Fig. 4.8. Here
it should be emphasized, that the obtained distribution mainly consists of -like hadrons
events, as well as a small electron fraction. The potential amber of true -rays is negligi-
ble compared to the hadronic background. Hence it is sensiblto weigh the spectral points
with E27, the (inverse) spectral shape of CRs, to study the shape of th distribution more
accurately (Fig. 4.9). It is visible that the resulting spectrum is not at, but decreases
for E < 1 TeV, rises again forE > 3 TeV and decreases folE > 10 TeV. This is an
e ect of the hadronic background e ciency of the applied cut selection, which is obviously
energy-dependent. A comparison of the distribution for the dl-tel con guration with the
4-tel con guration shows, that the rise of the spectrum for E > 3 TeV is mainly due to
2-tel and 3-tel events.

Despite the overall curved shape, the spectral distributian is smooth and can be parametrized
by e.g. a curved power-law:

d i +|
— g 1+log(E) 2
dEdt 0

within a certain range (see Sec. 4.3.2). Hence the distribuon ful lls the only requirement
for a meaningful peak search: It should be possible to destré the spectrum with a smooth
function (within a certain energy range) and no intrinsic spectral features, e.g. due to
systematic e ects of the background rejection, are allowed To verify that the present
spectral shape is indeed due to the hadronic background andhat it does not introduce
systematic e ects, a spectral distribution of protons, simulated at 20 zenith angle and
reconstructed with the same -selection as used for this analysis, is shown in Fig. 4.10.
From this, it can be concluded, that the curvature of the data spectrum is indeed due to
the hadronic background. Beside, no apparent systematic mblems like intrinsic spectral
features are visible in the proton distribution. The observed deviations in shape between
the data and simulated distribution are not unexpected, given the fact that 10% of CRs
consist of heavier elements, beside protons, which inducénewers in the atmosphere with
di erent characteristics (Egberts 2009).

are falsely reconstructed to originate from this area, as are lost due to the extension of the PSF, point
source lookup tables can be used as well, since also in this case, in t@l no events are rejected because
of their reconstructed direction.
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Figure 4.7: E ective area distribution as a function of energy found fitre GC halo

region for all telescope multiplicities. This distributias obtained by summing up
the contributions from all bins within the on-region for eactin of the dataset (see
text for further details).

Figure 4.8: Spectral distribution of -like events from the GC halo region for the
all-tel con guration. Beside the peak due to systematic e echat the low energy
threshold, which are excluded from the analysis, the dittion exhibits a smooth,
power-law-like shape.
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Figure 4.9: Spectral distribution of -like events from the GC halo region for both
all-tel and 4-tel con gurations, weighted wittE27. Beside systematic threshold
e ects, visible as strong peaks for lowest energies, theiaion of the spectra
from a constant distribution come from the energy dependené¢he background
e ciency of the standard cut set.
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Figure 4.10: Spectral distribution of -like events from the GC halo region for the
all-tel con guration, weighted withE 27, together with the distribution of simulated
isotropic protons, obtained with the same analysis. Bothtdimitions have a com-
mon overall shape. Deviations in slope may come from systemagict® of the
proton shower simulation as well as from the fraction of heawuclei in the CR
spectrum. Besides, the zenith angles in the data range fnup to 30 , while the
simulations were performed for a zenith angle2ff .

4.3.2 Development of the peak search procedure

In the last section it was shown, that the spectrum of -like events from the GC halo is
smooth and featureless, as expected from simulations of theadronic background. Thus, if
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a spectral feature is introduced by real -rays, it should be possible to detect it, if its ux

is statistically signi cant compared to the background ux . The energy range, in which
the search for signatures is performed, is restricted to ® TeV E 5 TeV, with the

lower bound being de ned by the proximity of the energy threshold, at which systematic
e ects dominate®.

In order to be able to properly identify Gaussian peaks in thespectrum, there exist es-
sentially two approaches: One is based on the so-called \slidg window" method, for

which the background and a potential peak are tted within ov erlapping energy ranges,
which are determined by the energy resolution of the instrunent (for details see e.g. (The
Fermi LAT Collaboration et al. 2010)). For the other approach, rst peak candidates, i.e.

deviations from the smooth shape of the spectrum, are deterimed by means of a peak
search algorithm, like the one implemented in theTSpectrum-class (Mariscotti 1966) of
the ROOT-software (Brun et al. 2006). Once the peak position tas been determined, the
background level together with the peak contribution around this position can be deter-
mined by a tting procedure. For this work, the latter varian t was chosen.

The TSpectrumalgorithm searches for peak candidates by using the distribtion of the
second di erences, de ned as:

Si = Njx1 2Nj+ Nj g;

where N; is the value in the corresponding bini. The distribution of second di erences
approximates the second derivative of the studied distribuion, which is constant (or zero),
if the studied distribution can be approximated by a two-dimensional (one-dimensional)
polynomial within a short range around the bin i. Any signi cant deviations from a con-
stant shape are hints for the presence of features in the studd spectrum.

Having a suitable method for searching for peak candidatestahand, the individual steps
of the peak search procedure can be de ned (an example is shawn Fig. 4.11):

Step 1: The TSpectrumalgorithm is applied to the spectral distribution of selected

-ray like events from data®, as described in Sec. 4.3.1, which is weighted with the
function E%7 (see Fig. 4.9), using loose search criteria to enable the algthm to
nd as many candidates as possible. A selection of potentiatandidates for a -ray
induced signature is done in the following.

Step 2: For each peak candidate at an energ¥; in the allowed energy range, rst
the underlying background is modelled. This is done by tting a curved power-law
function® to the spectrum around the peak within a certain rangé:

(Ei 450 E (Ei 15¢and(Ei+150) E (Ei+4:5¢);

with ¢ corresponding to the assumed energy resolution. The tted @éinction is then
subtracted from the spectrum, thus yielding a residual distribution.

3 An extension of the energy range towards higher energies is planned for he future.

4 The binwidth of the distribution is selected small compared to the expected width of possible signatures.

5 In the logarithmic representation, a curved power-law function is equivalent to a two-dimensional poly-
nomial.

6 Variations of this range were allowed to achieve a better t of the backgrou nd.
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Step 3: The residual distribution is tted by a Gaussian function:

()= A epl= 50

If the t does not converge in a meaningful range, e.g.A < 0 or o0, the peak
is rejected as a candidate for a spectral signature.

Step 4. Now a simultaneous t of the peak and the background isperformed. If the
t again converges within a meaningful range (see above), tk peak is kept for a test,
determine its statistical signi cance.

Step 5: The determination of the statistical signi cance of a peak candidate is done
by creating a set of statistically randomized background sgctra, within the range

speci ed in step 2, using the parameterization of the backgound spectrum deter-
mined in step 2 and taking into account statistical uncertainties of every bin. For

each spectral distribution j from the generated set the analysis steps 1-4 are per-
formed and the number of cases is determin€d for which a peak is reconstructed,
that has, within errors, an equal or larger ux than the peak candidate under study,
i.e. norm A; A, having at the same time an equal or larger width

The statistical signi cance of a peak candidate is determired by the fraction of randomized
spectra, which create an equivalent peak signature by backgund uctuations. Thus the
con dence level P; of a peak candidatei is dened as: P =1  Ng ,=NJ., where
N5 =500 is the total number of simulated background spectra, aml N, is the number
of peaks, created by background uctuations in the simulated sample, that yield the same
or larger ux as the peak candidate under study.

