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Abstract

The aim of this work is to demonstrate the powerful synergies that arise from combining
data from various wavelength regimes to identify sources of very-high-energy (VHE,
E >100 GeV) ~-rays detected by H.E.S.S. After the underlying radiation mechanisms
as well as the observatories used for the analyses are introduced, this work focuses on
two very different kinds of astrophysical objects.

In the first part of this work, multi-wavelength observations of the surroundings of
the previously unidentified VHE ~-ray source HESS J1626—490 are presented. This
object is particularly interesting as it could not be associated to any obvious source of
highly energetic radiation, such as a powerful pulsar or a young supernova remnant. A
detailed analysis of data of an archival XMM-Newton observation does not yield any
X-ray counterpart that can be associated with HESS J1626—490. The derived upper
limit for radiation in the 1-10 keV band makes it unlikely that the observed VHE
~-ray signal is purely based on leptonic processes. Observations of 2CO (J = 1 — 0)
molecular line emission performed with the NANTEN telescope show the presence
of a molecular cloud in good morphological agreement with the VHE ~-ray signal.
Furthermore, based on H1 data from the Southern Galactic Plane Survey the shell-
type supernova remnant SNR G335.2+00.1 could be identified as a potential source of
hadronic cosmic rays that might illuminate the molecular cloud. The application of a
detailed model for cosmic-ray diffusion and interaction confirms that this SNR could
indeed provide a sufficiently large cosmic-ray density at the location of the molecular
cloud to give rise to the observed VHE ~-ray flux via the decay of neutral pions.

The second part of this thesis focuses on Globular clusters (GCs). These gravita-
tionally bound systems of highly evolved stellar populations feature extremely dense
cores with high stellar encounter rates. According to several theoretical models, the
large abundance of millisecond pulsars (MSPs) in GCs could give rise to y-ray emis-
sion in the MeV to TeV regime. Particularly for the highest energies, the ~v-ray flux
is expected to come from inverse Compton (IC) up-scattering of low-energy photons
by relativistic electrons. These electrons could be accelerated in the magnetospheres
of individual MSPs or in the shocks of colliding pulsar wind nebulae. Such a sce-
nario would also predict synchrotron emission in the X-ray band produced by the same
population of leptons. In this work, data from VHE ~-ray and X-ray observations of
several Galactic GCs were searched for the presence of such signals. The GC Terzan 5
stands out as the only cluster where significant excess emission could be detected in
both energy bands. Even though synchrotron/IC scenarios for the observed X-ray and
~-ray signals are viable, also different origins of the VHE ~-ray emission, such as a
recent type la supernova or a short gamma-ray burst, are discussed. Most likely, only
future observations with more sensitive VHE ~-ray observatories as well as more de-
tailed multi-wavelength studies will yield the decisive clues to explore the non-thermal
processes at work in GCs.



Kurzfassung

Das Ziel der vorliegenden Arbeit ist es aufzuzeigen, welcher Nutzen sich daraus ergibt
Informationen aus verschiedenen Wellenlangen-Bereichen zusammenzutragen, um Quel-
len hochstenergetischer y-Strahlung zu untersuchen. Zunachst werden sowohl die zu-
grundeliegenden nicht-thermischen Strahlungsmechanismen, als auch die Observatorien
vorgestellt, die die Daten fiir diese Arbeit geliefert haben. Der Hauptteil dieser Disser-
tation beschaftigt sich mit zwei sehr verschiedenen Klassen astrophysikalischer Objekte.
Im Folgenden sind die Ergebnisse der Beobachtungen kurz zusammengefasst.

Die TeV-Gammastrahlungsquelle HESS J1626—490, die mit dem H.E.S.S.-Teleskopsys-
tem entdeckt wurde, konnte bisher nicht mit einem bekannten Quelltyp hochstenerge-
tischer Gammastrahlung assoziiert werden, wie z.B. einem energiereichen Pulsar oder
einem Supernovaiiberrest. Die Auswertung von Daten, die mit dem Rontgenteleskop
XMM-Newton aufgenommen wurden, zeigt, dass keine signifikante Emission im En-
ergiebereich von 1-10 keV mit HESS J1626—490 in Verbindung gebracht werden kann.
Die abgeleitete obere Grenze fiir den moglichen Rontgenfluss schlie3t rein leptonische
Prozesse zur Erzeugung der beobachteten Gammastrahlung nahezu aus. Eine Analyse
von Radio-Daten beim Frequenzbreich des molekularen Rotationsiibergangs 12CO (J =
1 — 0) lasst auf eine Molkekiilwolke schliefen, die sehr gut mit dem Emissionsge-
biet der TeV-Gammastrahlung tibereinstimmt. Durch H1-Beobachtungen und durch
die Auswertung eines physikalischen Modells zur Diffusion und Interaktion von hoch-
energetischer kosmischer Strahlung lasst sich ein nahe gelegener schalenartiger Su-
pernovauberrest identifizieren, der eine ausreichende Dichte an relativistischen Pro-
tonen am Ort der Molekiilwolke liefern konnte, um den gemessenen Fluss an TeV-
Gammastrahlung durch den Zerfall neutraler Pionen zu erklaren.

Der zweite Teil dieser Arbeit beschéftigt sich mit Kugelsternhaufen (KHn). Diese
gebundenen Systeme aus weit entwickelten Sternen weisen sehr dichte Kerne auf,
in denen die Rate fiir nahe Begegnungen zweier Objekte sehr hoch ist. Aktuellen
Modellen zufolge kénnten die zahlreichen Millisekundenpulsare (MSPe) fiir Gamma-
strahlung mit Energien von 1 MeV bis 10 TeV verantwortlich sein. Insbesondere
die Photonen hochster Energien konnten durch inverse Compton-Streuung (IC) von
relativistischen Elektronen an niederenergetischen Photonen entstehen. Die hochen-
ergetischen Elektronen konnten in den Magnetospharen einzelner MSPe oder auch
in kollidierenden Pulsarwindnebeln beschleunigt werden. In einem solchen Szenario
ware auch Synchrotronstrahlung im Rontgenbereich zu erwarten, die von der selben
Population relativistischer Leptonen herriihrt. In dieser Arbeit wurden Daten aus
Beobachtungen von Gammastrahlung als auch von Rontgenstrahlung einer ganzen
Reihe Galaktischer KHn nach entsprechenden Signalen untersucht. Terzan 5 ist der
einzige KHn, bei dem in beiden Energiebereichen signifikante Emission entdeckt wurde.
Neben alternativen Szenarien fiir die Erzeugung der TeV-Gammastrahlung, wie ein
Typ-Ia-Supernovaiiberrest oder ein kurzer Gammastrahlungsausbruch, ist auch ein
Synchrotron-IC Modell zur Erklarung der gemessenen Rontgen- und Gammastrahlung



in der Lage. Moglicherweise aber wird der verantwortliche Mechanismus erst durch
Beobachtungen kiinftiger Gammastrahlungs-Obervatorien und detailliertere Multi-Wel-
lenlangen Studien aufgeklart werden konnen.
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1 Introduction

Almost 100 years ago Victor Hess discovered the existence of cosmic rays (CRs), a
highly energetic radiation from space which is mainly comprised of charged particles.
This discovery made it clear that the Universe has more to offer than is detectable
within the narrow energy regime accessible by our naked eyes. Today we know from
measurements of cosmic-ray-induced air showers, as performed, e.g., by the Pierre
Auger Observatory, that the spectrum of these cosmic particles extends up to energies
of at least 102! eV (see, e.g., Marig et al. 2007). Such particles are about eight orders
of magnitude more energetic than those produced in man-made accelerators. Thus,
the physics related to these particles and their cosmic accelerators lies at the edge of
our current understanding.

In 1949 and the following years, the first concepts of possible production mechanisms
of CRs were introduced by H. Primakoff, and later by various other scientists such as
[.B. Hutchinson and P. Morrison (see, e.g., Morrison 1958). Right from the beginning
it was clear that purely thermal mechanisms would be far too inefficient to provide
the observed CR flux at energies beyond a few keV, unless the temperatures of astro-
physical sources exceeded 10 million Kelvin by several orders of magnitude. Such high
temperatures seemed rather unrealistic, and thus, energetic CRs were considered to be
of some non-thermal origin. A good candidate for such a process was, and still is a
concept which was originally developed by Enrico Fermi in the 1940s (see Sect. 2.3).
In this theory a charged particle is repeatedly reflected by moving “magnetic clouds”
gaining large amounts of energy under certain conditions. However, for this process to
be efficient, very high velocities of the reflecting clouds would be needed, and thus large
amounts of available kinetic energy. Therefore, it was thought that only in the most
extreme and violent environments of the Universe, such as in the vicinity of recent
supernova explosions (see, e.g., Fig. 1.1) or in regions close to compact objects like
neutron stars, stellar-mass or supermassive black holes, the physical conditions are set
to accelerate particles up to the highest energies.

In measuring the energy spectrum of CRs, much can be learned about their origin
and acceleration mechanisms (see chapter 2, in particular Sect. 2.1). However, it is
very difficult to identify individual astrophysical accelerators by observing CRs. This
is due to the fact that charged particles, such as leptons, protons and heavier nuclei
are deflected by interstellar and intergalactic magnetic fields before they arrive at a
distant observer. Therefore, it is impossible to deduce the location of the original CR
source from measuring the arrival directions of these particles at Earth. A solution
for this problem lies in the observation of neutral messengers, such as neutrinos and
~-rays. As this work considers only the latter, the remaining part of this introduction

13



1 Introduction

H.E.S.S. RX J1713-3946

Figure 1.1: Image of very-high-energy ~-ray emission of the supernova remmnant
RX J1713—3946. The data were recorded with the H.E.S.S. array of imag-
ing Cherenkov telescopes. The size of the instrument’s point spread func-
tion is shown in the bottom left panel. Black contours show regions of
enhanced X-ray emission as seen with the ASCA satellite (Uchiyama et al.
2002). Image credit: H.E.S.S. collaboration.

will focus on high-energy photons, and what they can contribute to our understanding
of cosmic particle accelerators.

The astrophysical processes of high-energy ~-ray emission are inelastic collisions of
hadronic cosmic rays with nuclei of the interstellar medium, or the interaction of rela-
tivistic leptons with interstellar magnetic and radiation fields. Thus, the detected v-ray
flux should be enhanced towards the direction of individual cosmic-ray sources and/or
regions of dense interstellar matter. In particular the Galactic center and disc fulfill
both these requirements as most of the Galactic objects as well as the bulk of the inter-
stellar gas are concentrated there. Indeed, in 1967 enhanced ~-ray emission from the
Galactic center was detected by the OSO-3 satellite (Kraushaar et al. 1972), confirm-
ing the early predictions. By contrast, it came as a surprise as the first extragalactic
~-ray sources were discovered between 1969 and 1979 by the Vela satellites (Metzger
et al. 1974) which were originally designed to detect terrestrial y-ray flashes caused by
nuclear weapon tests. These detected astronomical sources were called Gamma-Ray-
Bursts (GRBs) due to their transient nature. Even today the origin of GRBs is still not
settled yet, but it is assumed that extremely violent and energetic types of supernova
explosions called “hyper-novae” might be the origin of some of these ~-ray flashes (see,
e.g., Georgy et al. 2009).

As v-radiation is absorbed by the Earth’s atmosphere, balloon-borne experiments and
later detectors aboard satellites were needed to confirm the presence of extraterrestrial
~v-rays. To detect this highly penetrating radiation a large and massive detector volume

14
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Figure 1.2: Map of the sky in Galactic coordinates showing all known VHE sources
(date: 2011-01-08). Source classes are indicated by different markers. Im-
age credit: Robert Wagner/MPPMU/MPG.

is needed. However, the dimensions and weight of satellite payloads are very limited,
which poses a natural constraint for the capabilities of space-borne ~v-ray detectors. A
new era in y-ray astrophysics came with the advent of ground based Imaging Atmo-
spheric Cherenkov Telescopes (IACTs, see Sect. 3.5) which are visible light telescopes
that do not detect the ~-ray photons directly but observe the Cherenkov light emitted
by particles of the air showers induced by both cosmic rays and vy-ray photons. These
telescopes do not suffer from the same limitations as their space-borne counterparts
and opened a new window at the highest y-ray energies between 100 GeV and 100 TeV
which lies beyond the reach of compact satellite detectors. This energy range is often
referred to as “Very-High-Energy” (VHE), in contrast to “High-Energy” (HE, MeV
to GeV) which is still best accessible by space-borne instruments, as e.g. the recently
launched Fermil satellite. Since the current generation of IACTSs, such as H.E.S.S.2,
MAGIC?, and VERITAS?, is in operation, well more than 100 individual VHE ~-ray
sources have been discovered.

Figure 1.2 shows all known sources of the current VHE ~-ray sky. A large portion
of these sources are of extragalactic origin and are most likely associated to accreting
supermassive black holes at the centers of active galaxies. The most common class of
Galactic VHE ~-ray sources are pulsar wind nebulae. These are regions around ener-
getic pulsars that are filled with a highly relativistic plasma of leptons which accelerate
low-energy photons to very high energies via the inverse Compton (IC) process. An-

or a summary of Fermi/LAT results from the first year of operation, see Michelson et al.
(2010)

2A review of recent H.E.S.S. results: Gallant, Y. A. for the H. E. S. S. Collaboration (2010)

3Scientific highlights and status of the MAGIC Telescope: Lépez Moya (2010)

4for a review of recent results from VERITAS, see LeBohec, S. for the VERITAS Collabo-
ration (2009)
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1 Introduction

other class of objects are young supernova remnants (SNRs, Fig. 1.1) that are also very
bright and often extended ~-ray sources. Here, leptons as well as hadrons might be ac-
celerated in the expanding supernova shocks and could produce y-rays by interaction
with surrounding photon fields or dense interstellar matter, respectively. As can be
seen in Fig. 1.2, a large fraction of Galactic VHE ~-ray detections still lack conclusive
identification. Such objects are often referred to as “dark” accelerators which means
that they could not be associated to any object seen at lower energies. It is because
of these unidentified objects that in some cases a v-ray astronomer can not be content
with sticking to the regime of highest energies and has to make a detour to radio, X-ray,
and infrared astronomy to uncover the mysteries of a particular source. The aim of
this work is to give a glimpse at how powerful multi-wavelength (MWL) studies can
be and what each energy regime can contribute to the understanding of the Universe
at highest energies. The following two examples will demonstrate this briefly.

In pulsar wind nebulae the same population of relativistic electrons is thought to be
responsible for VHE ~-ray emission via IC up-scattering of low-energy photon fields
as well as for synchrotron radiation in the X-ray band (see Fig. 1.3, Left). Each of

Figure 1.3: Left: Chandra X-ray image of the Crab nebula which is a pulsar wind
nebula around a very young and powerful pulsar. Visible are the pulsar
itself as a point-like source at the center, as well as toroidal structures
and perpendicular jets. The emission in the X-ray band is most likely
produced by synchrotron radiation of extremely relativistic leptons. Image
credit: NASA/CXC/ASU/J. Hester et al. Right: Multi-wavelength image
of Tycho’s supernova remnant (SN 1572). The image is a composite of
an X-ray image taken by Chandra (blue), an infrared image taken by the
Spitzer Space Telescope (red), and an optical image taken by the 3.5-meter
Calar Alto telescope (green). Image Credit: X-ray: NASA/CXC/SAO;
Infrared: NASA /JPL-Caltech; Optical: MPIA, Calar Alto.
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these two processes depends on different parameters of the astrophysical environment
of the pulsar and its nebula. The most important quantity for synchrotron radiation
is the strength of the magnetic field, whereas for the IC process the spectra and en-
ergy densities of the ambient photon fields, such as Cosmic Microwave Background,
starlight, and infrared dust emission, have the largest influence on the up-scattered
photon distributions. Thus, if the target photon fields are reasonably well known, the
ratio of fluxes in VHE and X-ray may allow to measure the magnetic field strength,
which in turn gives insights into the evolution of the pulsar and its nebula. In a similar
way, also X-ray observations of SNRs yield decisive insights into the distribution of the
magnetic field and its strength. In strong B-fields, the synchrotron cooling timescale
for energetic leptons is very short, which means that these particles will only fill very
small volumes as they diffuse away from their acceleration site. By measuring the ex-
tent of thin X-ray filaments at the rims of young SNR shocks, it was possible to derive
quite accurate values of the magnetic field strength right at the supposed production
site of high-energy cosmic rays (see Fig. 1.3, Right).

Another example for the power of MWL analyses are young SNRs interacting with
dense molecular clouds. Here highly relativistic protons, accelerated in the SNR shock,
may escape the shock and diffuse through the interstellar medium until they hit dense
target material in the form of molecular clouds. Neutral pions created in the inelastic
collisions decay into two -ray photons that can be detected by HE and VHE instru-
ments. The properties of the target material, such as its mass, its density and even its
distance can be derived with radio observations at mm/sub-mm wavelengths. Similar
to the first example, the search for X-ray emission will allow to determine or constrain
the contribution from an additional leptonic component through its synchrotron ra-
diation. If any piece of the puzzle is missing it is impossible to identify the source.
Comparing the broad-band emission of the SNR—molecular cloud complex to physical
models gives insights into the cosmic-ray diffusion coefficient which so far is a very
poorly known quantity.

In this dissertation two unidentified VHE ~-ray sources, detected by H.E.S.S., are
investigated in their broad MWL context to uncover the underlying physical processes.
In chapter 2 the relevant non-thermal radiation mechanisms are introduced, followed
by a detailed description of all observatories (chapter 3) whose data were used for the
presented analyses. In chapter 4 the origin of VHE ~-ray emission from the unidentified
H.E.S.S. source HESS J1626—490 is explored, in particular in the context of a SNR-
molecular cloud interaction scenario. The second main topic of this work is presented in
chapter 5. Here, Globular Clusters (GCs) are discussed as a potential new source class
of non-thermal emission in the X-ray and VHE v-ray regimes, with a particular focus
on the GC Terzan 5. The dissertation is closed by a brief summary in chapter 6.
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2 Cosmic rays and high-energy
astrophysical processes

This chapter provides an overview of our current understanding of the origin of cosmic
rays (CRs), their sources, as well as subsequent non-thermal radiation mechanisms
that may give rise to VHE 7-ray emission. In the first section (2.1) the CR spectrum
is discussed, followed by a Section describing the evolution of supernova remnants,
which are our best candidates as sources of Galactic CRs (Sect. 2.2). The next section
introduces the process of diffusive shock acceleration, which is one scenario how SNRs
and other energetic sources could efficiently accelerate particles to relativistic energies
(Sect. 2.3). Depending on the nature of these particles, they can give rise to intense
~-ray emission via leptonic or hadronic mechanisms. Both scenarios are discussed in
the last two sections of this chapter (Sect. 2.4 and 2.5).

The electromagnetic radiation is produced in the interaction of relativistic particles
with ambient magnetic fields, photon fields, or interstellar matter and can span the
whole spectrum from radio to ~-ray wavelengths. Thus, by observing the electro-
magnetic radiation one can explore the nature of the underlying high-energy particle
population. This knowledge can then be used to investigate the astrophysical sources
themselves and the physical conditions present in their environments.

2.1 The cosmic-ray spectrum

CRs can be divided into two groups. “Primary” CRs are those particles that are
directly accelerated in astrophysical sources, whereas “secondary” CRs are produced
in the interaction of primaries with the ISM or interstellar photon fields. Typical
primaries are electrons, protons and nuclei of isotopes synthesized in stars (see e.g.
D’Urso 2007). The observation of primaries, in particular their composition and energy
spectra, provides a direct window into the acceleration mechanism itself. However, all
primaries are charged particles and are therefore deflected by interstellar magnetic
fields, which makes it hard to deduce the position of their source in measuring their
arrival directions at Earth. Only primary CRs with extreme energies (~EeV) may
be used to locate cosmic accelerators, as their deflection is less pronounced. The low-
energy (SGeV) particles incident on the atmosphere are heavily influenced by the solar
activity and the geomagnetic field. Their flux is therefore dependent on the direction
and the activity state of the sun. CRs can either be detected directly by satellites or

19



2 Cosmic rays and high-energy astrophysical processes
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Figure 2.1: The all-particle CR spectrum from air shower measurements. The shaded
area shows the range of the direct CR spectrum measurements. Image
credit: Particle Data Group and D’Urso (2007).

balloons in space (EF <1-10 GeV) or via air shower measurements from the ground
(10 GeV< E <10%! eV).

The detection of secondary particles, like photons, neutrinos, and nuclei like lithium or
beryllium, gives insights into the interaction of CRs with various targets of the ISM,
and only provides indirect evidence for the underlying particle acceleration process.
Therefore, to explore cosmic accelerators through the observation of secondaries, one
needs a detailed understanding of the particle interaction mechanisms as well. Some
of the secondary species (7y-rays, neutrinos) are neutral and are thus not affected by
intra- and extragalactic magnetic fields. In contrast to primaries, these messengers can
therefore be used to locate CR sources, independent of the particles’ energy.

Figure 2.1 shows the high-energy end of the all-particle CR energy spectrum, multiplied
by E%7 to make the deviations from a pure powerlaw shape at high-energies more
pronounced. Up to energies of about 10'° to 106 eV the CR spectrum follows a
powerlaw distribution with index —2.7. At larger energies the spectrum is steeper and
the transition is referred to as the “knee”. One interpretation for this steepening is that
CRs up to this energy are of Galactic origin and that the location of the knee indicates

20



2.2 Evolution of supernova remnants

the maximum energy achieved by these sources. Also, CRs with energies larger than
100 eV might not be confined within Galactic magnetic fields and could escape into
intergalactic space (Ptuskin et al. 1993). At energies of about 10'Y eV the CR spectrum
begins to flatten again, which is called the “ankle”. A common interpretation for this
feature is that at these energies the spectrum of an extragalactic population of CRs
with a larger high-energy cut-off, starts to dominate over the Galactic flux. Sources for
these extra-galactic CRs could be nearby active galactic nuclei. If these high-energy
particles are indeed of extra-galactic origin, from sources at distances beyond 100 Mpc,
then a rapid steepening of the CR spectrum at ~ 5 x 1019 eV is expected (the GZK cut-
off, Greisen 1966; Zatsepin and Kuz'min 1966) due to the onset of inelastic collisions
of ultra-high-energy CRs with the cosmic microwave background (CMB). However,
current measurements in that energy range do not provide sufficient statistical quality
to favor or disfavor such a scenario.

2.2 Evolution of supernova remnants

Supernova remnants (SNRs) are our prime candidates for Galactic CR sources, as
they are among the most energetic and violent environments in the Galaxy. However,
to discuss possible particle acceleration scenarios, first a basic understanding of the
evolution of SNRs is required. This section provides a brief summary of our current
phenomenological understanding of SNR evolution (see also Woltjer 1972). In a su-

L and

pernova explosion a bubble of hot gas of mass M, initial velocity v ~ 109 cms™
a typical total energy £ ~ 10°! erg is ejected into the surrounding cold interstellar
medium (ISM) with density p &~ 1 cm™3. When the bubble starts to interact with
the ISM, a shell with radius R, preceded by a shock is formed. Initially, the shell is
hot and pressure forces dominate over radiative cooling effects (cooling rate (de/dt);aq,
where € is the current kinetic energy of the ejecta). Ultimately, when a large amount
of interstellar matter has been swept up, the velocity of the shell becomes comparable
to the random motion of interstellar clouds and the shell is completely absorbed into
the ISM, losing its identity. Following Woltjer (1972), the hydrodynamic evolution of

SNRs can be divided into four phases:

e Phase I: M >> (47/3)pR>
Here the SNR expands freely into the surrounding gas (free expansion phase), as
the mass of the swept up material is negligible.

e Phase II: M < (47/3)pR3, [(de/dt)padt < E
As the mass of the swept up material becomes comparable to the mass of the
ejecta, the SNR enters the so-called Sedov phase (Sedov 1959). This happens
after a time

1/3 ~1/3 ~5/3
tSedov =~ 200 (L) ' ( £ ) : (%) years. (2.1)

1051 erg 109 cms—
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Then the velocity and the shock radius scale with time as R o t%% and v o
t73/5 respectively. As radiative losses are still negligible the total energy of
the bubble remains constant. If the downstream ISM is cold the limit of strong
shocks (with Mach numbers > 1) is reached and the compression factor, i.e the
ratio between post- and pre-shock density, is approximately s = 4. A typical
interstellar magnetic field of ~3 pG could be increased due to the compression
to B < 12 uG in the post-shock medium. Then the magnetic energy density is
B? /81 = 6x107 12 erg cm 3. For a shock velocity v = 100 km s~! the hydrostatic
pressure behind the shock is equal to (3/4)pv? = 1.9 x 1071Y erg cm™3, which
is almost two orders of magnitude larger than the magnetic field energy density.
Thus, the influence of the magnetic field on flow dynamics is negligible in Phase
IT, and B just follows the motion of the gas.

Due to the expansion, the density behind the shock gradually decreases, while the
temperature increases. When the density of the matter inside the shell becomes
sufficiently low due to the adiabatic expansion, a reverse shock forms that is
driven back into the interior of the SNR, further heating the gas (Ardavan 1973).
At a certain temperature, radiative cooling starts to become effective. For T" >
5 x 108 K free-free absorption of H and He is the dominant radiation process.
At lower temperatures line emission from heavier elements, such as iron, is more
important. To estimate the duration of Phase II one can calculate the radiative
timescale, i.e. the time after which half of the initial energy FE is lost due to
radiative processes. Following Woltjer (1972) this time can be calculated as:

trag = 1.1 BT p_9/17 years. (2.2)

e Phase III: t > t,.q

The matter behind the shock has cooled down significantly and the shell now
moves at constant momentum, i.e. (47/3)pR3v = constant. Due to the cooling,
the post-shock density increases further by probably also increasing the magnetic
field strength. The latter is only true in the case of the magneto-hydrodynamic
limit, where the magnetic field is coupled to the motion of the plasma and the
magnetic field strength is directly related to the density. For a shock traveling
transverse to the magnetic field the upper limit for B is given by pv? = B%/8n,
which corresponds to B = 80 uG for a pre-shock density p = 1 cm™2 and v =
100 km s~'. This suggests a compression factor of s = 26, giving an upper limit
for the post shock-density of 26 cm™3. Larger densities, as observed, e.g. from
the Cygnus Loop, an SNR with an age between 5000 and 8000 years, are of course
possible if the shock is moving along the magnetic field lines.

e Phase IV: v =~ 10 km/s
When the expansion speed becomes comparable to the random motion of inter-
stellar clouds the bubble of ejecta merges into the ISM. Now the shell is heavily
distorted and can no longer be distinguished from the ISM.

The model above is only valid if the shock expands into a homogeneous medium.
However, if a dense cloud lies along the way, the shock reaching the cloud will be slowed
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down due to the increased density. The shock outside of the cloud will propagate
undisturbedly and compress the medium behind the cloud. Therefore, the cloud is
then surrounded by regions with high pressure, leading to a uniform compression. If
the radiative cooling timescale for the cloud medium compared to the time it takes
for the shock to traverse the cloud is large, the cloud may heat up and disperse. For
short cooling timescales, the cloud will remain a coherent object, compressed by the
surrounding gas. In the latter case a dense molecular cloud is maintained that could
provide target material for CRs accelerated in the SNR shock (see Sect. 2.5).

As discussed in the next section, magneto-hydrodynamic shocks could be able to ac-
celerate particles to relativistic energies. For SNRs both leptonic and hadronic particle
populations are discussed in the interpretation of high-energy observational data. The
presence of relativistic particles inside the shell can lead to an accelerated expansion
during the free expansion phase (Phase I) or can hinder the deceleration during later
phases. This effect should become important if the total energy of the CRs becomes
comparable to the kinetic energy of the ejecta. Particularly during Phase III where the
kinetic energy varies as R~3, this might be the case and could lead to a significantly
different behavior of the shock radius with time: R o t1/3, in contrast to R o t2/5, as
expected without the additional CR pressure (Kahn and Woltjer 1967).

Up to now, we only discussed the evolution of the expanding shell, but not a possible
compact object remaining at the center of core-collapse supernovae. In the case of a
spinning, magnetized neutron star, i.e. a pulsar, a population of relativistic particles
is injected into the medium inside the cavity created by the supernova blast wave.
These particles interact with the unshocked material and form a termination shock at
a radius of ~0.01-0.1 pc. Similarly to the outwards propagating forward shock of the
SNR, also at this termination shock particles may be accelerated to high energies (see
next section). These particles propagate outwards and fill the interior of the SNR shell,
forming the so-called Pulsar Wind Nebula (PWN). The evolution of such a PWN is
tightly connected to the dynamics of the shell and can be divided into three distinct
phases. First the radius of the PWN is much smaller than that of the shell and the
wind expands freely. When the PWN encounters the reverse shock of the SNR it is
compressed, followed by a re-expansion. This might eventually lead to the “stripping”
of the pulsar from its wind. In the third phase the pulsar forms a new, more compact
PWN; in addition to the “relic” PWN of particles injected at much earlier times. As a
PWN is not a very likely scenario for the v-ray sources discussed in this work, only a
brief summary of PWN evolution is given here. For a detailed review on the structure
and evolution of PWNe, the reader is referred to Gaensler and Slane (2006).

2.3 Diffusive shock acceleration

In the previous section our current picture of the evolution of SNRs was discussed, in-
cluding some references to possible particle acceleration mechanisms that are supposed
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to be present in these environments. There is much observational evidence, such as syn-
chrotron emission in the radio to X-ray energy regime or HE/VHE ~-ray emission, that
SNRs are indeed sources of relativistic particles. Even though the exact acceleration
mechanism is unknown, there are physical models that reproduce the measurements
surprisingly well. If high-energy CRs originated right from the supernova explosion
itself, they would be trapped in the expanding plasma bubbles and lose their energy
adiabatically (see, e.g., Eq. (130) in Kulsrud 2005). Therefore, CRs are unlikely to
be accelerated in the explosion itself, but have to be created in their remnants, when
the expansion rate has slowed down significantly. The most common model for this
case is diffusive shock acceleration, also referred to as Fermi acceleration, a concept
that dates back to the 1940s. Originally, these considerations were made for the de-
velopment of nuclear bombs to model the effects of shock fronts propagating through
the atmosphere. In this section the Fermi acceleration scenario is motivated, and it
is shown that this scenario can reproduce some of the observed properties of the CR
spectrum.

