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Abstract

The H.E.S.S. Collaboration operates a stereoscopic system of four large imag-
ing atmospheric Cherenkov telescopes for the detection of very-high-energy (VHE;
>100 GeV) y-radiation.

In this work the discovery of two new sources of VHE <y-rays with the H.E.S.S. tele-
scopes is reported. The extragalactic source 1ES 0347-121 belongs to the class of BL Lac
objects and is the active core of a distant galaxy. It has been discovered with a signifi-
cance of more than 10 standard deviations, which makes it the most distant source of
VHE -rays today (redshift z = 0.1880). Its spectrum is well described by a power law
with photon index I' = 3.08 & 0.23stat &= 0.1sys. The integral flux I(E>250 GeV) corre-
sponds to ~2% of the flux of the Crab Nebula. The VHE spectrum of 1ES 0347-121 is
used to derive limits on the diffuse extragalactic photon field (see below), which are
found to be only slightly less constraining than the strongest constraints derived pre-
viously from the VHE spectrum of the BL Lac 1ES1101-232 (z = 0.186).

The second source is the extended VHE <-ray source HESS]1023-577, which is
associated with the young massive star cluster Westerlund 2 and its surrounding.
These young and massive stars exhibit strong stellar winds, which can produce rel-
ativistic particles through shocks. For the first time, a source of VHE <-rays has
been firmly associated with such an environment. The VHE energy spectrum ranging
from ~400GeV to ~20TeV is well fitted by a power-law function with photon index
[' = 2.53 £ 0.165at + 0.15yst. Possible mechanisms and models for the production of
VHE 7-rays in such an environment are discussed and compared with the observed
properties of the source.

The space between galaxies is filled with a diffuse photon field, which carries cos-
mological information about the galaxy and star formation history. Direct measure-
ments of this field in the ultraviolet to far-infrared wavelength regime (extragalactic
background light; EBL) are difficult due to dominant foregrounds coming mainly from
dust inside our planetary system and other sources in our galaxy. VHE <y-rays from
distant sources are attenuated via pair-production with the EBL. The VHE spectra mea-
sured on Earth therefore carry an imprint, which together with assumptions about the
intrinsic spectrum produced at the source can be used to derive limits on the density
of the EBL. In this thesis the spectra of all known extragalactic VHE sources of TeV
blazar type are used to derive strong constraints on the density of the EBL over a broad
wavelength range. Since the exact shape of the EBL is unknown, a large number of
different shapes, derived from a grid in EBL wavelength vs density, are tested. The
derived limits are found to be only a factor of 2 - 3 higher than the lower limits from
source counts, which implies that the universe is more transparent to VHE <-rays than
previously anticipated.
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Abstrakt

Die H.ES.S. Kollaboration betreibt ein stereoskopisches System aus vier grofien
abbildenden Cherenkov-Teleskopen fiir den Nachweis sehr hochenergetischer -
Strahlung (VHE; >100 GeV).

In dieser Arbeit wird iiber den Nachweis zweier neuer Quellen sehr hochener-
getischer -Strahlung mit den H.E.S.S.-Teleskopen berichtet. Die extragalaktische
Quelle 1ES0347-121 gehort zur Klasse der BL Lac Objekte und ist der aktive Kern
einer entfernten Galaxie. Detektiert mit einer Signifikanz von mehr als 10 Standard-
Abweichungen, ist es die bisher am weitesten entfernte Quelle sehr hochenergetischer
v-Strahlung (Rotverschiebung z = 0.1880). Ihr Energiespektrum ldfst sich gut durch
ein Potenzgesetz mit Photonindex I' = 3.08 & 0.23at & 0.1sys beschreiben. Der inte-
grale Fluss I(E>250 GeV) entspricht ~2% des Flusses des Krebsnebels. Mit Hilfe des
hochenergetische <-Strahlungsspektrum von 1ES0347-121 werden Einschrankungen
auf die Dichte des extragalaktischen diffusen Photonfeldes bestimmt (s. unten).

Bei der zweiten Quelle handelt es sich um die ausgehnte Quelle HESS J1023-577,
die mit dem jungen, massiven Sternenhaufen Westerlund 2 und dessen Umge-
bung assoziert wird. Junge und massereichen Sterne strahlen starke Sternenwinde
ab, die durch Schockbeschleunigung hochenergetische Teilchen produzieren kon-
nen. Zum erstenmal konnte eine Quelle sehr hochenergetischer <-Strahlung mit
einer solchen Umgebung sicher identifiziert werden. Das Energiespekrum reicht von
~400GeV bis ~20TeV und ldft sich gut durch eine Potenzgesetz mit Photonindex
I' = 2.53 + 0.164tat £ 0.1syst beschreiben. Mogliche Mechanismen und Modelle zur
Produktion solch sehr hochernergetischer y-Strahlung werden diskutiert und mit den
beobachteten Eigenschaften der Quelle verglichen.

Im Raum zwischen den Galaxien existiert ein diffuses Photonen-Feld, welches In-
formationen {iber die kosmologische Geschichte der Galaxien- und Sternenentstehung
enthilt. Direkte Messung dieses Feldes bei ultravioletten bis zu fern-infraroten Wellen-
langen ist schwierig, da innerhalb unseres Sonnensytems und unserer Galaxie domi-
nante Vordergrund-Strahlung existiert. Hochenergetische -Strahlung von entfernten
Quellen wird durch Wechselwirkung (Paar-Erzeugung) mit diesem Feld absorbiert.
Die auf der Erde gemessenen Spektren erhalten so einen Abdruck des Feldes, der
zusammen mit Annahmen tiber das intrinsische Spektrum, das an der Quelle erzeugt
wird, dazu verwendet werden kann, die Dichte des Strahlungsfeldes einzuschranken.
In dieser Arbeit werden die Spektren aller bekannten extragalaktischen Quellen hoch-
energetischer -Strahlung vom Typ TeV-Blazar dazu verwendet, starke Einschrankun-
gen auf das diffuse extragalaktische Photonen-Feld {iber einen weiten Bereich in der
Wellenldnge zu berechnen. Da der exakte spektrale Verlauf dieses Photon-Feldes un-
bekannt ist, werden eine grofie Anzahl unterschiedlicher Verldufe getestet, die aus
einem Gitter in Wellenldnge gegen Dichte des Photon-Feldes abgeleitet werden. Die
bestimmten Einschrdankungen liegen nur einen Faktor 2 bis 3 hoher als die unteren
Grenzen ermittelt aus Quellen-Zdhlungen. Das Universum ist somit deutlich transpar-
enter fiir hochenergetische -Strahlung als urspriinglich angenommen.
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Chapter 1

Introduction

Astronomy is one of the oldest scientific disciplines of humanity. While for thousands
of years the astronomical observations were confined to a small range of the electro-
magnetic spectrum visible to the human eye, astronomical observations today span
over a wide range in wavelength: from radio frequencies with wavelengths in the or-
der of several meters to kilometers down to y-rays with wavelengths less than 10~ m
(Fig. 1.1). Every wavelength interval requires its own method of observation: Optical
observations are carried out with giant mirrors focusing the light onto photon detectors
(the human eye, photographic plates and today mainly semi-conductor detectors). For
radio observations giant antennas and systems of several antennas are used. Optical
and radio observations can be carried out from the Earth’s surface, since the atmo-
sphere is transparent for electro-magnetic radiation in these wavelength bands. For
observations in other wavelength regimes e.g. in x-rays, one has to go above the atmo-
sphere and utilize satellite borne instruments.!

The wavelength region considered in this work is the very-high-energy (VHE) end
of the electro-magnetic spectrum characterized by wavelengths approx. 107 m and
energies ~1TeV= 10'2eV = 1.602176 x 1077 ].2 The Earth’s atmosphere is opaque to
VHE 7-rays, so for direct observation satellite based detectors have to be utilized. In
the GeV region (1GeV = 10° eV) satellite experiments have been very successful. A
common property of the photon spectra at these high energies is that the flux decreases
very rapidly as the energy increases, so large detection areas are needed. Satellites
have only small detection areas limited by the size of the instrument, which in turn is
limited by the high cost of bringing a satellite of a certain size into space. For energies
> 10 GeV satellites with typical detection areas in the order of a few m? do not detect
enough photons.