4.3.3 Application to the H.E.S.S. data from the GC halo

The algorithm, described in the last section, was applied tathe spectral distribution from
the GC halo. For both con gurations, all-tel and 4-tel, no signi cant peaks® were found
in the studied energy range between & TeV E 5 TeV. Thus upper limits on the
integral ux from a Gaussian signature were derived. This was achieved by taking, on the
one hand, simulated di use -ray events at xed true energies within the considered range
E [TeV] 2f 0:5; 0:75; 1, 1:25, 1.5; 2; 2:5; 3; 3:5; 4; 4:5; 5g. Their reconstruction in the
framework of the H.E.S.S. analysis yields Gaussian peaks,hich have widths correspond-
ing to the H.E.S.S. energy resolution of diuse -radiation (see Fig. 4.12), henceforth
called MC peaks. On the other hand, generic Gaussian peaks weused, which correspond
to the assumed energy resolutions of 10%, 20% and 30% (see Fig12).

The integral ux from a Gaussian feature is simply calculated as:

z

( Ep)= ( E)dE; with ( E)= A exp[

(E Eg)?
22 ]

” If more than one peak is found in a statistically randomized spectrum, t han the peak is taken, that is
located closest to the position of the peak candidate under study, determined in step 4.
8 No peak candidate reached a signi cance of 2 .
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Figure 4.11: lllustration of the working principle of the peak search atghm for
the spectral distribution from the GC Halo (all-tel con gutian). Image (a) shows
all peak candidates, found by th&Spectrumclass. Among them, the arti cial,
very pronounced peak at 2 TeV is detected, that was added te thstribution for
demonstration purposes. The background around this peaktied with a curved
power-law in image (b) and then subtracted from the spectrastdbution, thus
yielding the residua in image (c), which are tted with a Gaims function. In the
last image (d), the common t of background and peak contributias shown. See
text for further detalils.

For the calculation of ux upper limits it is necessary to determine the ux level, i.e. the
normalisation of a given Gaussian signature, for which the pak is identi ed by the peak
search algorithm with a certain statistical signi cance. In this work, all upper limits are
given at 95% con dence level. This was done by adding a Gausasn peak to the data
spectrum and by increasing its norm until the algorithm successfully identi es and ts the
peak with the needed signi cance. The upper limits, obtained with the method described
above, are shown in Fig. 4.13 for both multiplicity con gurations (see also Tab. 4.2). The
sensitivity of the method for a certain peak energy is deternmed by the local shape of the
background and statistical uctuations of the underlying b ackground distribution. The ef-
fect of the background shape is especially noticeable fd < 1 TeV, where the sensitivity
of the method is worse, despite the better event statisticshbecause of the steepness of the
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Figure 4.12: Gaussian peaks used for the determination of ux upper limBeside
peaks corresponding to the energy resolution of H.E.S.8dfause -rays, both for
all-tel and 4-tel con gurations (see text), generic peaks éfedent widths were used.
As it can be seen in the images, the energy resolutida improves throughout the
energy range under consideration fronkE > 30%forE =0:5TeVto E < 20%
for E =5 TeV.

While it is clear that statistical uctuations of the measur ed spectral distributions, in u-

encing the upper limit determination, can not be removed, it is desirable to nd a way
to better describe the background. In the ideal case, the bdground would be at and

only one free parameter would be necessary for its parametieation. So for that purpose,
background subtraction would be useful, if it would yield a at residual distribution. A

method for background subtraction for the GC halo is thus desribed in the following

section. It should once again be emphasized, that the devebed algorithm for the peak
search does not require any background subtraction for its gneral functionality (see Sec.
B.1 for o -analysis). Any additional improvements, like background subtraction, are not
mandatory and must be checked for systematic e ects they migt introduce.
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Figure 4.13: Upper limits on the ux from a Gaussian signature obtained foe all-

tel (top image) and 4-tel (bottom image) con gurations for MC ks and di erent

assumed energy resolutions. It is obvious that the sengjtivithe method improves
with energy resolution for the most peaks under study.

4.3.4 Background subtraction for the GC halo: The re ected p ixel method

The on-region in the GC halo, as it is de ned for this analysis, has an angular extension
of r =1 and therefore does not cover the whole Cherenkov camera dung observations
(see Sec. 2.2). Thus it might be possible to nd appropriate o-regions, from which the

background can be estimated. However, since the peak seardigorithm is sensitive to
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systematic e ects, the background regions must ful ll stringent requirements, i.e. not
introduce additional systematic e ects in the spectral distribution throughout the whole
accessible energy range. This can be ensured by taking thosegions for the background
estimation, that have the same detector acceptance for the articular run as the on-region,
like it is done in the re ected-method (see Sec. 2.3.4). Howear, the standard re ected
method is inappropriate for this analysis due to the size of he on-regiorf. Hence the
re ected-method is modied in order to use it for this analysis. The main idea is not
to treat the on-region as a whole, but divide it into small pixels and nd corresponding
o0 -pixels for each of them, if possible. The method works as fthows:

As o -region, a ring around the GC is used, with the inner radius Ry = 1:2 and
the outer radius of R, = 2:5 (see Fig. 4.5). Since the DM density pro le falls o

with increasing distance from the GC, the o -region contains less of the potential
DM signal (see Sec. 4.4 for details).

For each run, a loop over all pixelsPqn(li;b) in the on-region is performed, with
(Ii; ) being the angular coordinates of the pixeli. For each pixel, corresponding
0 -pixels are determined, if possible. This is done by subsegent rotations of the
position of the on-pixel by 90 with respect to the observation position, thus at most
3 o -pixels are found'®. A candidate j for an o -pixel P, (li; s bj ) must ful Il the
requirements, that it is located in the de ned o -region and i s not already in use by
another on-pixel, excepti. If such a candidate pixel is found, it is agged as "used'.
Pixels in the on-region, for which no o -pixels were found, arenot used.

Depending on the number of o -pixels N , found for a particular on-pixel i, the
weight ; is determined for these o -pixels. Since on and o -pixels havethe same
detector acceptance by construction, ; simply depends onN? , i.e. ; =1; %; %
for N° =1; 2; 3 o-pixels, respectively.

An illustration of this algorithm can be found in Fig. 4.14. 1t is obvious, that if the
observation position is located within the on-region, then t is di cult to nd o -pixels in
the neihgbourhood of the observation position. The resulthg acceptance distribution of
this method is shown in Fig. 4.15.

Using the described method, spectral distributions are obained for the o -region, using
the same e ective areas as for the on-region for both analysison gurations, see Fig. 4.16
and 4.17. Based on a qualitative comparison with the correspnding on-distributions, it
appears that the spectra agree very well with each other (sealso Fig. B.2 - B.4 for
comparison of core distances and o set angles, being inputgrameters for energy recon-
struction, between on- and o -regions). A more quantitative statement can be achieved by
calculating the residual distribution and tting the resid ua with a constant function. For
both analysis con gurations, the t results are comparable with zero. A further crosscheck
was performed by reconstructing the spectrum of HESS J1745290, which agree well with

® Since many observations lie within the on-region, these runs would have to be discarded, because it
would not be possible to nd appropriate o -regions (see Sec. 2.3.5). Thus the sensitivity of the analysis
would signi cantly decrease.