Following Fermi (1949), particles can gain energy when they are reflected multiple
times by moving interstellar clouds. When a particle with energy £ and momentum p
collides with a cloud,moving with velocity u < ¢, with a mass much larger than that
of the particle, the energy (E’) and momentum (p’) of the particle in the frame of the
cloud are:

E'=FE+up (2.3)
uly
p/=p+c—2. (2.4)

After the collision p’ is reversed to —p’ and E’ is unchanged. Transferring back to the
rest frame we get:

2
E'"=FE —(-p u=FE +up =FE+2up+ O <z—2> : (2.5)

and the CR is now moving in the opposite direction. If it encounters another moving
cloud it will be reflected again, gaining energy in the process. Therefore, particles
could be trapped between two approaching clouds, and if the escape probability of
the particles is sufficiently small they could gain large amounts of energy. The two
approaching clouds will eventually be penetrated or reflected by each other. Thus, the
particles the particles would be trapped between two receding clouds at later times.
If the escape probability of the particles is too small they would lose again the same
amount of energy that they gained before. Therefore, this scenario was at first deemed
rather unlikely, as the dwell time of the particles inside the acceleration region would
have to be just right, to transfer a significant amount of energy from the clouds to

CRs.
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2.3 Diffusive shock acceleration

Even though the above particle acceleration mechanism is viable under certain condi-
tions, still a scenario has to be established how this could be realized in an astrophysi-
cal context. Following Drury (1983) (and references therein), the strong hydrodynamic
shocks in expanding SNR shells can provide a suitable environment for efficient Ferms
acceleration. Here the moving magnetic clouds are represented by the upstream and
downstream fluid. In the limit of strong shocks the compression factor is s = 4, which
is also the ratio between the up- and downstream bulk velocities. For a shock moving
with velocity gy, the upstream fluid velocity u_ equals |ig,| and the downstream fluid
velocity is uy = |Ugy|/4, when transforming into the rest frame of the shock. The CR
particle crosses the discontinuity and bounces off the downstream flow, losing an energy
of 2uy E/c = (2|tgy|/4)E/c. Tt is then reflected back and bounces off the upstream
flow, gaining an energy of 2u_FE/c = 2|ig,|E/c. After these two reflections the net
energy gain of the CR particle is 2 x 2|iig,| E/c. Because the up- and downstream flow
are formed by the same fluid which traverses the shock region, the “mirrors” are stable
and the relative direction of u4 and u_ will not change with time, in contrast to the
scenario of colliding clouds. Therefore, only the total number of collisions, and thus the
maximum energy gain, depends on the particles’ dwell time in the acceleration region,
and not the energy gain per collision.

05! erg) and their rate in

With the observed energy release of supernova explosions (~ 1
the Galaxy (one per 30 years) a conversion efficiency of ~0.1 from the kinetic energy of
the ejecta into particle acceleration is required to account for all the observed Galactic
CRs (Baade and Zwicky 1934). Even though this might seem plausible, apart from
this total energy balance, also other CR characteristics need to be reproduced by the
model. Of course, the qualitative description in the previous paragraph is not sufficient
to investigate more detailed properties of the CR spectrum, e.g. its spectral shape. For

a general approach the CR transport equation has to be solved (e.g. Drury 1983):

of L
5~ VDV +avi=

Vi of
—p=. 2.6
Here f(7,p) denotes the particle distribution function, @ the bulk velocity and D the
diffusion coefficient in the acceleration region. With the shock moving along the z-axis
and assumed to be at = 0 in frame of the shock, V - @ equals (uy —u_)d(x). For the

stationary case (% = 0) equation 2.6 then reads:
of o (.0f\ 1 of
U T B (Dé)x) = 3(u+ uf)é(a:)pap. (2.7)

This equation can be solved for the up- and downstream regions separately, where
the right-hand side is zero. Furthermore, the equation can be integrated for a small
region around the shock and matched to the up- and downstream solutions. To obtain
solutions for the up- and downstream particle distribution functions f; and f_, respec-
tively, we assume as boundary conditions f(z,p) — f—(p) and 9f/0x — 0 as x — —o0,
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and f(z,p) — f+(p) and 0f/0x — 0 as © — +oo. The up- and downstream solutions
inserted into equation 2.7 integrated over a small region around x = 0 gives:

_uy —u— Ofy

(f+ = [ )u-

This is a differential equation for the downstream distribution f; when the upstream
distribution function f_ is assumed to be known. The solution is:

q P 1
f+= o / fop e Yay (2.9)
0

with ¢ = 3s/(s — 1) and s = u_/uy. If f_ is very steep, i.e. mainly dominated by
low-energy particles, fi asymptotically follows a powerlaw distribution in p with index
—q for high energies. For strong shocks ¢ = s = 4, which is, quoting Drury (1983),
“encouragingly similar to the observed CR spectrum”. A more detailed derivation of
the above solution is given by Kulsrud (2005).

The above solution is only an approximation, as in efficient accelerators the CRs them-
selves can have a significant impact on the shock structure. In particular, CRs can
make the shock more compressible, increasing the compression factor s. This makes
the spectrum of accelerated particles harder with indices ¢ &~ 3.7, as recent observations
and theoretical calculations for the SNR RX J1713.7—3946 have shown (Berezhko and
Vélk 2006).

2.4 Leptonic radiation mechanisms

In the previous section one possible particle acceleration mechanism was discussed that
might be present in shell-type SNRs or at the termination shock of PWNe. Such a
mechanism works similarly well for hadrons and leptons, and in fact either of the two
might be dominant in different kinds of sources. Now taking the presence of high-energy
particles for granted, this section discusses possible electromagnetic radiation processes
that arise from a leptonic population of particles (i.e. electrons and positions).

2.4.1 Inverse Compton scattering

Compton scattering, in particular the scattering of a high-energy electron off a low-
energy photon (= “inverse Compton”, IC), is a common phenomenon in astrophysics
and may give rise to emission in the HE and VHE energy regimes. The IC process
in general is very complicated, however, there are two limiting cases where the cross
sections simplify. These are the Thomson limit, where the photon energy is negligible
with respect to the electron rest mass (E, < mc?), and the Klein-Nishina limit, which
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describes the opposite case (£, > mc?). Following Blumenthal and Gould (1970), in
the Thomson limit the total electron energy loss rate is given by:

dE. 4
T = ggTC'y €, (210)

where

2
8 e?
=— | —- 2.11
or=3 (47T60m02 ) (2.11)

is the Thomson cross section and e, denotes the energy density of the photon gas.
Furthermore, in the Thomson limit the photon distribution function prefers low energy
photons, where not much energy is transferred from the electron to the photon (see
Fig. 2.2). Things change in the extreme Klein-Nishina limit. Here the energy loss
rate is no longer proportional to 72 but increases only logarithmically with energy
(—% x In7y). Furthermore, the behavior of the photon distribution function is reversed
with respect to the Thomson limit. Now higher energies are favored, meaning that

electrons preferentially lose a large portion of their total energy in single collisions (see
Fig. 2.2).

When assuming a powerlaw distribution for the electron energy spectrum (N, o< E~P)
and a black-body spectrum for the photon field, which is reasonable as most of the rel-
evant photons originate from thermal sources (CMB, dust and starlight), the spectrum
of IC up-scattered photons in the Thomson limit also follows a powerlaw distribution
with index —(p+1)/2. The IC spectrum in the extreme Klein-Nishina case is a power-
law spectrum as well, however with a much steeper index of —(p+ 1) (Blumenthal and
Gould 1970). Thus, towards higher energies in the lepton spectrum the photon field
with the softest spectrum (e.g. the CMB) dominates. In many cases it is therefore
sufficient to only consider the CMB as target photon field. However, if the electron
population is embedded in very intense additional photon fields originating from in-
frared dust emission or starlight, other components might play a significant role in the
IC spectrum. This could be the case in regions close to the Galactic center or in ~-ray
binaries with a bright companion star.

2.4.2 Synchrotron radiation

In astrophysics synchrotron radiation (SR) may account for non-thermal emission in
the radio to X-ray wavelength regimes. The SR flux and spectral shape mainly depend
on the underlying population of leptons and on the magnetic field. An electron with
energy £ = ymc? spirals along a magnetic field line with an angular frequency of
() = eB/~yme, which is independent of the angle between its velocity and the magnetic
field lines. The spectrum of emitted SR photons can be calculated by transforming
into the lepton rest frame and studying the Compton scattering of the electrons with
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5.0

40~

Figure 2.2: Distribution function of the IC scattered photon in the general case. Ep de-
notes the fraction of the scattered photons energy with respect to the energy
of the incident lepton. I'; is a dimensionless parameter that determines the
domain of the scattering. I'e < 1 refers to the Thomson limit and I'c > 1
refers to the extreme Klein-Nishina limit. Image credit: Blumenthal and

Gould (1970).

the virtual photons of the magnetic field. Following Blumenthal and Gould (1970), the
total energy loss rate due to SR can be written as:

dE  2rf
Fre —%VQBQUQSiDZOz, (2.12)

with ro = e%/mc?, the lepton velocity v and the pitch angle o between @ and B.
The opening angle of the emitted radiation is very small for highly relativistic leptons
(6 o< v~ 1), leading to strong beaming effects in the laboratory frame. Figure 2.3
shows the SR spectrum of a single electron as a function of © = v/v., with the critical
frequency v, = 3eBv3/4mme. The spectrum is peaked near v, with a sharp cut-off
towards lower energies and an exponential decline towards higher energies (ox e™” / vel.
Now assuming a distribution of electrons following a powerlaw shape (N () o< v~P) the
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shape of the SR spectrum also follows a powerlaw with index —(p — 1)/2 (Blumenthal
and Gould 1970).

0.8 -
=x fx Ks/ (£)d¢
08k

0.4

0.21

Figure 2.3: SR spectrum of a single electron as a function of z = v/v.. Image credit:
Blumenthal and Gould (1970).

As the leptons lose energy via SR, the radiation in turn modifies the lepton energy
spectrum, redistributing high-energy leptons to lower energies. This effect is also often
referred to as “synchrotron cooling”. Following Blumenthal and Gould (1970) SR
cooling steepens the lepton spectrum by increasing the index by one: N(v) o< v™P —
N(v) v~ @+ Whether this effect becomes important is determined by the age
of the electrons with respect to the SR cooling timescale, and it becomes dominant
first for larger electron energies. Thus, synchrotron cooling can introduce a spectral
break in the observed SR spectrum at a critical energy E., which is determined by the
magnetic field and the age of the lepton population.

2.5 Hadronic radiation mechanisms

Apart from leptons that were discussed in the previous section, also hadrons may
produce VHE ~-rays in the vicinity of cosmic accelerators. Via inelastic collisions of
relativistic protons with interstellar matter neutral pions could be created that subse-
quently decay into two y-ray photons. The problem of discriminating between leptonic
and hadronic processes is not easy, and often only a multi-wavelength approach may
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shed light on the issue (as discussed in Sect. 3.4.1). However, hadronic scenarios are
preferred when the interaction region is located sufficiently far away from the acceler-
ation region, so that a potential primary leptonic component is efficiently cooled away
via SR. Then only secondary leptons that are created in the inelastic hadronic colli-
sions may contribute to the y-ray signal. Such a scenario is viable for «-ray emission
observed from molecular clouds (MCs) in the vicinity (10 to 100 pc) of SNR shocks.
This hadronic mechanism that ultimately leads to «-ray emission can be divided into
three phases, which are all described in this chapter. First the hadrons have to be ac-
celerated to high energies (see Sect. 2.3). Then the relativistic particles diffuse through
the ISM until they impinge on the dense target material of the MC (see Sect. 2.5.1).
Finally, neutral pions (among other products) are created in the inelastic collisions
which decay into y-ray photons (see Sect. 2.5.2).

2.5.1 Cosmic-ray transport

Following Aharonian and Atoyan (1996); Gabici et al. (2009), this section describes
a model to calculate the effects of diffusion on CRs escaping from SNR shocks. Here
a SNR in the Sedov phase is considered, where the shock radius and velocity scale
with time as R, oc %% and |idg| o< t73/% (see Sect. 2.2). The transport equation
(Eq. 2.6) determines the shape of the CR spectrum originating from SNR shocks.
In the general case the diffusion coefficient in the shock region D is a function of
energy. The maximum momentum ppax achieved by accelerating shocks is given by
the confinement condition, i.e. the diffusion length /4 should be smaller than the shock
radius Rgp:

D(pmax)

— < Ry, 2.13
|ush‘ S ( )

la = S
In the Bohm limit! the diffusion coefficient only depends on the momentum and the
magnetic field (D o p/Bg,). Therefore, the maximum momentum decreases with
time as pmax X Bt /7. It might decrease even faster since the magnetic field is also
expected to decrease with time. For any given time, the spectrum of accelerated CRs f
follows a powerlaw distribution for p < pmax (see Eq. 2.9) and has a sharp cut-off at p >
Pmax- All particles with energies above this cut-off escape from the acceleration site. At
any given time t the spectrum of runaway particles gesc can therefore be approximated
by a delta-functional dependence plus the spectrum of particles with p > ppax that
have been accelerated at earlier epochs (Ptuskin and Zirakashvili 2005):

%)
Gesc = _5(]7 _pmax) X / ng ot 3

< apmax vﬁsh
0

+ pmax> I+ (pmaX7 R)- (2~ 14)

Bohm diffusion describes the transport of charged particles in magnetized plasmas by
introducing a relation between the gyroradius ry and the particles” mean free path A.
The ratio between these two quantities was empirically found to be \/ry = 16 (see, e.g.,
Spitzer 1960).
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The determination of pyax requires the knowledge of the diffusion coefficient, which in
turn is determined by the level of magnetic turbulence that is generated by the CRs
themselves. This problem is therefore non-linear, and its solution is not straightforward.
For this model the evolution of the maximum momentum is parametrized as pmax X
t=9. This is motivated by the fact that most of the kinematic parameters that describe
the shock in the Sedov phase, such as Ry, and |ig,|, also feature a powerlaw dependence.
To determine ¢ a value of pmax = 5 PeV/c is assumed at early (¢ = 200 yr) and
pmax = 1 GeV/c at late (¢ = 5 x 10* yr) epochs, which requires § ~ 2.48. The lower
energy threshold is motivated by the fact that at energies below 1 GeV ionization
losses dominate over the nuclear interaction cross section. The upper energy threshold
corresponds to the location of the knee in the CR spectrum, which might indicate
the maximum energy achieved by Galactic accelerators (see Sect. 2.1). According to
Ptuskin and Zirakashvili (2005), if the maximum momentum has a powerlaw shape,
then also the spectrum of escaping particles follows a powerlaw distribution of the form
x p~4. Following these authors, the distribution of escaping particles fou; for a given
distance from the shock R satisfies the following diffusion equation:

8f out
ot

(Rap7 t) = DISM<p)V2fOut(Rapa t) + Qesc(pv t)5<R) (215)

The diffusion coefficient Digni(p) = Dio(pe/10 GeV)? describes the transport of rela-
tivistic particles in the Galactic ISM, with Dig being the coefficient at a momentum
of p =10 GeV/c. Note that Digyr describes the diffusion through the ISM outside the
acceleration region, and should not be confused with the shock diffusion coefficient D
that is used, e.g., in Eq. 2.6. The parameters s ~ 0.5 and Dy ~ 10%® cm?s~! can
be constrained by CR measurements (Berezinskii et al. 1990). However, the quoted
values are only an average over the whole Galaxy and might differ quite substantially
in the vicinity of individual CR accelerators. Therefore, exact measurements of the
high-energy particle population in these regions may provide insights into CR trans-
port mechanisms and magnetic field turbulence. If ppax indeed scales as a powerlaw
with time, Eq. 2.15 can be solved analytically for any given distance R from the SNR
shock, time ¢ and energy £ > ¢ X pmax(t) (Gabici et al. 2009):

) nEsN e~ (R/Ra)?
m™/2In(Eyax/Emin) RS

Jout(t, R, E E2 (2.16)

Here Egy is the total energy released by the supernova explosion and 7 is the fraction
that is converted into CRs. Fpax = 5 PeV and Eyi, = 1 GeV are the maximum and
minimum energies of CRs escaping during the whole Sedov phase. The diffusion length
R4 is given by:

Rq = \/4D(E)(t — x(E)), (2.17)
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where

PN
X(E) = 1Sedov <E ) . (2.18)
max

Here tgeqov (see Eq. 2.1) is the time after which the SNR enters the Sedov phase. With
Eq. 2.16 the spectrum of CRs that arrive at a MC located at a distance R from the
shock and at a time t after the explosion can be calculated?. Figure 2.4 shows the
energy density of CR spectra calculated with Eq. 2.16 for R = 50 pc, nEgy = 107 erg,
Dip = 10%® ecm?s™!, and evaluated for various times t. Please note that the CR
spectra shown in Fig. 2.4 only comprise hadrons that originate from the nearby SNR
shock. Of course each MC is also embedded in the “sea” of CRs that are generated by
the whole population of Galactic and extragalactic particle accelerators (with a flux
of Jgea = 2.2 (%)_2'75cm_2s_1GeV_1sr_1, Dermer 1986). However, for sufficiently
young SNRs and if the distance between MC and SNR is not too large, the local
particles dominate over the energy density of the sea. The ratio between local CR

2Please refer to Gabici et al. (2009) for a more detailed discussion of each step of the above

derivation.
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Figure 2.4: Energy density of CRs (nEsy = 10°° erg) at a distance of 50 pc from the
SNR shock. The different colors refer to different times after the supernova
explosion, as indicated in the figure.
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density and CR density observed at Earth, which is assumed to be representative for
the mean Galactic sea value, is also referred to as the Cosmic ray enhancement factor

kcRr.

2.5.2 The emissivity of 7'-decay v radiation

In the previous section a model to calculate the time dependent energy density of CRs
incident on a MC located at a certain distance from the SNR shock was introduced.
MCs mainly consist of molecular hydrogen (Hz) and we therefore have to consider
“fixed target” proton—proton collisions. To calculate the expected ~v-ray flux due to
70-decay one first has to know the neutral pion emissivity ¢;(Ey), i.e. the number of
created pions produced per second per hydrogen atom. Following e.g. Dermer (1986),
the mV-emissivity can be calculated as:

o do(E;, E.
4r(Er) = 47?/ dE, Jp(Ep) (dTp)’ (2.19)
i m

where E,, E; denote the energy of the proton and the pion, respectively, J, = ¢/47 fp out
is the incident proton flux and do(Ey, E},)/dE; the differential cross section for the
production of a neutral pion with energy F in a fixed target collision of a proton with
energy Fp. In the GeV to TeV energy range the fraction of the incident proton energy
that is transferred to the 7¥ is nearly constant (f; ~ 0.17, see Gaisser 1990). Now
assuming that every created pion gets exactly that fraction of the proton’s energy in
the collision, Eq. 2.19 can be simplified to (Aharonian and Atoyan 1996):

Gr(Er) = 4W/E A dEp5<Eﬂ - wap)Upp(Ep)Jp(Ep>> (2.20)

where 0,,(E,) is the total inclusive cross section for 7°-production in proton—proton
collisions, which is well known from accelerator experiments. Below 10 GeV oy, shows a
rather strong energy dependence. Here, the parametrization given by Dermer (1986) is
used for this energy range. For higher energies the cross section is only mildly energy-
dependent and can be approximated as o, ~ 30 x (0.95 + 0.06 log(£/GeV)) mb
(Aharonian and Atoyan 1996).

Each 70 decays into two y-ray photons and in an isotropical case the v-ray emissivity
then is:

o0
4r(Ex)
gy (E~) = 2/ ———dF,, (2.21)
vy il B E72r — m%c‘l m

with the photon energy E, and ¢r(Er) from Eq. 2.20.
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2 Cosmic rays and high-energy astrophysical processes

In the particular case of a powerlaw proton spectrum with index —a Eq. 2.21 can be
written as (Gaisser 1990; Aharonian and Atoyan 1996):

167 fo—1
4y (Ey) =~ Tapp(loEW)Jp(Ev)nA. (2.22)

Here na =~ 1.5 is a correction factor to take into account the contribution from heavier
nuclei. Also note that oy, is here formally evaluated at 10 times the photon energy,
which roughly corresponds to the energy of the primary proton. To predict the y-ray
flux observed from a MC at a distance R from the SNR and at a distance d from the
observer we assume that the cloud acts as a passive target, i.e. that no additional
particle acceleration is present inside the cloud. In this case the y-ray flux is given

by

Jy 0P
4?2 ’

F, = (2.23)
where n(r) is the gas number density and V' the volume of the cloud. If the CRs can

freely penetrate the MC, the ~v-ray emissivity is constant over the whole volume, and
Eq. 2.23 reads

K mpdnd?’

(2.24)

where M is the total mass of the MC inside the volume V' and m,, is the proton rest
mass (Aharonian and Atoyan 1996). In this work (chapter 4) Eq. 2.24 is used to model
the VHE ~-ray emission of HESS J1626—490 in the context of a SNR-MC interaction
scenario.
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3 Observatories

The techniques to measure extraterrestrial light at different wavelengths are almost as
diverse as the physical mechanisms responsible for the emission. Figure 3.1 shows the
electromagnetic spectrum together with typical observatories at each band. The at-
mosphere’s degree of opacity at each frequency allows ground-based (e.g. visible light,
radio: 10 cm to ~10 m) or requires space-borne (e.g. infrared, X-ray) observation.
Visible, UV, infrared and X-ray wavelengths today are mainly recorded with semi-
conductor CCD cameras; yet camera operating modes and mirror optics are greatly
different among the various energy bands. Due to the long wavelengths radio obser-
vatories require huge telescope dishes and/or long baselines in interferometric mode
to achieve good angular resolutions. To detect highly penetrating ~-radiation above
~0.1 MeV classical optical concepts are not applicable and therefore v-ray instruments
resemble more the detectors used in high-energy particle physics (as, e.g., the recently
launched Fermi satellite). At energies beyond 100 GeV ground based Imaging At-
mospheric Cherenkov Telescopes (IACTs) even use the atmosphere itself as detection
medium to gain huge effective areas.

It is the purpose of this chapter to introduce the different observatories that provided
the data necessary for the analyses presented in chapters 4 and 5. Also the detection
techniques at the respective frequency regime are described in some detail. As this
work is based on two VHE ~-ray sources detected with H.E.S.S., the one thing that all
of the observatories have in common is that they can observe the southern sky and are
therefore either located somewhere on the southern hemisphere or space-borne. Even
though most of these telescopes were not built with y-astronomy in mind, they can
still be powerful tools for our purposes. To demonstrate these synergies, each of the
following sections contains a “scientific background” subsection, which introduces the
areas of high-energy astrophysics where the respective observatories can contribute to
our understanding of the physical processes.

3.1 The Australia Telescope Compact Array (ATCA)

3.1.1 Scientific background: SNRs and the Interstellar Medium

One of ATCA’s primary purposes is the study of the Interstellar Medium (ISM) of the
southern sky. But how does this link to VHE v-ray sources detected with H.E.S.S.?
Many of the cosmic particle accelerators are connected to supernova explosions and
their remnants. These violent events have quite a large impact on the surrounding
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Figure 3.1: Schematic view of the electromagnetic spectrum and the observational tech-
niques for each band. Image credit: Berrie Giebels/CNRS/France

ISM as they deposit their kinetic energy by compressing the surrounding gas, creating
large blown-out cavities bordered by dense, shell-like regions with diameters of a few 10
to 100 pc. By searching for such imprints of SNRs in the ISM with radio observations,
parameters such as the distance or sometimes the age of the SNR can be derived. This
section will give some general information about the ISM, describe how stars and their
remnants influence their surroundings, how the ISM can be observed, and what we can
learn from that about cosmic ray accelerators in particular.

A significant portion of the total mass of the Milky Way is not yet condensed into
stars and exists in the form of gas that occupies the interstellar space. Its average
density is about p ~0.1 atom/cm® but can increase greatly in the centers of dense
clouds where star formation takes place. The ISM features a wide variety of different
phases defined by its temperature and density, ranging from cold, dense molecular
clouds (T~10 K, p <10° atoms/cm?) to hot ionized gas in H1I regions (T~10* K,
p ~10% atoms/cm?) where the UV radiation of young stars heats the surrounding gas.
The physical condition of the ISM dictates its dominant cooling mechanism. Thus, the
gas might be visible at very different wavelengths. Non-ionized atomic hydrogen can
be traced by its 21 cm hyperfine transition. As the thermal energy associated with
this transition is <1 K, it can be excited almost in every environment. Hot plasma on
the other hand, may be best seen in infrared (Ha emission) or even in the X-rays via
thermal continuum and line emission of metals.
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3.1 The Australia Telescope Compact Array (ATCA)

Figure 3.2: All-sky map of 21 ¢cm emission in Galactic coordinates. Most of the radia-
tion comes from the hyperfine transition of neutral hydrogen. Image credit:
Reich et al. (2001)/MPIfR.

The ISM plays an important role in the dynamical evolution of a galaxy’s stellar pop-
ulation as new stars are formed in the densest parts of the ISM. Stellar winds and
outflows, as well as explosions such as novae and supernovae feed the ISM with new
matter and energy which can lead to compression and heating of the gas and might
trigger new star forming activity. The interplay between the ISM and stellar objects
defines the galactic dynamics and the timescale on which all the free gas will be finally
condensed into stars which marks the end of its active life-span.

Hydrogen is by far the most abundant element in the Universe. Tracing neutral hy-
drogen (HT) via the 21 cm hyperfine line intensity over a large fraction of the sky (see
Fig. 3.2 for an example) allows to identify ISM structures of Galactic scales down to
individual clouds with sizes of only a few parsec. All these size scales are also impor-
tant for high-energy astrophysics: The v-ray emission from the Galactic center ridge
might be linked to the distribution of matter in that region (Aharonian et al. 2006a).
Furthermore, as mentioned above, many individual cosmic ray accelerators, such as
young SNRs, influence the surrounding ISM on scales of a few 10 pc.

One can even measure distances by observing the H1 line. The Milky Way rotates, and
the relative velocity between object and observer depends on their respective positions
in the Galaxy. This introduces a Doppler shift of the measured wavelength (A\X) with
respect to the emission that would be observed at rest. This shift translates into a
relative line-of-sight velocity (vrggr) via:

AN
VLSR — TC. (31)
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If the Galactic rotation curve is known vrgr can then be used to calculate the dis-
tance to the observed object. This basically adds a third coordinate along the line of
sight to the data in addition to the two coordinates in the plane of the sky. The gas
distribution can then be studied in three dimensions, and the distance to objects seen
in other wavelength regimes (e.g. SNRs) connected to certain ISM structures can be
measured.

Velocity: 6.78 km/s
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Figure 3.3: Left: H1 image at 6.78 km/s of the SNR W41. The emission from the
continuum source (denoted by red contours) is clearly absorbed, most likely
due to foreground clouds. Right: H1 emission/absorption spectra from a
sub-region of the SNR W41 and a background region. It can be clearly
seen that up to velocities of ~100 km/s the source spectrum is absorbed

with respect to the background spectrum. Image credit: Leahy and Tian
(2008).

As recently shown by Tian et al. (2007, for G18.84+0.3) and Leahy and Tian (2008,
for W41), H1 absorption measurements can also be a powerful tool to determine the
distance of continuum radio sources, such as SNRs. Here the H1 line emission spectrum
from a continuum source is compared to the H1 spectrum from an adjacent background
region (as shown in Fig. 3.3). Gas clouds that lie between the continuum source and
the Earth lead to absorption dips in the H1 spectrum from the on-source region that
do not exist in the background region. The maximum line-of-sight velocity up to which
such absorption dips occur gives a lower limit for the distance to the SNR, as there
must be absorbing matter up to this distance between the observer and the source. An
upper limit for the distance to the continuum source can be derived if a prominent gas
cloud is located at a larger line-of-sight velocity that does not show up as an absorption
dip in the H1 spectrum. Otherwise, if such a cloud would indeed be in front of the
SNR, a prominent absorption dip in the H1 on-source spectrum would be expected.
However, one difficulty of this method is that emission in the HT1 line does not only
arise from the continuum source but also from emitting clouds overlapping with the
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3.1 The Australia Telescope Compact Array (ATCA)

source in the plane of the sky. If the HI emission varies between background and source
regions, fake “absorption” signatures could be generated.

3.1.2 Observation technique: Radio telescopes and interferometry

The radio fluxes of astronomical sources are in many cases very small compared to
fluxes in other wavelength regimes and large collecting areas are needed to measure
the faint signals. Radio observatories are in a sense non-imaging telescopes as the total
light is collected and focused onto one receiver at the focal plane. An image of the
intensity distribution on the sky can be created by combining the data from a scan
over a larger region. The size of the area on the sky where the radiation can originate
from to be focused onto the receiver is referred to as the “beam size” and is mainly
determined by the diameter of the mirror area. Similarly to the point spread function
of imaging telescopes the beam size determines the angular resolution of the obtained
images. Thus, for good angular resolution and large collecting areas radio telescopes
need large dishes of tens or even one hundred meters.

A method to increase the angular resolution without increasing the size of individual
dishes is the use of several telescopes in an array configuration. Operating the array in
interferometric mode allows to observe at an angular resolution that a telescope with
the diameter of the separation between the telescopes would have. At radio wavelengths
both the amplitude and the phase of the light can be recorded by each individual
telescope. Therefore, the combined interferometric information can be gained by an
offline analysis. In contrast, in optical and infrared astronomy the light from each
telescope has to be propagated and physically combined to record the interference
pattern. For a specific distance (“baseline”) between two telescopes and position on
the sky the measured signal is one point of the so called “coherence function”:

V= /L,(;)e%”' (=73 g0, (3.2)

Here I, is the intensity distribution on the sky, s is the unit vector in the direction of
observation, and (7; — 7;) is the separation vector between antenna i and j. Basically,
the recorded interferometric signal is the Fourier transform of the intensity distribution.
By scanning the Fourier space for many different baselines a high resolution image of
the sky can be obtained after Fourier back-transformation of V.

3.1.3 The telescopes

ATCA is an array of six 22-m radio telescopes (Fig. 3.4) with configurable antenna
spacings. While one antenna is fixed in position the other five can be positioned at any
of 44 stations providing baselines between 30 m and 6 km. The array is operated by
the Australia Telescope National Facility (ATNF) together with other radio telescopes
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Figure 3.4: A part of the Australia Telescope Compact Array at the Paul Wild Observa-
tory, Narrabri, New South Wales, Australia. Image credit: ATNF /CSIRO.

as the Parkes'! and MOPRA? observatories. ATCA can be used for observations at
wavelengths between 27 cm and 3 mm. Many atomic and molecular lines, such as the
21 c¢m hyperfine line of molecular hydrogen (H1) lie in that frequency range.

This thesis makes use of public ATCA H 1 data recorded as part of the Southern Galactic
Plane Survey (SGPS, McClure-Griffiths et al. 2005). For this survey the southern Milky
Way was scanned in a region of Galactic longitude, | = 253° to [ = 358° (SGPS I)
and [ = 5° to [ = 20° (SGPS II) covering Galactic latitude |b] <= 1°5. These survey
data have an angular resolution of 2'. Observations were conducted between December
1998 and November 2000 where the ATCA survey region was observed ten times to
minimize the systematic effects due to annual variations.

To study high-energy sources connected to SNRs it is particularly important to resolve
ISM structures in all three dimensions down to scales of ~10 pc. Therefore, a good
spectral resolution is particularly important to measure also the line-of-sight extent
of the gas distribution. For the SGPS the maximum bandwidth for each observed
frequency was 8 MHz which was sampled by 2048 channels. This leads to a channel
width of 3.9 kHz which translates to a resolution in the line-of-sight velocity of Avygr =

http://www.parkes.atnf.csiro.au/
http://www.narrabri.atnf.csiro.au/mopra/
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Figure 3.5: Pseudo color NANTEN 2CO (J = 1 — 0) total intensity map in galactic
coordinates. Image credit: Matsunaga et al. (2001).