A different approach for the observation of VHE <-rays is the atmospheric
Cherenkov method. Here, the Earth’s atmosphere is used as a giant detector (calorime-
ter). VHE <-rays interact with the molecules of the atmosphere by producing new
particles. These relativistic particle cascades, called air showers, move faster than the
speed of light in the atmosphere and lead to the emission of electro-magnetic radiation
through a coherent polarization effect. This effect was first discovered by the russian

1Going above the Earth’s atmosphere improves the observation conditions for almost all wavelength
regions. Optical observations on the Earth’s surface are subject to atmospheric conditions (seeing), which
worsen the resolution. Many of the important discoveries of recent years have been made with the Hubble
Space Telescope, a satellite based optical to ultraviolet telescope.

2E = he/ A with energy E, wavelength A, Planck constant /1, and speed of light c.
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FIGURE 1.1: Electro-magnetic spectrum ranging from radio to y-rays. The human eye can only
detect a tiny fraction of the spectrum in the optical range. (NASA)

FIGURE 1.2: Left: Pavel Alekseyevich Cherenkov (1904 — 1990) was awarded the Nobel Prize in
Physics for the discovery of the Cherenkov effect in 1958 (Russian Academy of Sciences). Right:
Victor Hess (1883 — 1964) received the Nobel Prize in Physics for the discovery of the cosmic
rays in 1936.
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FIGURE 1.3: Left: Super nova remnant of shell type Cas A in x-rays measured by the CHAN-
DRA satellite (image width: 8.5”; NASA /CXC/SAOQ). Right: Relativistic particle outflow (jet)
of the active galactic nucleus M 87 in the optical recorded by the Hubble space telescope. The
images shows the bright core (upper left corner) and the jet structure (image width: 31”; NASA
and The Hubble Heritage Team (STScI/AURA)).

physicist Pavel Alekseyevich Cherenkov (1904 -1990) (Fig. 1.2 left panel) in nuclear
physics experiments. The Cherenkov light flashes from air-showers can be detected on
the ground with sensitive photon detectors. The great advantage of this method is the
large detection area in the order of 10°-10° m?. Observations can only be conducted in
dark nights at remote locations. Further details on the atmospheric Cherenkov tech-
nique are given in Chapter 2, Section 2.4, 2.5, and 2.6.

While most of the optical light is produced in thermal processes by stars emitting
Planck’s famous black-body radiation, VHE <-rays are messengers of the non-thermal
relativistic universe. To produce VHE <y-rays in thermal processes unrealistically high
black body temperatures of > 10'° K would be required. Different processes connected
to relativistic particle populations (electrons/protons) and shock phenomena have to
be invoked to explain VHE <y-rays. Possible production sites are shocks from the blast
waves of exploding stars colliding with the interstellar medium (Fig. 1.3 left panel) or
the relativistic particle outflows from super-massive black holes harbored in the cores
of other galaxies (shock fronts; Fig. 1.3 right panel). The different production mecha-
nisms for VHE <-rays are discussed in Chapter 2, Section 2.3.

The H.E.S.S. (High Energy Stereoscopic System) collaboration, named after the dis-
coverer of the cosmic rays Victor Hess (1883 — 1964) (Fig. 1.2 right panel), operates
the most sensitive experiment for the observation of VHE 7-rays via the atmoshperic
Cherenkov technique today (Section 2.7). It is located on the Southern hemisphere in
Namibia, Africa.

In this work the discovery of two new sources of VHE <-rays with the H.E.S.S.
Cherenkov telescope array is reported. The extended source HESSJ1023-577 (Chap-
ter 5) coincides with a cluster of young and massive stars. These stars posses strong
stellar winds, which ionize the surrounding and can produce relativistic particles
through shocks. Processes associated with stellar wind from hot young stars could
give a significant contribution to the cosmic ray density for which the origin is still
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unclear. The detection of a VHE +y-ray source associated with these sources could be
a strong indicator for such a contribution. The second source is associated with the
active core of the galaxy 1ES0347-121 (Chapter 4). Active cores of other galaxies have
previously been detected in VHE <-rays, but the basic physical mechanism producing
such VHE v-rays are not yet fully understood and a large sample of sources is needed
to differentiate between different models and other effects (see next paragraph).

Furthermore, the space between galaxies is not empty but filled with diffuse photon
fields, the most famous being the cosmic microwave background. VHE v-rays from
distant sources interact with these photon fields on their way to Earth and therefore
carry an imprint from these fields. 1ES0347-121 is the most distant source of VHE -
rays, which makes it an ideal target for the search for such effects (Section 4.5.5). In
Chapter 3 the photon spectra from all known extragalactic sources of VHE 7-rays are
used to derive strong limits on the density of the diffuse photon fields.



Chapter 2

Imaging Atmospheric Cherenkov
Telescopes

2.1 Introduction

The origin of charged cosmic rays (CR) is one of the big open questions in the field of
astrophysics and one of the primary motivations for the search for very high energy
(VHE) y-rays from the cosmos. In this chapter a (very) brief status of the research on
CR is given (Sect. 2.2) and the basic mechanisms for VHE <-ray production in astro-
physical objects are discussed (Sect. 2.3). The principles of the imaging atmospheric
Cherenkov technique (IACT) for the detection of VHE + rays utilizing the Earth’s at-
mosphere as a detector are described (Sect. 2.4 and 2.5) and details on the stereoscopic
reconstruction method are presented (Sect. 2.6). Last but not least the H.E.S.S. experi-
ment is introduced (Sect. 2.7) and details on the analysis utilized in this work are pre-
sented (Sect. 2.8).

2.2 Cosmic Rays

The Earth is constantly bombarded by an isotropic flux of energetic particles from the
cosmos called cosmic rays (CRs). The CRs were first discovered in 1912 by Victor Hess
(Hess 1912), who showed in his balloon experiments that the ionization in the atmo-
sphere increases with height (Fig. 1.2 right panel). He attributed this to an ionizing
radiation from outer space. Today the energy spectrum of these particles has been mea-
sured over more than 10 decades in energy (Fig. 2.1). The main component of the CRs
are protons, but the composition changes with energy (Antoni et al. 2005) and there
are contributions by heavier elements and from other stable particles. The spectrum
roughly follows a power law dN/dE~E™* with a slope « ~ 2.7. The slope steepens at
energies around 10'° eV (knee). One explanation for this steepening is that the particles
with energies above the knee are no longer confined by the galactic magnetic fields and
diffuse out of our Galaxy. Another possible explanation is the charge dependent max-
imum energy which can be reached by certain acceleration processes e.g. in shocks.
This would imply a change in the composition of the CRs beyond the knee, which has
already been claimed (Antoni et al. 2005). A second change of slope (ankle) occurs at en-
ergies ~10'8 eV. A suppression (sometimes referred to as cut-off) is expected at energies

5
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Energies and rates of the cosmic-ray particles
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FIGURE 2.1: Differential energy spectrum of the cosmic rays as measured by various experi-
ments (Gaisser 2006).

> 5 x 102 eV, where the CRs start to interact with the photons of cosmic microwave
background (CMB) (Greisen 1966; Zatsepin & Kuz'min 1966).

The origin of the CRs is not yet known. For energies up to the knee a galactic origin
is plausible, with supernova remnants (SNR) of shell type being the prime candidates.
SNRs seem to have a sufficiently high energy release to power the constant flux and
a well known acceleration mechanism (1% order Fermi acceleration). Other proposed
sources include stellar binaries and the winds of massive stars. For particles with ener-
gies exceeding 10'8 eV an extragalactic origin is likely, since these particles are no longer
confined to the galaxy by the galactic magnetic fields. Proposed sources of extragalac-
tic CRs include relativistic jets in active galactic nuclei (AGN), gamma ray bursts and
massive star clusters. For a recent brief review of the status and open questions of CR
astrophysics see Hillas (2006).