10 The restriction of the maximum number of o -pixels to 3 is a compromis e between nding enough o -
pixels for a given on-pixel on the one hand, while not using too much of t he o -area, so that this is still
usable for other on-pixels on the other hand (see also Fig. 4.14).
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Figure 4.14: lllustration of the working principle of the re ected pixedlgorithm.
The observation position is marked with a black star. The ogion is located
within the black circle and is divided into four di erentlyotoured zones, in order
to show where the corresponding o -pixels are located, whidve the same color.
On-pixels, for which no o -pixels could be found, are not showi can be seen,
that since the observation position is located inside thevdo hemisphere of the
on-region, it is di cult to nd corresponding o -pixel for the same hemisphere.

the results derived in (Aharonian et al. 2009b), see Fig. 4.8.

The residual spectra can now be used for the peak search algtthm, as described above.
Since the distributions are compatible with 0, the background does not need to be tted,
thus steps 2 and 4 of the peak search procedure are omitted irhis case. Once again, no
signi cant peaks are found in the data and upper limits on the peak ux are therefore
determined. The results are shown in Fig. 4.19.

4.3.5 Combination of results

From the results for MC peaks obtained for di erent con gurations (see Fig. 4.20), the
sensitivity of the analysis for the used con gurations can ke compared. From this gure

it is clear, that the sensitivity of a particular con gurati on depends on the energy. Addi-
tionally, in general it appears that subtracting the background yields a better sensitivity

for most energies, as expected. Moreover, the 4-tel con guteon improves the sensitivity

especially for lower energies.

Given that in total four di erent upper limits for the Gaussi an peaks were obtained, it
is necessary to provide nal values, that take into account the systematic uncertainties.
Therefore, the mean valueh ;i and the spread ; are calculated for each energy from all
four measurements, with  ; being de ned as the systematic uncertainty. The nal upper
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Figure 4.15: Acceptance distribution of the re ected pixel algorithm rfahe on-
(r< 1) ando-regions (1:2 <r< 2:5). For each run, the acceptance value of
each pixel in the on-region is de ned as 1, if for this pixeltable o -pixels could
be found, and O otherwise. If a pixel in the o -region is used aspixel in this
run, its acceptance is set to = 0;1; 1=2; 1=3, depending on the total number of
o -pixels for the corresponding on-pixel, going from 0 to 3,spectively. See text
for further detalils.

limits are then determined as 5 = h i + i, thus taking into account systematic
uncertainties in a conservative way (see Tab. 4.2). The naldistribution is shown in Fig.
4.21 (see Fig. B.5 - B.7 for generic peaks). Besides, an adutihal overall systematic error
of 20% on the reconstructed ux must be taken into account for all values (Aharonian
et al. 2006a).

4.4 Determination of upper limits on hv i for a continuum
spectrum

The successful background subtraction, developed for thegak search algorithm, allows to
have a background-subtracted spectral distribution. This can not only be used for the peak
search, but for determination of ux upper limits, coming fr om any possible -ray spectrum
from DM pair-annihilations, as well. Such a measurement can b used for determination of
upper limits on the velocity-averaged annihilation cross-setion hv i, as described in Sec.
4.2.3. In order to obtain a conservative estimate, a smooth prameterization of the -ray
spectrum from secondary particles, created in DM annihilatons, derived in (Tasitsiomi &
Olinto 2002), that lacks any distinct features, was used (se Fig. 4.22).
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Figure 4.16: Top: comparison of spectral distributions from the on and the

regions for the all-tel con guration. Bottom: Residual digbution, tted with a

constant function. Since the result is, as expected, comiplatiwith 0, the re ected
pixel method proves to properly subtract the background.

To be able to obtain upper limits on hv i, the astrophysical factorJ must be known
(see Eq. 4.2). For that, one needs to assume a DM density prod for the Milky Way.

In this work the Einasto prole with rs =20 kpcand =7:9 10 2 GeV/icm?® and the
NFW prole with a = 27:6 were used (see Eqg. 4.3 and 4.4). The normalisations of the
pro les were selected such that they match the local DM dendly syy = 0:39 GeVv/cm?®,
estimated in (Catena & Ullio 2009). The astrophysical factar was calculated for the on
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4.4 Determination of upper limits on hv i for a continuum spectrum
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Figure 4.17. Top: comparison of spectral distributions from the on and the

regions for the 4-tel con guration. Bottom: Residual distulion, tted with a

constant function. Since the result is, as expected, comiplativith 0, the re ected
pixel method proves to properly subtract the background.
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Figure 4.18: The spectrum of a circular on-region witx2 radius around the GC,
reconstructed with the same analysis technigque as describeSlec. 4.3, including
the background subtraction method, described in Sec. 4.3.As o -region, a
circle, centered at the GC witl®:3 inner radius andl outer radius, was used.
The t of the spectral distribution was done using a power-ldwnction with an
exponential cut-o: ddE—d't = o E exr{E—E], yielding o = 2:96 0:09
10 [ TeV *em 2s 1], = 212 005 Eg = 10:1 1.4 TeV. The tted
parameters agree very well with the spectrum reconstructedAharonian et al.
(2009b), red curve): g=2:55 0:06 10 [ TeV *cm 2s 1], = 210 0:04,
Eo=14:7 3.7 TeV. The higher normalisation is due to the underlying GC die
emission (see Sec. 3.2).

and the o -region and accounts to:

1
85 kpc (0:3 GeVicm®)2’

Jon =3141 ;Jo¢ = 1445 in units of

for the Einasto pro le and:

1

J =1217 ;J =502 in units of :
o ort 8:5 kpc (0:3 GeV/cm?)2

for the NFW pro le. The residual astrophysical factor, usin g the same units, iSJes =
1696 andJes = 715 for Einasto and NFW, respectively. Thus by backgroun d subtrac-
tion from the o -region, as de ned in this work, 46% for Einast o pro le and 40% for NFW
pro le of the signal is subtracted as well.
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4.4 Determination of upper limits on hv i for a continuum spectrum
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(a) Flux upper limits for Gaussian peaks for the all-tel con guration
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(b) Flux upper limits for Gaussian peaks for the 4-tel con guration

Figure 4.19: Upper limits on the ux from a Gaussian signature obtained tbe
all-tel (top image) and 4-tel (bottom image) con gurations for K peaks and dif-
ferent assumed energy resolutions, obtained from backgdosubtracted spectral
distributions. It is obvious that the sensitivity of the medkl improves with energy
resolution for the most peaks under study.
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Figure 4.20: Upper limits on the ux from a Gaussian signature for MC peaks f
all con gurations at 95% conf. level. See text for further t@ds.
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Figure 4.21: Upper limits on the ux from a Gaussian signature for MC peaks a

95% conf.
details.