0.82 km s~!. The SGPS data are publicly accessible via the world-wide-web?. In this
work the data are used to study the environment of HESS J1626—490 (Sect. 4.5).

3.2 The NANTEN mm/sub-mm observatory

3.2.1 Scientific background: Molecular Clouds

Hadronic scenarios for high-energy v-radiation are based on production and decay of
neutral pions in a sufficiently massive and dense target medium (see Sect. 2.5). In the
previous section (3.1) it was discussed how observations of atomic hydrogen (H1) can
help in locating the accelerator itself, i.e. the SNR, based on its signature imprinted on
the ISM. This section focuses on the search and characterization of the target medium
via observations of molecular gas such as carbon monoxide (CO).

The densest regions of the ISM consist mainly of molecular hydrogen (Hz) and are
therefore called “molecular clouds” (MCs). Due to the lack of a dipole moment and
the unsuitable conditions within MCs to excite its rotational transitions, Hy is difficult
to observe directly. Carbon monoxide (CO) is the second most abundant molecular
species in MCs. It has a dipole moment and its rotational transitions are easily excited
at typical MC temperatures (10-100 K) and densities (=100 cm™3). CO line emission
is in most cases the main cooling mechanism for MCs as the transition is efficiently
excited by collisions with Hy molecules.

3http://www.atnf.csiro.au /research /HI/sgps/queryForm.html
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The frequency of the radiation emitted by a rotational transition from level J to J — 1
can be calculated as:

_ AEw  hJ
 h 2xl’

(3.3)

v

where [ is the molecules moment of inertia. The 2CO (J = 1 — 0) transition lies at a
frequency of v = 115 GHz (A = 2.6 mm). Depending on the temperature and density
at the emission region also higher transitions might be observable, e.g. the J =8 —7 is
suited to study warmer gas in the denser parts of Molecular Clouds (MCs). Similarly
to HT line data (see Sect. 3.1.1), the line-of-sight velocity, and therefore the distance
can also be measured with CO line observations.

The observed CO intensity Wco is considered to be a good tracer of the Hs column
density (V) which constitutes most of the total mass of the MC. Large-scale CO
surveys (see e.g. Fig. 3.5) were performed to characterize Galactic and extragalactic
molecular gas. Ny, can be estimated from CO observations through a constant “X-
factor” (e.g. Dickman 1978):

N
X = % em 2K s, (3.4)

From observations of Galactic MCs this factor was estimated to be X ~ 10?2 cm ™2 K~ ! s
(e.g. Dame et al. 2001). However, if this factor is assumed to be constant there arises a
discrepancy between the Galactic distribution of SNRs, believed to be sources of cosmic
rays, and the emissivity (= photons /target mass /s) of y-rays. This could be solved if
the X-factor increases by a factor of 5-10 from the inner to the outer Galaxy, as also
expected from the Galactic gradient in metallicity (Strong et al. 2004). Furthermore,
the 12CO (J = 1 — 0) line intensity is known to be saturated due to extinction for
sufficiently massive and dense MCs (e.g. Caselli et al. 2008). Thus, only if the CO
intensity is below the saturation level it is a good indicator for the total mass of the
cloud. New insights in the issue of determining the correct X-factor might also be
gained by simulations of MCs in various conditions (e.g. Shetty et al. 2011).

As already discussed in detail in Sect. 2.5 SNR-MC interactions provide a unique
way to probe hadronic cosmic ray transport and ~-ray production. Dense molecular
material and young SNRs are strongly connected due to the dynamical evolution of
star formation. SNRs are believed to be sources of high-energy cosmic rays, and dense
molecular clouds in the vicinity can provide target material for escaping relativistic
particles. Leptons are efficiently trapped in regions near their acceleration site due
strong magnetic fields, whereas energetic hadrons may survive the trip to the cloud. A
part of the cosmic ray flux is converted into y-rays via the production and subsequent
decay of neutral pions. In studying both the VHE and CO emission we can learn
more about cosmic ray acceleration, transport and diffusion as well as interaction with
the ISM. In chapter 4 the VHE ~-ray source HESS J1626—490 is discussed in such a
context.
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3.2 The NANTEN mm/sub-mm observatory

Figure 3.6: Left: The 4-m NANTEN mm/sub-mm telescope (1995-2004) at the Las
Campanas-Observatory, Chile. Right: The upgraded NANTEN?2 telescope
(since 2004) on Pampa la Bola, Chile. Image credit: Onishi et al. (2005)
and ph 1/Universitat Koln.

3.2.2 The telescope

The 4-m NANTEN mm/sub-mm radio telescope (Fig. 3.6, left) is in operation since
1994 and was located at the Las Campanas-Observatory (Chile) until 2004. After that
period the main and secondary reflector as well as the mount were upgraded and the
telescope was moved to a higher location on Pampa la Bola (Fig. 3.6, right). The
accessible frequency range is 115-880 GHz or 2800-340 pm. Institutes from Japan,
South Korea, Germany and Chile participate in the new NANTEN2 project.

NANTEN’s primary scientific objective is to map CO emission from the southern
Galactic Plane and southern off-plane regions. Previous CO surveys suffered either
from low spatial resolution (8-30"; Dame et al. 2001) or from small spatial coverage
(Sanders et al. 1986). With NANTEN a large part of the Galactic Plane was surveyed
[ = 240° to 60° and |b| < 10° (see Fig. 3.5), with a beamsize of only 2/6 (Mizuno and
Fukui 2004). The integration time per point was ~5 s allowing a velocity resolution
and coverage of 0.65 km/s and 500 km/s, respectively.

NANTEN’s unprecedented capabilities to resolve small-scale molecular structures on
the southern sky make it an ideal instrument, in combination with HE and VHE ~-ray
instruments, to identify hadronic ~-ray emission processes. The data of the NANTEN
Galactic Plane Survey are not publicly accessible, but the necessary data to search for
molecular clouds connected to HESS J1626—490 (Sect. 4.4) were kindly provided by
the NANTEN collaboration.
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3.3 The Spitzer Space Observatory

3.3.1 Scientific background: Star forming regions and their
connection to y-ray sources

A correlation between high-energy y-rays and star forming regions (SFRs) was proposed
already in the 1980s (Casse and Paul 1980; Voelk and Forman 1982; White 1985;
Pollock 1987). In particular, massive stars and the interaction of their stellar winds
with each other or the surrounding ISM were discussed as potential sources of high-
energy radiation. With the Compton Gamma-Ray Observatory (COMPTEL) and
the Energetic Gamma-Ray Experiment Telescope (EGRET) a first strong statistical
correlation between SFRs and ~-ray emission could be established (e.g. Romero et al.
2000). With the discovery of the VHE ~-ray source TeV J2032+4130 by the HEGRA
IACT (Aharonian et al. 2002) an individual VHE 7-ray source could be connected
to stellar effects in an SFR for the first time. Recently, a similar source which is
probably connected to the SFR Westerlund 2 was discovered with H.E.S.S. (Aharonian
et al. 2007a). SFRs harbor large amounts of fast-evolving, massive stars and are thus
likely connected to other “classical” types of VHE ~-ray sources such as SNRs and
PWNe. Especially because SFRs are embedded in dense molecular clouds, they are
good candidates for high-energy v-ray emission via hadronic processes in SNR-MC
interactions.

Star formation is still a very poorly understood process, particularly the mechanisms
that originally form molecular clouds, as well as how the cloud collapse is triggered
that ultimately leads to densities and temperatures high enough for hydrogen burning.
A review of the current phenomenological understanding of star formation is given by
Krumholz (2011). What are the observational diagnostics at our disposal to identify
regions with star forming activity? Star formation starts at dense cores of molecular
clouds and the first young stars ionize the surrounding nebula with their strong UV
radiation. Such regions of ionized hydrogen are called H 11 regions, in contrast to clouds
of non-ionized gas (H1). Particularly, the most massive stars form in very compact H 11
regions featuring relatively small sizes (<0.1 pc), high densities > 107 cm™3, high
temperatures (7' > 100 K) and high luminosities (104-10% Lg). As the first emission
from these stars is heavily obscured by the surrounding gas and dust, they are difficult
to detect directly. Only at later stages, when the nebula becomes less opaque, the newly
formed stars can be observed. However, a large part of the energy is re-radiated in the
mid-infrared regime by the envelope comprised of gas and dust. Thus, infrared (IR)
surveys combined with radio continuum and molecular line observations are a powerful
method to locate SFRs. Furthermore, due to the compact and dense molecular clouds
at their centers SFRs become strong absorbers of H1 emission and can be identified in
H1 images from absorption features if they are located between source and observer.
This might be particularly useful as a cross check for kinematic distance estimates (see
Sect. 3.1.1), as the distances to SFRs can often be independently measured via the
parallax of their member stars.

44



3.3 The Spitzer Space Observatory

3.3.2 The telescope

Spitzer is a space telescope launched in 2003 designed for IR wavelengths between 3
and 180 microns which includes the near- and far-infrared regimes. To reduce launch
costs and to avoid the thermal IR radiation from Earth, Spitzer is in an heliocentric
orbit, trailing behind Earth (see Fig. 3.7, left). As thermal radiation from the telescope
itself would pose a huge source of IR background it consists of two thermally decoupled
parts. The 85 cm Ritchey-Chrétien telescope and the scientific instruments are cooled
by an onboard cryostat to <5.5 K, whereas the rest of the spacecraft, including the solar
panels, remains roughly at room temperature. As Spitzer was designed to operate for
only 5 years, it has run out of coolant by now. However, scientific observations are still
possible with “warm” Spitzer with one of the three instruments. Spitzer has a slightly
inclined, fixed heat shield that has to face towards the sun at all times to protect the
sensitive telescope and instruments. This restricts Spitzer’s pointing direction to a
maximum inclination of 120° towards the sun.

The three focal plane instruments are the InfraRed Array Camera (IRAC), The In-
fraRed Spectrograph (IRS) and the Multiband Imaging Photometer for Spitzer (MIPS).
Only one instrument can be taking data at any given time and the observations were
scheduled in instrument campaigns lasting up to 21 days. Spitzer and its instruments
are designed to operate either in pointed or scanning mode, meeting the requirements
of a large variety of science objectives. The arrangement of the focal plane instruments
is shown in Fig. 3.7 (right). In the following paragraph each of the science instruments
is described briefly.
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Figure 3.7: Left: Artists impression of Spitzer in its Earth-trailing orbit. Image credit:
JPL/CalTech/NASA. Right: The arrangement of Spitzer’s science instru-
ments in the FoV of the telescope. Image credit: Spitzer telescope hand-
book/Spitzer Science Center/CalTech.
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Figure 3.8: IRAC optical layout, top view. The layout is similar for both pairs of chan-
nels; the light enters the doublet and the long wavelength passes through
the beamsplitter to the Si:As detector (Channels 3 and 4) and the short
wavelength light is reflected to the InSb detector (Channels 1 and 2). Image
credit: IRAC instrument handbook.

IRAC is a four-channel camera with a field of view (FoV) of 5.2'x5.2". Four wave-
lengths can be observed simultaneously (3.6, 4.5, 5.8 and 8 microns) in two different
windows in the FoV, offset by 1’5. To select these narrow bands, the light from the
telescope is guided by a dichroic beamsplitter onto the cameras (see Fig. 3.8). The
four 256 x256-pixel semiconductor detectors are made of InSb (3.6 and 4.5 pm) and
Si:As (5.8 and 8 pm), respectively. On “warm” Spitzer only the two cameras for the
smaller wavelengths can still operate at peak performance. IRAC is an excellent survey
instrument due to its high sensitivity, relatively large FoV and simultaneous four-color
imaging capabilities. The second instrument onboard Spitzer is the IRS, which is an
IR spectrometer consisting of four modules that provide low (R=60-130) and moderate
(R~600) spectroscopic resolution between 5.2 and 38 um. The spectra are recorded
by 128 x128-pixel cameras. One of them has a “peak-up” function which allows to
position the sources on the slit with sub-arcsecond precision, but also has an imaging
mode in the 13.5 to 26 micron band. MIPS is Spitzer’s third focal plane instrument,
which consists of three semiconductor cameras, designed to provide photometry and
super resolution imaging at 24, 70 and 160 microns, respectively. The instrument is
equipped with a scan mirror that allows changing the cameras FoV without moving
the spacecraft. MIPS is a multi-purpose instrument, which can image large areas of
the sky quickly or take low-resolution spectra from a small area in the FoV, as well as
measure total surface brightnesses in Total Power Mode. Detailed information about
every aspect of the telescope and the whole payload is compiled in the Spitzer telescope

handbook?.

4http:/ /ssc.spitzer.caltech.edu /spitzermission /missionoverview /spitzertelescopehandbook /
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Figure 3.9: A combined color-coded image from the Spitzer GLIMPSE (3.6 pum) and
MIPSGAL (24 pm) surveys in Galactic coordinates. Image credit: Space
Science Institute.

Two large Galactic plane surveys were performed with Spitzer’s imaging instruments:
The Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE®, with
IRAC) and the MIPS Galactic survey (MIPSGALS, with MIPS). The surveys encom-
pass a large fraction of the Galactic Plane over a latitude range of £139°. Most parts
of the surveys extend over a longitude range of |b| < 1°, except for regions close to
the Galactic Center with |b| of up to 3° (see Fig. 3.9). The MIPSGAL survey was
performed in the two wavelength bands centered at 24 and 70 microns, whereas the
GLIMPSE data were recorded for all four of the IRAC bands (3-9 microns). The main
science goals were to identify and study massive stars forming in the inner Galaxy and
to investigate the distribution and energetics of interstellar dust in our Galaxy. For this
thesis the public GLIMPSE and MIPSGAL data were used to search for H1I regions
connected to HESS J1626—490 (Sect. 4.5).

For a detailed description of the GLIMPSE survey as well as its scientific motivation and
outcome see: Churchwell et al. (2009)
6A review and motivation of the GLIMPSE survey: Carey (2008)
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3.4 The X-ray observatories XMM-Newton and
Chandra

3.4.1 Scientific background: Leptonic vs. hadronic y-ray emission

In this section the problem of identifying the origin of ~-ray emission detected from
SNRs and PWNe is discussed, particularly emphasizing the diagnostic power of obser-
vations of non-thermal X-ray emission.

With the current generation of space-borne HE and ground based VHE v-ray telescopes
a number of y-ray emitting SNRs were discovered. These include G347.3-0.5, Vela Jr.,
RCW 86, and SN 1006 (see references in Reynolds 2008). As described in detail in
chapter 2 both leptonic (IC) and hadronic (production and decay of 7’s) processes can
in principle lead to y-ray emission in these energy bands. Up to now it is still not
settled yet which of both scenarios is dominant. Furthermore, it may be possible that
the relative contribution from both effects may vary between core-collapse and Type I
supernovae (see, e.g., Reynolds 2010, for a recent review).

The presence of high-energy charged particles in SNRs was established long before the
detection of the first v-rays. Since the 1950s some SNRs were known to be radio and
optical continuum emitters, most likely due to synchrotron emission of electrons with

GeV energies (e.g. Cas A, Minkowski 1957). In ASCA observations of SN 1006, fea-
tureless X-ray emission, spatially decoupled from the thermal line-emitting regions, was

Figure 3.10: Left: XMM-Newton image of SN 1006. The colors represent energies of
0.7-2 keV (red) and 2-7 keV (blue), respectively. Right: Chandra image
of the PWN G21.5-0.9. Red corresponds to 0.2-1.5 keV, green to 1.5-
3.0 keV, and blue to 3.0-10.0 keV. Image credit: Vink (2004) / Matheson
and Safi-Harb (2005).
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detected from an SNR for the first time (XMM-Newton image: Fig. 3.10, left). This
was interpreted as the high-energy end of the synchrotron peak, suggesting that rela-
tivistic electrons with energies of up to ~100 TeV are present in SNR shocks (Koyama
et al. 1995). This population of electrons is expected to emit IC radiation in the VHE
~-ray regime with the Cosmic Microwave Background (CMB), and potentially other ad-
ditional components, as target photon fields. However, it still remains unclear whether
the IC radiation is the dominant process giving rise to the observed ~-ray fluxes from

SNRs.

If the magnetic field is large (210 uG) the amount of electrons required for the observed
synchrotron emission is greatly reduced with respect to environments with moderate
magnetic fields. Thus, also the expected VHE ~-ray flux via IC scattering is rather low,
due to the small electron population. Furthermore, this would suggest a lower high-
energy cut-off (< 10 TeV) in the IC spectra arising from the more efficient synchrotron
cooling of high-energy electrons. However, with the data of current VHE ~-ray tele-
scopes the location of spectral cut-offs is often very poorly defined. Therefore, only
extremely deep observations or next generation telescopes will be able to sufficiently
constrain this feature to test the validity of IC scenarios for large magnetic fields. Fur-
thermore, for high magnetic field strengths the expected IC flux would be too low to
account for the total flux observed from VHE ~-ray bright SNRs. Thus, in these cases
a significant contribution from hadronic processes is needed for the interpretation of
the observational data.

Indeed, the presence of strong magnetic fields ~100 G in SNR shock regions is sup-
ported by the detection of extremely thin non-thermal X-ray rims in Tycho’s SNR
(see Fig. 1.3, and Bamba et al. 2003). These rims indicate that the synchrotron cool-
ing timescale for leptons is very short requiring large magnetic fields to be present
in the shock region. Such large magnetic fields can not be explained by simple com-
pression of the ISM magnetic field with typical shock compression factors of ~4 for
strong shocks (e.g. Reynolds 2010). One explanation for this large amplification may
be cosmic ray driven instability (Bell 2004). This instability requires high-efficiency
ion acceleration, which would lead to predominantly hadronic v-ray emission. On the
other hand, if the magnetic field strength is small (~5 pG), IC emission could indeed
be the dominant y-ray emitting process for some SNRs (see e.g. Berezhko et al. 2002).
As only the synchrotron component couples to the magnetic field directly, further ob-
servations in the radio, and especially in the X-ray regime are needed to shed light
on the shock-conditions of more members of the vy-ray emitting SNR population. Fur-
thermore, for a hadronic scenario sufficiently dense target material needs to be present
in the interaction region. This could be tested by measuring the intensity of X-ray
thermal bremsstrahlung components, which is directly connected to the ISM density
(as suggested by Katz and Waxman 2008).

More direct hints suggesting a hadronic component are provided by SNRs interacting
with dense MCs. If the y-ray emission is not observed from the SNR directly but from
nearby MCs, a possible primary leptonic component is most likely cooled away via syn-
chrotron emission, even for moderate magnetic fields. This makes a purely hadronic
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Figure 3.11: Broad-band spectrum of a SNR-molecular cloud interaction. The dotted
line shows the emission from 7°-decay (curve 3), the dot-dashed lines
represent the synchrotron (curve 2) and bremsstrahlung (curve 4) emission
from background cosmic ray electrons that penetrate the molecular cloud,
and the dashed lines the synchrotron (curve 1) and bremsstrahlung (curve
5) emission from secondary electrons. Image credit: Gabici et al. (2009).

scenario more plausible for these sources. However, secondary leptons, produced in the
decay of charged pions, give rise to broad-band non-thermal emission via synchrotron
or bremsstrahlung emission. These spectra are peaked in the X-ray and radio band,
respectively (Gabici et al. 2009, see also Fig. 3.11). The observation of non-thermal
X-rays thus provides insights into the hadronic processes, as well. However, the ex-
pected X-ray fluxes are quite low compared to primary leptonic scenarios. This makes
a significant detection challenging, especially due the often very extended emission
regions.

Apart from SNRs there are also other types of cosmic particle accelerators where the ob-
servation of non-thermal X-rays can be a powerful diagnostic tool. Following Berezhko
et al. (2002) SNRs may indeed be the prime sources of hadronic cosmic rays in the case
of large magnetic fields and efficient ion acceleration. But then SNRs may not account
for the total leptonic component observed in the local cosmic ray spectrum. Therefore,
additional accelerators, such as PWNe, of primarily leptonic particles are needed. In
these sources a powerful pulsar injects energetic particles into the surrounding medium
which are stopped by the ISM at the so-called “termination shock”. Leptons can be
accelerated in the shock and diffuse outwards, cooling via synchrotron and IC emission
as well as through adiabatic losses (see e.g. Slane 2010). The emission from PWNe en-
compasses the whole electromagnetic spectrum, with peaks in the X-ray (see Fig. 3.10,
right) and ~-ray bands. Even though this thesis does not focus on these types of ob-
jects in particular, they are still discussed in the interpretation of the data. The three
main ingredients for the understanding of PWNe are the synchrotron spectrum (radio
to X-rays), the IC spectrum (HE, VHE ~-rays), and the target photon fields for the IC
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Figure 3.12: Schematic illustration of the grazing incidence technique with four nested
mirror shells. Image credit: NASA/CXC/D.Berry.

process (CMB, starlight, IR). Spatially resolved spectroscopy can provide insights into
the cooling mechanisms of the leptonic population as well as into the physical condi-
tions present at the termination shock. Just recently, we have shown that a spatially
resolved spectroscopic analysis and subsequent modeling of the X-ray emission of the
PWNe MSH 15-52 (Schéck et al. 2010) and G 09+-0.1 (Holler et al. 2011) can constrain
parameters such as the conversion efficiency or the magnetization.

Now that we are convinced that X-rays provide a helpful window to the high-energy
phenomena present in cosmic particle accelerators, the next section focuses on the
detection methods of this radiation. As Earth’s atmosphere is opaque for wavelengths
shorter than those of ultra-violet light, all X-ray telescopes are either balloon-born or
aboard satellites.

3.4.2 Observation technique: Wolter optics

Since X-rays are either transmitted or absorbed and not reflected when hitting mirrors
at large angles, the classical focusing techniques that are used in optical and infrared as-
tronomy can not be applied here. Instead one uses the so called Wolter telescope which
focuses X-rays by reflecting them two times at grazing incidence angles on metal-coated
surfaces. In imaging X-ray astronomy only Wolter type-I telescopes are currently used.
Here the light is first reflected on a paraboloidal surface followed by a hyperboloidal one
(Fig. 3.12). As the maximum grazing incidence angle and thus the inclination angle of
one such mirror shell is very small, single mirrors provide very small collecting areas.
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To increase the effective area one can combine many such mirror shells with different
radii and the same focal length, nested on a common mounting structure. As each shell
can only be aligned with a certain precision, a drawback of large shell counts is that the
accumulated adjustment errors lead to a deteriorated point spread function (PSF) of
the full telescope with respect to single mirrors. Thus, depending on the scientific goals
of each X-ray observatory the number of nested mirrors varies. The Wolter focusing
technique works only for photon energies <10 keV, because at shorter wavelengths the
grazing incidence reflectivity of single layer coated surfaces drops off rapidly. However,
this may be remedied in future missions when using multi-layer surface coatings.

Also present in these types of telescopes are losses in effective area for off-axis sources
due to geometrical vignetting and variation in the grazing incidence angle on the mir-
rors. This basically means that the telescopes are less sensitive for sources at a certain
distance from the optical axis with respect to the on-axis position. In particular when
studying extended sources that cover a large part of the FoV this effect has to be
understood in detail, as the vignetting change within the emission region becomes
significant. Furthermore, the vignetting is energy dependent, because the maximum
reflection angle is smaller for photons with shorter wavelengths. The effective collecting
cross section, i.e. the total area from where photons can reach the mirrors via double
reflection, is thus reduced for higher photon energies. An example measurement of
energy-dependent vignetting in X-ray telescopes is shown in Fig. 3.13. In Sect. 4.3 an
analysis technique is presented that accurately takes into account the energy-dependent
vignetting effects when extracting a spectrum from a large region in the FoV.

3.4.3 The telescopes

In the previous section the grazing incidence technique for imaging X-ray telescopes
was discussed. The analyses presented in chapters 4 and 5 rely on data from the X-ray
observatories XMM-Newton and Chandra, which are described in this section.

The X-ray Multi-Mirror Mission (XMM-Newton, Jansen et al. 2001) was launched by
the European Space Agency (ESA) on December 10th 1999. It carries three Wolter
telescopes with 58 nested mirror shells, each with a focal length of 7.5 m, and features
the largest effective area among all imaging X-ray telescopes. The Chandra Space
Observatory (Weisskopf et al. 2002) was launched by NASA on July 23, 1999 and is
equipped with one X-ray telescope consisting of four mirror shells. Both spacecrafts
are on highly eccentric orbits with periods =2 days that allow for long uninterrupted
observations far from Earth’s radiation belts. Even though both observatories employ
similar techniques they are quite complementary in their capabilities. With only few
mirror shells aligned with unprecedented precision Chandra features sub-arcsecond
angular resolution, which is about one order of magnitude better than XMM-Newton.
However, with its significantly larger collecting area (~1500 cm? at 1 keV) XMM-
Newton shines in producing high quality spectra and in the detection of faint extended
sources. Schematic views of both telescopes are shown in Fig. 3.14. The following two
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Figure 3.13: The relative mirror vignetting shown for different energies. The data were
recorded with the Chandra space telescope. Image credit: Gaetz et al.

(2000).

sections describe the scientific instruments of both observatories that are relevant for
this work.

3.4.4 The scientific instruments of XMM-Newton

Each of XMM-Newton’s telescopes is equipped with a silicon Charge Coupled Device
(CCD) camera, the European Photon Imaging Camera (EPIC). Each of them covers an
area of ~36 cm? in the focal plane which translates into a FoV of 30’ in diameter. Two
CCD cameras are of Metal Oxide Semi-conductor type (MOS, Turner et al. 2001) and
one is of pn type (Striider et al. 2001). The telescopes in front of the MOS instruments
both are equipped with the Reflection Grating Spectrometer (RGS), which deflects
roughly half of the incoming flux towards the RGS detectors. This results in a reduced
effective area with respect to the PN camera. The X-ray absorbing CCDs are operated
in single photon counting mode which means the photon properties such as location,
energy and arrival time are stored for every single registered event. Of course, this is
only true when the observed source is not too bright, i.e. pixels are hit at most once per
readout frame. The MOS instruments consist of seven front-illuminated CCDs with a
pixel size of 1”71. They are arranged at different heights to follow the shape of the focal
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Figure 3.14: Schematic views of the XMM-Newton (left) and Chandra (right) payloads.
The light path of X-rays through the mirrors onto the detector in the focal
plane is indicated by red lines in the right image. Image credit: Dornier

Satellitensysteme GmbH & ESA; NASA/CXC/D.Berry & A.Hobart.

plane. In contrast, the twelve back-illuminated pn CCDs with a pixel size of 4”1 are all
fabricated out of the same wafer and are therefore in the same plane (Fig. 3.15, left).
Since both cameras are also sensitive to UV, optical and infrared light three different
aluminum coated optical blocking filters are used to reduce the background from those
photons. All EPIC cameras can be operated in various modes, e.g. to reduce the frame
time by sacrificing parts of the FoV.

Reflection gratings (RGS) are placed behind the two MOS telescopes and deflect 53%
of the incoming flux towards a strip of nine back-illuminated CCD detectors offset
from the focal plane. Those detectors record the position of the diffracted photons
to determine high-resolution spectra. To separate the contributions from overlapping
diffraction orders the energy as determined by the CCDs is also detected for each
photon. Resolving powers of A\/AA=150-800 are reached in the energy range from 0.33
to 2.5 keV. RGS spectra require high photon statistics and are only available for the
brightest sources, unlike the ones presented in this work.
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3.4.5 The scientific instruments of Chandra

Chandra is equipped with two focal plane instruments which can be moved in and out
of the FoV of the telescope. It is also possible to adjust their exact position within
the focal plane for specific scientific demands. Furthermore, two transmission gratings,
the High Energy (HETG) and the Low Energy Transmission Grating (LETG) can be
moved in and out of the light-path to allow high-resolution spectral analyses. Chandra’s
first instrument is the Advanced CCD Imaging Spectrometer (ACIS, Garmire et al.
2003) which has a pixel size of ~0”5. The ACIS detector is quite similar to the EPIC
described in the previous section. It consists of four front-illuminated CCDs covering
a FoV of 16’ x 16" (ACIS-I) designed for wide field imaging. Furthermore, a strip of six
CCDs (ACIS-S) is available to record the diffracted light from the spectrometers. One
of the ACIS-S chips (S6) is also often used in imaging mode (8’ x 8 FoV) as it has the
best energy resolution of all the ACIS chips and is particularly sensitive to soft X-rays
as it is back-illuminated. Fig. 3.15 (Right) shows all ACIS chips on their mounting
structure.

Chandra’s second instrument is the High Resolution Camera (HRC). It consists of two
Csl-coated microchannel plate arrangements with an angular resolution of (/4 which
provide the best resolved images of the X-ray sky, but feature only rather low energy
resolution (30% at 1.0 keV). Similar to ACIS the HRC comes in two arrangements for
imaging with a FoV of 31'x31" (HRC-I, 90x90 mm) and for spectroscopy (HRC-S,
100x20 mm).

Figure 3.15: Left: The XMM-Newton EPIC-pn camera, consisting of twelve CCDs that
are fabricated out of a single wafer. The camera covers an imaging area of
36 cm?. Right: The Chandra ACIS camera on its mounting structure. Im-
age credit: MPI-semiconductor laboratory, MPE, Astronomisches Institut

Tiibingen, Germany and ESA; CfA/SAO/NASA.
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Figure 3.16: The H.E.S.S. survey of the inner galaxy in ~1 TeV ~v-rays. The color
scale shows the statistical significance for an excess within 0.22° at each
position. Image credit: H.E.S.S. collaboration.

3.5 The H.E.S.S. telescope array

3.5.1 Scientific background: The dawn of VHE ~-ray astronomy

Among high-energy astronomers the past ten to twenty years are often referred to as the
“Golden Age of X-ray astronomy”, as two powerful X-ray observatories were launched
nearly simultaneously in 1999, and are in operation together with quite a number of
other X-ray telescopes, such as SWIFT?, RXTE®, and Suzaku”. These telescopes are
still performing exceptionally well, even though many of them long exceeded their
estimated lifetimes. However, as no comparable X-ray missions are on the immediate
horizon to replace these work horses, the “Golden Age of X-ray astronomy” seems to
be nearing its end, at least for now.

But there is still hope on the high-energy frontier, as a new window to the energetic
universe is opening up about 9 orders of magnitude shorter in wavelength. The era of

Thttp://www.nasa.gov/mission_ pages/swift /main/index.html
8http://heasarc.gsfc.nasa.gov/docs/xte/xte_ 1st.html
http://www.nasa.gov/mission_ pages/astro-e2/main/index.html
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VHE (E>100 GeV) ~-ray astronomy effectively started in 1989 as the first source, the
Crab Nebula, was detected in this energy regime by the Whipple Imaging Atmospheric
Cherenkov Telescope (IACT; Weekes et al. 1989). Since then the number of known
VHE ~-ray sources as well as that of IACT observatories has grown rapidly. Currently
the third generation of IACTSs is in operation, namely H.E.S.S., MAGIC, VERITAS,
and CANGAROO. The key advantage of ground-based ~-ray observation is the huge
effective area which is a factor of ~10° larger than what is realistically attainable
in direct detection techniques aboard satellites. Furthermore, IACTs are sensitive to
energies between 100 GeV and 100 TeV, extending the HE regime (MeV to GeV)
currently accessible with space-borne systems. ITACTs also feature the best angular
resolution (~0.1°) among all high-energy telescopes beyond 0.1 MeV. In this section
some recent results in VHE y-ray astronomy are highlighted, focusing only on Galactic
sources. The details of the imaging atmospheric Cherenkov technique are described in
the next section (3.5.2).