Finding the sources of the CRs has always been a key motivation for very high en-
ergy (VHE) 7y-ray astronomy. The directional information of charged CRs is scrambled
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by the magnetic fields in our galaxy and they arrive isotropically on Earth.! At the sites
of CR acceleration VHE photons should be produced as secondaries from 7° decays.
Since they are not affected by the magnetic fields, they point back to their production
site. In 2001 the HEGRA experiment detected VHE v-rays from the SNR Cassiopeia A
(Aharonian et al. 2001). The H.E.S.S. experiment detected two more SNR of shell type
and produced for the first time images of the shell morphology in VHE y-rays (Aharo-
nian et al. 2004c, 2005b, 2006a). These detections point towards SNRs as at least one of
the sources of the CRs, but some open questions still remain. VHE <y-rays can be pro-
duced in alternative scenarios which do not involve hadrons (see section 2.3). Sensi-
tive measurements of the energy spectrum at GeV energies with the upcoming GLAST
satellite (Gehrels & Michelson 1999) will help to differentiate between different accel-
eration mechanisms. A definitive proof for hadronic acceleration in SNR would be
the detection of neutrinos from these sources with neutrino telescopes like ICECUBE
(Karle et al. 2003) or KM3NET (Katz 2006).

2.3 Production Mechanism and Sources of VHE <-rays

To produce y-rays with energies in the GeV to TeV regime sources in thermal equilib-
rium emitting black body radiation are not sufficient, since unrealistically high tem-
peratures (>10'°K) would be needed. On the other hand, given a relativistic particle
population, several well known mechanisms can give rise to VHE photons. They can
be divided into two classes, depending on the type of particles that are accelerated:

Leptonic Accelerators: Relativistic electrons (positrons) can efficiently produce VHE
v-rays via the inverse Compton (IC) mechanism. The photons can come from
external photon fields like the thermal radiation from a star or a dust torus or
from the cosmic microwave background, or they can be produced by the electrons
themself via synchrotron radiation in a magnetic field. The latter is called the
synchrotron self Compton (SSC) mechanism (Ginzburg & Syrovatskii 1969).

Hadronic Accelerators: Relativistic protons which interact with ambient matter or
photon fields will produce gammas from 7° decays. Given a sufficiently high
energy of the primary particles, these photons can reach TeV energies and be-
yond. Neutrinos are also produced through this kind of interaction mainly via
the decay of charged pions. The detection of such high energy neutrinos from
astrophysical sources would be a definitive proof for hadronic acceleration. But
given their weak interaction, the detection is quite challenging. Another source
of VHE photons is the synchrotron radiation from relativistic protons and their
secondaries in magnetic fields (Aharonian 2000; Miicke & Protheroe 2001).

The most common mechanism for the production of such relativistic particle popu-
lations is the Fermi acceleration (see e.g. Pohl 2002): In shock fronts particles can gain
large momentum by crossing the shock repeatedly. The resulting particle energy spec-
trum follows a power law and can reach very high energies.

There have been numerous astrophysical sources proposed, which could give rise
to relativistic particle populations and quite a few of them have been detected in VHE

For extremely high energies >10'® eV the direction of protons is no longer scrambled and they would
point back to their origin.



2 Imaging Atmospheric Cherenkov Telescopes

7-rays. In the following paragraphs only a few examples are discussed. Two of the
source types, namely active galactic nuclei (AGN) and young open star clusters and
their surroundings, are discussed in detail in Chapter 4 and 5 respectively.

Galactic sources: As mentioned previously, super-nova remnants (SNR) are natural
candidates for VHE <y-ray sources (Drury et al. 1994). With SNRs different phe-
nomena are connected: (1) shells, the shock between the ejected outer shell of
the super nova (SN) and the surrounding medium. The detection of this source
type was an important step towards unveiling the sources of the CRs (Aharonian
et al. 2004c, 2005b, 2006a). (2) Pulsars and related phenomena. Following a SN
explosion a dense neutron star or alternatively a black hole (BH) can form. Fast
spinning neutron stars are called pulsars, due to their variable (pulsed) emission.
In the vicinity of pulsars electrons and positrons are accelerated, which can lead
to VHE <y-ray emission (e.g. Aharonian 2004). The Crab Nebula is the most fa-
mous source of this type, but others haven been discovered also, especially in
the galactic plane scan conducted by the H.E.S.S. experiment (Aharonian et al.
2005a, 2006i). Further sources not related to SNR include micro-quasars, x-ray
and massive binary system and young open star clusters.

Extragalactic sources: Only one type of extragalactic source has been detected until
today: the active galactic nuclei (AGN). AGN harbor a massive black hole sur-
rounded by an accretion disk and sometimes a dust torus. The production of
VHE 7-rays is most likely linked to relativistic outflows (jets) of these objects.
Further possible sources include massive galaxy clusters and galaxies with high
star-formation rates (star-burst galaxies). A more detailed discussion of the VHE
vy-ray production mechanisms in TeV Blazars, a sub-class of AGNs where a rela-
tivistic jet is directed towards the observer, will be given in Chapter 4.

Other source candidates for VHE <y-rays are decay products from dark matter or
other relict particles. These so called WIMPS (weakly interacting massive particles)
could annihilate and result in VHE photons as primary or secondary particles, if their
mass is sufficient. Especially promising is the neutralino particle, which is predicted
by the super-symmetric extension of the standard model (e.g. Ellis et al. 2003). The
detection of a signature of such a particle would be a break-through in search for dark
matter and physics beyond the standard model. But given the dominant foreground
from other astrophysical processes, to disentangle such a signal is quite challenging
and has not yet lead to a positive detection (Ripken & et al. 2005; Aharonian et al. 2006f;
Ripken 2007).

Besides the production mechanisms, attenuation processes for VHE <y-rays have to
be considered. The important process of VHE <-ray attenuation from pair production
with low energy photons in the ultraviolet to infrared wavelength region is discussed
in Sect. 3.4.

2.4 Air Showers

High energetic particles coming from outer space interact with the Earth’s atmosphere,
accelarating and creating new particles. These particle cascades are called extensive
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FIGURE 2.2: Extensive air shower. Upper Panel: Schematic view of a hadron and a lepton in-
duced air shower. Middle Panel: Cherenkov light emissivity from Monte Carlo simulations
for an air shower from a proton of energy 6 TeV (left) and a photon of energy 1TeV (adapted
from Horns (2001)). Lower Panel: Schematic view of the image of a hadronic (left) and an
electro-magnetic (right) shower in a camera of an imaging Cherenkov telescope (adapted from
Tluczykont (2003)).
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air showers. They come in two flavours: electro-magnetic and hadronic. Electro-
magnetic showers are initiated by electrons or photons and mainly evolve through
bremstrahlung and pair creation processes (Fig. 2.2 top left). Hadronic air shower are
initiated by hadronic particles and are schematically shown in Fig. 2.2 top right panel.
The most likely first interaction is a strong interaction, which produces other hadrons,
mainly pions. Pions decay

7_[+/7 N y+/* +v
(mt/= — e/~ 4+ v, strongly suppressed)
= y+v

and the produced muons decay into electrons: ™/~ — e/~ +2v. Due to their
high mass (compared to the electron m,, ~ 200 - m,) the cross section for shower rele-
vant processes is smaller than for electrons and they are not dominantly involved in the
further shower development. The photons and electrons initiate further sub-cascades,
if their energy is sufficient.

Cherenkov light is produced, when a particle in a medium moves faster than the
speed of light in this medium: v > ¢¢/n (e.g. Longair 1992, 1994). The electro-magnetic
wavefront is coherently emitted with an angle 6 to the trajectory of the particle: cos 6 =
¢/ (v - n). The energy spectrum of the emitted Cherenkov light has a 1/A? dependency
(A =wavelength) and is thus dominated by blue light.

The duration of Cherenkov light flashes from air showers is in the order of a few
nano-seconds. The observability of these short Cherenkov flashes depends on the
weather and background light characteristics of the atmosphere. Aerosols like clouds
or dust can scatter and absorb the light. A bright nightsky can make Cherenkov light
observations impossible. For optimal detection conditions a dark and remote site with
excellent weather conditions is needed.