level, obtained by combining all measurements. Se¢ fi further

The upper limits on hv i were determined by calculating the norm of the -ray spectrum
for each DM particle massM , that corresponds to an upper limit at 95% con dence level,
taking into account the number of bins involved and their statistical uncertainties. The
results are shown in Fig. 4.23 for the Einasto pro le and in Fig. 4.24 for the NFW pro le,
for both analysis con gurations. The upper limits, obtained for the all-tel con guration,
are slightly more constraining, since the energy resolutin does not play a major role for

the reconstruction of a smooth spectrum.
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4.5 Discussion and conclusions

10°[m Zs Tsr 1]

Energy [TeV] | std all-tel | std all-tel no bkg | std 4-tel | std 4-tel no bkg | h i Final: h i+
0.5 15.4 10.9 15.4 8.18 125 | 3.56 16
0.75 8.66 3.45 3.87 4.34 5.08 | 241 7.49

1 1.73 0.866 2.18 1.37 1.54 | 0.554 2.09
1.25 1.3 1.03 2.74 0.688 1.44 | 0.902 2.34
15 2.18 1.83 2.3 0.972 1.82 0.6 2.42

2 0.972 1.03 1.3 0.41 0.927| 0.372 1.3
25 0.818 0.259 1.22 0.345 0.661| 0.448 111

3 0.688 0.579 0.46 0.434 0.54 | 0.117 0.657
35 1.15 0.613 0.818 0.613 0.8 | 0.256 1.06

4 0.613 0.205 0.434 0.29 0.386| 0.179 0.564
45 0.205 0.183 0.325 0.274 0.247| 0.0651 0.312

5 0.173 0.183 0.46 0.387 0.301| 0.145 0.445

Table 4.2: Upper limits on the ux from Gaussian peaks for all used anialyg®n g-
urations. The nal upper limits are calculated from the meanlwas and the spreads
of the individual measured limits ds i +

10"

X2 dN/dx

10 i b b b b b L b L TN

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 4.22: Spectrum of -ray photons from secondary particles, created in DM
annihilations, as a function ok = E =M , with E being the photon energy and
M the mass of the DM particle. The parameterization was estimalbgd Tasitsiomi

& Olinto 2002).

4.5 Discussion and conclusions

In this chapter the analysis of the H.E.S.S. data from the GC lalo in the context of the
search for signals from DM annihilations was presented. Fst, a method of searching for
spectral signatures was described. This method can be appli to search for spectral signa-
tures coming from any possible physical process. In this wdg, it was used to obtain upper
limits on the ux from a Gaussian feature, produced in DM annihilations, in the data
from the GC halo (see Fig. 4.21). Non-negligible uxes from seh features are predicted
by some theoretical models (Bringmann et al. (2008), Hisaneet al. (2004)). Two di erent
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Figure 4.23: Upper limits on the velocity-averaged annihilation crossteechv i
of DM particles at 95% conf. level, obtained for the data fraime GC halo for both
multiplicity con gurations, all-tel and 4-tel. As a -ray spectrum, the parameteriza-
tion derived in (Tasitsiomi & Olinto 2002) was used. The Einagro le was used
for the DM density distribution. The all-tel con guration mvides more sensitive
results due to better statistics. See text for further dission.
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Figure 4.24: Upper limits on the velocity-averaged annihilation crosstggchv i
of DM particles at 95% conf. level, obtained for the data frame GC halo for both
multiplicity con gurations, all-tel and 4-tel. As a -ray spectrum, the parameteri-
zation derived in (Tasitsiomi & Olinto 2002) was used. The NFwb le was used
for the DM density distribution. The all-tel con guration mvides more sensitive
results due to better statistics. See text for further dission.

multiplicity con gurations were used, Ni; 2 and Ny = 4, to study the sensitivity of

the method for di erent quality requirements for the energy reconstruction. Besides, an
algorithm for background subtraction for the GC region was developed, allowing to ob-
tain background-subtracted spectra. As already discussedni Sec. 4.2.3, this is the rst
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4.5 Discussion and conclusions

time that such upper limits are obtained with a Cherenkov instrument. As far as other
instruments are concerned, a similar method was applied tolte data from the FERMI tele-
scope in the energy range between 30 GeV and 200 GeV (The Ferrh AT Collaboration
et al. 2010). A combination of the results obtained by FERMI and in presented analysis,
presented here, of the GC halo data are shown in Fig. 4.25. (seSec. B.2 for o-data
comparison). It has to be taken into account that events usedin the FERMI analysis,
originate from a much larger area:j bj> 10 anda20 20 square around the GC. Hence
overall, FERMI and HESS results (both on GC halo and o -data) p rovide to date the most
sensitive upper limits on spectral signatures in the energyange 20 GeV E 5 TeV.

ég g V Fermi data
£ =
—_ 91
L 0% V¥ HESS data
101°;*
10"
102
1013;*
10147. | | | M T T SR | s s s
410° 10" 710" 310" 1 2 3 4 5
E [TeV]

Figure 4.25: Combined upper limits from the measurement presented in thiskwor
and from FERMI experiment (The Fermi LAT Collaboration et al01D). For the
FERMI analysis, extragalactic regiong ¢ 10) and a20 20 square around
the GC were used. A power-law function with an index a2:7 (spectral shape of
galactic CRs) is plotted to guide the eye.

Moreover, the possibility to obtain a background-subtracted spectrum allows one to put
upper limits on the velocity-averaged annihilation cross-setion hv i, using a generic pa-
rameterization of the -ray spectrum (Tasitsiomi & Olinto 2002), created by seconday
particles (neutral mesons) in DM annihilations. For the DM density distribution the
Einasto and the NFW pro les were used, which describe best te smooth DM component
obtained in recent N-body simulations by Springel et al. (20®@) and Diemand et al. (2008),
respectively, normalized to the local density of 0.39 GeVien®. A comparison of the sen-
sitivity of the measurement, presented here, with most sensive measurements published
to date by H.E.S.S. shows, that only the results from the Sgr Dvarf Galaxy have a com-
parable sensitivity, if a cored pro le, providing higher densities at the center, is assumed
for the DM distribution in Sgr Dwarf (see Fig. 4.26). Thus the current measurement is
the most sensitive upper limit on hv i obtained by a IACT experiment to date, especially
concerning the usage of the shallower and more realistic Easto-pro le as the DM density
distribution.
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Figure 4.26: Upper limits on the velocity-averaged annihilation crosstgechv i
of DM particles at 95% conf. level, obtained for the data frothe GC halo with
the current analysis (black line), in comparison with othepper limits obtained by
with H.E.S.S.. While for this work both the Einasto and the MFdensity pro les
were assumed, other upper limits were obtained using eitherNtW pro le or an
isothermal cored pro le (for Sgr Dwarf), which provide a highdensity for the very
central region of a galaxy. Thus the measurement describedhis work is the most
sensitive measurement conducted by an IACT instrument to daigarticular using
the Einasto pro le. See text for further discussion.
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5 Summary and outlook

In this work detailed studies of the very high-energy -ray data from the GC region were
performed. These were possible thanks to the deep exposuré this region, achieved by
the H.E.S.S. experiment throughout the last years. In the rst part of this thesis, new

analysis methods were developed and applied in order to stydthe morphological and

spectral properties of the di use emission in the GC region. The di use emission is as-
sumed to originate from interactions of highly energetic harons, which were accelerated
at a central source and subsequently di used to the ambient pace, with the matter bound

in local GMCs. The H.E.S.S. observations allow the rst measirement where the propa-
gation of hadronic CRs can be directly observed, and the stug of the emerging radiation

allows to directly measure the diusion parameters. The reslt of the diuse emission

analysis, described in chapter 3, is the so far most limitingrestriction of the parameter

space of di usion for multi-TeV hadronic CRs in the GC region. Further improvement on

the understanding of CR di usion in this region can be expectd from observations of the
CTA experiment, a currently planned large array of Cherenkor telescopes (Wagner et al.
2009), due to its superior angular resolution, energy coverge and sensitivity.