RX J0852.0-4622

Figure 3.17: Shell-type SNRs as observed with H.E.S.S.: RCW 86, RX J1713—3946
and Vela Junior. Image credit: Hoppe et al. (2008); Aharonian et al.
(2007b,c); Hinton (2009).

Shell-type SNRs and PWNe are the two most prominent classes of Galactic VHE ~-ray
sources, followed by binary systems, SFRs (see Sect. 3.3.1) and most likely other source
classes. The emission mechanisms that are believed to give rise to this extremely high-
energy radiation are described in detail in chapter 2. What can TACTSs contribute to
the understanding of these objects? The number of known Galactic VHE ~-ray sources
grew by one order of magnitude during the past few years, mainly due to the H.E.S.S.
survey of the Galactic plane (see Fig. 3.16, Aharonian et al. 2005a, 2006b). The sur-
vey encompasses nearly the whole inner Galaxy: —85° < [ < 60°,—2°5 < b < 295.
Furthermore, also dedicated observations of promising source candidates were an im-
portant step to increase the number of firmly detected sources. Some shell-type SNRs
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Figure 3.18: Broad-band differential energy spectrum of the SNR SN 1006, together
with a leptonic (left) and hadronic (right) model. Image credit: Acero
et al. (2010).

can be resolved as extended objects (see Fig. 3.17) with the high angular resolution
of current IACTs. Now for the first time detailed morphological studies in the ~-ray
regime are feasible that compare the emission regions over the whole electromagnetic
spectrum to explore possible common physical scenarios. Particularly, to discrimi-
nate between leptonic and hadronic processes, cross correlations between VHE and
X-ray (see Sect. 3.4.1) or molecular line observations (see Sect. 3.2.1) are a powerful
tool. Apart from pure morphological analyses, the detailed extraction and modeling of
broad-band spectra may also provide new insights into the emission mechanism. Often
the cut-off of the high-energy peak lies within the VHE energy range, and a detailed
estimation of the cut-off position gives direct evidence of the maximum energy of the
relativistic particle population. This information is crucial as it might discriminate
between leptonic or hadronic processes (see also Sect. 3.4.1). However, up to now the
statistical uncertainties of current measurements in most cases do not allow to favor
one over the other (see e.g. Fig. 3.18). Future large IACT arrays as well as advances
in the theoretical understanding of these processes are needed to settle the issue.

The largest population of identified Galactic VHE ~-ray sources are PWNe (see also
Sect. 2.4 and 3.4.1). A systematic search for VHE ~-ray sources detected in the
H.E.S.S. survey coincident with high-spindown radio pulsars was recently conducted
by the H.E.S.S. collaboration (Carrigan et al. 2008). Here a clear excess of VHE 7-ray

! was found, which significantly

emission from pulsars with £ /d > 103 erg s~! kpc~
exceeded the chance coincidence probability. One of the most important results from
recent studies of extended PWNe was the discovery of energy-dependent morphology
in HESS J1825—137 (Aharonian et al. 2006¢). It was found that the 7-ray nebula is
more compact for higher energies, a fact that was previously only known from X-ray
detections of these extended sources. This gives additional evidence for the presence
of 2TeV electrons being efficiently cooled while propagating away from their acceler-
ation site, i.e. the termination shock. Therefore, VHE ~-ray observations provide now
an additional tool to probe these effects close to energetic pulsars and to determine

parameters, such as the magnetic field.
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Apart from these established VHE ~-ray source classes there might be other types of
sources not easily identified with their counterparts. One such scenario are clusters of
massive young stars. The colliding winds of massive stars are thought to give rise to
strong shocks that could accelerate particles to multi-TeV energies (see e.g. Domingo-
Santamaria and Torres 2006; Pittard and Dougherty 2006; Reimer and Reimer 2009).
Particularly, the collective effects of many such systems in star clusters might be de-
tectable with current ~-ray facilities. One recent example for such a scenario is the
VHE ~-ray source HESS J1023—575 which is consistent in position with the cluster
Westerlund 2, the second most massive young stellar cluster in the Galaxy (Aharonian
et al. 2007a).

3.5.2 Observation technique: IACTs

The previous section provided an overview over the types of Galactic sources observable
in VHE ~-rays and what such observations can contribute to the understanding of these
sources. Now the technique of ground-based ~-ray detection with TACTSs is described.
First, cosmic ray induced air showers are discussed, followed by an introduction to the
telescope technology.

3.5.3 Air showers and their emission of Cherenkov light

Earth’s atmosphere is opaque to y-rays. The dominant photon absorption process
for energies far above twice the electrons rest mass is pair creation. Here the photon
is absorbed, distributing its energy among the created electron-positron pair. These
leptons produce a next generation of y-ray photons via bremsstrahlung. Every new
generation of photons interacts again via pair creation until they go below the energy
threshold for this process. The typical distance scale over which an electron loses all
but 1/e of its initial energy is called radiation length Xy and strongly depends on
the medium. Xj is directly proportional to the mean free path for pair creation (=
9/7Xp). This basically means that roughly each traversed radiation length the number
of particles in the shower doubles, giving rise to an exponential growth (see Fig. 3.19).
However, at a certain depth the average energy of the shower particles becomes low
enough that ionization losses start to dominate over bremsstrahlung processes and the
number of shower particles starts to decrease. This “maximum shower depth” Tyax
depends on the initial energy of the y-ray photon as well as on atmospheric conditions
and can be calculated as:

Tmaz = Xo log (Ey/€c) , (3.5)

with the primary energy E. of the photon and the critical energy €. at which ionization
processes begin to dominate.

Air showers induced by cosmic rays, such as protons and heavier nuclei, are the main
source of background for electromagnetic shower detection. Pions with large transverse

29



3 Observatories

10°

10*

10°

# of Electromagnetic Particles

0 5 10 15 20 25 30
Radiation Lengths

Figure 3.19: The longitudinal development of extensive ~-ray induced air showers, as
calculated according to equation 3.5, given for several primary energies.
Sea level is ~28 radiation lengths, 2600 m above sea level is ~20 radiation
lengths. Image credit: Aharonian et al. (2008d).

momenta can be created in the interactions of cosmic rays with atmospheric nuclei.
Neutral pions immediately decay into two vy-ray photons, giving rise to electromag-
netic sub-showers, very similar to primary photon-induced showers, only different in
the depth of first interaction. Charged pions on the other hand decay into muons
and neutrinos. Despite their short lifetimes a large portion of the muons (~20% at
1 GeV) survive the trip down to sea-level due to relativistic time dilation. In general,
hadronic showers are much more extended than their electromagnetic counterparts.
However, the exact shape of these showers strongly depends on the first few interac-
tions, which are dominated by statistical processes. For example if a large part of the
total cosmic ray energy is transferred to a 7¥ decaying in turn into photons, hadronic
and electromagnetic showers can look quite similar. This is also the case if only an
electromagnetic sub-shower is observed by the instruments. A detailed review of our
current understanding of air-showers can be found in Aharonian et al. (2008d).

Any of the secondary charged particles can emit Cherenkov light if its velocity exceeds
the speed of light in the traversed medium, i.e. v > ¢/n(z), with the altitude-dependent
refraction index n(z).
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The angle of the Cherenkov cone is given by:

Oc(z) = cos ! (5%(2)) , with g = % (3.6)

Each secondary electron in the shower emits Cherenkov light until a certain depth
where the Cherenkov condition is no longer satisfied. Due to the altitude-dependent
refraction index, the Cherenkov angle is smaller for larger altitudes: At a height of
8 km, 6. = 0.74°, whereas at 10 km, 6, = 0.66°. Therefore, the Cherenkov cone on the
ground is blurry with a typical radius of ~120 m, assuming an altitude of the initial
interaction of 10 km. Secondary electrons in the shower suffer from multiple Coulomb
scattering which leads to further broadening of the Cherenkov light cone observed at
the ground. However, the deflection from the shower axis is exponentially suppressed
(~exp /% 0y = 0.83E;1?ﬁ67) and the Cherenkov cone maximum at a radius of ~120 m
is still quite pronounced. The number of Cherenkov photons emitted per particle per
unit length is

ng ~ 800(n — 1) ~ 0.1 photons cm ™ (3.7)

at sea level. Multiplying nc by Npax and the path length of shower particles, one
can calculate the total number of Cherenkov photons as N¢ ~ 10° for E,=1 TeV.
N¢ is proportional to E, and is therefore a good parameter to estimate the primary
~v-ray energy. Cherenkov light is strongly peaked in the UV-blue wavelength regime.
Therefore, mirrors and detectors can be adjusted to match the emission spectrum
to suppress much of the optical background at different wavelengths. The shower
development as well as its Cherenkov light is indicated in Fig. 3.20.

3.5.4 Cherenkov light detection and shower reconstruction

Now that we know the basic parameters of photon and cosmic ray induced air showers,
the questions remain how to best detect them, how to reconstruct the showers and
how to separate electromagnetic and hadronic showers. Basically, there is more than
one approach, as one could either detect the secondary particles directly, as it is done
by the cosmic ray arrays MILAGRO and AUGER for instance, or one can detect the
Cherenkov light emitted by these particles. Here the latter method is described, as it
is particularly suited for «-ray astronomy.

Basically, for ground-based Cherenkov telescopes the atmosphere is used as a very deep
calorimeter. Even though the particles deposit their whole energy in the atmosphere,
current instruments are rather comparable to sampling calorimeters as only a small
part of the total light-pool is covered by detectors. An TACT consists of a large
reflective area with a wide FoV and short focal length and a high-speed camera of
light sensitive detectors, such as photo-multiplier tubes. The large reflectors and short
exposures (<30 ns) are needed to separate the faint flashes of Cherenkov light from
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1TeV

Figure 3.20: Schematic view of the stereoscopic technique when using two or more
IACTSs simultaneously. The shower images from two or more telescopes
can be superimposed to derive the direction of the primary ~-ray. Addi-
tionally shown are typical profiles of an electromagnetic shower induced
by a 300 GeV photon and a hadronic shower induced by a 1 TeV proton.
Image credit: Hinton and Hofmann (2009).

Poisson fluctuations in the night-sky background. Cherenkov Telescopes should also
be located at a remote site to avoid man-made background components, and observe
only at moonless nights. Furthermore, TACTSs are best located at an optimum altitude
(~2000 m) to avoid the atmospheric absorption of the Cherenkov light at low altitudes
and to still be able to observe the shower maximum as it would not be possible at very
high altitudes. To resolve the typical scale of air shower features, IACTs should at
least provide an angular resolution of ~0.1°.

The elliptical air shower images recorded by IACTs depend on various parameters of
the primary interacting particle, such as the nature of the particle: v vs. hadron,
the primary energy, or the impact parameter, as well as atmospheric conditions (see
Fig. 3.21). Furthermore, another very important parameter is the angle between the
zenith and the pointing direction of the telescopes (“zenith angle”). For larger zenith
angles the distance the Cherenkov light has to travel in the atmosphere is larger, which
gives rise to more pronounced scattering and absorption effects. Therefore, low-energy
showers are harder to detect with increasing zenith angle, and the energy threshold
of IACTs thus features a strong zenith angle dependence. As there are no TeV-class
calibration sources for v-rays available, neither on Earth nor in orbit, one has to rely
on the theoretical understanding of atmospheric shower developments and on monte-

62



3.5 The H.E.S.S. telescope array

carlo simulations to interpret the recorded data. The three most important shower
image parameters are the width, the length and the angle alpha. The width refers
to the semi-minor axis of the image and gives information about the lateral shower
development. The length refers to the semi-major axis of the image and is a measure
of the longitudinal shower development. It provides information on the parallax angle
to the shower maximum and grows with increasing impact parameter. alpha is the
angle between the major axis and the line between source position and image centroid.
Showers originating close to the pointing position should therefore have a very small
value of alpha.

When using more than one TACT simultaneously, not only the total collection area is
increased, but also the accuracy of shower reconstruction itself, due to the stereoscopic
view of the shower light. The location of the intersection of the major axes from all
recorded images provides a good measure of the origin of the shower (as indicated in
Fig. 3.20, left circular panel). Also, the separation power between electromagnetic and
hadronic showers is improved in stereoscopic mode, because the same shower is observed
from different angles providing a more accurate shower reconstruction. Furthermore, if
one telescope observes a leptonic sub-shower of a larger hadronic shower, chances are
that one of the other telescopes still detects other components of the shower. This can
be used as a veto to suppress the cosmic ray contamination. The spacing between the
telescopes needs to be large enough to provide good stereoscopic views of the showers,
but small enough to fit multiple telescopes into one light-pool. Therefore, typical
telescope spacings are in the range of 70 to 150 m. Current instruments provide
an angular resolution of 3’ to 6/, depending on the zenith angle, and a cosmic ray
rejection factor of ~1072. The absolute energy calibration can be challenging for
IACTs. Often the Cherenkov light from local muons is used for this purpose, but the
number of Cherenkov photons can vary for different atmospheric conditions and for
different angles of the shower axis with respect to the geomagnetic field (Bernlohr 2000).
This introduces uncertainties of 10% to 20% in the absolute energy response of these
systems. Furthermore, the effective area for shower detection is radially symmetric
within the FoV of TACTs and decreases with increasing distance between the shower
origin and the camera center. This is due to the fact that the fraction of shower images
that lie completely in the FoV is larger for sources closer to the on-axis position. For
more detailed information on the TACT technique the reader is referred to the recent
review of Hinton and Hofmann (2009).

3.5.5 The telescopes

The High Energy Stereoscopic System (H.E.S.S.) is an array of four identical IACTs
located in the Khomas highlands of Namibia (Lat.= —23°, Lon.= 16°) at an altitude of
~1800 m. The four 13 m (107 m2) telescopes are arranged in a square layout with a side
length of 120 m (see Fig. 3.22). With the Davies—Cotton optical design the telescopes
provide a large FoV (5°) together with a reasonably good off-axis point spread function
(PSF) of 0.16° at the edge of the FoV. The cameras consist of 960 photomultiplier tube
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Figure 3.21: Left: Analytical calculation of the average angular distribution of a ~-

ray shower observed at zenith with an impact parameter of 50 m and an
energy of 100 GeV (a) and 10 TeV (b). Right: Angular distribution of a
1 TeV ~-ray shower observed at zenith, with an impact parameter of 10 m
(a) and 100 m (b). Image credit: Aharonian et al. (2008d).

pixels with a pixel size comparable to the off-axis PSF. Even though the cameras are

read out via 1 GHz analogue ring samplers, in normal mode only 16 ns integrated
signals are stored to reduce dead time. H.E.S.S. uses an array trigger that requires at
least two telescopes to meet the required criteria so that the event is accepted (Funk

et al. 2004). To define the single telescope trigger criteria the cameras are divided into

overlapping sectors containing 64 pixels each. A camera trigger occurs if the signals

of a certain amount of pixels (2-4) within one sector exceed a given threshold of a
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©2006:PhilippePlailly. www.eurelios:com

Figure 3.22: The H.E.S.S. TACT array in Khomas Highland, Namibia.
Image credit: Philippe Plailly/EURELIOS.

few photoelectrons. As discussed in the previous section, due to their inhomogeneous
nature hadronic showers distribute their Cherenkov light over a larger area than ~-ray
induced showers of the same energy. Therefore, cosmic ray induced showers are less
likely to trigger two telescopes at the same time, and thus the array trigger can be used
to suppress this background component significantly.

The H.E.S.S. array’s energy threshold is about 100 GeV with a limiting point-source
sensitivity of 0.7% of the flux of the Crab nebula (50 at zenith, for a 25 h exposure).
Its angular resolution is <0.1° and improves with increasing energy due the more ac-
curate reconstruction of larger and brighter showers. In addition to the four existing
telescopes, a parabolic 26-m telescope (HESS II) at the array center is under con-
struction to boost the performance of the system at lower energies (Vincent 2005). A
description of the H.E.S.S. telescope array and references for each of the sub-systems
are given by Hinton (2004).
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4 Exploring the nature of the

unidentified v-ray source
HESS J1626—-490

4.1 Introduction

During scans of the Galactic plane with the H.E.S.S. IACT array a number of new
Galactic VHE ~-ray sources were detected (Aharonian et al. 2005a, 2006b). Many of
these sources could be identified as PWNe, shell-type SNRs, y-ray binaries, or MCs.
However, there are still a few TeV sources that could not be unambiguously associated
with any source detected in lower energy bands (see, e.g., Aharonian et al. 2008a). In
recent efforts to investigate these ‘dark’” VHE emitters, multi-wavelength observations
were conducted to probe the environment of these particle accelerators (for recent work,
see, e.g., Aharonian et al. 2008b,c).

HESS J1626—490 is another VHE ~-ray source of unknown origin, which so far could
not be identified with a source at lower wavelengths (Fig. 4.1, left). This object,
with an intrinsic extent of ~5 (Gaussian FWHM), is located right on the Galactic
plane (R.A.: 16226™04%, Dec.: -49°05'13") and was detected by H.E.S.S. with a peak
significance of 6.0 (Aharonian et al. 2008a). Owing to the long tail extending towards
the east, it is also stated that the source might be composed of two separate sources.
In the energy range between 0.5 TeV and 40 TeV, these authors measured a power-law
spectrum with a photon index of 2.2 £ 0.1gat + 0.25ys and a flux normalization of
(4.940.9)x1072cm 257! TeV~! at 1TeV. A number of potential counterparts from
other wavelengths were discussed by Aharonian et al. (2008a), such as the nearby faint
extended ROSAT source 1RXS J162504—490918 (Voges et al. 1999), the shell-type
SNR G335.2+00.1 (Whiteoak and Green 1996), and despite their large offsets, the X-ray
binaries (XRBs) 4U 1624—490 and IGR 16283—4838 (see Fig. 4.1, right). Furthermore,
the high-energy (HE) source 1FGL J1626.0—4917¢ from the one-year Fermi source
catalog (1IFGL, Abdo et al. 2010a) and the SNR G335.24-00.1 lie both in close proximity
to HESS J1626—490. As all these potential counterparts do not match very well in size
or in position with the VHE ~-ray signal, the source was classified as unidentified.

In this work, we analyzed the data of an archival XMM-Newton observation to search
for an X-ray counterpart of HESS J1626—490 (Sect. 4.3). Therefore, we classified the
detected X-ray point sources in the vicinity of HESS J1626—490 and searched for poten-
tial diffuse excess emissions above the expected Galactic background. We also present

67



4 Exploring the nature of the unidentified y-ray source HESS J1626—490
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Figure 4.1: Left: VHE ~-ray image of HESS J1626—490, with a smoothing radius of
0.1°. The Galactic plane is indicated by the dashed line. The size of the
H.E.S.S. PSF is indicated by a solid circle (green). Right: MOST radio con-
tinuum image (Bock et al. 1999) with overlaid H.E.S.S. significance contours
(black) and contours of the faint ROSAT source 1RXS J162504—490918
(green). The two binary systems 4U 1624—490 and IGR 16283—4838 are
indicated by squares (magenta). The shell-type SNR G335.2+00.1 is indi-
cated by a circle (black). Image credit: Aharonian et al. (2008a).

12C0O (J = 1 — 0) molecular line survey data taken with the NANTEN mm/sub-mm
observatory to scan for molecular clouds (Sect. 4.4), H1 data from the SGPS survey,
and infrared data from the Spitzer GLIMPSE and MIPSGAL surveys to search for in-
dications of recent star-forming activity (Sect. 4.5). A large part of the work presented
in this chapter is already published (Eger et al. 2011). In addition to the published re-
sults, a re-analysis of the H.E.S.S. VHE ~-ray data is presented (Sect. 4.2), based on a
much larger dataset and a more sensitive analysis method than employed by Aharonian
et al. (2008a). Furthermore, the ~-ray emission is compared to a detailed SNR-MC
interaction model to test the validity of such a scenario (Sect. 4.7).

4.2 Updated analysis of the H.E.S.S. VHE ~-ray data

The VHE ~-ray source HESS J1626—490 is located directly in projection of the Galactic
plane. It was detected in the H.E.S.S. Galactic plane scan with a statistical significance
of 6.0 o during a total exposure of 8 hours (Aharonian et al. 2008a). Due to the large
FoV of H.E.S.S. (5°) the position of HESS J1626—490 was also covered by follow-up
observations of nearby sources, after the initial detection. The currently available
dataset of H.E.S.S. observations pointed within 2.5° of HESS J1626—490 comprises
~20 hours of good quality data. H.E.S.S. observations are performed in “runs” with a
duration of 28 minutes. Before a final source analysis, the runs are selected based on
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various quality selection criteria, such as the number of active telescopes, the system
trigger rate, atmospheric and weather conditions, and some more (see e.g. Aharonian
et al. 2006d). The main reasons why certain runs are excluded from an analysis are:

e The number of active telescopes is too low. For standard analyses only runs are
accepted where at least three of the four H.E.S.S. telescopes were participating in
the observation. For lower telescope counts the gamma—hadron separation is less
efficient and the positional uncertainties in the shower reconstruction are larger.

e The system trigger rate is variable or generally lower than expected. A vari-
able trigger rate indicates that clouds were moving through the FoV during the
observation. This leads to strong systematic effects on the shower reconstruc-
tion, and such runs are generally excluded. Dust and aerosols in the atmosphere
absorb and scatter the Cherenkov light, which leads to systematic errors in the
reconstructed energies and fluxes, if not correctly accounted for in the analysis
algorithm. Generally, such hazy atmospheres increase the energy threshold of
Cherenkov telescopes, which is reflected in a lower trigger rate compared to ob-
servations under perfect conditions. Such runs can also be identified and removed
from the dataset.

e Parts of the hardware or the readout electronics are broken or not working within
normal parameters. Examples for such cases are broken pixels/photomultipliers,
problems with the tracking system or power cuts. Runs that are too much affected
by such issues can be removed, e.g. by setting a threshold on the maximum
number of inactive pixels, or by including information from hardware controller
log files in the run selection.

The quoted 20 hours of good quality data for HESS J1626—490 are based on standard
run selection criteria employed for H.E.S.S. sources, where no specific scientific demands
require more stringent restrictions.

In this work, in addition to a more than twice larger dataset, also an improved analysis
method was used with respect to the original detection by Aharonian et al. (2008a).
The standard analysis technique, originally used for H.E.S.S. data, is based on second
moments of the shower images, which was already applied in the analysis of Crab data
recorded by the Whipple IACT (Hillas et al. 1998). Here only a few parameters of the
elliptical shower images, such as the length, the width and the angle with respect to
the camera center, were used to perform gamma—hadron separation and to derive the
energy and direction of the event (Hillas analysis). However, for this algorithm to be
efficient, an image cleaning has to be performed beforehand. In contrast, one of the
more sophisticated methods (model analysis), which is quite frequently employed in
current analyses, makes use of the full information contained in the images, without
previous cleaning. Here the characteristics of air showers are calculated for various
energies, directions, impact parameters and zenith angles, based on a semi-analytical
model. The expected camera images from these calculated showers are then compared
to the actual recorded Cherenkov data, using a maximum likelihood technique. A
detailed description of this method is beyond the scope of this work. The reader is
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Figure 4.2: H.E.S.S. excess map of HESS J1626—490 above an energy threshold of
200 GeV. The circle (green) has a radius of 0.5° and indicates the region
used for the extraction of the VHE spectrum.

referred to de Naurois and Rolland (2009), who describe the model development, as well
as an application to the H.E.S.S. data. This method performs exceptionally well, as it
increases the sensitivity of H.E.S.S. by almost a factor of 2 for some cases. Particularly
for low-energy showers, where the image cleaning in the Hillas analysis could eliminate
a large part of the information, the model method provides the best improvement.

The latter method was now applied to the analysis of the H.E.S.S. data of
HESS J1626—490. Figure 4.2 shows the map of VHE ~-ray excess events above an
energy threshold of 200 GeV. To derive the number of excess events at each position
the ring background method was used (see Berge et al. 2007). Here the number of
background events for each position is estimated in each run from events within a ring
around the location. Known sources (e.g. just outside the north east of the image)
are excluded from the rings (see Fig. 4.3, left). The radius of the ring is chosen to
be larger than the instrument point spread function (~ 0.1°), to avoid contamination
from the source region. The number of counts in the ring is first normalized by the
ratio of the areas of test and ring region and then subtracted from the counts within
the test region. This method is particularly suited to create excess maps of extended
areas, by just sliding the ring over the whole area. As in the analysis presented in
the original detection paper, HESS J1626—490 appears to be extended. The intrinsic
extent of the emission was determined by fitting an asymmetrical double Gaussian to
the two-dimensional excess map. The core of the source seems to be very symmetric
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Figure 4.3: Left: Illustration of the ring and reflected background methods described in
the text. The observation position is denoted by a cross, the test position by
an X. The area of the ring background is filled by horizontal lines, the areas
of the reflected background regions are filled by inclined lines. Image credit:
Aharonian et al. (2006d). Right: VHE ~-ray spectrum of HESS J1626—490.
The solid line (black) denotes the best fit of a powerlaw model. The colored
area (green) shows the 1 o confidence region.

with an intrinsic extent of 0.1’4-0.05" on both axes. This is in agreement with the first
analysis, where a slightly asymmetric profile was measured: 0.07'40.02'x0.1'40.05’.
However, the marginally significant tail towards the east (see Fig. 4.1, left) is no longer
seen in the new image. Furthermore, there is now an apparent extent of enhanced
emission from the core towards the south west.

To derive a spectrum of VHE ~-ray emission from HESS J1626—490, the counts within
0.5° from the core were extracted (as indicated in Fig. 4.2). This radius is the same as
used by Aharonian et al. (2008a) for the original analysis, and it does not include most
of the tail towards the south, as its connection to HESS J1626—490 is not clear. Since
the effective area strongly varies within the H.E.S.S. FoV, the ring background method
is not very well suited for spectral analyses, as it compares regions with different v-ray
acceptances. As commonly used for H.E.S.S. VHE sources, we relied on the reflected
background method for spectral extraction (see again Berge et al. 2007). Here only
regions with the same distance to the camera center as the source region are used to
estimate the background. Because the acceptance for 7-rays is radially symmetric,
only regions with the same effective area are compared. This is achieved by rotating
the source region around the camera center and fitting as many background regions as
possible in the available area (see Fig. 4.3, left). Again, known VHE ~-ray emitters are
excluded from the background regions. To fit the data a forward folding technique was
used, where the model (as a function of true energy) is first convolved with the energy
response and then fit to the measured data, as a function of reconstructed energy.
A simple powerlaw model (Ng - E~1) provided a very good fit (x?/n.d.f. = 50/50).
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Figure 4.3 (right) shows the best fit model as a function of true energy together with
the 1 o confidence interval. The derived spectral parameters are consistent within 1 o
errors with the original measurement (see Tab. 4.1).

Table 4.1: VHE Spectral fitting results of HESS J1626—490

exposure Sign. excess r Ny - 10712 Foim  Fmax

(hrs) (6)  (counts) (em™2s71TeV~1) (TeV) (TeV)
published* 8.0 6.0 167 2.18+0.12 4.940.9 0.6 50
this work 19.6 10.2 679 2.30+0.13 4.440.5 0.2 113

*Aharonian et al. (2008a)

4.3 XMM-Newton observation

The position of HESS J1626—490 was observed by XMM-Newton with all three EPIC

instruments in February 2007, for a total duration of 22 ks (Observation ID: 0403280201).
For this work we downloaded the dataset from the public archive!. We analyzed the

data with the XMM-Newton Science Analysis System (SAS) version 9.0.0 (Gabriel

et al. 2006), supported by tools from the FTOOLS package (Blackburn et al. 1993)

and XSPEC version 12.5.0 (Arnaud 1996) for spectral modeling. For all spectra and

images presented in the following sections, we selected good (FLAG==0) single and

multiple events: PATTERN<4 (pn), PATTERN<12 (MOS). For image processing, we

used some tools from the CIAO 4.0 software package (Fruscione et al. 2006).

In this section we first discuss the EPIC background components (Sect. 4.3.1), since
an accurate understanding of the background is essential for the spectral analysis of
very extended sources. Detected X-ray point sources (4.3.2) as well as diffuse X-ray
emission (4.3.3) in the vicinity of HESS J1626—490 are then discussed. After a detailed
analysis of the diffuse X-ray signal we derived an upper limit for potential extended
emission connected to HESS J1626—490 (Sect. 4.3.3.1). In section 4.3.3.2 we discuss a
possible contamination of the diffuse signal due to an X-ray dust scattering halo from
a binary system just outside the XMM-Newton FoV.

4.3.1 Background components

The data recorded by XMM-Newton contain background components from a variety
of different sources. Before proceeding to the actual analysis, first these background

Thttp:/ /xsa.esac.esa.int:8080/aio/jsp/createPostcards.jsp?obsno=0403280201
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contributions and strategies to deal with them are discussed in this section. For point-
like sources or extraction regions which are small compared to the total FoV, one
usually defines a nearby off-source region to estimate the background contribution in
the on-source area. However, as some of the background components vary over the
FoV, this approach can lead to significant systematic errors when the source extraction
region is very large. In such cases other strategies have to be employed to deal with
the background (see below and Sect. 4.3.3). The background can be divided into three
separate groups:

e Flectronic noise: This comes from broken or “hot” CCD pixels and columns,
readout noise etc. Pixels and/or whole sections of the CCD chip that show
unusually high activity can be identified and removed from the data. This is
basically taken care of in the standard processing chain, where a list of bad
detector regions is generated.

e Particle-induced background: Charged particles directly from the solar wind or
trapped in the Earth’s radiation belt passing through the detector induce charge
signals in the CCD pixels along their track. These can be removed by identifying
readout frames containing long, continuous tracks of bright pixels. Furthermore,
charged particles that interact with the material surrounding the cameras lead
to characteristic X-ray emission, which is subsequently registered by the X-ray
sensitive detector. Here the whole detector is affected more or less homogeneously.
This background component is highly variable, and many observations feature
quiet periods as well as time intervals of strong flaring activity. Therefore, the
contamination of the observation can be reduced by restricting the dataset to
“good time intervals” (GTIs) where the background activity is low. To identify
GTTIs one can use the the light-curve at high photon energies (7-15 keV). At these
energies the flux from photons originating from astrophysical sources detected
in the focal plane is very low, due to the very small effective area of the X-
ray mirrors. Thus, the photon flux measured by the camera is dominated by
particle-induced X-rays.