Air showers from particles with energies in the GeV to TeV domain are compact.
Most secondary particles are produced with velocity pointing in the direction of the
original particle. The emission angle for Cherenkov light for the particle is typical ~ 2°
which results in a Cherenkov light pool of the shower on the ground with typically
diameter ~100m. The Cherenkov light production density from an electro-magnetic
shower in comparison to a hadronic shower is shown in Fig. 2.2 middle panel. Please
note the factor of ~20 in scale between the x and the y-axis. Though still compact the
hadronic shower is wider.

2.5 Imaging Atmospheric Cherenkov Telescopes

Imaging Atmospheric Cherenkov Telescopes (IACTs) record images of extensive air
showers in Cherenkov light. They consist of two main components: (i) the reflector,
which collects and focuses the light, and (ii) the camera.

The energy threshold of the telescope is primarily determined by the size of the
reflector.? For energy thresholds around 500 GeV mirror areas in the order of 10m? are

2Less energetic particles produce smaller air showers and therefore less Cherenkov light, so larger light
collecting areas are needed. The energy threshold can be lowered further by using photo-multiplier tubes
(or photon detectors in general) with high quantum efficiencies and locating the experiment at higher
altitudes (i.e. closer to the shower).
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FIGURE 2.3: Detection principle of imaging Cherenkov telescopes (IACT) (adapted from
Tluczykont (2003)).

sufficient. For energy thresholds in the order of 100-200 GeV the mirror area has to
exceed 100 m?2. Building large mirrors is difficult and expensive. For IACT the optical
requirements are not so demanding, so Cherenkov telescopes generally use reflectors
made of smaller individual mirror segments.

The camera is located in the focal plane of the reflector and consists of a number of
fast and sensitive photon detectors, for the detection of the short blue Cherenkov light
flashes. Photo multiplier tubes (PMTs) are commonly used, but other improved detec-
tors (like hybrid or semiconductor detectors) are under development. The camera is
equipped with a topological trigger to suppress random detections e.g. from random
air glow (night-sky background, NSB). In principle a single photon detector would be
sufficient to detect the Cherenkov light signals (conducting a simple counting experi-
ment), and this technique has been used in the past (see e.g. Weekes (2003) for a short
review). But given the dominant background from cosmic rays, airglow etc. no reliable
detection of a source of VHE -y-rays has been made.

The imaging technique is based on the idea of recording an image of the Cherenkov
light emitted in an air shower. For recording the Cherenkov light an array of PMTs is
used. Properties of the primary particle like the arrival direction, energy and particle
type can be reconstructed from an image analysis. Through the use this technique
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FIGURE 2.4: Cherenkov light image of a shower in the camera with Hillas parameters (adapted
from Beilicke (2005)).

the background from hadronic cosmic rays can be greatly reduced. With the imaging
technique the first astrophysical source of VHE -y —rays, the Crab Nebula, was detected
by the WHIPPLE experiment in 1989 (Weekes 1989).

The Cherenkov image of an electro-magnetic air shower (leptonic particle) has an
ellipse shape (see Fig. 2.3).3 To parameterize the image a set of parameters introduced
by Hillas (1985) are utilized (Hillas Parameters). These parameters come from a mo-
ment analysis of the pixel intensities and are shown together with an image of a shower
in the Cherenkov camera in Fig. 2.4. The distance between the center of gravity (COG)
of the image and the camera center is called distance (DIST), the total number of photo
electrons detected is the size of the image (SIZE). The main axis of the ellipse points to
the direction of the source. Further parameters that are derived are the width (WIDTH)
and the length (LENGTH) of the ellipse. Especially the WIDTH has proven to be a pow-
erful parameter for the rejection of background from hadronic showers (see Fig. 2.2
lower panel).

When there is only one image available (single telescope) only the plane of the
shower direction is known (dashed lines in Fig. 2.4), not the exact direction. The di-
rection of the source can be estimated with the help of Monte Carlo data (e.g. Ripken
(2001)). The same holds for the impact point, which is the intersection between the
shower main axis and the plane at the location of the telescopes perpendicular to the
observation direction. The distance between impact point and telescopes (impact pa-

30ne can think of the shower as a glowing pillar (cigar shaped) which becomes an ellipse when pro-
jected into a plane.
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FIGURE 2.5: Normalized distribution of the mean scaled width (MSCW) parameter for photon

(black markers, red/black curve) and hadron showers (blue markers) (adapted from Beilicke
(2005)).

rameter) is an important parameter used for energy estimation. Both the reconstruction
of the direction of origin and the impact point can greatly be improved by using the
stereoscopic reconstruction techniques described in the next section.

Most Cherenkov telescopes only operate during moonless nights, but experiments
with data taking under partial moon light have also been conducted (e.g. Albert et al.
2007d).

2.6 Stereoscopic Observations and Reconstruction

The basic principle of stereoscopic observations is to use two or more telescopes to ob-
serve the shower stereoscopically from different directions. Each telescope records an
image of the shower and the information, that can be extracted, is therefore doubled
(tripled, etc. depending on the number of telescopes involved). In addition, the direc-
tion of origin of the shower can now easily be reconstructed by simply transforming the
two (three, etc.) images of the shower into a common coordinate system (see Fig. 2.4).
The shower direction is then given by the intersection point of the two main axes (more
advanced reconstruction mechanisms are discussed in Hofmann et al. (1999); Hofmann
et al. (2000)). Angular resolutions achieved with this simple method are typically in the
order of 0.1° per event. Similar methods can be used to reconstruct the impact point
of the shower* , which helps to improve the energy reconstruction and background
suppression (see below). The parameter used is the impact parameter, which is the
distance between the impact point and the telescope.

To conduct stereoscopic observations a central trigger unit is needed, which only

4Intersection between the observation plane (plane perpendicular to the observation direction) and the
main axis of the shower.
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FIGURE 2.6: Background estimation for IACT. Two methods are show: (1) Displacement back-
ground (grey circles), where the background is estimated from several background regions
located at the same distance from the camera center and with the same size as the signal region
(red circle). (2) Ring background (green ring), where the background is estimated using a ring
around the signal region (adapted from Beilicke (2005)).

records shower images detected by two or more telescopes. A central trigger also helps
to greatly reduce the number of background events triggered by single, local muons.
The telescopes should be placed to optimize the effective area for stereoscopic observa-
tion. Given that the average light-pool from an air-shower has a diameter ~100m the
average distance between the telescopes should be of the same order. The stereoscopic
technique has been very successfully pioneered by the HEGRA collaboration (Daum
et al. 1997) and has consequently been used for the H.E.S.S. experiment (see section 2.7)
and all other new IACT instruments.

Cherenkov light from hadronic cosmic ray induced air-showers is the largest source
of background for IACTs, for a typical setup over 99.99% of the recorded events. To
reduce the number of background events parameters have to be constructed to differ-
entiate between hadronic and leptonic/photonic air-showers. As discussed in section
2.4 the showers from hadronic primaries tend to be wider due to the hadronic interac-
tions. This is reflected in the recorded images, which are in general wider for hadronic
induced showers (see Fig. 2.2 bottom panel). The corresponding Hillas parameter is
WIDTH. One can now construct the parameter mean scaled width (MSCW) which is
given by

1 N Wy
MSCW N k:zl o (51 (2.1)

where wy is the WIDTH of image k, wpc(z,s,i) is the expected WIDTH for a photon
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shower from Monte Carlo simulation depending on the zenith angle z, the SIZE s, and
the impact parameter i of the shower k, and N is the number of images. The MSCW
distributions for photons (data and Monte Carlo) and hadronic background (data) are
shown in Fig. 2.5. The two distributions are well separated and an optimum cut can
be found to exclude almost all hadrons by keeping most of the photons. Of course
these distributions depend on energy and the overlap between signal and background
increases for lower energies (<100 GeV). A similar parameter can be constructed for
the LENGTH (MSCL), but the two distributions for signal and background are not as
well separated as in the case of the MSCW.