In the second part of this work a search for signals of DM annifliations in the data from
the GC region was performed, where the largest density of Gaktic DM is presumed.
DM annihilations can manifest themselves both in a featureéss, continuum spectrum of

-rays as well as in -ray line signals, suggested by several theoretical modeldNew anal-
ysis methods were developed in order to search for spectraighatures in H.E.S.S. data,
including a procedure to subtract background originating from -ray-like hadrons. The
application of these methods to the H.E.S.S. data, describet in chapter 4, result in so
far best upper limits on the ux from spectral line features in the TeV range. Moreover,
assuming a continuum -ray spectrum from DM annihilations, upper-limits on the tota |
DM annihilation cross-section were derived. These upper-liriis are the best so far derived
from very high-energy -ray data, for the Einasto pro le used to describe the DM densty
distribution. For the future, more sensitive DM measuremerts in the TeV range can again
be expected from observations of the CTA experiment. For themass of DM particle below
100 GeV, the data of the currently operating FERMI observatory (Atwood et al. 2009)
will improve the existing limits for this particular energy range.






A Supplementary information for the di use
emission analysis

A.1 Supplementary gures and tables

Ring 1.0 | Ring 1.2 | Ring 1.4 | Template

Number of excess events
before point subtraction 2826.1 2797.9 2789.1 2938.09
Number of excess events
after point subtraction 2014.7 2052.9 1966.77 2195.8

Table A.1: Summarized statistics referring to the region of the di use esion
for the analysis of the low energy bard35 TeV < E < 0:6 TeV, before and after
point source subtraction, using di erent con gurations dfackground methods. The
number of excess events of the di use emission region was kbl for 1:07 <
< 1:65and 0:31<b< 0:33

Ring 1.0 | Ring 1:2 | Ring 14 | Template

Number of excess events
before point subtraction 2553.5 2586.0 2605.75 2620.35
Number of excess events
after point subtraction 1706.97 1769.9 1820.44 1829.39

Table A.2: Summarized statistics referring to the region of the di use esion
for the analysis of the low energy bar&s5 TeV < E < 100 TeV, before and after
point source subtraction, using di erent con gurations dfackground methods. The

number of excess events of the di use emission region was kkxli for 1:07 <
< 1:65and 0:31<b< 0:33
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Figure A.1: Example for moving the MCs in the GC region according to the fane
velocity map obtained in (Sawada et al. 2004).



Figure A.2: Distribution of signi cance taken from bins outside the dusion regions
for the ring-method, using a ring radius df.2 . The Gaussian t yields a slight
shift towards negative values = 0:23 0:01 and a larger width = 1:17, than
expected from a normal distribution. These e ects can be eipéd due to the size
and the shape of the exclusion regions.
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Figure A.3: Distribution of signi cance taken from bins outside the dusion regions
for the analysis of the low energy band. The Gaussian t yseld slight shift
towards negative values = 0:23 0:01and larger width than expected = 1:11.
However, these values are even better than for the total ggeange (see Fig. A.2),
thus showing that the acceptance lookup tables, created tftis energy band, do
not introduce additional systematic e ects.



Figure A.4: Distribution of signi cance taken from bins outside the dusion re-
gions. The Gaussian tyields a slight shift towards negativalues =
and larger width than expected = 1:05. However, these values are even better
than for the total energy range (see Fig. A.2), thus showirtat the acceptance
lookup tables, created for this energy band, do not introdusdditional systematic

e ects
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Figure A.5: Latitude pro les of the exposure corrected excess eventstiie low
energy band before source subtraction, obtained for theédatkd longitude ranges.

10 L L , L " L
A0 Qtacil atitudt [ded)”

g Longitude range [deg: 0.8 10 1.1

+
H,

s L s L
Goalactig Eamudle [deg]]’5

g-ray events
s o
5 8

@
&

L L , L L L
s 08 Goa\actig'Ealiludle[deg}]S

’ Longitude range [deg]: 0.2 10 0.5

1 *
Al g T

g-ray events
N
15

Q
&

N Longitude range [deg]: 0.5t 0.8

3 +*

3 ¥
"*“f=.|.4='|""j’gF Y Hﬁ}%

g-ray events
N @ s o
58 8 & &

=
2

L L
-15 -1 -0.5

Gatactié Patitude [ded]”

g Longitude range [deg]: 1.1t 1.4

+ 4+

&
5

_} H}; + % gﬁﬁ 2

g-ray events
5
8

T
A5 05 el Patitude [deg]

g Longitude range [deg]: 1.4 0 1.7

ik

TR UL BT
05 Qjactid Patitudk [ded]®

s s n L h
A5 108 &a\acug'Eall(udle[deg]]S

0:11 001



Longitude range [deg]: -1 10 -0.7 Longitude range [degl: 0.7 t0 0.4 50 Longitude range [deg]: 0.4 t0 0.1
o

) ) )

£ 50 £ 50 2

3 3 3

2 2 2

;’40 o ;’40 - ;’4007

g g g

S300- 300 S300-
200F 200 200
10 10 100

O%ﬁ ﬁ H, iR :4;

s #ﬁiﬂﬁ o+ﬂ+ff e

100 100 10
o R - B
Gﬂalacuc Eatltud:ela [deg]] GDaIactlc Eamudle [deg]I Goalactlc Eamud% [deg]]

£ 50 £ 50 £ 500
g g 17
% 0 Saod Seod
& & &
300 &304 a0

200t ¢ o # 200~ *

10¢-
100 * ;t; 100~
% % e N #f%* oo gt +H
0
+
QHEH%H: »100 . . -1ou :i: . ZH:*‘AF
o3 Salact Eamud}e [deg]] T Salaci Eamud%e [deg]I h Ty Qatacid Eamud}e [deg]]
3 [ g
%40 3 %40 3 % 00
&30 Saod- =300
200

N
5

N

S

T R ALY Tt
% ¥ ﬁ#§$+ .m}# ¥ %*;Fﬂ ,m#* #%ﬁ

. .
SRR é’alacuc Eamudle [degj] T GDaIacllc Patitudb [ded]® TEEE <9a|acu9 Patitudh [ded]®

Figure A.6: Latitude pro les of the exposure corrected excess eventstiie low
energy band after source subtraction, obtained for the gaded longitude ranges.

Figure A.7: Latitude pro les of the exposure corrected excess eventstifie high
energy band before source subtraction, obtained for thddated longitude ranges.