The particle-induced background can also be measured with observations where
the filter wheel in front of the camera is in its closed position, blocking the light-
path from the telescopes. Such datasets (as provided by Carter and Read 2007)
can be used to subtract the remaining particle induced background from already
GTI-screened datasets. To account for any systematic differences between source
and background observation one can compare the count rates at high energies
and re-normalize the background observation to match the source data. For GTI-
screened datasets, typical re-normalization factors are in the order of ~10%.

o Astrophysical background: The previous two background components are also
often referred to as non-X-ray background (NXB), as they do not arise from pri-
mary X-ray photons. The third background component arises from unresolved
or diffuse astrophysical sources. These could be a population of faint background
sources (e.g. AGN) or, particularly in regions close to the Galactic plane, diffuse
X-ray emission from hot gas. In contrast to all other background components,
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this is the only one that is subject to mirror vignetting (see Sect. 3.4.2), as
the photons reach the camera via the telescope. The astrophysical background
strongly depends on the observed position and is best estimated from in-field
background regions from the same observation. Otherwise, there is also the pos-
sibility to request “custom-tailored” blank-sky datasets from the XMM-Newton
background working group?. Here background datasets composed of actual obser-
vational data are combined, to match some parameters of the source observation,
e.g. the Galactic column density towards the pointing direction. However, there
are still possibilities for systematic differences between the background of the
observation and the blank-sky dataset, which could be difficult to measure. For
instance, even if the total column-density matches between both datasets, the
gas temperatures could be different. This would introduce artificial hardening or
softening of the extracted spectra.

The XMM-Newton observation of HESS J1626—490 was affected by long intervals of
strong background flaring. To clean the data we applied a background GTI screening
based on the full field-of-view (FoV) 7-15 keV light curve provided by the standard
processing chain (see Fig. 4.4). We used thresholds of 8 cts/s for pn and 3 cts/s for MOS
and the resulting net exposures are 4.9 ks for pn and 13.2 ks for MOS, respectively.
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Figure 4.4: MOS1 background light curve in the energy range between 7 and 15 keV.
The threshold at a rate of 3 counts/s used for the GTI screening is indicated
by a horizontal line (red).

2see Carter and Read (2007); the web-form to request a custom-tailored blank-sky dataset
can be found at: http://www.star.le.ac.uk/ jac48/BG/UserRequest/blankskyform.html
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4.3.2 X-ray point sources

Even though Aharonian et al. (2008a) detected HESS J1626—490 with an intrinsic
extent of ~0.1°, we first characterized potential point-like X-ray counterparts. The
SAS standard maximum likelihood technique for source detection was used in several
energy bands: 0.2-0.5 keV, 0.5-1.0 keV, 1.0-2.0 keV, 2.0-4.5 keV, 4.5-10.0 keV, and
0.5-10.0 keV. The resulting point source list indicates a detection threshold of 2x10714
erg cm~2 s~1. Within (or close to) the 7o contours of HESS J1626—490, we detected
twelve X-ray point sources (see Fig.4.5). For five of these sources (1, 5, 7, 8, and 9)
the photon statistics were sufficient to perform a spectral analysis. The remaining
seven objects were classified according to their hardness ratio (H R), which we defined
as the normalized difference between high-energy (Hi: 2.0-10.0 keV) and low-energy
(Low: 0.2-2.0 keV) counts:

B Hi— Low

HR = ———.
Hi+ Low

(4.1)

The number of counts in the respective energy bands is the sum over all EPIC in-
struments where the source is detected. A correction for differential vignetting was
applied to the HRs. Similar to the Galactic plane X-ray source population studies
conducted with XMM-Newton (Hands et al. 2004) and Chandra (Ebisawa et al. 2005),
we classified sources as either soft (HR < —0.5), medium (—0.5 < HR < 0.5) or hard
(HR > 0.5). To identify near-infrared (NIR) counterparts, we correlated the X-ray
point source positions to the 2MASS all-sky catalog (Skrutskie et al. 2006). Especially
for regions on the Galactic plane where the interstellar absorption is very strong, which
is the case for HESS J1626—490 (Ng~2.22x10%? cm ™2, Dickey and Lockman 1990), the
NIR band is particularly suited for probing deep into the interstellar medium (ISM).
We classified an X-ray source from this observation as NIR-identified when a 2MASS
catalog entry is found within 2” of the source position resulting from the SAS source
detection algorithm. We classified the detected point sources as either ”soft Galactic”
(e.g., X-ray active stars), "hard Galactic” (e.g., cataclysmic variables (CVs), X-ray bi-
naries), or "hard extra-galactic” (e.g., background AGN), based on the X-ray spectral
characteristics and the NIR counterpart. These classifications are meant to reflect gen-
eral characteristics such as hard/soft or absorbed/unabsorbed, which helps to derive
more accurate fluxes for sources where no spectral analysis was possible.

4.3.2.1 Soft Galactic sources

Owing to coronal activity and/or binary interaction, stars can exhibit strong thermal
X-ray emission during a wide variety of evolutionary stages (for a compilation of the 100
brightest X-ray stars detected by ROSAT, see Makarov 2003). Therefore, such objects
comprise the vast majority of soft Galactic sources. A typical physical model to describe
their X-ray spectra is an absorbed multi-temperature thermal plasma (MEKAL in
XSPEC) with temperatures in the range of kT = 0.5-2.0 keV. Due to the lack of high
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Figure 4.5: Combined color-coded image from the pn and MOS detectors. Energy inter-
vals for the colors are 0.5-1.0keV (red), 1.0-2.0keV (green), and 2.0-4.5 keV
(blue). The red contours denote the 8 and 7 ¢ statistical significance levels
of the H.E.S.S. detection of HESS J1626—490. Marked are the point sources
detected within the 7o VHE contours (numbered 1 to 12 with increasing
R.A.). The dashed ellipse (white) shows the 1o confidence region of the
positional uncertainty of the Fermi source 1FGL J1626.0—4917c.
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Figure 4.6: EPIC-pn and EPIC-MOS spectra of source No. 1 with a 3-temperature
thermal plasma model (MEKAL, x*/v = 1.07) fit.

interstellar absorption at these short distances and their intrinsically soft spectra, these
objects would be classified as soft, according to the HR criterion, mentioned in the
previous section. Furthermore, we required an NIR counterpart for an identification as
a "soft Galactic” source. According to these criteria, eight of the twelve point sources
were classified as "soft Galactic”, and a spectral analysis could be performed on three of
them. We calculated the flux for those sources with no spectrum from the 0.5-10.0 keV
count rate assuming an unabsorbed power-law spectrum with photon index 3.0. The
X-ray and infrared information for these objects is compiled in Table 4.2.

Source No. 1 is by far the brightest X-ray point source in the FoV (with an unab-
sorbed flux of Fx ynaps = 8.0x 10712 erg cm™2 s7!) and is spatially coincident with the
active triplet system HD 147633 = 1RXS J162517.7—490855 (Makarov 2003). This sys-
tem contains a close binary of two G-type main sequence stars. The X-ray spectrum
(Fig. 4.6) can be well-fit with a 3-temperature thermal plasma emission model (see
Table 4.2). The three plasma temperatures resulting from the fit are compatible with
temperatures seen, e.g., from the Castor X-ray triplet (Giidel et al. 2001). We therefore
conclude that an identification of Source No. 1 with HD 147633 is very likely.

4.3.2.2 Hard Galactic and extra-galactic sources

In contrast to the X-ray emission seen from nearby active stars, the spectra of back-
ground AGN and Galactic CVs are intrinsically harder, and, in the case of AGN,

7
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Table 4.2: Classification of X-ray point sources

Source R.A. Dec. Ng HRW k1T /TG ﬁmwg_om J& 2MASS class
No. (10! cm—2) (for kT keV) (mag) name
1 16:25:17.5 -49:08:53 <0.08 —0.91 KTy =0.207005 79.5 6.117  J16251768-4908524 soft Galactic
KTy = 0637007
kT3 = 2.01009
2 16:25:19.6 -49:13:33 —0.80 - 0.39 13.458  J16251980-4913341 soft Galactic
3 16:25:45.0 -49:04:30 — —-0.05 — 3.5 - - med. extra-galactic
4 16:25:55.4  -49:12:56 — —-0.25 - 2.1 12.895 J16255550-4912576 hard Galactic
5 16:26:08.0 -49:00:09 <1.6 —0.72  kTy = 0467057 3.1 7.884  J16260819-4900103 soft Galactic
kT = 3.511 -
6 16:26:09.2 -49:05:21 —0.82 - 0.044 1242  J16260907-4905195 soft Galactic
7 16:26:17.2  -49:09:03 881" +0.92 T'=0410% 3.9 - - hard extra-galactic
8 16:26:21.6  -49:08:33  <0.9 —0.91 kT =0.8470% 1.9 13.133  J16262176-4908333 soft Galactic
9 16:26:22.3  -49:02:48 6.5£5.0 —0.16 T =20£0.7 14 11.304  J16262255-4902485 med. Galactic
10 16:26:38.1 -48:59:29 —0.98 - 0.091 1347  J16263792-4859277 soft Galactic
11 16:26:47.2  -49:00:22 —-0.39 - 2.1 12.726  J16264736-4900230 hard Galactic
12 16:26:57.4 -49:10:30 - -0.73 -~ 0.35 11.704 J16265766-4910312 soft Galactic

(DHardness ratio as defined in the text. Svﬂmgwmﬁmﬁcwm@v or photon index resulting from a MEKAL or power-law model fit to the

spectra; depending on the statistical quality of the thermal spectra, the number of temperature components varies. (3)Unabsorbed flux

in the 0.5-10.0 keV band in units of 10713 ergem™2s~!'. The flux is derived from spectral fitting or, for fainter sources, by scaling an

assumed spectrum with the count rate depending on the source class (see text). 4] magnitude from the 2MASS catalog in cases where

a counterpart was found within 2” of the X-ray source.
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heavily absorbed by the interstellar medium in the Galactic plane. According to the
hardness-ratio classification scheme, these sources would be medium or hard. For two
sources, not classified as “soft Galactic”, an X-ray spectrum could be extracted (Nos. 7
and 9). Both feature hard power-law spectra. Source No. 7 shows a very high absorp-
tion column density (Ng = 8.8x10%? cm™2), which is higher than the Galactic level in
that direction (N = 2.1x10?2 em~2, Dickey and Lockman 1990), so we classify this
object as “hard extra-galactic”. In contrast, the spectrum of the NIR identified source
No. 9 is much less absorbed, indicating a location in the Galactic plane. We therefore
classify this source as “hard Galactic”. The rest of the medium or hard sources were
classified as “Galactic” if an NIR counterpart is present, otherwise as “extra-galactic”.
We calculated the flux for sources with no spectrum from the 0.5-10.0 keV count rate
assuming an absorbed power-law spectrum with a photon index of 2.0. For “extra-
galactic” sources we assumed the total Galactic column density Ny = 2.1x10%? cm™2,
for “Galactic” sources the somewhat lower value Ny = 5x 102! cm~2. The results for
all point sources are shown in Table 4.2. We note here that in the rare case of hard
Galactic sources with no NIR counterpart, such as PWNe, these objects would have
been wrongly classified as “extra-galactic”.

4.3.3 Properties of the diffuse X-ray emission

Aharonian et al. (2008a) approximated the morphology of HESS J1626—490 by fitting
a 2-D Gaussian to the VHE excess map. The resulting intrinsic (with the effects of the
instrument point-spread-function removed) major and minor axes were 0.1° and 0.07°,
respectively, with a position angle of 3° west to north. An IC scenario would predict
X-ray emission due to the synchrotron cooling of the same population of electrons.
Likely candidates for such a scenario are PWNe. For these sources the X-ray nebula is
more compact than the VHE source since the high magnetic fields close to the pulsar
lead to strong synchrotron cooling. In contrast, the VHE nebula might be dominated
by a more extended population of electrons with lower energies and longer cooling
timescales. However, as we did not see any obvious extended X-ray counterpart to
HESS J1626—490 with XMM-Newton (see below), we characterized the diffuse X-ray
emission seen from a region comparable to the intrinsic VHE extent.

Before the extraction of events from diffuse regions, we first removed all detected point
sources from the dataset. For that purpose we mostly relied on the results from the SAS
maximum-likelihood source detection algorithm. Exceptions were very bright sources
(e.g. source No. 1), sources at large off-axis angles (e.g. source No. 5), and the out-
of-time event column from source No. 1, where we modified or added the respective
regions manually. All exclusion regions are shown in Fig. 4.7.

To clean the background data from soft proton flares and to remove contributing ob-
servations with a higher general flux level, we applied the same GTI threshold as for
the source data. However, due to the non-simultaneity of the source and background
observations, the particle-induced background level could still be different. At energies
above ~12 keV the effective area of the X-ray telescope decreases significantly and the
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Figure 4.7: Adaptively smoothed EPIC-pn image of diffuse X-ray flux in the 3-7 keV
energy band with a linear color scale (arbitrary units). The instrument FoV
is shown as a dashed circle (green). The large ellipses (black) denote the
extraction regions for HESS J1626—490 and the background test, respec-
tively. The large circle (magenta) to the east gives the approximate extent
of the X-ray scattering halo of 4U 1624—490. Excluded regions are shown
as crossed-out areas (yellow regions crossed with red lines).

NXB becomes the dominant background component. Thus to improve the estimation
of the NXB we derived a scaling factor based on the ratio of the count rate in the
12-15 keV energy bands between source and background observations (similar to De
Luca and Molendi 2004).

To check for potential hard diffuse X-ray excess emission, as expected for a synchrotron
radiation scenario, we extracted an image in the 3-7 keV energy band. We refilled
excluded regions using dmfilth and applied the adaptive smoothing algorithm csmooth
from the CIAO software package (Fig. 4.7). For the kernel size determination of the
smoothing we required a minimum significance of 5o. As background we subtracted
the scaled NXB dataset as described in the previous paragraph.
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Figure 4.8: NXB-subtracted spectra from the elliptical region centered at
HESS J1626—490 (black) and a region in the south of the FoV out-
side the 4 o contours of HESS J1626—490 (red). The stepped lines show
the best-fit of a 2-temperature NEI model.

4.3.3.1 Upper limit for extended X-ray emission from HESS J1626—-490

The difficulties that arise when accurately measuring X-ray spectra from very extended
regions can be summarized as follows. Due to the energy dependent mirror vignetting
the effective area changes significantly within the extraction region. In principle one
could use a mean effective area of the whole region. The easiest method would be to
simply average over the effective areas of all pixels within the source region. However,
this method introduces systematic errors, if the source flux varies within the region.
To take this variation into account, one could calculate the mean effective area based
on a weighted average, where the contribution from each pixel is weighted by its flux
in a certain energy band. However, to determine the flux, one first would have to
know the source spectrum, which in turn requires the knowledge of the effective area.
As the effective area is not known at this point, this method can also just be an
approximation. But it is still commonly used for extended source analyses, as it is very
easily implemented with standard analysis tools.

However, for this work we adopted a more accurate method, which was first described
for XMM-Newton by Arnaud et al. (2001). In this method each event is weighted as
if it were measured at the on-axis position. To calculate the weighting factor, we used
the vignetting information stored in the calibration database for the exact position
and energy of each event. For instance, if a 1 keV event is registered at a distance
of ~8 from the on-axis position, the weight would be 2, as the attenuation due to
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the vignetting at this distance and for this energy would be ~0.5. Now, we can use
the on-axis energy response (RMF) and ancillary response files (ARF) to calculate the
correct energy spectrum.

Apart from the problems in extracting the source spectrum, the background subtrac-
tion is also a non-trivial issue for extended sources. Due to vignetting, the astrophysical
background component significantly differs between the in-field background region and
the extended source region. To account for this difference we employed the weighting
method described in the previous paragraph for both source and background spectrum.
Now if the in-field background is compared to the source spectrum, the astrophysical
background component is treated properly. However, the NXB is not subject to vi-
gnetting, and the weighting method would lead to an over- or underestimation of this
component. We dealt with this issue by using a filter-wheel closed dataset, provided by
the EPIC background working group (Carter and Read 2007). For both background
and source region we also extracted a spectrum from the NXB dataset from the exact
same areas in the detector. We again employed the weighting method for the NXB
spectra. Now if the respective weighted NXB spectra are first subtracted from the
source as well as the in-field background spectra, the NXB component is properly
removed, leaving only the (now comparable) astrophysical background and potential
source excess emission in the net spectra.

Now that we have a powerful method to extract X-ray spectra from extended regions,
we turn again towards the XMM-Newton data of HESS J1626—490. The image of
diffuse X-ray emission (Fig. 4.7) shows no significant spatial variation, apart from the
area at the eastern edge of the FoV, which is discussed in the next section. To derive
an upper limit for the total X-ray flux possibly connected to HESS J1626—490 (yellow
ellipse in Fig. 4.7) we extracted a spectrum from that area and compared it to a
spectrum extracted from the southern part of the FoV outside the 4 o contours of the
VHE detection. For the spectral analysis we used the same exclusion regions as for the
extraction of the diffuse image (see Sect. 4.3.3).

Since HESS J1626—490 is right on the Galactic plane, we assumed that the observed
emission from both regions is of diffuse Galactic origin. Therefore, we adopted the two-
temperature non-equilibrium ionization model (2-T NEI) from Ebisawa et al. (2005,
henceforth E05). These authors observed a typical Galactic plane region (Dickey and
Lockman 1990) with Chandra and analyzed the Galactic diffuse emission in great
detail. We fixed most of the model parameters at the values from E05, except for the
norm and column densities of both temperature components and the Si abundance
of the hard component, which would have been significantly overestimated otherwise.
We fitted both spectra in parallel with this model (Fig. 4.8), and we only allowed the
normalizations to vary separately. The intrinsic surface fluxes were derived by dividing
the unabsorbed fluxes by the effective extraction region, which is the region on the
detector minus excluded areas, bad pixels/columns, and CCD gaps. For both regions
the details of the fitting parameters are listed in Table 4.3.

The total surface fluxes for both regions agree within 1.5 o. Here the flux measured
from the test region is slightly larger. Therefore, we did not detect any significant X-ray
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Table 4.3: Fit results for a 2-temperature NEI model

Parameter HESS J1626—490  Southern test region
Soft Component

kT (keV) 0.59 (frozen)

log(net/(cm™3s)) 11.8 (frozen)

Abundance (except Ne, Mg, Si) 0.044 (frozen)

Ne abundance 0.30 (frozen)

Mg abundance 0.14 (frozen)

Si abundance 0.25 (frozen)

Ny (10?2 cm~2) 0.2340.09

Intrinsic surface Aux®) 1.44+0.4 1.8+0.5

(1077 erg cm™2 s~ s 1)

Hard Component

kT (keV) 5.0 (frozen)
log(net/(cm™3s)) 10.6 (frozen)
Abundance (except Fe) 0.17 (frozen)

Fe abundance 0.9 (frozen)

Ny (10%2 cm—2) 3.1710:38

Intrinsic surface fAux(*) 2.7+0.2 3.6+0.3

(1076 erg cm™2 s~ s 1)
X2 /v 102 / 74

(*) In the 0.7-10.0 keV energy band

excess emission from the direction of HESS J1626—490 with respect to the test region.
Assuming that a potential X-ray signal associated to HESS J1626—490 would originate
in a region with the same extent as the VHE signal and that an excess flux greater
than 4 ¢ above the Galactic diffuse emission would be detectable, we derived an upper
limit for the X-ray flux in the 1-10 keV band of F'x excess < 4.85x10712 erg em™2 s71.
Given the observed background count rate from the ellipse and assuming an absorbed
power-law spectral shape with index —2 and column density 1x10%2 cm™2, the formal
40 confidence level flux upper limit (1-10 keV) would be ~1x107!? erg ecm=2 s~ 1,
somewhat lower than the above value. However, we used the first value as we deem it

more realistic for the actual source analysis techniques.

Figure 4.9 shows the VHE spectral energy distribution (SED) of HESS J1626—490,
together with this upper limit, assuming a power-law spectrum with index —2 for
the X-ray spectrum. In addition, the spectral uncertainty band of the Fermi source

1FGL J1626.0—4917c is shown (Abdo et al. 2010a).
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Figure 4.9: Spectral energy distribution of HESS J1626—490, showing the H.E.S.S.
spectrum as data points with errors (red) (Aharonian et al. 2008a) to-
gether with the spectral uncertainty band of 1FGL J1626.0—4917¢ (Abdo
et al. 2010a). The XMM-Newton upper limit from this work is denoted by
a horizontal line with an arrow (black).

4.3.3.2 Contamination from the dust-scattering halo of the low-mass X-ray
binary 4U 1624—-490

As seen in the smoothed image of diffuse X-ray emission in Fig. 4.7, the flux level
increases towards the eastern edge of the FoV. The dipping low-mass X-ray binary
40U 1624—490 is located ~270” outside the XMM-Newton FoV, exactly to the east.
This source features an extended dust-scattering halo, which was detected with Bep-
poSAX (Baluciniska-Church et al. 2000) and Chandra (Xiang et al. 2007). According
to these authors the halo shows a hard, highly absorbed spectrum (Ny = 8-9x10%?
cm~2) and should reach well inside the XMM-Newton FoV of this observation as de-
noted by the eastern yellow circular region in Fig. 4.7. An absorbed power-law fit to
the spectrum extracted from the eastern region in the XMM-Newton observation gives
a column density of Ny = (8.04:2.5)x 10?2 cm™2 and a photon index of ' = 2.34:0.7.
These results, together with the apparent circular shape of the excess, confirm the iden-
tification of this emission with the dust-scattering halo of 4U 1624—490. The effects of
this contamination are very limited to the eastern edge of the FoV and should there-
fore not influence much the measurements of the diffuse emission from the direction of
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HESS J1626—490 and the test region.

4.4 NANTEN !2CO (J =1—0) data

To search for molecular clouds, spatially and morphologically coincident with
HESS J1626—490, we analyzed '2CO (J = 1—0) molecular line observations performed
by the 4 m NANTEN mm/sub-mm telescope. These data were taken as part of the
NANTEN Galactic Plane Survey (1999 to 2003, Matsunaga et al. 2001, and references
therein). The survey grid spacing was 4’ for the region around HESS J1626—490. For
this work the local standard of rest velocity (vpsr) range —240 to +100 kms~! was
searched.

Figure 4.10 shows the NANTEN '2CO (.J = 1—-0) image integrated over the vrgg range
—31 to —18 kms~!. In this interval we found a 2CO feature partially overlapping

r 60
r 54

r 47

G335.2+00.1

r 40

r 34

Galactic latitude (deg)

335.8 335.4 335.0 334.6 334.2
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Figure 4.10: NANTEN '2CO (J = 1 —0) image of the region around HESS J1626—490
(linear scale in Kkms™!) integrated over the wvpgr range —31 to
—18 kms~!. Overlaid are the contours of the VHE emission (blue) and of
the H1 cloud discussed in Sect. 4.5 (green). The dashed circle (light blue)
denotes the position and extent of the SNR G335.24-00.1.
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Figure 4.11: NANTEN 2CO (J = 1 —0) Galactic longitude-velocity plot (linear scale
in K degrees) integrated over the Galactic latitude range —0.33° to 0.14°.
The 2CO cloud shown in Fig. 4.10 is marked by a dashed circle (green).

with the VHE emission. According to the Galactic rotational model of Brand and
Blitz (1993), this vrsr range corresponds to a kinematic distance of 2.2 to 1.5 kpc. As
can be seen in the NANTEN position-velocity plot (Fig. 4.11), this CO cloud seems to
be connected to a much larger system of clouds at velocities —32 to —50 kms™!. The
12C0 emission at these more distant velocities is much more extended, and we did not
find any apparent feature particularly matching the VHE morphology or coinciding
with the SNR G335.2+00.1.

Using the relation from Strong et al. (2004):

(4.2)

Ny = 1.5 x 10% (M)

Kkms™!

between the hydrogen column density Ny and the 12CO (J = 1-0) intensity W(12CO),
we estimated the total mass of this cloud at 1.8x10*M, for d = 1.8 kpc within an
elliptical region centered at [ = 334.78°, b = 0.00° with dimensions 0.26° x 0.30°. The
corresponding average density is 2.1x10% ecm™3. Both these parameters are important
for modeling the VHE ~-ray emission in an hadronic scenario (see Sect. 4.7).
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Figure 4.13: H1 SGPS Galactic longitude—velocity plot (linear scale in Kdeg) inte-
grated over the Galactic latitude range -0.11° to 0.24°. The position and
extent of the 2CO cloud is denoted by a dashed circle (black). The double
arrow (green) shows the Galactic latitude and extent of SNR G335.2+00.1.

4.5 SGPS HI and Spitzer infrared data

Figure 4.12 shows H1 images of the region around HESS J1626—490 from the Southern
Galactic Plane Survey (SGPS McClure-Griffiths et al. 2005) integrated over the vpsg
ranges —23 to —18 kms™1 (Left) and —31 to —23 kms™! (Right), respectively. A local
H1 density depression is seen in the center of the left image at an angular separation
of ~21’ from the CO molecular cloud and HESS J1626—490. It is striking that this
feature is consistent in position as well as in angular extent with the SNR G335.24-00.1
(Green 2009; Reach et al. 2006). Furthermore, both images show a region of increased
gas density in spatial coincidence with the VHE contours, which is more pronounced
in the —31 to —23 kms™! velocity range. Two dips, most likely due to foreground
absorption, are marked by arrows (labeled D1 and D2).

We estimated the mass of the dense HI region coinciding with the VHE and '2CO
features using the signal within the same elliptical region as for the CO cloud (Sect. 4.4).
Using the relation between H 1 intensity and hydrogen column density from Dickey and
Lockman (1990) (X=1.8x10"® cm~2K~!km/s) we estimated the mass of the cloud as
4.9x10% M, with an average density of 60.1 cm™3. However, we note here that due to
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Figure 4.14: Three-color (rgh=24/8/3.6 pum) image from the Spitzer GLIMPSE and
MIPSGAL surveys in log scale (MJy/sr units) with lower limit clipping
at (rgh=30/60/5 MJy/sr) in Galactic coordinates. Shown are the VHE
contours of HESS J1626—490 (white) and two H1I regions (red, labeled
R1 and R2).

the two absorption dips in the region this value should be seen only as a lower limit of
the actual mass of the H1 cloud.

Figure 4.13 shows the vy,gr profile for this region integrated over the Galactic latitude
range —0.11° to 0.24°, which is the extent of both the SNR G335.24-00.1 and the VHE
emission of HESS J1626—490. Both the region of low density and the H1 cloud are
clearly visible. The latter is in good agreement with the position of the CO cloud
(Sect. 4.4), as indicated by the dashed ellipse.

Figure 4.14 shows a three-color (rgh=24/8/3.6 um) image from the Spitzer GLIMPSE
and MIPSGAL surveys in log scale (MJy/sr units) with lower limit clipping at (rgb
=30 / 60 / 5 MJy/sr). Apart from the large-scale diffuse emission in the red and
green bands along the Galactic plane, there are two prominent HII regions within
the 40 H.E.S.S. contours. These two H1I regions are coincident with the absorption
dips seen in H1 (Fig. 4.12), which is a common feature of many HII regions in the
Galactic plane (see, e.g., Kuchar and Bania 1990). R1 is listed in the catalog of Russeil
(2003) (No. 427) with a systemic distance of 2.440.3 kpc. Even though R2 is not
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listed, judging from the similarity of the two absorption dips, the distances to both
H11 regions should be quite similar. Both H1I regions are also clearly seen in the
Molonglo (Green et al. 1999) 843 MHz radio image shown by Aharonian et al. (2008a,
Fig. 2). The differing distance estimates for the H1I regions and the H1/CO-complex
might indicate systematic differences between both methods. In particular this could
mean that a large fraction of the mass of the H1 cloud is located at a distance greater
than 1.8 kpc.

4.6 Discussion of the emission scenario

In this work we searched for X-ray, sub-millimeter, and infrared counterparts of the
unidentified VHE ~-ray source HESS J1626—490 to explore the nature of the particle
acceleration process responsible for the observed emission. With a luminosity of 2x 1033
erg s~ x(d/kpc)?, HESS J1626—490 is quite typical of Galactic TeV sources detected
by H.E.S.S., and we discuss both leptonic and hadronic emission scenarios in this
section.

According to Reimer et al. (2006), close binary systems consisting of Wolf-Rayet (WR)
and/or OB super-giant stars are expected to effectively produce VHE ~-rays in the
colliding wind zone where strong shocks are present and where particle acceleration
to multi-TeV energies could take place. The nearby triplet system HD 147633 (source
No. 1, Sect. 4.3.2.1) is a strong X-ray emitter. Its spectrum can be well fit by a
thermal model with temperatures typical of X-ray binaries showing coronal activity.
This system is composed of a close binary of two G-type main sequence stars and a
tertiary star orbiting at a greater distance (Makarov 2003) and can therefore most likely
be ruled out as an efficient source of highly relativistic particles, which could give rise to
VHE ~-ray emission. Apart from that, the extended morphology of HESS J1626—490
makes an identification with an X-ray point source detected by XMM-Newton rather
unlikely.

In the case of a leptonic scenario where low-energy photons are up-scattered by rel-
ativistic electrons via the IC process, X-ray emission is expected to accompany the
VHE signal arising from synchrotron cooling of the same population of high-energy
electrons (Aharonian et al. 1997). Two examples for such sources detected by H.E.S.S.
are the pulsar wind nebulae MSH 15-52 (Aharonian et al. 2005b; Schock et al. 2010)
and HESS J1825-13 (Aharonian et al. 2005¢). Even from a first glance at the flux

013 2 57! for point sources and ~1072 erg cm™2 s7!

levels in X-rays (~1 erg cm~
for diffuse emission) and at VHE energies (~1071! erg cm™2 s7!), a purely leptonic
emission scenario seems unlikely. Following Aharonian et al. (1997) and assuming a
typical Galactic magnetic field strength of 3x107% G, the corresponding synchrotron
photon energy for E=1 TeV IC photons is €=0.02 keV. Assuming the same photon
index for the synchrotron counterpart as measured from the VHE source (I' = 2.18)

and extrapolating the flux to the 0.5 to 10 keV band, we estimate an integrated source
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2 =1 This flux is a factor of ~25 more than what we mea-

flux of ~1.110~ ™ erg cm™
sured from any point source, apart from X-ray source No. 1, which was discussed in
the previous paragraph. This makes an identification of HESS J1626—490 with any of
these sources unlikely. Our upper limit for diffuse X-ray emission (Sect. 4.3.3.1) is a
factor of ~2 lower than the expected value for HESS J1626—490 in a purely leptonic

model.

We observed infrared emission from the field around HESS J1626—490 (see Sect 4.5)
which could provide an additional target radiation field for the IC process. This would
lower the expected synchrotron flux in the X-ray band. On the other hand, these
estimates are based on the lowest possible magnetic field found in the Galactic ISM.
Magnetic fields in the vicinity of energetic pulsars can be a factor of 10-100 larger, which
would increase the expected synchrotron flux accordingly. We therefore conclude that
a purely leptonic emission scenario is rather unlikely for HESS J1626—490.