To extract a signal, a region around the source position is chosen (usually a circle).
For a point source, the signal region has an optimum size given by the point-spread
function (depending on cuts). The size of a circular signal region is given by a cut on
the parameter 62, which denotes the squared angular distance from the source position.
To estimate the number of remaining background events in the signal region different
background models are used:

Region background The background is estimated from several regions with the same
shape and size as the signal region (Fig. 2.6 grey circles). The background regions
are positioned at the same distance from the camera center as the signal region,
which compensates for the acceptance which decreases with distance from the
camera center. To utilize this background the telescope has to be pointed with a
slight offset (usually 0.5 or 0.7°) to the nominal source position (Wobble mode).
Wobble mode is the standard mode for H.E.S.S. observations and the region back-
ground is used for signal finding and spectral analysis.

Ring background For the ring background a ring around the source region is used
(Fig. 2.6 green ring) with an inner radius r; and an outer radius 7,. Events from
this background method should be corrected for the acceptance of the camera
and zenith angle effects. If the ring area is large enough and background events
come from different telescope pointings towards the same field of view many of
these effects cancel out and neglecting the correction for the camera acceptance
introduces only a small error. The ring background is mainly used to create sky-
plots.

Template background The template background (Rowell 2003) uses events from the
same spatial region as the signal region but from a different domain in the MSCW
distribution. The different domains are marked in Fig. 2.5. All events with a
MSCW>1.3 are background events. Since the acceptances over the field of view
of the camera for events from the two domains are different, the background
events have to be corrected for camera and zenith angle acceptance. The corre-
sponding correction factors can be extracted from the data. The template back-
ground method is used for sky-plots and the analysis of extended sources.

For the signal search from source candidates and for spectral reconstruction usually the
Region background is used, since no additional corrections e.g. for the camera accep-
tance are necessary, which could introduce systematic uncertainties. For the discovery
of unknown sources through the scan of a region of the sky, two-dimensional sky-plots
(skymap) are utilized. An observed region of the sky is divided into a grid and for ev-
ery grid cell or sky position the number of -ray events is calculated. The background
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FIGURE 2.7: The four imaging Cherenkov telescopes of the H.E.S.S. experiment.

Field of View (FOV) ~ 5°

Direction Resolution 0.1° per event
Energy Threshold (Zenith) | ~ 100 GeV

Energy Resolution ~ 15 %

Sensitivity (5¢ in 25h) < 20-1073¥m 27!

TABLE 2.1: Properties of the H.E.S.S. experiment.

is usually taken from the Ring or the Template background. Two different sky-plots are
used: (1) The uncorrelated sky-plot, where the events for a sky position are accumu-
lated over the grid cell. The size of the grid cells should correspond to the size of the
point-spread-function of the instrument. (2) The correlated or over-sampled sky-plot.
In the correlated sky-plot the number of events for a sky position is accumulated in a
circular region around the sky position with a radius r (oversampling radius) usually
taken to be the optimized 62-cut for signal search. For the search for extended sources
larger radii are used (0.2°). The number of sky positions to be tested and the locations
are usually taken from a dense grid (typical distances between grid points: 1’ -2’). The
individual signals for the sky positions are not independent from each other, since the
signal regions for different sky positions overlap. When calculating the significance of
an excess in a correlated sky-plot, the number of sky positions tested has to be taken
into account as trial factor.

The energy of a shower is correlated with the SIZE parameter of the recorded image
and estimated from Monte Carlo simulations. Usually a lookup-table created for steps
in zenith angle, azimuth angle and offset in the camera and binned in impact parameter
and SIZE is used. In this work a slightly different approach is used which is described
in more detail in Appendix A.

2.7 The H.E.S.S. Experiment

The H.E.S.S. collaboration operates an array of four identical IACTs located in the
Khomas Highland of Namibia at a height of 1800m above sea level (23°16"17” S
16°29'58” E). The telescopes are placed at the corners of a square with side lengths
of 100 m. Each telescope has a tessellated reflector of Davies-Cotton (Davies et al. 1957)
design consisting of 380 circular, quartz-coated glass mirrors with a diameter of 60 cm
resulting in a total mirror area of 107 m? (Bernlshr et al. 2003). The individual mirrors
can be moved by actuators, allowing for an automated mirror alignment using star
light. This method has proven to be extremely successful, resulting in a point spread
function well below the size of the camera pixel (Cornils et al. 2003; Cornils 2006).
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FIGURE 2.8: Left Panel: One of the telescopes of the H.E.S.S. experiment. During daytime the
telescopes are positioned with the mast pointing towards the ground, so that the camera is
parked in the small building on the right side of the image. Right Panel: Camera on the mast of
aH.E.S.S. telescope. The open lid and the Winston cone plate (light guiding system) are visible.
The PMTs are situated behind the Winston cone plate.

The Cherenkov light is recorded with a fast camera consisting of 960 photo-
multiplier tubes (PMTs). The size of one pixel (one PMT) is 0.16° resulting in a field
of view of about 5°. To increase the light collecting area in the camera plane a light
collecting system (Winstan cones) is installed in front of the PMTs. An automated lid
protects the camera against daylight. The PMT signal is amplified with two different
gains, stored in analogue ring samplers (ARS) and digitized in the camera via ADCs
(analogue to digital converter). To trigger the event recording a trigger system with
three steps is used. On the level of the single PMT a certain voltage threshold has to
be exceeded to set the trigger. On the camera level a sector trigger is used: The PMTs
in the camera are grouped into overlapping sectors of 64 PMTs. The camera triggers
when more than a minimum number of PMTs in one sector triggers (usually two). The-
ses two trigger conditions help to suppress false trigger signals from night-sky back-
ground. The third trigger step is on the system level: The cameras send their triggers to
a central trigger unit. The event will only be recorded, if two or more telescopes trigger
in a certain time interval (Funk ef al. 2004). With this 'stereoscopic’ trigger system the
background from single muons can be greatly reduced and it allows for stereoscopic
reconstruction of the particle parameters.

The detection system is calibrated performing different calibration runs (Aharonian
et al. 2004a): The dark current of the PMTs is measured by switching on the high voltage
with the camera lid closed. To measure the single photo-electron signal of the PMTs,
the camera is illuminated by a very dim light source, which should only produce one
to a few photo-electrons. From the signal distribution of theses measurements, the sin-
gle photo-electron signal can be calculated. To measure relative differences between
the PMTs, the camera is evenly illuminated by a brighter source (flat-fielding). Single
muons produce characteristic ring images, which can be used for an absolute calibra-
tion of the optical system including the mirrors and the Wynston cones. Since the
central trigger suppresses the muon detection, special runs without the central trigger
are performed to collect single muon images.
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FIGURE 2.9: Effect of different cuts on the efficiency for VHE vy-rays (fraction of Monte Carlo v
events passing the cuts) vs energy (standard cuts, 20° zenith angle, 0.5° offset). OnlylIA — 1A cut
only; OnlyND — DIST cut only; HasShower — events for which a shower could be reconstructed
(after IA and DIST cut); MSCW - reconstructed events with MSCW and MSCL cut; Photon — cut
on 62 in addition to MSCW, final cut for signal; For a Monte Carlo simulation with an energy
spectrum of dN /dE ~ E~2 an overall y-efficiency of 43% is achieved.

To ensure good data quality extensive weather monitoring is performed during
data-acquisition involving radiometer measurements in the direction of the telescope
pointing, cloud and dust measurements via lidar systems and the recording of basic
weather parameters like humidity and temperature.

The data acquisition (DAQ) is largely automized. A shift crew of two to three per-
sons supervises the data taking, ensures the data quality and takes care of technical
problems in collaboration with the corresponding experts during data taking.

With its four telescopes the H.E.S.S. experiment achieves an angular resolution of
about 6 arminutes per detected event and a point source sensitivity above 1 TeV of
< 2.0-1078m2s7! (1% of the flux from the Crab nebula) for a detection with a sta-
tistical significance of 5 standard deviations in a 25 hour observation (Aharonian et al.
2006h).