Figure A.8: Latitude pro les of the exposure corrected excess eventstlie high
energy band after source subtraction, obtained for the gaded longitude ranges.
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Figure A.9: Ratio between longitute excess pro les for the low energyntbgsee
Fig. 3.10) and the total pro le (see Fig. 3.27).
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Figure A.10: Ratio between longitute excess pro les for the high energnd (see
Fig. 3.10) and the total pro le (see Fig. 3.27).
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Figure A.11: Ratio between longitute excess pro les for the low and highesyy
bands (see Fig. 3.27).
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also Fig. 3.10 and Fig. 3.27).
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Figure A.13: Allowed regions obtained with all scan methods of the di usipa-
rameter space for the 3-D model for every con guration of baakgnd subtractions.
Color code: Ringl:0 : red, Ring1:2 : black, Ringl:4 : blue, Template: green.
For illustration reasons, in some plots contours of the oVleregions are replaced by
contours of individual bins, that lie inside the allowed pareter space. All con g-
urations yield similar allowed regions, no obvious systemagnds are visible (see
also Fig. 3.10 and Fig. 3.27).



p 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
o= 22 |1.19. 1.89]1.19.. 1.89 | | | | | | | | |
o= 215 | 0.754 .. 3 | 0.754 .. 1.89 | | | | | | | |
b= 21 | | 0.754 .. 3 |0.754 .. 1.89/ 0.754 .. 1.19 | | | | | |
»= 205 | | 0.754 . 3 | 0.475..3 |0.475.. 1.89|0.475 .. 1.19 | | | | |
b= 2 | | 0.754 .3 | 0475. 3 | 0475. 3 |0.475.. 1.89]0.475.. 1.19 | | | |
p = 1:95 | | 1.89 .. 3 0.754 .. 3 0475 .. 3 0.475 .. 3 0.3..1.89 0.3.. 1.19 | | |
o= 19 | | | | 0.754 .. 3 | 0475. 3 |0.475. 1.89] 0.3..1.89 | 0.3.. 1.19 | |
»= 185 | | | | | 1.19 .. 1.89 | 0.475 .. 1.89| 0.475 .. 1.89| 0.3 .. 1.89 | 0.3 .. 1.19 |
o= 18 | | | | | | 1.19 .. 1.89 | 0.754 .. 1.89| 0.475 .. 1.89| 0.3 .. 1.89 | 0.3 .. 1.19
p= 175 | | | | | | | 1.19 .. 1.89 | 0.475 .. 1.89| 0.475 .. 1.89| 0.3 .. 1.89
o= L7 | | | | | | | | 1.19 .. 1.89 | 0.754 .. 1.89| 0.475 .. 1.89
»= 165 | | | | | | | | | | 0.754 .. 1.19
Table A.3: Allowed di usion kpc?

energy-dependence

coe cients (at 95% con dence level)Dg Iin

Myr

as a function of initial spectral index, and the




energy-dependence

o 0. 0. 0. 0.4 0.5 0.6 0.7 0.8 0.9 1
p= 22 I | | I I | | I | I |
p=_2:15 I I I I I I I I I I I
p= 21 I I I I I I I I I I I
p=_ 205 I | | I I | | I | I |
p= 2 |119..189] | I I I I I I I I I
p= 195 | 0.75..3|0.75.. 1.19]/ 0.47 .. 0.75 | | | | | | |
p= 19 | 0.75. 3] 047..3 [047. 189]03. 1.19] 03..0.75| 0.3 .. 0.475 | | | |
p= 185 [ 0.75.. 3| 047..3 [047. 189] 0.3..1.89| 0.3..1.19[0.19.. 0.754[ 0.19 .. 0.47| 0.19 .. 0.3 [ |
p= 18 | 0.75.. 3| 047. 3 [047.. 189/ 03..1.89| 0.3..1.89] 0.19..1.19]0.19 .. 0.75/0.12 .. 0.47| 0.12 .. 0.3 [ 0.12 .. 0.19
p= 175 | 119 .. 3| 0.75..3 [0.47. 1.89/047 .. 1.89| 0.3. 1.89| 0.19.. 1.89 [0.19 .. 1.19/ 0.19 .. 0.75/ 0.12 .. 0.47| 0.12 .. 0.3
b= 17 [ | | 1.19 .. 1.89/0.75.. 1.89/ 0.47 .. 1.89| 0.3..1.19 | 0.3 .. 1.19 [0.19 .. 1.19]/ 0.19 .. 0.75| 0.12 .. 0.47
p= 165 | | | | 1.19 .. 1.89]/0.75.. 1.19] 0.47 .. 1.19] 0.3 .. 1.19 | 0.3 .. 1.19 [ 0.19 .. 1.19 0.12 .. 0.75
Table A.4. Allowed diusion coe cients (at 95% con dence level)Dg in % as a function of initial spectral index, and the







A.2 Standard spectral analysis

A.2 Standard spectral analysis

In Sec. 2.3.6 it was described how spectra of-ray sources are derived by the H.E.S.S. ex-
periment. From the number of excess events within the sourceegion it is possible to
calculate corresponding (di erential) ux values by using those e ective areas, which are
valid for the particular analysis, and t the spectral point s with a function, e.g. a power
law. In this way one obtains the spectrum of the whole sourceegion. If one is interested
in studying a possible energy-dependent morphology of a soce, this source is divided
into smaller regions most suitable for the e ect that is expected to show up, and spectra
are derived for each of these regions (see Berge (2006), The H. S. S Collaboration:
S. Funk et al. (2007)). In the case of di use emission, the expcted e ect due to a possible
energy-dependence of the di usion is a spectral hardening wh increasing distance from
the GC source (see Fig. 3.2), if > 0. In this case, it seems appropriate to divide the
area of the di use emission into, as far as possible, equallgized rectangles aligned along
the galactic plane (see Fig. A.14). However, this is not pogble for regions containing
HESS J1745 290 and GQ9 + 0:1, here two smaller squares are positioned around both
point sources.

Figure A.14: Signi cance map of the GC area divided into smaller regiongced
for determination of spectral parameters. Both point sour¢¢sSS J1745 290 and
G0:9 +0:1 are not included in the spectral analysis, as indicated by ted-dashed
areas.

For the standard spectral analysis the background subtracion is done by using the re ected-
method (see Sec. 2.3.4), which has the advantage that o -regins are selected such that
they have the same detector acceptance as the on-region, thusndering the use of the same
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set of e ective areas possible. It is worth mentioning, that for every particular on-region,

0 -regions have to be determined for every run separately, ad given the large exclusions
regions in the eld of view, not for every run adequate o -regions could be found, resulting
in di erent number of processed runs for various regions, se Tab. A.5.

¢2 / ndf 4.714/8
(D =
_2_— Prob 0.7877
- PO  -2.433+0.08486
-2.2_—
B A
-2.4_—
- —.— [ I
— —_—
-2.6—
2.8—
: ——
-3
3.2
-34__ . | \ | | | | | ] | | | |
1.5 1 0.5 0 -0.5 -1

Galactic Longitude [deg]

Figure A.15: Distribution of spectral indeces obtained by power-law tg the
spectra of the regions de ned in Fig. A.14. The errors on piosi indicate the
width of the corresponding regions. The errors on the spacindex stem from
the statistical error obtained from the t and a systematicrear of =0 :2. The
red line corresponds to the index of  2:29, which was obtained in (nat), while
the black line corresponds to a constant tto new results ayidld =  2:43 0:08.