The non-detection of any X-ray source fulfilling the energetic requirements for a purely
leptonic scenario favors a hadronic emission process such as dense clouds in the vicin-
ity of a cosmic particle accelerator. Such a scenario will be discussed in the remaining
part of this section. As already mentioned in Sect. 4.1, dense molecular clouds are
established VHE ~-ray emitters because they provide target material in regions of
high cosmic-ray densities. Using data from the NANTEN '2CO (J = 1 — 0) Galac-
tic plane survey, we detected a molecular cloud that is morphologically consistent with
HESS J1626—490. Particularly, the extended VHE tail, only seen in the updated analy-
sis of the H.E.S.S. data, seems to have a CO counterpart. This additional morphological
coincidence, that was not yet seen in our paper, confirms the positive identification of
HESS J1626—490 with the observed CO cloud. The MC is located at a mean kinematic
distance of ~1.8 kpc. Following Aharonian et al. (1994, Eqs. 2 and 3), we estimated
the gas density required to produce the observed VHE 7-ray signal (F,(>0.6 TeV) =
7.5x107"2 ph em™2 s7! and I' = 2.2) as n ~ 10 cm ™3 assuming a CR production
efficiency of # = 0.1 and a distance of d = 1.8 kpc. This value is an order of magnitude
lower than the measured '2CO mean density. Thus, this environment would be easily
suited to provide the observed VHE ~-ray flux.

Following Aharonian (1991) (Eq. 10), assuming that the observed molecular cloud only
provides a ‘passive’ target for cosmic rays originating in a nearby acceleration site, the
cosmic-ray enhancement factor for this source would be kcr = 333 for 10 TeV protons.
As seen in Fig. 4.12 (right) and Fig. 4.13, there is a region of high-density H1 gas
spatially coincident with HESS J1626—490 located at vpggr ~ —25 kms~'. Taking
the additional mass of this H1 cloud into account as supplementary target material
kcr would be down to ~255, which is an order of magnitude larger than seen from
other SNR-ISM interactions (see, e.g., Aharonian et al. 2008c). However, following
Aharonian and Atoyan (1996), even CR enhancements of kcg > 103 are to be expected
from molecular clouds at distances <10 pc from the SNR shell (as in our case, see next
paragraph) and for a diffusion coefficient of D1g ~10%¢ cm? s~1 if the age of the SNR
does not exceed 10* to 10° years (see Fig. 4.15).
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Figure 4.15: The temporal evolution of the energy spectrum of relativistic protons in
the vicinity of an impulsive accelerator during their energy-dependent
propagation. The index of the powerlaw injection spectrum is assumed
to be —2.2, for a total CR energy of 10°! erg. Shown is the spectrum at
a distance of 10 pc from the source. A powerlaw diffusion coefficient is
assumed with s=0.5 and Dip = 10%6cm?/s. The curves plotted by fancy
(1), solid (2), dashed (3), and dot-dashed (4) lines correspond to the age
of the source t = 103,10%,10°, and 10° years, respectively. The hatched
curve shows the fluxes of the CR protons observed near Earth. Image
credit: Fig. 1b in Aharonian and Atoyan (1996).

Now assuming that this '2CO / H1 cloud is indeed the source of the observed VHE -
rays, a nearby accelerator would be needed. The presence of two prominent H 11 regions
at distances consistent with the CO / HI clouds (see Sect. 4.5) indicates massive
star formation, hence potential PWNe and SNRs in this area. The nearby density
depression seen in HT (see Sect. 4.5) might indicate a recent catastrophic event, such
as a supernova explosion, giving rise to strong shocks that would have blown the
neutral gas out. At d=1.8 kpc the edge of this region would be at a distance of
8.1 pc from the "2CO/HT cloud. It is striking that this H1 feature is consistent in
both position and angular extent with the SNR G335.24-00.1 (Green 2009). Using the
¥-D relation Guseinov et al. (2004) estimated the distance to SNR G335.2+00.1 as d =
5 kpc which, at first glance, conflicts with the identification of SNR G335.24+-00.1 with
the H1 depression seen at a distance of 1.8 kpc. However, the scatter in 2-D distances
for individual sources is quite large (Green 2005) making a positive identification of
SNR G335.2400.1 and the H1 depression seen at a kinematic distance of 1.8 kpc very
well possible.

We note here that, apart from potential systematic uncertainties in kinematic distance
estimates, the projected distance of 8.1 pc should be seen only as a lower limit because
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the physical separation of accelerator and target could be larger if both objects are
not at the same distance to the observer. A hint that this could be the case for
this source is that the center of gravity of the CO cloud is slightly shifted in velocity
with respect to the H1 density depression. A larger distance between the accelerator,
most likely SNR G335.24-00.1, and the molecular cloud would lower the expected CR
enhancement.

Even though the angular separation of the Fermi source 1FGL J1626.0—4917c¢ and
HESS J1626—490 is relatively small, these sources are not coincident within the 3o
significance level of their spatial uncertainties (see Fig. 4.5). Furthermore, we did not
find any feature in X-rays, CO, or H1 that could explain a displacement between HE
and VHE ~-ray emission. 1FGL J1626.0—4917c also shows signs of a slight variability.
Based on the variability index listed in the 1FGL catalog (Abdo et al. 2010a), the
chance of the source being a constant emitter can be estimated to <11%, which might
indicate an extragalactic origin. Thus it remains unclear at this point whether these
two sources are physically connected.

4.7 Test of an hadronic model

Following the discussion in the previous section, the VHE ~-ray emission from
HESS J1626—490 arises most likely from hadron-dominated mechanisms. This inter-
pretation so far is mainly based on the comparison of flux levels in various energy
regimes. However, the spectral shape in the VHE regime did not yet contribute to
a detailed understanding of the source. Furthermore, there are still some parameters
that are not very well constrained yet. For the distance R between SNR and MC we
only have a lower limit of 8 pc, which is the projected distance seen from Earth. Also
the age t of the SNR is not known, as well as the diffusion coefficient Djg (see Sect. 2.5)
in the vicinity of the source. The latter so far was only determined in the Galactic
average (Di1p ~ 10%®cm? s, Berezinskii et al. 1990) or for W41, which is an historic
SNR with a known age (Dig ~ 10%6cm? s~!, Gabici et al. 2010).

Table 4.4: Scanned parameter space

Parameter lower boundary upper boundary step size
Age t (yr) 103 108 103
Radius R (pc) 8 50 1
Diffusion coefficient Djp (cm? s71) 10% 1028 2 x 10%

In this section the model for hadronic transport and v-ray emission described in
Sect. 2.5 is used to reproduce the measured VHE spectrum of HESS J1626—490. For
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Figure 4.16: Evolution of X?/n.d.f. as a function of the age t. The three solid lines
refer to diffusion coefficient normalizations of Do = 10%%cm? s=1 (black),
D1g = 10*"cm? s7! (red), and Djp = 1028cm? s~! (blue). The Radius was
fixed at R = 35 pc for all three scans.

this purpose the parameter space of R, t, and Dj( is scanned within the ranges and
with the step-sizes given in Table 4.4. For each parameter combination the model spec-
trum is calculated, and the deviation from the measured VHE data is quantified by its
mean squared deviation (X?). As it is unlikely or at least unclear that the offset Fermi
source 1FGL J1626.0—4917c¢ is connected to HESS J1626—490 (see previous section),
the model is only compared to the data from H.E.S.S..

To demonstrate how the parameters ¢ and Djg influence the spectra, the X? value
is shown as a function of ¢ for three different values of Djg in Fig. 4.16. For each
distribution it can be seen that the deviation from the data is very large for young
ages. This is because young SNRs are very powerful accelerators for CR energies of
up to 5 PeV, and feature high low-energy cut-offs of the CR spectra, as the lower
energy particles did not yet have time to reach the MC due to the energy dependent
diffusion. Therefore, for these energies the VHE data are extremely over-estimated
by the model. Furthermore, the low-energy cut-off of the model spectra are within
the range of the measured VHE spectrum, leading to a very poor reproduction of the
data. For older modeled SNRs, the X? distribution reaches a minimum, followed by
a slow rise towards higher values of t. The fact that the minimum is reached earlier
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Figure 4.17: Spectral energy distribution of HESSJ1626—490 showing the
H.E.S.S. spectrum (red) and the spectrum of the Fermi source
1FGL J1626.0—4917c¢ (blue). The solid line (black) shows the hadronic
model with the parameters that give the lowest value of X2 (R = 35 pc,
t=1.5x10° yr, D1g = 9 x 10%cm? s~ 1).

for larger values of Dy can easily be explained by the the correlation between these
two parameters. For faster diffusion (i.e. larger Djg) the lower energy particles reach
the MC earlier. Therefore, the low-energy cut-off of the model spectra passes over the
measured data range from high energies towards low energies for younger ages t. The
VHE data of HESS J1626—490 obviously do not show a pronounced low-energy cut-oft
in the probed energy range. Thus, a good fit of the VHE ~-ray data is possible for
smaller values of ¢ when Dy is larger.

The slow but steady rise of the reduced X? distribution after the minimum is due to
the fact that with increasing ¢ the peak of the modeled CR spectrum steadily shifts
towards lower energies. This leads to a more and more pronounced under-estimation of
the measured data in the VHE range. All three X? distributions asymptotically reach a
constant value of ~10 for very large SNR ages, which basically reflects the significance
of the measured spectrum, as the models predict a flux comparable to zero.

The scan over the full three-dimensional parameter space given in Table 4.4 yields
2
a global minimum of nXW = 1.1at R = 35 pc, Dig = 9 x 10¥cm? s~ ! and t =
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1.5 x 10° years. Figure 4.17 shows the VHE ~-ray spectrum together with the model
spectrum calculated with the these parameters. Similar good results (% < 1.2) are
achieved for radii between R = 31 pc and R = 34 pc, with ages varying between
t = 1.5 x 10° and ¢t = 2.0 x 10° years. The model reproduces the flux as well as the
spectral shape of the H.E.S.S. measurement very well. However, it is not compatible
with the flux of the Fermi source 1FGL J1626.0—4917c. But if 1IFGL J1626.0—4917c¢
is indeed not connected to HESS J1626—490, as suggested by the spatial offset and the
indications for slight variability (see previous section), this result might explain why
no second bright GeV ~-ray source was detected by Fermsi in this region. The radius of
R = 35 pc would imply a difference between the line-of-sight distances to the SNR and
the MC of ~34 pc. This is well below the spectral resolution of the cm/mm telescopes
and therefore compatible with the observations.

4.8 Conclusion and outlook

This chapter presented a detailed multi-wavelength study of the previously unidentified
VHE ~-ray source HESS J1626—490. An updated H.E.S.S. data analysis, comprising
more than twice the livetime of the original published dataset, yielded results compa-
rable to the original publication, however, with some distinct differences in the source
morphology. A detailed analysis of an archival XMM-Newton observation yielded no
apparent counterparts to the VHE emission in the X-ray regime. This information was
used to derive an upper limit that challenges current models which rely on a purely
leptonic 7-ray emission scenario. CO molecular line data from the NANTEN Galac-
tic plane survey revealed a molecular cloud at a distance of 1.8 kpc that is strikingly
consistent with the VHE morphology, particularly with the updated analysis results.
With public H1 data from the SGPS the line-of-sight distance to the SNR G335.2+00.1
could be constrained, assuming that a prominent density depression seen in the H1 gas
was created by the SNR shock. The projected distance between SNR G335.24-00.1 and
HESS J1626—490 would then be only 8.1 pc, which makes a hadronic y-ray emission
scenario very likely. A detailed model for hadron transport and interaction confirms this
conclusion, indicating a slightly larger distance between source and target of ~30 pc,
which is still compatible with the spectral resolution of the analyzed mm/cm radio
data. Thus, HESS J1626—490 is now among the small but growing number of individ-
ual VHE ~-ray sources that correlate directly to dense molecular clouds in the vicinity
of SNRs.

Now what can we do to learn even more about HESS J1626—490 or similar sources?
With the improved angular resolution of next-generation Cherenkov Telescope arrays,
it will be possible to study the morphology of the VHE signal and its connection to
molecular gas in much greater detail. This is crucial for constraining the emission region
of VHE ~-rays, which strongly influences any estimation of target mass and density.
For the determination of diffuse X-ray fluxes and upper limits, a large effective area
combined with a good angular resolution to effectively exclude point-like sources is
needed. Therefore, a much deeper exposure (~100 ks) with XMM-Newton would make
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it possible to significantly improve the constraints on leptonic scenarios. However, for a
more likely hadronic scenario, the flux expectations in the keV band are very low, which
would certainly diminish the chances of such a proposal to be approved. To study the
particle propagation in more detail, dedicated radio polarization observations in the
MHz to GHz regime would help to determine the direction and level of turbulence of the
magnetic field in the SNR. Furthermore, such measurements could be used to identify
a potential additional synchrotron component, and thus the presence of relativistic
electrons at the SNR shock. VHE 7-ray emission from molecular clouds may also
exhibit localized peaks at their core regions with densities >10* cm™ (Gabici and
Aharonian 2007). To trace these regions molecular lines of NHg, CS, or SiO can be
used. Respective follow-up observations at mm and sub-mm wavelengths could be
crucial for characterizing the environment of particle interaction.
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5 Non-thermal emission from Globular
Clusters

5.1 Introduction

Globular Clusters (GCs) are very old (~ 100 years) gravitationally bound systems of
stars comprising thousands to one million members. All GCs observed in the Milky
Way or nearby galaxies seem to be stable, which implies the presence of some inner
pressure countering the effects of gravitational collapse. Following Hut et al. (1992) this
energy density might come from the potential energy of the numerous binary systems
present in the cores of GCs, and that this energy might be transferred to the member
stars in close stellar encounters, stabilizing their orbits. This process is assumed to be
very efficient in the extremely dense cores of GCs, due to the strongly enhanced stellar
encounter rate (Pooley and Hut 2006). Observational evidence for a rich abundance
of close binary systems is provided by the detection of many X-ray binaries (XRBs)
associated with GCs (e.g. Clark 1975).

Apart from the direct detection of binary systems also the search for millisecond pulsars
(MSPs) could indicate the presence of close binary systems. At least in part, MSPs are
believed to be “recycled” pulsars originating from binary systems, and spun up by mass
accretion (Alpar et al. 1982). Therefore, a large population of close accreting binary
systems would subsequently lead to numerous MSPs at later stages of the evolution.
Indeed the abundance of radio MSPs per unit mass is greatly enhanced in the cores
of GCs (Ransom 2008). Recently, observations with the Fermi/LAT telescope have
shown that MSPs are also strong v-ray emitters in the MeV to GeV regime, featuring
hard spectra with cut-offs at a few GeV (Abdo et al. 2009). This emission is believed
to originate from pulsed curvature radiation emitted by electrons directly in the pulsar
magnetospheres (see e.g. Venter et al. 2009).

Furthermore, Fermi detected steady HE 7-ray emission from eight Galactic GCs (47
Tuc, w Cen, M62, NGC 6388, Terzan 5, NGC 6440, M 28, and NGC 6652; Abdo et al.
2010c). The fact that in all these cases the emission does not show variability indicates
that no individual MSP could be the origin of the observed signal. All the HE ~-ray
spectra of these eight GCs are hard with spectral indices 0.7< I' <1.7), and a cut-off at
a few GeV was measured for five of them (Abdo et al. 2010c). Therefore, these authors
conclude that the y-ray emission is due to magnetospheric emission from the whole
population of MSPs present in the GCs. Based on this assumption using the flux in
the GeV band, and when the distances to the clusters are known, the total number of
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MSPs can be calculated for each individual GC (Abdo et al. 2010c). Even though the
derived estimates are subject to large statistical uncertainties, the numbers of MSPs
predicted from the y-ray fluxes are much larger than the numbers of detected MSPs in
the radio and X-ray regimes. This could be explained by wider beams at GeV energies
with respect to lower frequency bands (see also Abdo et al. 2010b).

Due to the spectral cut-off at a few GeV, the magnetospheric emission does not extend
to VHE ~-ray energies, which would also explain the non-detection of any individual
MSP with current IACTs. Thus, in the context of magnetospheric emission from a
large population of weak emitters, GCs also are unlikely candidates for VHE sources.
So far, observations of GCs in the VHE regime only resulted in upper limits on M13,
M15, M5 and 47 Tuc (Anderhub et al. 2009; McCutcheon 2009; Aharonian et al. 2009).
However, the presence of relativistic electrons would give rise to VHE ~-ray emission via
IC up-scattering of CMB photons (see Sect. 2.4.1). These electrons could be accelerated
in the wind termination shocks of individual MSPs or in regions of colliding PWNe
(Bednarek and Sitarek 2007). Such a scenario is very similar to a PWN, which is the
most abundant class of Galactic VHE ~-ray emitters; but here the energy does not
come from one single powerful pulsar but from a whole population of a few tens to a
few hundred weak sources. In the case of VHE ~-ray emission due to the IC process,
synchrotron radiation from the same population of leptons might be expected in the
X-ray band. Therefore, the detection of non-thermal X-ray emission could help to
confirm such a scenario.

Apart from relativistic leptons, VHE ~-ray emission could also originate from hadronic
processes. As suggested by the recent detection of SN 1006 in VHE ~-rays (Acero
et al. 2010), the remnants of type Ia supernovae, resulting from a white dwarfs merger,
could produce hadronic CRs. The rate of such events is assumed to be very high in
dense GC cores, due to the high probability for close stellar encounters (Shara and
Hurley 2002). Another possibility for the production of hadronic CRs are remnants
of short gamma-ray bursts (GRBs), resulting from a neutron stars merger (e.g. Nakar
2007). The relativistic shocks, expected to originate from such events, are very efficient
particle accelerators, which would lower the requirements on the total kinetic energy
with respect to type la SNRs (Atoyan et al. 2006). The detection of thermal X-rays
would favor such a scenario, as shocks originating from sub-relativistic ejecta would
heat the surrounding ISM (Domainko and Ruffert 2005, 2008).

In this chapter the results of a search for VHE ~-ray emission from 18 Galactic GCs,
covered by the H.E.S.S. Galactic plane scan or dedicated observations, are presented
(Sect. 5.2). Here Terzan 5 stands out as the only GC with a significant VHE ~-ray
source in its direct vicinity (Sect. 5.2.1). Several GCs that are bright at MeV to
GeV energies (including Terzan 5) were also observed with the X-ray telescopes XMM-
Newton and Chandra. A weak and diffuse X-ray source, centered on Terzan 5, was
detected with Chandra (Sect. 5.3.1). Three other GCs are searched for the presence of
similar signals (Sect. 5.3.2), but the analyses resulted only in upper limits. Potential
emission scenarios for VHE ~-rays and X-rays are explored in the respective sections.

100



5.2 Search for VHE ~-ray emission from Galactic Globular Clusters

In Sect. 5.4 the findings in both energy regimes are summarized, and potential common
emission mechanisms are discussed.

5.2 Search for VHE v-ray emission from Galactic
Globular Clusters

To search for VHE 7-ray emission from Galactic GCs with H.E.S.S., the total available
dataset of observation runs was used, including scans from the Galactic plane as well
as dedicated observations. All three and four telescope runs that met the standard
selection criteria on hardware performance and weather conditions were selected (see
Aharonian et al. 2006d). Every GC that had a minimum exposure of 20 good quality
runs, with offsets between 0.2° to 2.0° from the GC position was considered. Another
a priori cut on the target list was applied by only accepting GCs with a minimum
Galactic latitude of 1°, to avoid source confusion. Following Chaves (2009) the dis-
tribution of VHE ~-ray excess counts detected by H.E.S.S. can be approximated by
a Gaussian profile centered at b = —0.26° with a width of 0 = 0.4°. Positions with
|b| > 1.0° are more than 20 away from the center of the Gaussian, and the number of
expected sources is of the order of 1072. The third cut on the target list requires an
energy threshold of 800 GeV or lower. This cut basically rejects those GCs that were
observed only at large zenith angles.
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Figure 5.1: Distribution of statistical VHE ~-ray detection significances for all GCs,
except Terzan 5. The mean of the distribution is 0.110.

101



5 Non-thermal emission from Globular Clusters

A total of 18 GCs survived these cuts and were analyzed with the sensitive model
analysis technique, which was already briefly described in Sect. 4.2. As the fluxes are
expected to be very low, “hard” cuts for shower reconstruction were applied, which
generally provide better results for weak sources (see Aharonian et al. 2006d). The
positions listed in the GC catalog of Harris (1996) were used to perform a search
for point-like (rpsp = 0.07°) VHE ~-ray emission from the direction of each GC.
For background estimation the reflected background method was used (see Sect. 4.2).
The statistical significance of VHE ~-ray emission from each GC, based on source and
background counts as well as the area scaling factor, was calculated following Li and Ma
(1983). All results are compiled in table 5.1. Most of these sources were not covered
in dedicated observations, but lie just by chance in the FoV of Galactic plane scan
runs or of observations targeted at nearby sources. Therefore, the GCs were observed
at a wide variety of offsets in the range of 0.2° to 2.0°. To give comparable values
for the effective exposure of each GC, the livetimes given in Tab. 5.1 were corrected
for relative acceptance differences. Terzan 5 is the only source that shows significant
excess emission and is therefore discussed separately in Sect. 5.2.1. The distribution of
detection significances of all GCs except Terzan 5 has a mean of 0.15¢ and is shown
in Fig. 5.1. For all non-detected GCs, upper limits (at 95% confidence level) for the
photon flux above 1 TeV were derived, following the approach of Feldman and Cousins
(1998) and assuming a powerlaw spectrum with photon index —2.

5.2.1 A VHE ~-ray source near Terzan 5

Terzan 5 (stellar luminosity Lgiar=1.5x10°Le, Harris 1996) is the Galactic GC with
the largest population of known MSPs (33, see Ransom 2008). Furthermore, a high
production rate for low-mass XRBs is expected in the extremely dense core of Terzan 5
(Ivanova et al. 2005). The GC is located at a distance of 5.5 kpc (Ortolani et al. 2007),
only ~1.7° above the Galactic plane (R.A.: 17M48™0450, Dec.: -24°46'45"). Tts core
(rc), half-mass, (ry) and tidal radii (ry) are 0.18', 0.83’ and 4.6/, respectively (Harris
1996). Terzan 5 is also the brightest GC detected by Fermi/LAT, with an estimated
total number of 180f580 MSPs (Abdo et al. 2010c). It is therefore one of the most
promising Galactic GCs for VHE ~-ray observations to test the scenario of leptonic
emission related to MSPs. Furthermore, due to its high core density, Terzan 5 may
also have been the site of recent catastrophic events, such as type Ia supernovae or short
GRBs, which might also give rise to radiation in the VHE ~-ray band (see Sect. 5.1).

Terzan 5 was covered in the H.E.S.S. Galactic plane scan. Due to an indication of excess
emission from the region around Terzan 5, a campaign of dedicated observations was
conducted in 2009 and 2010. The analysis of H.E.S.S. data presented in this section is
similar to the analysis described in the forthcoming H.E.S.S. publication (Acero et al.
2011) and yields consistent results. The total available dataset of runs, pointed within
2.5° of the core of Terzan 5, comprises a total livetime of 72.6 hours of good quality
data. In contrast to the run selection criteria employed for the analysis of all other
GCs (see Sect. 5.2), here also runs with offsets of more than 2.0° were accepted, to be
consistent with the analysis presented in the forthcoming H.E.S.S. publication.

102



5.2 Search for VHE ~-ray emission from Galactic Globular Clusters

Table 5.1: Analysis results for GCs observed by H.E.S.S. passing the cuts

Name Livetime Significance int. Flux (>1TeV)
(hours) (o) (photons cm ™2 s71)
Terzan 5* 72.6 +7.3 (3.240.6) x 10713
NGC104 16.4 +0.7 <5.8x10714
FR1767  21.0 —0.1 <1.4x10713
Pal6 29.8 —-0.0 <7.2x10714
NGC288  77.4 —0.8 <2.4x10714
Terzanl0 9.1 +2.0 <2.6x10713
Djorg2 10.6 -1.0 <8.4x10714
Terzan6  32.8 +0.1 <9.7x10714
NGC6749 11.5 —0.5 <1.3x10713
NGC6388 21.5 +1.2 <1.8x10713
NGC6256 8.4 —0.3 <3.3x10713
NGC6144 8.8 —1.0 <1.5x10713
NGC362 8.5 +1.5 <1.6x1013
Terzand  10.7 +1.2 <1.8x10713
NGC7078 13.9 +0.7 <8.6x10714
HP1 8.1 -1.3 <2.0x10713
NGC6715 30.5 +0.3 <1.0x10713
FSR1735 26.9 —0.1 <7.2x10714

* The quoted values for Terzan 5 are derived from the analysis presented in Sect. 5.2.1.

5.2.1.1 Characteristics of the VHE ~y-ray signal detected by H.E.S.S.

Figure 5.2 shows a map of VHE ~-ray excess emission above an energy threshold of
200 GeV, as detected by H.E.S.S. The peak significance of the detected signal is 7.30
pre-trials, which translates into a post-trial significance >50!, taking into account
the chance to encounter random fluctuations in the Galactic plane scan. The source is
extended beyond the radius of the instrument’s point spread function with a significance
of ~40 and features a fitted intrinsic width of ~0.1°. The VHE v-ray emission shows
significant overlap with the area within the tidal radius of Terzan 5, but the center
of gravity is offset from the GC core. A 2D-Gaussian fit to the excess map yields a
position of R.A.: 17047M40% (+1.5'), Dec.: -24°47'48" (£1.0"), which is 2.4 offset from
the core position of Terzan 5.

To derive a spectrum, a circular extraction region with a radius of 0.2°, centered on
the 2D-Gaussian best-fit position, was chosen, which takes the point-spread-function
as well as the intrinsic source extension into account (solid black circle in Fig. 5.2).
A fit with a simple powerlaw model (F(E) = Ny - E~F, x?/n.d.f. = 67/52) yields a

!Sources that are detected with post-trial significances of 50 or more are considered as
secure detections by the H.E.S.S. collaboration.
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flux normalization at 1 TeV of Ny = (4.8 £0.9) - 10~ 3cm 257 1TeV~! and a photon
index of I' = 2.7 £ 0.3 (Fig. 5.3). The energy interval used for spectral fitting was
0.2-84 TeV.

5.2.1.2 Origin of the VHE ~v-ray emission

Possible scenarios for VHE ~-ray emission from GCs were already introduced in Sect. 5.1.
Below, each possibility is discussed on the basis of the detected signal near Terzan 5.
This discussion is part of the upcoming H.E.S.S. publication (Acero et al. 2011)2.

Chance coincidence Before discussing possible emission scenarios giving rise to the
observed VHE ~7-ray signal from Terzan 5, first the possibility of a chance coincidence
of an unrelated Galactic source with this GC is investigated. Following the same

2The content of Sect. 5.2.1.2 was developed in close cooperation with the corresponding
authors of the HESS publication W. Domainko and A.-C. Clapson.
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Figure 5.2: H.E.S.S. excess map of Terzan 5 above an energy threshold of 200 GeV.
The dashed circle (green) shows the position and extension of the tidal
radius of Terzan 5. The cross (red) denotes the fitted center of gravity of
the VHE ~-ray emission. The white circles denote the instrument’s point
spread function (dashed) and the region used to extract the VHE ~-ray
spectrum (solid), respectively.
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Figure 5.3: VHE ~-ray spectrum of Terzan 5. The solid line (black) denotes the best
fit of a powerlaw model. The colored area (green) shows the 1 o confidence
region.

approach as in Sect. 5.2, the chance of finding a Galactic source can be determined
from the distribution of VHE ~-ray excess counts as a function of Galactic latitude
(see Chaves 2009). At a latitude of b = 1.7°, the expected number of counts at the
position of Terzan 5 is negligible (< 1073). Therefore, a Galactic source coinciding by
chance with Terzan 5 has to be an outlier of the distribution. Assuming that there
is one such outlier, the probability to find this source within 0.1° of the position of
Terzan 5 and over the longitude range covered by the H.E.S.S. Galactic plane scan
(—85° < [ < 60°) is ~10~*. However, it has to be noted that this estimation may be
biased, as the coverage of the scan is inhomogeneous, favoring regions much closer to
the plane.

The characteristics (i.e. spectral index, angular extent, and flux) of the VHE ~-ray
source detected close to Terzan 5 are compatible with PWNe, the most abundant class
of sources in this energy regime. However, there is no known radio pulsar with a spin-
down luminosity > 1034 ergs~'kpc™2 in the vicinity of Terzan 5 that could give rise to
a detectable PWN. In the ATNF pulsar catalog (Manchester et al. 2005) there is only
one such pulsar in the longitude band covered by H.E.S.S. and in the latitude range
1.5° < b < 2.0°. Following Gonthier et al. (2004), the numbers of radio-loud and radio-
quiet pulsars might be comparable. Therefore, one could assume the presence of one
additional powerful pulsar in this region. Again, as discussed in the previous paragraph,

the probability that one source is located within 0.1° of Terzan 5 is ~1074.

To conclude, it seems rather unlikely that the VHE ~-ray source detected in the vicinity
of Terzan 5 is either due to chance, or arises from a PWN associated with an undetected
powerful pulsar.
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Leptonic scenario As mentioned in Sect. 5.1, leptonic y-ray emission from GCs may
arise either as the superposition of pulsed curvature radiation of electrons from indi-
vidual MSPs (Venter et al. 2009) or from IC up-scattered photons by these leptons
or by electrons accelerated in individual or colliding PWN shocks (e.g. Bednarek and
Sitarek 2007). The ~-ray spectra in the case of curvature radiation are expected to fea-
ture cut-offs at a few GeV. Therefore, this process is compatible with the GC spectra
observed with Fermi/LAT (Abdo et al. 2010c), but is not expected to be responsible
for the VHE ~-ray emission from Terzan 5 detected by H.E.S.S. However, following
Venter et al. (2009), this model might very well give rise to y-ray emission in the VHE
band due to IC up-scattering of stellar or CMB photons. Assuming a magnetic field
strength of 10 4G and a distance of 5.9 kpc this model would need a population of
175432 MSPs to result in the observed flux above 1 TeV, which is in agreement with
the prediction based on the GeV flux measured by Fermi.

Compared to leptonic emission in the pulsars’ magnetospheres, re-accelerated electrons
in colliding PWN shocks would give rise to y-ray emission on much larger spatial
scales (a few arcmin, Bednarek and Sitarek 2007), which is more in agreement with
the observed VHE ~-ray extension. Scaling their model with a distance of 5.9 kpc and

assuming a population of 175 MSP with an individual spin-down power of 1034 1

ergs

each, the predicted flux is comparable to the observation. It has to be noted here,
that none of the MSP models can predict the apparent offset of the VHE source from
the GC core, as the IC intensity is supposed to follow the density distribution of the
target photon field, which is centered and radially symmetric for GCs. However, an
inhomogeneous diffusion of the re-accelerated electrons in the scenario described by
Bednarek and Sitarek (2007) could give rise to the observed morphology. This might
be due to an inhomogeneous distribution of matter in the surroundings of the GC. The
analysis of molecular line radio data, tracing the ISM density, could provide proof for

such an assumption.