2.8 Data Analysis for H.E.S.S.

Data acquisition for H.E.S.S. is organized in time segments of 28 min of length (run).
For each event that meets the trigger criteria, the current signals from all PMTs of the
triggered cameras are read out and stored on mass storage devices. The signal is usu-
ally not sampled in time but integrated over a certain short time period ( 16 ns).

The current signals are calibrated off-line and result in a number of photo-electrons
(p-e.) per PMT. To extract the PMT pixels which contain Cherenkov light from the
shower, a so called tail-cut is used: only pixels which have more than A,,;, p.e. and
a neighboring pixel with at least A, i¢np p-€. are kept in the image. The choice of the
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FIGURE 2.10: y-efficiency for different cuts vs energy. Shown is the Photon curve from Fig. 2.9
for standard, hard and soft cuts.

two values affects the energy threshold and the noise remaining in the extracted images
from e.g. night-sky background. The standard values used for the tail-cuts are A, =5
and Aneighb =10.

The images with the pixels remaining after the tail-cuts are parameterised with the
Hillas parameters (as described in Sect. 2.5). Before the reconstruction of the shower pa-
rameters certain cuts are used on the single image from every telescope, to ensure that
only complete shower images with a certain number of photo-electrons are utilized.
Only images passing the following cuts are used to reconstruct the shower parameters.

Distance (DIST) cut This cut ensures, that only complete images which are not af-
fected by the edge of the camera are used in the analysis. Images, which are
not fully contained in the camera, can lead to a false reconstruction of directions
and energies. Usually a value of DIST< 2° (0.035 rad) is used (light blue circle in
Fig. 2.4). Other parameters and corresponding cuts to identify images affected by
the edge of the camera are presented in Beilicke (2005).

Image amplitude (IA) cut With a cut on the IA, images are selected by their photo-
electron statistics. The more p.e. an image has, the better the reconstruction of
the shower parameters. On the other hand, the energy of a shower is directly
related to the number of p.e.. A high IA cut can increase the energy-threshold.
Several IA cuts are used optimized for different source types and purposes (en-
ergy reconstruction, sky-plots) ranging from 40 to 200 p.e..

The effects of these cuts on the y-efficiency, defined as the fraction of Monte Carlo 7y
events passing the cuts, versus energy is shown in Fig. 2.9.

The Hillas parameters from the remaining images are used to reconstruct the
shower parameters direction, impact-parameter, MSCW and MSCL, and the energy
as described in Sect. 2.6. The energy estimation and spectral analysis used in this work
is discussed in more details in Appendix A. To decrease the number of background
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IA > MSCW MSCL 6% <
standard | 80p.e. 0.1-1.1 0.1-1.33 0.015deg?
hard 200p.e. 0.1-1.1 0.1-1.33 0.01deg?
soft 40pe. 01-12 0.1-15 0.02deg?

TABLE 2.2: Cuts on different shower parameters for the standard, hard and soft cut sets. The
cut on the DIST for all cut-sets is DIST< 2°.

events, cuts on the shower parameters are used. In this work three different sets of cuts
are used, which mainly differ in the choice of the IA cut and consequently in the energy
threshold. The cut-sets are summarized in Table 2.2.

Standard cuts The standard cuts have been optimized on Monte Carlo data assuming
a source with a Crab like energy spectrum (dN/dE ~ E~2%7) and a flux ~5% of
the Crab Nebula. Real events from a sky region without a source with the same
zenith angle are used for the background estimation. The IA cut is IA>80p.e..
This cut set is used for signal search and energy reconstruction.

Hard cuts For the hard cuts, the cut on the IA is increased to IA>200 p.e., which results
in much better reconstruction of the shower parameters. The direction recon-
struction is improved, resulting in a better point-spread function, and the separa-
tion of the MSCW distributions of signal and background is larger, giving a better
background suppression. On the other hand, the energy threshold is raised and
sensitivity is lost at the lower energies. This cut is mainly used to produce low
background sky-plots.

Soft cuts The soft cuts are optimized for high sensitivity at low energies, giving best
results for sources with steep spectra. For the IA a cut IA>40p.e. is chosen and
the other cuts are optimized for a source with a flux ~10% of the flux of the Crab
Nebula with a steep energy spectrum of dN/dE ~ E~4.

The y-efficiency for different sets of cuts are compared in Fig. 2.10.

For different parts of the analysis (cut optimization, energy estimation etc.) Monte
Carlo data is needed. Monte Carlo data for the H.E.S.S. experiment is created in two
steps: the atmospheric shower and the Cherenkov light produced by the shower are
generated with the CORSIKA code (Heck et al. 1998), the complete detector system incl.
mirrors, PMTs and the full electronic chain are simulated with the sim_hessarray
code (Bernlohr 2001). The Monte Carlo production chain utilized in this work is de-
scribed in more detail in e.g. Beilicke (2005).



Chapter 3

New Constraints on the
Extragalactic Background Light from
the Spectra of all known TeV Blazars

3.1 Introduction

The space between galaxies is not empty but filled with low density gases and radia-
tion fields. The meta-galactic radiation field (MRF) covers a wide range in wavelength
from radio to y-rays, originating from very different processes (Fig. 3.1). The most
prominent and dominant part is the cosmic microwave background (CMB), the decou-
pled black-body radiation from the last scattering surface (z~1000). In the ultraviolet
to infrared wavelength regime the MRF contains information about the cosmological
star and galaxy formation-history and is commonly referred to as extragalactic back-
ground light (EBL). Direct measurements in this wavelength regime, especially in the
infrared, are difficult due to dominant foregrounds in the solar system and our galaxy.
The observation of VHE <y-rays provides an indirect method of constraining the EBL:
VHE photons are attenuated via pair production with the low energy photons of the
EBL and the measured VHE spectra receive an imprint of the EBL. With assumptions
about the VHE <-ray emission processes in the sources, constraints on the EBL density
can be derived from the measured spectra. In this chapter an extensive study of this
technique is presented, utilizing the spectra of all known TeV blazars. The work has
been conducted in collaboration with Daniel Mazin! and has been published in Mazin
& Raue (2007).

3.2 The Extragalactic Background Light (EBL)

The diffuse extragalactic background light in the ultraviolet (UV) to far-infrared (IR)
wavelength regime (EBL) carries important information about the galaxy and star for-
mation history of the universe. The present EBL (redshift z = 0) consists of the inte-
grated electromagnetic radiation from all epochs, which is redshifted, corresponding
to its formation epoch. In the energy density distribution a two peak structure is com-
monly expected: a first peak around 1 ym produced by starlight and a second peak

IMax-Planck-Institut fiir Physik, Foehringer Ring 6, 80805 Munich, Germany, mazin@mppmu.mpg.de
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FIGURE 3.1: Spectral energy distribution of the meta-galactic radiation field (MRF) from <y-rays
to radio. CGB - cosmic y-ray background, CXB - cosmic x-ray background, CUVOB - cosmic
ultraviolet/optical background, CIB - cosmic infrared background, CMB - cosmic microwave
background, CRB - cosmic radio background. (from Hauser & Dwek (2001))

at ~100 ym resulting from starlight that has been absorbed and reemitted by dust in
galaxies. Other contributions, like emission from AGN and quasars are expected to
produce no more than 5 to 20% of the total EBL density in the mid-IR (see e.g. Matute
et al. (2006) and references therein).