In the same table spectral properties of the selected regianare summarized. These are
obtained by tting a power law function to the -spectrum of the particular region. De-
spite the large dataset the signi cance of some regions is v low, once again emphasizing
the fact that this analysis deals with a very faint emission. The low statistics consequently
a ects the determination of the spectral parameters ¢ and , resulting in large uncer-
tainties. In Fig. A.15, spectral indeces from Tab. A.5 are pbtted as a function of the
longitude coordinate of the corresponding regions. The syematic error of =0 :2is
included. One observes that overall, the spectra tend to betseper than the one pub-
lished in (Aharonian et al. 2006d). Fitting the indeces distribution with a constant yields
= 243 0:08, thus being consistent with the previous result within 2 .

The distribution of spectral indeces can as well be used for acan of the parameter space
of di usion. This is done by determination of predicted -dis tributions (using the same
regions as for the data analysis) from the 2-D di usion model and their comparison to the
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data by means of a 2-test, see Fig. A.17. The spectral indeces are determined byatcu-
lating the slope between the logarithmic spectral points atE = 0:5 TeV and E =5 TeV:

=log 1o( (5 TeV)) l09:0( (0O :5 TeV)). The normalisation of the model is not a ecting
the spectral index and therefore does not play a role, so theumber of free parameters is
3. The 95% con dence region is de ned by 2 2. +7:82. One can see that unlike
the scan described in Sec. 3.2.2, it is possible to restricthe allowed values of for a
given initial spectral index (mainly for 2.5 2:25), hence it is indeed possible
to constrain these parameters by using spectral informatio. Besides, an interesting sys-
tematic e ect reveals for this index range, showing up as a nno-smooth shape of allowed
parameter region in the transition between =0:1 and = 0. The factthat =0 is
preferred can already be seen by eye in Fig. A.15, since for> 0 a spectral hardening is
expected towards the outer regions of the emission, whereame rather observes a slight
softening, which is however statistically not signi cant.

Despite the apparent constraining power from the current san, addressing the aspect
of a possible energy-dependent morphology based on the resulpresented in Fig. A.15
appears problematic mainly because of two reasons. First ddll, for some regions about
25% of available data is not used because for these runs no &d o -regions were found.
Additionally, a possible correlation between tted index and normalisation (see Fig. A.16)
could be due to a systematic e ect of the t procedure, given the fact that the ux mea-
sured around point sources is not intrinsically low but is a ected by the exclusion of the
point source regions. Finally, the most important point is that the point source regions
are not taken into account, while primarily the region of HESS J1745 290 contributes a
signi cant fraction to the overall ux of the diuse emissio n (see Fig. 3.10). This fact
is believed to be at least partly responsible for the obsena shape of allowed parameter
regionfor =0and 25 2:2. An inclusion of these regions in the analysis would
require their spectra to be tted simultaneously by contrib utions of point sources and the
di use component, which is obviously non-trivial if all spectral parameters are left free.
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Figure A.16: Distribution of spectral index values vs. ux normalisation

obtained for the regions of spectral analysis. There is & tiat regions with lower
uxes tend to have steeper spectra, which is based on theltsgtom the constant
and linear ts, yielding 2=NDF = 10:7=8 and 2=NDF = 6:0=7, respectively.
This might be due to some physical e ect or a systematic problefmspectrum
reconstruction. Further discussion in the text.
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Regions

1 2 3 4 5 6 7 8 9
Number of processed runs 326 316 231 244 248 306 252 251 252
Number of OnEvents 4618 5468 3191 5135 5663 3284 5521 4858 2420
Number of O Events 31474 30900 20308 16751 13523 12513 18608 22234 20360
0.13 0.15 0.14 0.25 0.35 0.24 0.25 0.19 0.10
Number of excess events 443.10 789.0 299.2 927.2 996.7 272.3 898.9 688.9 290.7
Signi cance [ ] 6.32 10.43 5.11 12.26 12.06 4.38 11.41 9.49 5.85
Signi cance per ' hour 0.54 0.90 0.52 1.21 1.18 0.38 1.11 0.92 0.57
291 038 249 012| 2:83 024 234 009| 232 007| 254 025| 228 007| 231 009| 263 0:26
0[10 BTeV Icm ?s 11| 348 074 | 6:08 0:70 | 371 074 | 880 0:75 | 835 065 | 218 042 | 743 064 | 589 066 | 3:02 0:59

Table A.5: Statistical and spectral results from the analyses of a sktegions covering the di use emission in the GC area (see
Fig. A.14). One notices that for most of the chosen regions apg@mately 25% of runs could not be used due to a lack of suiabl
O Regions. Regions 3 and 6, being located above and belowgbit sources HESS J174290 and ®:9 + 0:1su er from low

statistics.




B Supplementary information for the dark
matter analysis

B.1 Supplementary gures

Figure B.1: Map of the GC region with pointing positions of the datasetad for
the di use emission and the GC halo analysis, shown as mageintées.
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Figure B.2: Distributions of the core distance coordinates for on and-iegions

for the all-tel con guration. The core distance, or impact pdi is de ned as the

position of the intersection of the shower axis with the gmali The coordinate

system has its origin in the center of the H.E.S.S. array, tkexis is pointing

towards north, while the y-axis points towards west. The cdafistance is one of
the parameters necessary for the energy reconstruction Gee 2.3.3). There is
a good agreement between distributions from the on- and o @y The peaks in

the distribution, located close to 0, correspond to the pamis of the telescopes,
for which there is an increase of triggering events, becausthis case the shower
directly hits the telescope.
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Figure B.3: Distributions of the core distance coordinates for on and-regions for
the 4-tel con guration. The core distance, or impact point, i ned as the position
of the intersection of the shower axis with the ground. Theocdinate system has its
origin in the center of the H.E.S.S. array, the x-axis is pamgt towards north, while
the y-axis points towards west. The core distance is one ofgheameters necessary
for the energy reconstruction (see Sec. 2.3.3). There is adjagreement between
distributions from the on- and o -region. Compared to Fig. B.pronounced peaks
are not observed at the telescope positions. That means tha peaks for the
all-tel con guration are mainly due to 2- and 3-telescope eve&nt
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Figure B.4: Distributions of the o set angles for on and o -regions for thall-tel
(a) and 4-tel (b) con gurations. The o set angle is one of thegsameters necessary
for the energy reconstruction (see Sec. 2.3.3). There is adjagreement between
distributions from the on- and o -region for both multiplicit con gurations.
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Figure B.5: Upper limits on the ux from a Gaussian signature, assuming 10%
energy resolution, for all con gurations at 95% conf. lev&8ee Sec. 4.3 for further
details.
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Figure B.6: Upper limits on the ux from a Gaussian signature, assuming 20%
energy resolution, for all con gurations at 95% conf. lev&8ee Sec. 4.3 for further
details.