Now that the first GC is potentially detected at VHE ~-ray energies, the question
remains if this contradicts a general scenario for emission from GCs, as there have been
only upper limits measured from other Galactic GCs before. The published upper limit
for the integral VHE ~-ray flux of 47 Tuc is Iy7ruc(> 0.8 TeV) < 6.7 x 10~ Bem 2571
(99% confidence level, Aharonian et al. 2009). This can be compared to the measured
integral flux from Terzan 5 of IT5(> 0.8 TeV) = 2.8 x 10~ 3em 257!, which is below
that limit. Therefore, Terzan 5 does not necessarily stand out among the Galactic
GC populations. The scaling factor needed to compare these fluxes depends on the
distances and the MSP populations of both GCs, which both may be subject to rather
large uncertainties.

Hadronic scenario Following Atoyan et al. (2006), in an hadronic scenario the en-
ergy in CRs (E)p) that is needed to explain the observed 7-ray luminosity L. can be
estimated as

Epp = Lymppn ™ (14 5). (5.1)
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Here n ~ 1/3 is the fraction of the CR energy converted into neutral pions and S ~
5 accounts for CR protons with energies outside the range probed by the H.E.S.S.
observation. The cooling timescale due to inelastic proton—proton collisions (7,,) can
be calculated as

-1
Tpp = (Kppappan) ) (5.2)

with the inelasticity K, ~ 0.5, the total inclusive pp — 70 + X cross section Opp, and
the ambient ISM density ny (Atoyan et al. 2006). According to the data collected by
Dame et al. (2001), the molecular gas density at the location of Terzan 5 is negligible.

3 is assumed, which corresponds to the

Therefore, an ambient density nygy = 0.1 cm™
mean value in the Galactic plane (Dickey and Lockman 1990). The above assumptions
yield a total CR energy requirement of FE,, ~ 10%terg, which is a factor of 5 to 10
larger than expected from typical SNRs, and thus would require very high conversion

efficiencies from the kinetic energy of the ejecta to CR acceleration.

A scenario where such high conversion efficiencies would be expected are remnants of
short GRBs resulting from a neutron stars merger (see e.g. Nakar 2007). Following
Atoyan et al. (2006), the transfer of the kinetic energy into CR acceleration is expected
to be very efficient in the relativistic shocks present in the remnants of these extremely
violent events. The age ¢ of such a remnant can be estimated from its extension, as
the CRs are subject to diffusion (see Sect. 2.5). With the radius of the remnant r and
the diffusion coefficient D, the age of the GRB is

p—— (5.3)

The apparent intrinsic source extension of ~0.1° translates into a radius r ~ 10 pc
at a distance of 5.9 kpc. The energy threshold of the VHE data analysis of 200 GeV
yields a primary CR energy of ~2 TeV. Using the diffusion coefficient for CR transport
in the form Digm(E) = Dig - (F/10GeV)*® (see Sect. 2.5.1) with s = 0.5 and Dy =
0.3 x 10"ecm?s~! (Atoyan et al. 2006), a GRB age of t ~ 4 x 10 years is needed.
This timescale can then be compared to the estimated rate of short GRBs in the
Milky Way. The rate of short GRBs was measured as 10 Gpc3yr~! with BATSE
data (Nakar 2007). Furthermore, the density of Milky Way like galaxies in the local
Universe is 1072Mpc 2 (Cole et al. 2001). To compare the total rate of such events
with observations, the beaming factor f;, = €2},/47 has to be taken into account. Here
, denotes the solid angle covered by the beam of the emitted radiation. For short
GRBs fp is estimated to be close to 100 (Nakar 2007). The quantities given above
yield a total expected rate of short GRBs in one Milky Way-like galaxy of one event
per 10% years. This timescale is a factor of ~3 larger than the estimated age of the
GRB, based on the VHE ~v-ray extension of the source. However, the CR diffusion in
the vicinity of Terzan 5 strongly influences the age estimation, but is a poorly known
quantity and might differ from the above assumptions.
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Figure 5.4: A scheme showing the arrangement of on and off positions around each GC.
The offset positions are aligned to the Galactic coordinate system.

5.2.2 H.E.S.S. stacking analysis of Galactic GCs

Except for Terzan 5, no individual GC showed significant excess emission in the VHE
~v-ray band. To determine whether the ensemble of the 17 non-detected GCs might
be a population of weak emitters, a stacking analysis was performed. In addition to
the point source analyses performed on the on-source positions, for each of the GCs
the same analysis was also run for four offset positions®. These off-source regions are
aligned to the Galactic coordinate system with offsets of 0.3° in each coordinate (see
Fig. 5.4). This allows to compare the on-source results with background regions that
feature a very similar Galactic distribution. Furthermore, systematic effects connected
to the detected excess emission can be studied, such as a potential dependence of the
flux on the distance to the Galactic plane. The off-regions are numbered such that
region 2 is always farthest away from the plane, i.e. the absolute value of the b is
largest, and region 4 is the closest to the plane. Region 1 and 3 are shifted by £0.3°
in longitude, respectively. Fig. 5.4 thus shows the arrangement for GCs above the
plane. To simplify the stacking, a “background livetime” #,, was defined for each test
position, that also includes the area scaling factor arising from the reflected background
method:

Ap
thg = tsrc X A—g. (5.4)

STre
Here tg. is the total exposure of the test position and Age, Apg are the areas of the
extraction regions for source and background estimation, respectively. To determine
the significance of the stacked signal, the source and background counts as well as

the source and background livetimes (g, tbg) each were summed over all contributing
sources. Like for individual sources, the total significance of the stack was calculated

3for both on and off positions an extraction radius of 0.1° was used
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following Li and Ma (1983) but using now the total stacked values for source and
background counts and the ratio of the total livetimes o = tsrc tot/tbg,tot- The stack
comprises runs with a total livetime of ~346 hours, and the resulting significances for
the five test positions are given in Tab. 5.2. Judging from these values the signals from
each of the test positions are compatible with zero emission. Comparing off-regions 2
and 4, there is also no evidence for a dependence of the excess signal on the distance
to the Galactic plane.

To identify the most promising candidates in the sample, for each GC a weight was
calculated as

\/ tsr
w— src,tot ’ (5'5>

where d denotes the distance to the GC, as listed in the catalog of Harris (1996). These
weights are motivated by the fact that the significance scales with the square root of
the excess counts, which are proportional to d=2 - tsretot- Of course, depending on the
assumed VHE ~-ray emission mechanism, other properties of the GCs may play a role,
such as the total number of MSPs (see Sect. 5.1). However, as the potential emission
scenario for GCs is not settled yet, these weights were defined without any additional
parameters. Table. 5.1 lists the GCs ordered according to decreasing weights. In
Fig. 5.5 the cumulative significance of the stack is shown, depending on the number of
contributing sources, by following the order given by the weights. Therefore, the most
promising datasets are stacked first. The rather featureless behavior of the stacked
significance with increasing source count might indicate that a subset of contributing
sources that provide a significantly stronger signal compared to the rest does not exist.
This conclusion, however, strongly depends on the ordering scheme of the sources, and
could change if more information is available on the actual emission scenario.

Table 5.2: Total stacked significances for on and off positions

Test stacked
position significance
on 1.70

offl 020

off2 1.9¢

off3 -0.8 ¢

off4 230
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Figure 5.5: Cumulative significance of the stack as a function of the number of con-
tributing sources. The order of the GCs follows Tab. 5.1 (see also text).

5.3 Search for non-thermal X-ray emission from
Galactic GCs

The analysis of X-ray data of GCs was motivated by the possible association of VHE
~-ray emission with Terzan 5. For instance, the detection of diffuse synchrotron emis-
sion in the X-ray band could confirm the interpretation of the VHE signal as leptonic
emission from relativistic electrons. However, the presence of extended emission from
GCs, arising from a wide variety of thermal and non-thermal processes, is already very
well established. To distinguish any potential synchrotron signal from such contribu-
tions might be challenging. In this section first the various emission mechanisms are
introduced, that are discussed in the context of extended X-ray emission from GCs.
This is followed by an analysis of observational data of six GCs, presented in sects. 5.3.1
and 5.3.2.

GCs are expected to contain intracluster gas originating from the mass loss of evolved
stars. Since GCs move through the Galactic halo medium with typical velocities of
~200 km s~!, bow shocks should form in front of them in the direction of their proper
motion (Krockenberger and Grindlay 1995). These shocks have the ability to both
accelerate particles and heat the gas behind them. In this scenario, electrons accel-
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erated at the bow shock could produce diffuse non-thermal X-ray emission because
of either IC scattering on ambient photon fields (Krockenberger and Grindlay 1995)
or non-thermal bremsstrahlung resulting from the deflection of the electrons by ISM
nuclei (Okada et al. 2007, henceforth Ok07). Also, diffuse thermal X-ray emission can
be emitted from shock-heated material trailing behind the moving GC. For a detailed
discussion of the bow shock scenario, see Ok07.

The first unresolved diffuse X-ray emission from GCs (47 Tuc, w Cen, and M 22)
was reported by Hartwick et al. (1982) using the Einstein observatory, which was
later confirmed by Krockenberger and Grindlay (1995) with ROSAT. Recently, using
Chandra data, Ok07 detected significant diffuse X-ray emission from the GCs 47 Tuc,
NGC 6752, M 5, and w Cen. They find that the diffuse source at the position of w Cen
is likely to be a background cluster of galaxies. A similar extra-Galactic nature is
proposed for the source coincident with 47 Tuc by Yuasa et al. (2009). The remaining
potentially GC-associated diffuse X-ray emission, from M 5 and NGC 6752, could
arise from different scenarios. The emission in M 5 features an arclike morphology
and exhibits a thermal spectrum (kT<0.1 keV), possibly from shock-heated gas. The
clumpy structure seen near NGC 6752 presents a hard non-thermal spectrum (I' ~ 2)
and a radio counterpart, maybe from non-thermal bremsstrahlung emission by shock-
accelerated electrons hitting nearby gas clouds (Ok07).

Non-thermal emission in the X-ray band may also be associated with compact objects,
either directly, as detected from isolated low-mass X-ray binary systems (see for in-
stance Wijnands et al. 2005, for such a candidate system in Terzan 5), or as secondary
emission from the population of high-energy particles they would generate. This was
modeled for millisecond pulsars by Venter and de Jager (2008, henceforth VJ08) for
the synchrotron radiation mechanism. The second case may translate into larger phys-
ical scales, due to the diffusion of the energetic particles away from their source. The
populations of compact objects in GCs may provide an opportunity to test these sce-
narios. Apparent extended X-ray emission from the direction of GCs might also arise
from a population of faint unresolved point-like sources below the detection limit of
the observing instrument.

5.3.1 Detection of diffuse X-ray emission from Terzan 5

Especially the GC Terzan 5 poses an interesting target to search for extended non-
thermal X-ray emission, due the detection of a VHE ~-ray signal possibly related
to this source (see Sect. 5.2.1). In this section the results from our already published
analysis are presented (Eger et al. 2010). We analyzed an archival Chandra observation
to search for a diffuse emission component associated with Terzan 5 above the Galactic
background. The X-ray signal was characterized using spatially resolved spectral ana-
lyses, after a careful study of the diffuse Galactic background. The detected signal is
discussed in the context of various emission scenarios.
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5.3.1.1 Chandra observation and data preparation

To search for extended diffuse X-ray emission from Terzan 5, we analyzed the ACIS
data of an archival 40 ks Chandra observation (ObsID 3798), which was originally
performed to characterize the faint X-ray point-source population of this GC (Heinke
et al. 2006, henceforth H06). Only the ACIS-S3 chip was switched on, so we were
only able to search for diffuse X-ray emission at angular distances <4’ from the cluster
core. A comprehensive study of diffuse X-ray emission seen from a number of Galactic
GCs was performed by Ok07. However, these authors excluded Terzan 5 from their
work because the only available Chandra dataset at that time suffered from serious
pile-up effects due to a bright binary outburst in the field of view (FoV). In this work
we analyzed data from a newer observation where such an event did not occur.

For the X-ray analysis we used the CIAO software version 4.1 (Fruscione et al. 2006),
supported by tools from the FTOOLS package (Blackburn et al. 1993) and XSPEC
version 12.5.0 for spectral modeling (Arnaud 1996). The event1 data were reprocessed
with the latest position and energy calibration (CTT correction, v4.1.3) using bad pixel
files generated by acis_run hotpix. The good-time-interval (GTI) file supplied by the
standard processing, which was used by HO06, screens out a ~4.0 ks interval of strong
background flaring at the end of the observation. To remove an additional time period
of 4.3 ks with a slightly increased background level, we used the light curve in the 0.5—
7.0 keV energy band after the core region of the cluster and additional bright sources
were removed from the data. A screening threshold of 1.0 cts/s yielded a net exposure
of 31.0 ks. We chose these stricter criteria with respect to HO6 because understanding
the background is crucial for analyzing faint extended sources.

5.3.1.2 Extraction regions

To detect and remove point-like X-ray sources from the event-list, we ran wavdetect
on the GTI-screened dataset in three energy bands (0.5-2.0 keV, 2.0-7.0 keV and
0.5-7.0 keV). HO6 used pwdetect for the detection within r, and wavdetect for outer
regions. In this work we only analyzed areas outside r},, so results should be comparable.
We estimated a point-source detection limit of ~2x1071° erg cm™2 s~! in the 0.5-
7.0 keV band. For the most part our results are compatible with the sources listed
by HO6 (their table 2). However, the shorter exposure time compared to the analysis
of HO6 led to a higher point-source detection threshold. Therefore we did not detect
the faintest seven sources from HO6 that we introduced manually into our source list.
Sources were removed from the dataset using the 3o radius of the point spread function.
Additionally, all events within ry, were disregarded.

To measure the level of diffuse X-ray emission around Terzan 5, we extracted spectra
from eight concentric annular regions centered on the cluster core with radii from 1.1
to 3.9" (Fig. 5.6). Each ring has a width of 0.4’. We chose rings with equal width over
rings with constant area to have comparable statistical quality in the spectra since
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the surface brightness decreases with distance from the GC. For the spectral analy-
sis, we chose the 1-7 keV energy band. Widening the band in either direction led to
lower signal-to-noise ratios. At lower energies an increased contribution to the signal
from soft thermal Galactic diffuse emission is expected. At energies above 7-8 keV the
charged particle-induced background component increases significantly for instruments
onboard Chandra. For the extraction of spectra, we employed the same methods as
already described in Sect. 4.3.3. To subtract the NXB, we used a background dataset
provided by the calibration database, where the detector was operated in stowed posi-
tion. The background spectrum for each ring was extracted from the respective region
in this NXB dataset. To account for the time dependence of the NXB, we scaled the
background by the ratio of the source and background count rates in the 9-12 keV
energy band for each spectrum (as described by Markevitch et al. 2003).

To produce an image of diffuse X-ray emission above the particle background from the
direction of Terzan 5, we extracted counts in the 1-7 keV energy band and refilled the
excluded source regions and the region inside r, with dmfilth using the photon distri-
butions from rings around the excluded areas. We subtracted the particle background
using the corresponding image from the stowed dataset after correction for the differ-
ent exposures. The resulting image was corrected for relative exposure and adaptively
smoothed with asmooth. We required a minimum significance of 3¢ for the kernel size
of the smoothing algorithm. The resulting smoothing radii were a few arcminutes, so
that no details smaller than that scale can be seen in the smoothed image. Figure 5.6
shows the resulting image together with all extraction regions that we used in this
work.

Even though a significant contribution from thermal Galactic diffuse emission is ex-
pected, the spectra from the single rings were fit well enough by an absorbed power-law
model for a preliminary flux estimate. The resulting fit parameters are given in Ta-
ble 5.3. We found significant diffuse excess emission above the NXB in all rings and
derived the surface brightness for each region by dividing the model flux by the effective
extraction area, which is the geometric ring area inside the FoV minus excluded regions
and bad pixels. Due to limited statistics, we fixed the column density at a default value
of N = 1x10?2 cm™2. Therefore, we list the observed surface fluxes in Table 5.3, as
opposed to the intrinsic fluxes we provide for all other spectra. The diffuse surface flux
shows a clear radial dependence (Fig. 5.7), which indicates that a significant part of
the excess is connected to the cluster. At distances greater than ~170” from the GC
core, the observed surface flux seems to reach a base level of Fy gt ~ 1.5x107 18 erg

2 1

ecm~ 2 s~ tarcsec ™2 (1-7 keV). In the following section we derive the unabsorbed surface

flux for the outer region by applying a more realistic physical model.

5.3.1.3 Galactic diffuse background

Terzan 5 is close to the Galactic plane where diffuse Galactic emission becomes an
important component. However, the Chandra blank-sky datasets are composed of ob-
servations towards high Galactic latitudes, which would underestimate the sky back-
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5 Non-thermal emission from Globular Clusters

Figure 5.6: Smoothed, exposure corrected and NXB subtracted Chandra image of dif-
fuse X-ray emission in the 1-7 keV band around Terzan 5. Excluded regions
from point sources and the region inside ry (white circle labeled r},) were
refilled (see text). The wings seen towards the north, east and west are
only marginally significant and might be artifacts of the smoothing algo-
rithm. The FoV for this observation is drawn as a box (black). Shown are
the eight annular extraction regions (dashed green lines, numbered 1 to 8)
and the four pie-shaped regions (solid red lines, labeled N, E, S and W).
The color scaling is linear and chosen such that the Galactic diffuse level
is saturated as white. Thus only emission above the Galactic diffuse level
appears in gray scales.
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Figure 5.7: Radial dependence of the observed diffuse X-ray surface flux above the par-
ticle background in the 1-7keV band as seen with Chandra (black crosses
with error bars). Stars (red) denote the infrared surface brightness profile
from Trager et al. (1995). The solid curves (green) show the X-ray point-
source distribution described by a generalized King profile (Heinke et al.
2006) for the two extreme cases ¢ =1.434+0.11. All profiles are scaled to
match the first diffuse X-ray data point, using an exponential fit in the
case of the infrared data. The vertical (blue) and the horizontal (magenta)
line denote ry (Harris 1996) and the Galactic diffuse background level,
respectively.

115



5 Non-thermal emission from Globular Clusters

ground in our case. To test whether the spectrum observed from the outer three rings
is compatible with thermal Galactic diffuse emission, we used a more physically reason-
able model. Similar to Kaneda et al. (1997) and Ebisawa et al. (2005), who modeled the
diffuse Galactic ridge emission as observed with ASCA and Chandra, respectively, we
describe the Galactic diffuse component using a two-temperature (2-T) non-equilibrium
ionization model (NEI) (Masai 1984). To improve the statistical quality, we combined
the outer three (175”-246") rings into a single spectrum. The spectrum was adaptively
binned to a minimum of 20 excess counts per bin. As background we again used the
spectrum extracted from the same region in the NXB dataset. We fitted a 2-T NEI
model to the outer spectrum, freezing most of the parameters to the best-fit values
from Table 8 in Ebisawa et al. (2005). We left the surface brightnesses of the two
components and the Np free to vary to account for the difference in flux and column
density between the region around Terzan 5 and the area observed by Ebisawa et al.
(2005). In addition, we allowed the Si-abundance of the soft component as a free fit
parameter, because otherwise the low-ionized Si line at ~1.8 keV (Kaneda et al. 1997;
Ebisawa et al. 2005) was underestimated.

The spectrum of the outer region together with the model fit is shown in Fig. 5.8 (Top).
To be able to compare our results to the analysis of Ebisawa et al. (2005), we chose
an energy range of 0.7-10 keV in this specific case. The best-fit values are given in
Table 5.3 (Outer region). The total intrinsic surface flux of the two components is a
factor of three lower than the value for the Galactic region observed by Ebisawa et al.
(2005). This relation is in good agreement with the ratio between the column densities
for both regions, which is ~4 (Dickey and Lockman 1990). Assuming that the Galactic
column density seen from a certain direction is directly related to the expected flux
from a diffuse Galactic component, we conclude that at least ~3/4 of the total excess
above particle background observed from the outer region comes from Galactic diffuse
emission.

5.3.1.4 Diffuse excess emission connected to Terzan 5

In this section we focus on the diffuse emission observed from the inner five rings (55"~
175"). In addition to the radial dependence of the diffuse excess emission, Fig. 5.7
shows the infrared surface brightness profile (Trager et al. 1995) and the X-ray point-
source distribution (King profile from Heinke et al. 2006). Both profiles are scaled
to match the first diffuse X-ray data point, using an exponential fit in the case of the
infrared data.

To investigate the nature of the diffuse excess emission observed from the inner region in
more detail and to improve the statistical quality, we extracted the combined spectrum
from the inner five rings (55-175"). As a first step we fitted the same 2-T NEI model
to the NXB subtracted inner spectrum, binned to a minimum of 20 excess counts per
bin, as was done for the outer region in the previous section. The resulting surface
fluxes of the two components are listed in Table 5.3 (Inner region). Following the
same argument as in the previous section, we estimate that in this case only ~1/3
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Figure 5.8: Top: Chandra spectrum from the outer annulus (175”-246") with a 2-
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temperature non-equilibrium ionization model fit (stepped red line). All
parameters are fixed to the values from Ebisawa et al. (2005) except for the
surface brightnesses of the two components. Bottom: Chandra spectrum
from the inner annulus (55”-175") with the spectrum from the outer an-
nulus subtracted as background. The fit is an absorbed power-law model
(red stepped line). The parameters for both fits are given in Table 5.3.



5.3 Search for non-thermal X-ray emission from Galactic GCs

of the total observed emission is of diffuse Galactic origin. Together with the surface
brightness showing a clear radial dependence with respect to the core of Terzan 5, we
conclude that a significant part of the observed flux is connected to the GC.

As an estimate for the Galactic diffuse background component, we subtracted the outer
(175-246", see previous section) from the inner spectrum. Figure 5.8 (Bottom) shows
the resulting excess spectrum from the inner region, binned to a minimum of 20 excess
counts per bin, together with an absorbed power-law model fit. The spectral parame-
ters are collected in Table 5.3 (Inner region). Fitting a thermal plasma (MEKAL, x?2
= 1.4(50)) or a thermal bremsstrahlung model (BREMSS, x2 = 1.4(50)) to the spec-
trum resulted in temperatures of kKT >17 keV and kT>25 keV, respectively. The most
prominent feature of the Galactic thermal emission observed from the outer region is
an emission line, centered at ~1.8 keV. Introducing a Gaussian line at that energy or
an additional thermal component to the excess spectrum from the inner annulus does
not significantly improve the fit (x? = 1.2). Therefore, we conclude that the spectrum
from the outer region describes the Galactic diffuse background component sufficiently.
The total unabsorbed diffuse excess flux in the 1-7 keV band measured from the in-
ner region above the Galactic background is Fx = (5.540.8)x107! erg em™2 s~ 1.
Assuming a distance of 5.5 kpc the intrinsic luminosity is Lx = (2.040.3)x1033 erg
s,

We found no indication of a variation in the spectral index with increasing radius, when
subdividing the inner region into two or more sub-regions. Furthermore, there is no
evidence of a directional variation in the index and flux. Table 5.3 (north, east, south,
and west regions) illustrates the result for directional dependence of spectra extracted
from pie-shaped regions towards the north, east, south and west with respect to the
cluster center (Fig. 5.6). Their inner and outer radii are 60” and 120", respectively.
The latter value was chosen such that the southern region is not truncated by the
border of the FoV. As background we again used the spectrum from the outer annulus.
A similar result was achieved when the regions were rotated by 45°.

5.3.1.5 Origin of the diffuse emission

The present results indicate GC-centered diffuse hard X-ray excess emission above
Galactic background, which extends significantly beyond ry,. In this section we briefly
discuss standard thermal and non-thermal emission scenarios, leaving out more exotic
possibilities, as described by, e.g., Domainko and Ruffert (2005). Throughout this
section we use a distance to Terzan 5 of 5.5 kpc. The larger distance estimate (8.7 kpc)
would increase the energy requirements for the models by a factor of 2.5.

Contribution from unresolved point sources The luminosity of unresolved point
sources inside 1}, has been estimated by Heinke et al. (2006) to 8x10%2 erg s~!. They
furthermore determined the spatial surface distribution of X-ray sources in Terzan 5
to S(r) oc (1 + (r/re)?)1739/2 with ¢ =1.43. From this distribution we expect to
find in the 1-3 arcmin annulus only 9% of the luminosity of unresolved point sources
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5 Non-thermal emission from Globular Clusters

1'is much lower than the measured emission

within 1r;,. The expected 7x103! erg s~
(2.040.3)x1033 erg s=!, so we conclude that the contribution from unresolved point

sources is negligible.

Synchrotron radiation One possibility for producing non-thermal emission by rel-
ativistic electrons is synchrotron radiation (SR), which would radiate at a frequency
Veyn=120 (7/10%)2 (B/1uG) sin(¢) MHz, where B is the strength of the magnetic field,
~ the Lorentz factor of the electrons, and ¢ the pitch angle between the magnetic field
and the electron velocity (Ok07). Following Ok07, electrons with an energy of ~10' eV
would be needed to produce SR emission in the keV regime for typical Galactic mag-
netic field strengths of a few uG. The population of MSPs in the center of Terzan 5
was suggested as a continuous source of such highly energetic electrons (Bednarek and
Sitarek 2007; Venter et al. 2009). These particles propagate to the observed extent of
the diffuse emission of 3’ (4.8 pc) on a timescale of tgig=3 x 103 By, years, assuming
Bohm diffusion (VJ08). The cooling of electrons with energies of ~10'4 eV in GCs
is dominated by SR emission with typical cooling times of .o ~ 3 x 10% By, HZG years
(VJ08). Assuming an injection spectrum with index —1, SR cooling, which depends
linearly on the energy of the electrons, should change the index to —2. Since no such
steepening of the spectrum is observed at the 20 level, tqix < feool 18 required, which
would limit the magnetic field strength to ~1 pG or it would indicate a faster diffusion
of electrons. In this scenario, the population of highly energetic electrons has to radi-
ate the observed X-ray luminosity (2x1033 erg s=!) on a timescale of t..0, and thus
would require a total energy in these electrons of 1.8 x 10% Bl_NQG erg. Associated IC
radiation in the TeV energy range should be detectable in spatial coincidence in the
case of low magnetic field strengths B < few uG, providing a possibility to test this
scenario (VJ08).

Inverse Compton emission Non-thermal X-ray emission in GCs can also be pro-
duced by IC up-scattering of starlight photons by mildly relativistic electrons (Krock-
enberger and Grindlay 1995). The bow shock of the GC could provide these elec-
trons (Ok07). The power of IC radiation Pic emitted by a single electron is given
by Pi¢ = 4/3 07 c¢y? Uraq, where o7 is the Thomson cross section, c is the speed of
light, v the energy of the electrons, and wuy), the density of the target photon field
(Krockenberger and Grindlay 1995). Therefore the intensity of IC emission is directly
related to the energy density of the target photon field. GCs exhibit a very high stellar
density in their core region, which decreases rapidly in their outskirts, resulting in a
centrally peaked photon field as indicated with the distribution of the infrared surface
brightness in Fig. 5.7. The diffuse X-ray emission presented in this work exhibits a
surface brightness profile that is roughly similar to this measure of the density of the
photon field. This fact is consistent with an IC emission scenario. The energy density
Uraq Of the stellar photon field scaling with g & Lgtar/(47r?c) is about 40 eV /cm?3
and 5 eV/cm3, at distances of 1’ and 3’ from the center of the GC, respectively. For the
quantitative estimate of the total energy in electrons we adopt the model of Krocken-
berger and Grindlay (1995), giving 5 x 10% (uyaq/ 40 eV cm™3) erg. In this scenario
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5.3 Search for non-thermal X-ray emission from Galactic GCs

the X-ray emission should be accompanied by potentially detectable SR in the radio
band.

Non-thermal bremsstrahlung One additional emission process of non-thermal X-
rays is non-thermal bremsstrahlung, which is produced when energetic electrons are
deflected by protons and nuclei. In this scenario the flux of the emission should follow
the distribution of target material. The Galactic density profile of ISM perpendicular
to the Galactic plane at the relevant galactocentric distances of 1-3 kpc was constrained
as a single Gaussian with a full width at half maximum of less than 200 pc and virtually
no gas above 400 pc (Lockman 1984). At a distance of 5.5 kpc, Terzan 5 would be
at an offset above the disk of 160 pc and thus in an ambient gas density of a few
times 0.1 cm™3. The total energy in non-thermal electrons required for the emission
of 2x1033 erg s! of diffuse X-ray emission would be about 9x10%*(ng /0.1 ecm™3) erg
if an electron energy of 20 keV is assumed (Ok07). In contrast to the asymmetric
morphology detected by Ok07 for GCs in a bow shock scenario, we did not find evidence
of a non-uniform shape of the excess emission from Terzan 5. This scenario could
be tested by searching for the presence of target material in the environment of the
GC. Target material in the form of molecular clouds could be probed by carefully
examining molecular emission lines that are Doppler-shifted by the relative Galactic
rotation velocity at the physical location of Terzan 5.

Thermal contribution The very high fitted temperature (> 15 keV) of the diffuse X-
ray emission suggests a non-thermal origin. However, at least a thermal contribution
to the total excess cannot be excluded at this point. If thermal bremsstrahlung is
presumed as the emission mechanism, the temperature of the plasma can be estimated
from the X-ray luminosity, the volume of the emission region, and the density of the
plasma (Krockenberger and Grindlay 1995). With the radius of the emission region set
to 5 pc (which corresponds to 188" at a distance of 5.5 kpc), this leads to

th 2
T ~ Lx : (5.6)
107K 1.3 x 10%3(ny /0.1 cm 3)2

Assuming that the observed emission is entirely thermal, i.e., Lg? = Lx, an upper

bound for the temperature of the plasma can be derived. It appears that this upper
bound strongly depends on the plasma density. For a typical density at the GC position
of 0.1 cm™3 (see Sect. 3.4), the upper bound on the temperature is about 107 K (~
1 keV). Only for densities lower than 0.05 cm™3 can the temperature exceed 15 keV.

To heat plasma to such high temperatures, strong shocks would be indispensable. The
remnants of catastrophic events may release such strong shocks (see, e.g., Acero et al.
(2007) for a remnant of a type IA supernova and Domainko and Ruffert (2005) for
remnants of compact binary mergers). It was proposed that Terzan 5 may host the
required mergers; e.g., Shara and Hurley (2002) for white dwarf mergers and Grind-
lay et al. (2006) for neutron star — neutron star mergers. However, even supernova
remnants may have difficulty producing such high temperatures, because even the hot,
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thermal plasma in the young remnant of the type Ia supernova SN 1006 reaches a
temperature of about 2 keV (e.g. Acero et al. 2007), significantly cooler than the tem-
perature found for the thermal fit to the diffuse emission in Terzan 5.

If the diffuse X-ray emission is indeed thermal, it could also originate in principle from
a background galaxy cluster that by chance coincides with the core of Terzan 5. Since
galaxy clusters with temperatures >10 keV are very rare (e.g. Reiprich and Bohringer
2002), such a correlation appears rather unlikely.

From the available data, a contribution from thermal emission processes to the mea-
sured excess flux cannot be ruled out, but it is not likely to represent the dominant
fraction.