Solid lower limits for the EBL level are derived from source counts (e.g. Madau &
Pozzetti 2000; Fazio et al. 2004; Frayer et al. 2006) and their extrapolation via stacking
(Dole et al. 2006). Direct measurements of the EBL have proven to be a difficult task
due to dominant foregrounds (e.g. Hauser et al. 1998). The various foregrounds in
comparison to the residual signal are shown in Fig. 3.2. The dominant foreground
is zodiacal light (sunlight reprocessed from interplanetary dust), whose photon energy
density is one to two magnitudes higher than the expected photon energy density of the
EBL. The spectral energy distribution of the zodiacal light peaks around 10 to 20 um,
making direct detections of the EBL at mid-infrared very unlikely. Furthermore, in the
near-infrared galactic sources give a significant contribution to the foreground. Given
all these obstacles, it is not expected that the sensitivity of these measurements will
greatly improve over the next years. Several upper limits in the infrared wavelength
region were reported from direct observations with the DIRBE instrument onboard
the Cosmic Background Explorer (COBE) satellite (e.g. Hauser et al. 1998) and from
fluctuation analyses of the same data (e.g. Kashlinsky & Odenwald 2000). In total, the
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FIGURE 3.2: Spectral energy distribution of various foregrounds for the direct measurement of
the EBL. Zodiacal light from interplanetary dust (red open triangles) is the dominant compo-
nent. The residual emission (all foregrounds subtracted from the total sky brightness) is also
given. (from Hauser et al. (1998))

collective limits on the EBL between the UV and far-IR confirm the expected two peak
structure, although the absolute level of the EBL density remains uncertain by a factor
of 2 to 10 (see Fig. 3.3). In addition, several direct detections were also reported, which
do not contradict the limits but lie significantly above the lower limits (see Hauser &
Dwek (2001) and Kashlinsky (2005) for recent reviews). In particular, a diffuse residual
excess in the near-IR (NIR; 1 to 4 yum) was reported by the IRTS satellite (Matsumoto
et al. 2005), which is significantly higher than the EBL density expected from galaxy
number counts.

The reported excess led to a controversial discussion about its origin. If the excess
would be of extragalactic origin (i.e. associated with the EBL), it might be attributed
to emissions by the first stars in the history of the universe (Population III) and would
make the EBL and its structure a unique probe of the epoch of Population III formation
and evolution (Mapelli et al. 2004; Kashlinsky et al. 2005). Such a luminous Population
III star generation, however, over-predicts the number of Ly-a emitters in ultra-deep
field searches (Salvaterra & Ferrara 2006) and violates common assumptions on baryon
consumption and star formation rates (Dwek et al. 2005b). In addition, Dwek et al.
(2005b) and Matsumoto et al. (2005) have pointed out that the NIR excess could be
attributed to zodiacal light.
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FIGURE 3.3: EBL measurements and limits. Upper limits in the UV to optical: Edelstein et al.
(2000) (grey filled triangle), Martin et al. (1991) (open pink circle), Brown et al. (2000) (filled pink
triangle), Mattila (1990) (open green triangle), Toller (1983) / Leinert et al. (1998) (open green
square), Dube et al. (1979) / Leinert et al. (1998) (open green diamond); Tentative detection in
the UV /optical: Bernstein ef al. (2002, 2005) (filled red circle); Lower limits from source counts:
Madau & Pozzetti (2000) (open grey triangles), Fazio et al. (2004) (open blue triangles), Elbaz
et al. (2002) (green cross), Metcalfe et al. (2003) (red x), Papovich et al. (2004) (filled red triangle),
Dole et al. (2006) (filled pink triangles), Frayer et al. (2006) (open red triangle); Detections in
the near IR: Dwek & Arendt (1998) (open pink cross), Gorjian et al. (2000) (filled brown circle),
Wright & Reese (2000) (open blue squares), Cambrésy et al. (2001) (filled brown squares), Mat-
sumoto et al. (2005) (small open grey circles), Levenson et al. (2007) (open blue circles); Upper
limits from direct measurements: Hauser ef al. (1998) (filled green triangles), Dwek & Arendt
(1998) (filled pink triangles), Lagache & Puget (2000) (filled blue triangles); Upper limits from
fluctuation analysis: Kashlinsky et al. (1996) (filled blue circles), Kashlinsky & Odenwald (2000)
(filled pink circles); Lower limits from stacking analysis in the far-IR: Dole et al. (2006) (blue
triangles); Detections in the far-IR: Hauser ef al. (1998) (filled green squares), Lagache & Puget
(2000) (tentative, filled blue square), Finkbeiner et al. (2000) (tentative, open red diamonds).
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3.3 Limiting the EBL with VHE y-ray Observations

A different approach to derive constraints on the EBL (labeled “clever” by Dwek &
Slavin (1994)) became available with the detection of very high energy (VHE) «y-rays
from distant sources (Punch et al. 1992). These VHE +y-rays are attenuated via pair pro-
duction with low energy photons from the EBL (Gould & Schréder 1967). It was soon
realized that the measured spectra can be used to test the transparency of the universe
to VHE <-rays and thus to derive constraints on the EBL density (Fazio & Stecker 1970).
With reasonable assumptions about the intrinsic spectrum emitted at the source, limits
on the EBL density can be inferred. In a pioneering work conducted by Stecker et al.
(1996), first limits on the EBL were derived (Stecker & de Jager 1993; de Jager et al. 1994).
The method is, however, not straightforward. It is in principle not possible to distin-
guish between source inherent effects (such as absorption in the source, highest particle
energies, magnetic field strength etc.) and an imprint of the EBL on a measured VHE
spectrum. The emission processes in the detected extragalactic VHE y-ray emitters? are
far from being fully understood, which makes it more difficult to use robust assump-
tions on the shape of the intrinsic spectrum. Different EBL shapes can lead to the same
attenuation imprint in the measured spectra, thus a reconstructed attenuation imprint
cannot uniquely be identified with one specific EBL shape. A further uncertainty arises
due to the unknown evolution of the EBL with time, which becomes more important
for distant sources.

Nevertheless, measured VHE <y-ray spectra can provide robust upper limits on the
density and spectral distribution of the EBL, if conservative assumptions about the
emission mechanisms of y-rays are considered. A review of the various efforts to de-
tect the EBL or to derive upper limits via the observation of extragalactic VHE -ray
sources up to the year 2001 can be found in Hauser & Dwek (2001). The measured spec-
trum of the TeV blazar H 1426+428 at a redshift of z = 0.129 (Aharonian et al. 2002a) led
to a first tentative detection of an imprint of the EBL in a VHE spectrum (Aharonian
et al. 2002a, 2003c). Using the H 1426+428 spectrum together with the spectra of pre-
viously detected TeV blazars, limits on the EBL were derived (Costamante et al. 2003;
Kneiske et al. 2002). Later, Dwek & Krennrich (2005) utilized a large sample of TeV
blazar spectra and solid statistical methods to test a set of EBL shapes on their physical
feasibility. EBL shapes were considered forbidden, when, under the most conservative
assumptions, the intrinsic spectra showed a significant exponential rise at high ener-
gies. Using the VHE spectra of the TeV blazars Mkn 421, Mkn 501, H 1426+428, and
PKS 2155-304, Dwek et al. (2005a) argued that the claimed NIR excess is very unlikely
of extragalactic origin and that an EBL density on the level of the source counts gives a
good representation of the intrinsic spectra. Recently, the detections of the two distant
TeV blazars H2356-309 and 1ES1101-232 by the H.E.S.S. experiment have been used
to derive strong limits on the EBL density around 2 ym (Aharonian et al. 2006b). The
method is based on the hypothesis that the intrinsic TeV blazar spectrum cannot be
harder than a theoretical limit and that the spectrum of the EBL follows a certain shape
(Primack et al. 1999). To derive limits on the EBL density, the shape is scaled until the
de-absorbed TeV blazar spectrum meets the exclusion criteria.?> The derived upper lim-

280 far, all but one of the detected extragalactic VHE <y-ray emitters belong to the class of blazars.

3 A similar technique (scaling of a certain shape until the de-absorbed spectrum reaches an exclusion
criteria) was previously used by Guy et al. (2000) to derive limits on the EBL from the Mkn 501 spectrum
measured by the CAT experiment during a flare in 1997.
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its are only a factor of two above the lower limits from the integrated light of resolved
galaxies.