F.'g L —_— s
0 B ~std BkgSubtracted
‘\-‘E B std 4Tel
: 104 - std 4Tel BkgSubtracted
10°
6| —
e =T I R A R S SR E A B B
0.5 1 1.5 2 25 3 35 4 4.5 5
E [TeV]

Figure B.7: Upper limits on the ux from a Gaussian signature, assuming 30%
energy resolution, for all con gurations at 95% conf. lev&8ee Sec. 4.3 for further
details.



B.2 Analysis of o -data

B.2 Analysis of o -data

In Sec. 4.3 the development of an algorithm, searching for sgrtral features, and its ap-
plication to the H.E.S.S. data from the GC halo was described The GC halo region was
used due to the high local DM density and the absence of sourseof astrophysical back-
ground. Spectral features may arise due to an enhanced anrilation process, in which
two DM patrticles annihilate into two -rays or a =Z pair (Hisano et al. 2004), or a large
contribution of hard internal bremsstrahlung (Bringmann et al. 2008), see Fig. 4.2.

The peak search algorithm can as well be applied to other dataln this section, its appli-
cation to the o -data is described (see Sec. 4.2.4 for de niton). The o -data comprises
contributions from mis-identi ed hadrons as well as a small dectron fraction. The contri-
bution of the smooth extragalactic -ray component is negligible (Egberts 2009). Since the
hadronic background is once again expected to be smooth, sgieal features might orig-
inate either from intrinsic spectral features of the electon® spectrum, like the infamous
ATIC peak (Chang et al. 2008), or features of extragalactic -rays (Bergstmem et al. 2001).
Since in both cases DM interactions would be at least one of t natural explanations for
the occurrence of such spectral feature, its detection or dermination of upper limits (like

it is done in Sec. 4.3) is interesting from the point of view ofsearches for DM signals.

N 2 ‘ Nt =4
Number of runs 2903
Livetime [hr] 1227.2
Number of events after shape cuty 18691660 1921530
Number of selected events 7798090 | 595429
Energy threshold [GeV] 282 309
Number of events with E < 1 TeV | 7107187 | 507678

Table B.1: Summarized statistics concerning the analysis of the o -daféhe much
lower number of events witiNy = 4 is due to a low size cut (60 p.e.) for the
standard cut con guration, for which many events with lower ttiplicity pass the
cuts.

The dataset of o -observations comprises 3000 runs, taken &m summer 2004 until De-
cember of 2007, with a total observation time of 1000 hrs (seEig. B.8 for the distribution
of events ind RA-Dec.). Once again, two multiplicity con gur ations were used:Ny 2
(all-tel) and N = 4 (4-tel). No background subtraction is applied, since for the o -
analysis, contrary to the GC region, the signal ux is expected to be isotropic. Beside
shape cuts, it is again required that the camera oset is < 2. Regions containing
-ray sources were excluded (see Tab. B.1). The correspondirgpectral distributions for
both con gurations are shown in Fig. B.9. These distributions were used for the peak
search procedure as described in Sec. 4.3. No signi cant pkes were found, thus upper
limits on the ux from Gaussian peaks for various energies wee determined at 95% con-
dence level for both multiplicity con gurations. These ca n be found in Fig. B.10 - B.13.
These results are at the same time upper limits on extra-galaic -ray signatures, as well

1 The term electron denotes here both electrons and positrons.
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Figure B.8: Distribution of events in RA-Dec, which are used for the o -dgsis,
indicating the distribution of pointing positions.

as on signatures of the electron spectrum. To take into accaut systematic uncertainties,
for each peak the limits obtained with both con gurations are compared and the larger
number is used, similar to the estimation of the systematic uncertainties performed in Sec.
4.3.5. Calculated upper limits are also summarized in Tab. B2. Despite better statistics,
the upper limits from the o -analysis are for most energies less sensitive than the results
from the GC halo analysis (see Tab. 4.2). This is, on the one had, due to the lack
of possibility of a background subtraction (see Sec. 4.3.4)and on the other hand also
possibly due to a worse sensitivity of theTSpectrum-algorithm for the o -spectrum due
to its steeper shape forE < 1.5 TeV. An improvement of the sensitivity might be object
of a future work. Nevertheless, a combination of these restd with the peak search results
obtained by the FERMI experiment (The Fermi LAT Collaborati on et al. 2010) is shown
in Fig B.14 and represents the most sensitive upper limit on gtragalactic peak signatures
to date.
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10*

— all-tel
— 4-tel

Figure B.9: Spectral distribution of the o -events, shown for both multiigity

15
logl10 (E [TeV])

con gurations. The shape of the distributions is similar tbé one obtained for the

GC halo analysis. The curvature of both spectra appears mooagunced than for

the spectrum of the GC halo (see Fig. 4.9).

10 °[m Zs Tsr 1]
Energy [TeV] | std all-tel | std 4-tel | h i Final: h i+
0.75 54.6 29 418 | 12.8 54.6
1 19.4 4.6 12 7.39 19.4
1.25 8.18 1.37 477 | 34 8.18
15 4.1 0.917 | 251 | 1.59 4.1
2 2.3 0.46 1.38 | 0.922 2.3
25 1.22 0.729 |0.976| 0.247 1.22
3 0.818 0.325 | 0.571| 0.246 0.818
35 0.688 0.259 |0.473| 0.215 0.688
4 0.345 0.516 | 0.43 | 0.0855 0.516
45 0.29 0.0729 | 0.181| 0.109 0.29
5 0.23 0.0516 | 0.141| 0.0894 0.23

Table B.2: Upper limits on the ux from Gaussian peaks for the analysi®oefiata.

The nal upper limits are calculated from the mean values ancetbpreads of the
individual measured limits als i +
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Figure B.10: Upper limits on the ux from a Gaussian signature, obtainearr
the o -data for the all-tel con guration for MC peaks and di eent assumed energy
resolutions. It is obvious that the sensitivity of the methaahproves with energy
resolution for the most peaks under study. Due to the steepmhaf the spectral
distribution for energies below 1 TeV, no upper limits could tbtained forE = 0:5
TeV for all peak widths except 10%. See Sec. 4.3 for details.
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Figure B.11: Upper limits on the ux from a Gaussian signature, obtainearr
the o -data for the 4-tel con guration for MC peaks and di erenassumed energy
resolutions. It is obvious that the sensitivity of the methaghproves with energy
resolution for the most peaks under study. Due to the steepmhaf the spectral
distribution for energies below 1 TeV, no upper limits could dbtained forE = 0:5
TeV for all peak widths except 10%. See Sec. 4.3 for details.
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Figure B.12: Upper limits on the ux from a Gaussian signature for MC peaks f
both multiplicity con gurations at 95% conf. level. No backgund subtraction can
be applied for the o -analysis, thus only two analysis conmtions are used. See
Sec. 4.3 for details.
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Figure B.13: Upper limits on the ux from a Gaussian signature for MC peaks

at 95% conf. level, obtained by combining measurements for bothltiplicity
con gurations. See Tab. B.2 for details.
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Figure B.14: Combined upper limits from the measurement presented in thiskwor
and from FERMI experiment (The Fermi LAT Collaboration et aDID). For the
FERMI analysis, extragalactic regions ¢ 10 ) and a20 20 square around the
GC were used. A power-law function with an index a2 (spectral index of di use
extragalactic -rays (Egberts 2009)) is plotted to guide the eye.
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