5.3.2 Search for extended X-ray emission from other GeV-bright
GCs

Terzan 5 is the brightest GC at GeV energies as seen by Fermi (Abdo et al. 2010c) and
is so far the only GC with a possibly associated VHE ~-ray source (Sect. 5.2.1, Acero
et al. 2011). Furthermore, it features diffuse and hard X-ray emission that extends
beyond the half-mass-radius, which might arise from a different origin as the diffuse
emission seen from a few other Galactic GCs (see previous section). Fortunately, all
the GCs that are associated with y-ray sources detected by Fermi were also observed
with Chandra and/or XMM-Newton. The data from other X-ray observatories, such
as Suzaku, are not suited to study diffuse emission near GCs, due to their larger PSF's.
These regions are populated by many point sources, most of them related to the GCs,
which have to be removed from the datasets before a reliable study of the remaining
diffuse emission can be performed. To date, only XMM-Newton and Chandra feature
a sufficiently high angular resolution for this task.

Some of these X-ray data were already analyzed by Okada et al. (2007) who searched
for extended and diffuse X-ray emission from GCs in a very similar way as done in the
analysis of Chandra data of Terzan 5 presented in this work. Even though these authors
did detect significant diffuse X-ray emission from six GCs, the observed signals do not
feature the same characteristics as the signal detected from Terzan 5 (i.e. centered on
the core, extending beyond 7y, hard).

To complete the search for diffuse X-ray emission from GCs where published Fermsi
results are available (see Abdo et al. 2010c), in this work the public X-ray data of the
remaining seven GCs were considered. Most of the XMM-Newton observations were
performed in timing mode, where the spatial photon information along one direction
is sacrificed in favor of better timing resolution. These observations were conducted to
study the characteristics of variable point-sources in the GC cores, but are not suited to
analyze the spatially resolved diffuse emission. The one remaining XMM-Newton EPIC
observation in imaging mode (NGC 6388) was affected by single mirror reflections from
a bright source outside the FoV. Thus, none of the available public XMM-Newton data
were suited to study faint diffuse X-ray emission around the GCs considered here.
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Table 5.4: XMM-Newton and Chandra observations of GeV-bright GCs

source observations(!) analysis®  comments

47 Tuc ACIS-I,S Ok07 rn too large compared to FoV
w Cen ACIS-I, EPIC Ok07 rn too large compared to FoV
M 62 ACIS-S Sect. 5.3.2

NGC6388 ACIS-S, EPIC Sect. 5.3.2 EPIC: single mirror reflections
Terzanb5  ACIS-S Sect. 5.3.1

NGC6440 ACIS-S, EPIC OkO07

NGC6441 ACIS-S, EPIC-TI Sect. 5.3.2 Bright point-like source
NGC6541 ACIS-S Sect. 5.3.2

NGC6624 ACIS-S, EPIC-TI Sect. 5.3.2 ACIS only grating observations
M 28 ACIS-S OkO07

NGC6652 ACIS-S, EPIC-TI Sect. 5.3.2 ACIS only very low exposure
NGC6752 ACIS-S OkO07

M15 ACIS-S, EPIC-TT  Sect. 5.3.2 Bright point-like source

(DNames of the instruments/modes onboard XMM-Newton (EPIC) and Chandra
(ACIS) used for the observations (for more information on these instruments see
Sect. 3.4). EPIC-TT means that the camera was not operated in imaging but in timing
mode. The data analyzed in this work are highlighted in boldface. (2 This column
indicates whether the respective data were considered in this work or were analyzed
by Okada et al. (2007, Ok07).

With Chandra one of the GCs (NGC6624) was only observed with grating observa-
tions, which is also not suited for the purpose of this work. Furthermore, two ACIS
observations (NGC 6441 and M 15) show one or more very bright point-like sources
in the cores of the GCs. Even though only regions outside of the half-mass-radius of
the GCs will be considered in the following analyses, sufficiently bright point sources
in the core can still contaminate these regions due to the broad wings of the PSF.
The ACIS-S data of NGC 6652 provide only a very short exposure (<10 ks), and thus
were also not used in this work. Therefore, apart from the ACIS-S data of Terzan 5
(see Sect. 5.3.1), three ACIS-S datasets (NGC6388: ObsID 5505, M 62: ObsID 2677,
and NGC6541: ObsID 3779) remain and are suited to search for faint diffuse X-ray
emission around the GCs. Table 5.4 lists all the available XMM-Newton and Chandra
data, where these observations are highlighted in boldface.

In the analysis of these three ACIS-S datasets, the same methods were employed as
for the Chandra observation of Terzan 5 (for a detailed description see Sect. 5.3.1).
To search for diffuse X-ray emission on the same spatial scales as seen from Terzan 5,
the same annular extraction regions were used, with the same radii in units of the
half-mass-radii . For each of the three GCs the radii of the annuli r; were calculated

as
Th

Th,T5

ri = T17T5 . (5.7)

123



5 Non-thermal emission from Globular Clusters

Here r; 75 denotes the radius of the respective region used for Terzan 5, and ry,, 7, T5 are
the half-mass-radii of the analyzed GC and that of Terzan 5, respectively. Figure 5.9
shows the measured surface fluxes (1-7 keV) from the three GCs as black data points.
None of the observed GCs shows a significant enhancement of excess emission towards
smaller radii. Based on the excess surface fluxes measured from Terzan 5 above the
Galactic background, for each of these GCs a predicted flux can be calculated by
scaling by the relative distance and other parameters that are supposed to influence
the expected emission. Assuming that the MSP population is directly related to the
observed X-ray emission, here the relative photon flux measured by Fermi was used
(Abdo et al. 2010c) as the only scaling factor. This takes into account both the relative
distance as well as number of MSPs. The expected X-ray excess surface flux in each
annulus (Fx), calculated by rescaling the Terzan 5 measurement (Fx 75) then is:

FGeV

) 5.8
Fgev,Ts (5:8)

Fx = Fx15-

where Fey, Faev s denote the Fermi flux measured from the considered GC and from
Terzan 5, respectively. For NGC 6541 only an upper limit for this value is available,
which will be used for the scaling instead. Table 5.5 lists the input parameters used
for the scaling to calculate the predicted X-ray fluxes.

Based on the estimated excess surface flux, an expected total surface flux can be calcu-
lated by adding the level of Galactic diffuse emission. As in the Terzan 5 measurement,
to estimate the latter the surface flux measured from the outer three annuli was used.
In Fig. 5.9 the estimated total flux is plotted in red, where the values together with
their respective uncertainties were scaled from the Terzan 5 data. From these flux
levels it can be seen that in a scenario related to MSPs, also the expected values are
quite low for these three GCs. With the statistical quality of the available X-ray data
the presence of diffuse X-ray emission, similar to what was observed from Terzan 5,
can therefore be neither confirmed nor ruled out in such a scenario. Terzan 5 may
just stand out due to its large population of MSPs and its relatively small distance to
Earth.

Table 5.5: GC fluxes measured by Fermsi

source photon flux* (10~8phem=2s71)
+1.04+1.9

M 62 2-7_0.9_0.8
+1.04-2.0

Terzan 5 7.6ﬂ:gfg:g

NGC 6541 <11

*Abdo et al. (2010c), first errors indicate systematic, second errors indicate statistical
uncertainties.

124



5.3 Search for non-thermal X-ray emission from Galactic GCs

b
o
X T T T
o[ M 62 measured surface flux
| expected surface flux
b
o
2+ i
- X
Lo<
@ L ]
9 I —— ]
@ L ]
E Ll ———
- Al T
o 5 4 -
o r | s ]
N - -
x O ——
S - F -
= X —
o N
o
(]
t©
S o r
o L i
=
o"'
0 100 200 300 400
core distance (arcsec)
T
= T T T
=
NGC 6388 measured surface flux
expected surface flux
b
=4 - -
P
- %
L ©
»n <4
9
@
§ 5| ]
- -
| X
o ©
2 3 ]
L o
x ol ]
2 % ¥ <T>
o
o
S L ]
5 9 +
2 ol i
=
X
[\
o 1

" " " " " " " " 1 " " " " 1 " " " "
0 50 100 150 200
core distance (arcsec)

b
o
kv T T T
Lol NGC 6541 measured surface flux
| expected surface flux
b
=4 - -
= %
Lo
@ L
(\‘l +
®
§ &1 ]
=
T X
n »
o L
= -
S 9
xX O
S - F -
= X ]
o N
2 ]
© 4
b=
S w 1
o 5L i
- <4
o

" " " " 1 " " " " 1 " " " " 1 "
0 100 200 300
core distance (arcsec)

Figure 5.9: Diffuse X-ray surface flux (1-7 keV, black) as measured with Chandra from
the three GCs M 62 (top), NGC 6388 (middle), and NGC 6541 (bottom).
The red data points indicate the expected fluxes, based on the detected
X-ray surface fluxes from Terzan 5, scaled by relative distance and number
of MSPs, as seen by Fermi.
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5 Non-thermal emission from Globular Clusters

5.4 Conclusion and outlook

This chapter presented X-ray and VHE ~-ray analyses of various Galactic GCs. In
both wavelength regimes Terzan 5 stands out as the only GC where significant excess
emission could be detected. The possible emission scenarios that could give rise to the
observed signal were discussed in detail for both X-ray and ~-ray wavelengths and are
here also summarized briefly. Furthermore, it is highlighted in which cases the emission
seen in both energy regimes could be connected.

Terzan 5 is not the first GC where diffuse X-ray emission was detected in direct vicin-
ity. Ok07 detected significant extended X-ray emission from six GCs and attributed
these signals to either thermal plasma emission or non-thermal bremsstrahlung, both
arising from a bow shock as the GC moves through the Galactic halo medium. In
these cases the X-ray signal was either displaced from the GC center in the direction of
proper motion, or features an arc-like morphology. In contrast, the emission seen from
Terzan 5 appears to be radially symmetric and centered on the GC core. The above
radiation mechanisms are also discussed in the context of Terzan 5, but judging from
the energetics, a synchrotron emission scenario seems to be preferred (see Sect. 5.3.1).
In this case, depending on the magnetic field strength, detectable VHE ~-ray emission
could be expected. To establish such a common scenario involving both the X-ray
and the VHE fluxes measured from Terzan 5, additional observations at radio contin-
uum wavelengths are required. Based on such observations, it would be possible to
judge whether the observed X-ray signal is the tail of an IC peak, which suggests only
moderate electron energies, or if the synchrotron spectrum indeed extends to these
energies.

The analyses of Chandra data of other GCs that were detected by Fermi/LAT do not
show diffuse X-ray emission on a similar scale as observed from Terzan 5. Assuming
that the emission in both X-rays and HE 7-rays is connected to the population of MSPs,
this result might not be surprising, as the expected X-ray fluxes could be too low to be
detected with the available X-ray datasets. Judging from the very low expected flux
levels, a positive detection of diffuse X-ray emission from these GCs, on a similar scale
as seen from Terzan 5, might be challenging for current X-ray observatories.

The results from VHE v-ray observations of Galactic GCs with H.E.S.S. are strikingly
similar to the ones obtained at X-ray wavelengths. Despite a systematic search for
excess emission from 18 clusters, Terzan 5 turns out to be the only GC with a detected
source in direct vicinity. However, the origin of this signal is not settled yet. The
two possible VHE ~-ray emission scenarios discussed in this chapter are 1C scattering
of relativistic electrons originating from MSPs, and hadronic emission from a GRB
remnant (see Sect. 5.2.1.2). In the former case, the emission seen in X-rays could
indeed be related to the VHE ~-ray signal, if interpreted as synchrotron radiation.
However, the apparent offset of the y-ray emission with respect to the GC center is
challenging to explain with simple models. In the case of a GRB remnant, thermal
X-ray emission originating from the sub-relativistic ejecta would be expected, which so
far was not detected with the available Chandra data. However, as the VHE emission
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is offset by a few arcminutes from the GC core, the thermal X-ray emission might be
just beyond the limited FoV of the Chandra observations. In such a case the diffuse
non-thermal X-ray signal, centered on the core, would most likely not be related to
the VHE ~-ray signal. Future sensitive X-ray observations (e.g. with XMM-Newton)
pointed towards the center of gravity of the VHE ~-ray signal could shed new light
on this scenario. Another approach to test the viability of an hadronic scenario would
arise from the analysis of high-resolution molecular line data, which would trace the
amount of available target material in the vicinity of Terzan 5.

A search for VHE ~-ray signals from other galactic GCs covered by the currently
available H.E.S.S. dataset resulted only in upper limits. However, this might not come
as a surprise when assuming a scenario related to MSPs. Terzan 5 may just stand
out as a relatively nearby GC featuring one of the largest MSP populations among
all galactic GCs. Also, due to its extremely high rate of close stellar encounters, the
probability of a recent short GRB originating from a neutron stars merger is very high
for Terzan 5 in particular. Other GCs, such as 74 Tuc or NGC 6388, could be just
beyond the reach of current IACTs and only the next generation of ground based ~-ray
telescopes might be able to firmly detect these potential source candidates.
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6 Summary

The aim of this thesis was not only to present detailed multi-wavelength studies of
unidentified TeV ~-ray sources, but also to demonstrate the powerful synergies that
arise from combining information from various electromagnetic energy regimes. To
motivate a multi-wavelength approach in exploring sources of highly energetic y-rays,
first a number of relevant non-thermal astrophysical radiation mechanisms were intro-
duced, as well as the respective wavelength domains where these processes are observ-
able (chapter 2). Already here the gain from multi-wavelength approaches becomes
clear, which basically arises from two different reasons. On the one hand, the same
underlying population of relativistic particles may be visible at different wavelength
regimes due to two or more competing radiation mechanisms. For instance, this is the
case if the relativistic particles are dominated by leptons which radiate at radio to X-
ray wavelengths via synchrotron emission, and via the inverse Compton process at the
high-energy v-ray regime. On the other hand, if the y-ray emission process is highly de-
pendent on the astrophysical environment of the cosmic-ray source, a multi-wavelength
study would be essential to characterize parameters such as the structure and compo-
sition of the interstellar medium, its density or the ambient magnetic field. A good
example of such a case are cosmic rays escaping from supernova remnant shocks, and
their subsequent interaction with nearby molecular clouds.

In chapter 3 all observatories that were used for the astrophysical studies presented
in chapters 4 and 5 are introduced. The scientific background information for each
telescope is emphasized in the respective sections. Here the particular insights that can
be gained from observations at the respective wavelength to improve our understanding
of sources of cosmic rays are highlighted. Furthermore, the capabilities of the telescopes
are described in detail, to underline their strong points and limitations when used in
the context of astroparticle physics.

In the course of this thesis, multi-wavelength studies of two very different kinds of
Galactic cosmic-ray sources are presented. These are the very-high-energy (VHE) ~-
ray source HESS J1626—490, which most likely can be associated with a molecular
cloud illuminated by a nearby supernova remnant, and globular clusters (GCs) which
might represent a new class of sources producing VHE photons. The analyses of multi-
wavelength data of these sources are presented in chapters 4 and 5, respectively. Below,
the obtained results are summarized briefly.

The VHE ~-ray source HESS J1626—490 was discovered during the H.E.S.S. Galactic
plane scan in 2008. As no obvious counterpart at lower energies could be identi-
fied, the nature of this source remained a mystery. In this work the H.E.S.S. data of
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6 Summary

HESS J1626—490 were re-analyzed, using a significantly larger dataset together with a
more sensitive analysis method than employed for the original detection. We carried
out a detailed analysis of an X-ray observation performed with the XMM-Newton space
telescope to search for a counterpart in the 0.5-10 keV energy band. We classified all
detected point sources and characterized the properties of diffuse X-ray emission in
a region compatible with the ~-ray signal. In particular we found that the flux and
spectral shape of diffuse emission from this region is compatible with the expected
diffuse Galactic background emission. Neither any of the detected point-sources nor
the upper limit for potential diffuse excess emission fulfill the energetic requirements to
be considered as the synchrotron counterpart of the observed TeV ~-ray source. This
result makes a purely leptonic scenario as origin for the non-thermal emission rather
unlikely. Hence, an alternative explanation for the VHE ~-ray signal was explored. To
search for dense molecular clouds coincident with the 7-ray emission region, we ana-
lyzed 2CO (J = 1—0) data from the NANTEN Galactic plane scan. We found a good
morphological match between dense molecular gas at a kinematic distance of ~2.0 kpc
and the vy-ray signal detected with H.E.S.S. This molecular cloud could provide target
material for hadronic cosmic rays to produce neutral pions which subsequently decay
into y-rays. However, the mass and density of this cloud are not sufficient to explain
the observed VHE ~-ray signal if the cloud is only embedded in the sea of background
cosmic rays with an energy density similar to the one observed at Earth. Therefore, a
local accelerator in the vicinity of the molecular cloud is needed for a hadronic scenario
to be viable. An analysis of H1 data from the Southern Galactic Plane Survey suggests
that the supernova remnant SNR G335.24-00.1 is located at a very similar line-of-sight
distance as the molecular cloud detected with NANTEN, and is therefore a good can-
didate for the local source of cosmic rays illuminating the molecular gas. A detailed
modeling of cosmic ray propagation and interaction confirms that SNR G335.24-00.1
indeed could provide a sufficiently high density of relativistic protons at the location
of the molecular cloud to produce the VHE ~v-ray signal detected with H.E.S.S. To
improve our understanding of the environment of HESS J1626—490 and to trace the
densest regions of the molecular cloud, rotational line observations of heavier molecules
such as NHs, CS, or SiO would help. Furthermore, to search for an additional leptonic
component present in the shock of SNR G335.2400.1 and to measure the degree of
orientation of the magnetic field, radio polarization observations would provide further
insights.

The second class of sources investigated in this work are Globular clusters (chapter 5).
Even though these gravitationally bound systems of evolved stars have been proposed
as potential sources of high and VHE ~-rays already a few years ago, they have attracted
particular attention only recently. In December 2010, the Fermi/LAT collaboration
reported the detection of quite a number of Galactic GCs in the MeV to GeV energy
regime. This emission was attributed to curvature radiation from electrons in the
magnetospheres of the numerous millisecond pulsars (MSPs) present in the dense cores
of the GCs. However, also inverse Compton emission from electrons, that have been
accelerated by the individual pulsars or in colliding pulsar wind nebulae, is discussed in
the context of HE or even VHE ~-ray emission from GCs. In such a case, very similar
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to individual pulsar wind nebulae, synchrotron radiation in the radio to X-ray regime
would be expected. In this work H.E.S.S. data of 18 Galactic GCs were investigated to
search for the presence of «y-ray emission with an energy above 800 GeV. Furthermore,
X-ray observations of those GCs considered in the recent Fermi/LAT publication were
analyzed. Qualitatively, the results from both the X-ray and VHE ~-ray studies are
very similar. Terzan 5 is the only cluster that could be associated to a significant
signal detected in either of the two wavelength regimes. If the VHE ~-ray source in the
vicinity of Terzan 5 is indeed connected to this GC, this would make Terzan 5 the first
GC detected in that energy regime. Furthermore, Terzan 5 is also by far the brightest
GC detected by Fermi/LAT, which is strikingly consistent with the results presented
here and might suggest a common emission scenario, e.g. related to MSPs. Indeed,
Terzan 5 hosts the largest population of individually detected MSPs among all Galactic
GCs. However, there are also other potential scenarios predicting the observed VHE
~-ray signal from Terzan 5, such as non-thermal emission from hadrons produced in
a catastrophic event like a type Ia supernova or a short gamma-ray burst. Thus, the
origin of the VHE ~-ray signal seen from the vicinity of Terzan 5 is not settled yet, and
further multi-wavelength investigations as well as VHE ~-ray observations with future
instruments are required to explore the nature of this source. Finally, in this work
also a potential connection between the X-ray and VHE v-ray emission detected from
Terzan 5 is discussed. A connection seems likely in a scenario related to MSPs, where
the y-rays are thought to originate from inverse Compton up-scattering by relativistic
electrons. Here, the non-thermal X-ray emission could be attributed to synchrotron
radiation from the same lepton population. Indeed, the latter seems to be the most
likely origin of the X-ray signal, judging only from energetic considerations. However,
there are also alternative interpretations of the observed X-ray emission, such as inverse
Compton emission from mildly relativistic electrons or non-thermal bremsstrahlung.
In these cases the X-ray and VHE ~v-ray emission would not be directly connected.
The observational facts presented in this work could be seen as one of many steps in
exploring the non-thermal processes in the cores of GCs. Most likely only future, more
detailed observations will yield the decisive clues.
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7 Zusammenfassung

Ziel dieser Arbeit war es nicht nur detaillierte Multi-wellenlangen Studien unidenti-
fizierter TeV-Gammastrahlungsquellen vorzustellen, sondern auch zu demonstrieren
wie méchtig eine solche Analyse von Breitband-Daten sein kann um mehr iiber diese
Objekte zu lernen als es mit einzelnen Datensatz getrennt voneinander moglich ware.
Um einen Multi-wellenléngen Ansatz zu motivieren werden in der vorliegenden Disser-
tation zunachst die relevanten nicht-thermischen Strahlungsmechanismen vorgestellt.
Hier wird insbesondere darauf eingegangen bei welchen Wellenlangen die einzelnen
Prozesse beobachtbar sind (Kapitel 2). Bereits hier werden die Vorteile einer Analyse
von Breitband-Daten ersichtlich, welche im Wesentlichen auf zwei Griinden beruhen.
Zum einen kann die selbe Population hochenergetischer Teilchen aufgrund von mehreren
konkurrierenden Mechanismen Licht in sehr unterschiedlichen Energiebereichen erzeu-
gen. Dies ist zum Beispiel der Fall, wenn die relativistische Teilchenpopulation haupt-
sachlich aus Leptonen besteht, die Synchrotronstrahlung im Radio- bis Rontgenbereich
emittieren, und iiber inverse Compton-Streuung Photonen mit Energien von bis zu
mehreren TeV erzeugen. Zum anderen kann der Prozess der Emission von Gamma-
strahlung sehr stark von der astrophysikalischen Umgebung der Quelle der kosmischen
Strahlung abhangen. In solchen Féllen ist ebenfalls eine Untersuchung der Region in
einem breiten Wellenlangen-Bereich notig um nicht nur die erzeugte Gammastrahlung
sondern auch Parameter wie Masse und Dichte des Interstellaren Mediums zu messen.
Ein gutes Beispiel dafiir sind hochenergetische Protonen, die in den Schocks von Super-
novaiiberresten beschleunigt werden, aus diesen entkommen und mit kalter und dichter
Materie in benachbarten Molekiilwolken wechselwirken.

In Kapitel 3 werden zunachst alle Observatorien eingefiihrt, deren Daten fiir die astro-
physikalischen Studien in den Kapiteln 4 und 5 genutzt wurden. Die vielleicht wichtig-
sten Teile dieses Kapitels enthalten den wissenschaftlichen Hintergrund (“scientific
background”) fiir das jeweilige Teleskop. Diese Abschnitte heben die konkreten Aspekte
hervor, die mit dem entsprechenden Teleskop untersucht werden und zum Verstandnis
von Quellen hochstenergetischer Gammastrahlung beitragen konnen. Desweiteren wer-
den die Eigenschaften der verschiedenen Observatorien im Detail beschrieben, um
deren Starken und Schwachen besonders im Kontext der Astroteilchenphysik her-
auszustellen.

In dieser Dissertation werden Multiwellenlangen Studien zu zwei sehr verschiedenarti-
gen Quellen kosmischer Strahlung vorgestellt. Diese sind die TeV-Gammastrahlungs-
quelle HESS J1626—490, die mit einer Molekiilwolke assoziiert ist, die von einem nahen
Supernovaiiberrest beleuchtet wird, und Kugelsternhaufen (KH), die moglicherweise
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7 Zusammenfassung

eine neue Klasse von Quellen hochstenergetischer Gammastrahlung darstellen. Im Fol-
genden sind die Ergebnisse der Studien zu beiden Quelltypen kurz zusammengefasst.

Die Gammastrahlungsquelle HESS J1626—490 wurde mit H.E.S.S. wahrend der Durch-
musterung der Galaktischen Ebene im Jahr 2008 entdeckt. Da zunachst kein Ge-
genstiick bei niedrigeren Energien gefunden werden konnte, wurde HESS J1626—490
zusammen mit einer Reihe weiterer Quellen als “nicht identifiziert” eingestuft. Fiir
diese Arbeit wurden die H.E.S.S.-Daten erneut analysiert, da ein weitaus umfangre-
icherer Datensatz zur Verfiigung stand, ebenso wie eine fortschrittlichere und sensi-
tivere Methode zur Datenanalyse. Weiterhin wurden Rontgendaten des Weltraumte-
leskops XMM-Newton untersucht, um nach einem méglichen Gegenpart bei Energien
zwischen 0.5 keV und 10.0 keV zu suchen. Alle detektierten Punktquellen in diesem
Energieband wurden gemaf ihres Spektrums und den Eigenschaften ihres Gegenparts
bei infraroten Wellenlangen klassifiziert. Desweiteren wurde nach einer ausgedehn-
ten und diffusen Komponente im Rontgenbereich gesucht, die mit HESS J1626—490 in
Verbindung stehen konnte. Der Fluss keiner der detektieren Punktquellen und auch
nicht das Niveau moglicher diffuser Emission erfiillen die energetischen Anforderun-
gen um mit HESS J1626—490 in Verbindung zu stehen. Dieses Ergebnis schliefit ein
Emissionsszenario, das auf rein leptonischen Prozessen beruht, nahezu aus. Um nach
Molekiilwolken zu suchen, die konsistent sind mit der Emissionsregion der Gammas-
trahlung, wurden >CO (J = 1 — 0)-Daten des NANTEN-Radioteleskops analysiert.
Dabei wurde eine gute morphologische Ubereinstimmung zwischen dem ~-Signal und
molekularem Gas bei einer kinematischen Entfernung von ~ 2 kpc gefunden. Diese
Molekiilwolke konnte das notige Targetmaterial fiir hadronische kosmische Strahlung
liefern um neutrale Pionen zu erzeugen, die wiederum in je zwei Photonen zerfallen.
Allerdings ist die Masse und Dichte der Molekiilwolke nicht ausreichend um das mit
H.E.S.S. beobachtete Signal zu erklaren, falls die Materie lediglich in den “See” aus dem
Hintergrund komischer Strahlung eingebettet ist. Daher ist fiir ein solches Szenario ein
lokaler Beschleuniger in der Nahe der Molekiilwolke notig. Eine Untersuchung von
Hi-Daten des Southern Galactic Plane Survey lasst den Schluss zu, dass der Super-
novaiiberrest SNR G335.24+00.1 bei einer sehr dhnlichen Entfernung zu uns liegt wie
die Molekiilwolke. Eine detaillierte Modellierung der Diffusion und Interaktion rela-
tivistischer Protonen zeigt, dass SNR G335.24-00.1 in der Tat die notige Dichte an
kosmischer Strahlung am Ort der Molekiilwolke liefern konnte um den beobachteten
Fluss an Gammastrahlung zu erklaren. Beobachtungen der Rotationslinien schwer-
erer Molekiile wie NH3, CS oder SiO werden helfen unser Verstandnis der Umgebung
von HESS J1626—490 zu verbessern, und um die dichtesten Bereiche der Molekiilwolke
zu identifizieren. Weiterhin wiirden Messungen der Polarisation des Signals im Ra-
diokontinuum von SNR G335.24-00.1 es ermoglichen die Ordnung des Magnetfelds zu
quantifizieren, und um nach einer etwaigen zusatzlichen leptonischen Komponente am
Schock zu suchen.

Die zweite Klasse von Quellen, die in dieser Arbeit untersucht wurde, sind KH (Kapi-
tel 5). Obwohl diese gebundenen Systeme weit entwickelter stellarer Populationen
schon lange as potenzielle Quellen hochenergetischer Gammastrahlung diskutiert wur-
den, haben sie erst vor Kurzem besondere Aufmerksamkeit erlangt. Im Dezember
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2010 berichtete die Fermi/LAT-Kollaboration von der Entdeckung gleich mehrerer
KH im MeV- bis GeV-Energiebereich. Die Emission wurde der Zyklotronstrahlung rel-
ativistischer Elektronen in den Magnetosphéiren von Millisekundenpulsaren (MSPe) in
den dichten Kernen von KH zugeschrieben. Allerdings wurde auch inverse Compton-
Streuung relativistischer Elektronen, die an individuellen Pulsarwindnebeln (PWN)
oder auch in den Kollisionszonen benachbarter PWN beschleunigt werden, als moglicher
Strahlungsprozess vorgeschlagen. Hier wére auch Synchrotronstrahlung bis hin zu
Wellenldangen im Rontgenbereich zu erwarten. In dieser Arbeit wurden H.E.S.S.-
Daten von 18 Galaktischen KH untersucht, um nach einem Signal bei Energien zwis-
chen 800 GeV und 10 TeV zu suchen. Auflerdem wurden Rontgenbeobachtungen
von denjenigen KH analysiert, die auch von der Fermi/LAT-Kollaboration untersucht
wurden. Qualitativ sind die Ergebnisse der Studien bei beiden Wellenldngen sehr
ahnlich. Der KH Terzan 5 ist das einzige Objekt, das ein signifikantes Signal sowohl
im Rontgen- als auch im TeV-Gammabereich aufweist. Falls die detektierte TeV-
Gammastrahlungsquelle tatsachlich mit Terzan 5 in Verbindung steht wiirde dies KH
als neue Klasse von Quellen in diesem Energiebereich etablieren. Die Tatsache, dass
Terzan 5 auch im GeV-Regime der hellste KH ist, konnte ein gemeinsames Emissions-
szenario nahelegen, wie zum Beispiel MSPe. Allerdings liele sich das mit H.E.S.S.
detektierte TeV-Signal auch durch andere Szenarien, wie z.B. den Uberrest einer Typ
Ia Supernova oder eines kurzen Gammastrahlungsausbruchs erklaren. Daher ist der
Ursprung des TeV-Signals von Terzan 5 noch nicht abschlieflend geklart. Weitere
Breitband-Studien und Beobachtungen mit kiinftigen Gammastrahlungsobservatorien
werden notig sein um die Natur dieser Quelle zu erforschen. In dieser Arbeit wurde
auch ein moglicher Zusammenhang zwischen der Emission von Terzan 5 im Rontgen-
bereich und dem Signal im TeV-Bereich diskutiert. Ein solcher Zusammenhang scheint
plausibel in einem Szenario, das in Verbindung mit MSPe steht. Hier konnte die nicht-
thermische Rontgenemission aus Synchrotronstrahlung der relativischen Leptonpopu-
lation herriihren. Jedoch kommen auch andere Prozesse fiir die Erzeugung der diffusen
Rontgenstrahlung in Frage, wie inverse Compton-Streuung von Eletronen geringerer
Energie als im Falle der Synchrotronstrahlung, oder durch nich-thermische Brems-
strahlung. In diesen Fallen stiinde die Emission hochstenergetischer Gammastrahlung
in keinem direkten Zusammenhang mit dem Rontgen-Signal. Letztlich lassen sich zu
diesem Zeitpunkt noch keine gesicherten Aussagen iiber die nicht-thermischen Vorgéange
in den Kernen von KH treffen. Moglicherweise werden erst kiinftige, detailliertere
Beobachtungen die entscheidenden Hinweise liefern.
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