In the last 2 to 3 years, many new TeV blazars were discovered and the established
ones were remeasured with higher sensitivity with the new Imaging Atmospheric
Cherenkov Telescopes (IACT) as H.E.S.S and MAGIC. It is therefore of high interest,
whether the new measurements agree with the previous limits on the EBL. Further-
more, to derive limits on the EBL from the data, it is important to scrutinize all avail-
able data together to obtain a consistent picture and to maximize the constraints. In
this paper we use, therefore, spectra from all TeV blazars to derive upper limits on the
EBL density in a wide wavelength range from the optical to far-infrared. Moreover, a
common criticism of the EBL limits previously derived from the spectra of TeV blazars
is that these limits are obtained by assuming a certain EBL shape and e.g. scaling the
overall EBL density, or by exploring just a few model parameters of an EBL model.
Since EBL models are complex and different models do not agree in detail, the derived
limits become strongly model dependent. In order to avoid this dependency, we de-
veloped a novel technique of describing the EBL number density by spline functions,
which allows to test a large number of hypothetical EBL shapes. Our aims are:

1. Provide limits on the EBL density, which do not rely on a predefined shape or
model, but rather allow for any shape compatible with the current limits from
direct measurements and model predictions.

2. Treat all TeV blazar spectra in a consistent way, using simple and generic as-
sumptions about the intrinsic VHE -ray spectra and a statistical approach to
find exclusion criteria.

3. Use spectral data from all detected TeV blazars to (a) derive upper limits on the
EBL density from the individual spectra and then (b) combine these results into a
single robust limit on the EBL density for a wide wavelength range.

Throughout this study we adopt a Hubble constant of Hy = 72km s_lMpc_1 and
a flat universe cosmology with a matter density normalized to the critical density of
O, =03and Q) =0.7.

3.4 VHE y-ray Attenuation from the Extragalactic Background
Light

VHE <-rays traversing the extragalactic radiation fields are attenuated via pair produc-
tion with the low energy photons of the EBL. The optical depth for a VHE <y-ray for this
process can be calculated as following (e.g. Mazine (2003)): The cross section for the
v — e’ e interaction of a y-ray photon of energy E, with a background photon of
energy € is given by (e.g. Heitler 1960)

orEr e ) = 7 (=) 268 -2+ G-pim (1 7£)] 6
_ €;
Bo= 11—
2(mec2)2

em(Ey, p) = E0_p)
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where o1 = 6.65 x 1072° cm? is the Thompson cross section, €y, the threshold energy of
the interaction, and y = cos 6, where 0 is the angle between the incident photons. The
¥~ cross section for the interaction with an isotropic distribution of background pho-
tons has a pronounced peak value of 1.70x1072 cm? (for § = 0.70) near the threshold
of the reaction. This corresponds to energies for which the product E, e =~ 4(m,c?)? ~
MeV?, or Ae(pm) ~ 1.24E,(TeV), where A, is the wavelength of the background pho-
ton. Therefore the attenuation at different TeV energies tests different wavelengths of
the EBL.

The optical depth traversed by a photon observed at energy E,, that was emitted by
a source at redshift z is given by:

Ty (Ey, 2) = /Z

d/ / i 1- [ R o ro
; (dz’) dz /71 du 2/611, de’ ne(€', z') 049 (E,, €, 1) (3.2)
where n.(€/, z')de’ is the comoving number density of EBL photons with energies be-
tween €’ and €’+de’ at redshift 2/, €}, = eth(E;, ", Eiy = E,(1+2), and where d¢/dz,
is given by (e.g. Peacock 1999):

de dt R
(&) = (&) =aroe ¢
Ez) = {(1+22(Quz+1)+z2+2)[(1+220, -]},

where (), and (), are, respectively, the matter and radiation energy density normalized
to the critical density, Qp = A/ 3H3 is the dimensionless cosmological constant (2, +
0, + Qp =1in a flat universe), Ry = ¢/ Hy is the Hubble radius, c is the speed of light,
and Hj is the Hubble constant. The comoving number density of EBL photons 7 (€, z)
of energy € at redshift z is given by:

e’ne(e, z) = <4€n> v, (v, 2) (3.4)
_ < o ﬂ dz’
— /Z VL, (V, 2 e e

wheree = hv, v/ = v(1+2'),and L, (V/, 2') is the specific comoving luminosity density
at frequency v’ and redshift z’.

In this study, the EBL photon density n¢ (€, z) is not calculated via integration over
the luminosity density, but a certain spectral EBL shape is assumed, which does not
have a redshift dependence. The construction of the EBL shapes and the consequences
of this method are further discussed in the following Section.

3.5 Grid Scan with Spline Function

To calculate the optical depth 7, for a VHE-y ray with energy E,, emitted at a redshift
z, and for one specific shape of the EBL, one needs to solve the three-fold integral given
in Equation 3.2. For the large number of shapes (~8 million) we will analyze, a full
numerical integration would require an extensive amount of computing power. To
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FIGURE 3.4: Examples for spline shapes resulting from the grid layout, overlaid on the grid
points (filled circles). The dashed black line illustrates the thinnest structure that can be
achieved with our grid setup. A Planck spectrum (blue line) is given for comparison. Further
examples for shapes are given as solid black lines.

avoid this problem, we parameterize the EBL number density at redshift z = 0 as a
spline*

k
ne(e,0) = Zwisi,p(e) (3.5)
i=0

with base functions

S, (6) 1 ifeg; <e< €i+1 and €; < €i11 (3 6)
W0 0 otherwise '
€ —€; €itp+1 — €
sple) = —— g () + T ().
P €ivp — €i i €itp+1 — €it1 e

w1, ..., Wi are weights controlling the shape of the curve, p is the order of the spline and
is set to p = 3 throughout the paper, k is the number of supporting points, and €y, ..., €
are the positions of the supporting points.

One can now insert the spline parameterization for the EBL from Equation (3.5) into
the calculation of the optical depth (Equation (3.2)) and then swap the integration and
the spline summation part. The optical depth for one base function 7;(E,, z) can then

4 A way to visualize this spline is the following: A number of Gaussian like base functions are added
to result in a smooth curve, whereby the base functions can be weighted (w;) to achieve different overall
shapes. These base functions are characterized by the position of the peak and a certain width, which
depends on the order p and the spacing of the supporting points.
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FIGURE 3.5: Top: Grid points (red filled circles) and minimum and maximum shape of the
scan. Bottom: Minimum and maximum shape overlaid on the EBL measurements from Fig. 3.3

be calculated easily. The total optical depth is given by a simple summation over the
optical depths of the base functions (already integrated), weighted with the weights w;:

k
T(Ey, z) = Y witi(E,, 2) (3.7)
i=0

The choice of the weights w; controls the shape of the EBL, so the EBL shape can be
changed after the integration.

The generic spline shapes do not have a redshift dependency, thus an evolution of
the EBL cannot be taken into account. We assume a constant photon number density,
only expanding and shifting in wavelength with expansion of the universe:

ne(e,z) = ne(e/(z+1),0) - (z+1)3 (3.8)
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FIGURE 3.6: Comparison of the optical depth from spline summation Tspjine Vs the optical depth
from full numerical integration over the curve Tgyy. Left: Tspline / Trun for Mkn 501 for the mini-
mum (circles) and maximum (triangles) shapes in the scan. Right: Tepjine / Trunt for 1ES1101-232
for the minimum (circles) and maximum (triangles) shapes in the scan.

Neglecting the evolution of the EBL is a valid assumption for nearby sources (e.g. Mkn
501), but for distant sources® this can result in an additional error on the upper lim-
its in the order of 10 to 20% depending on the evolution model and redshift (see e.g.
Aharonian et al. (2006b)). The systematic error arising from this assumption is further
discussed in Sect. 3.10.

In order to estimate the numerical uncertainties arising from the integration of the
base functions, the result for 7, from the summation is compared to the results from a
full integration over the actual EBL shapes (only one integration) for several shapes and
spectra used in this study. The deviation for almost all settings is found to be less then
0.5%. Even for extreme cases (high redshift, high EBL density) the deviation is always
less than 2% (see Fig. 3.6 for results from Mkn501 and 1ES1101-232). These small
deviations arise from inaccuracies in the numerical integration of the base functions.

The EBL spline shapes that we will examine in this study, are constructed from a
grid in EBL energy density vs wavelength: the x-positions of the grid points (wave-
length) are used as positions for the supporting points €; of the spline. The y-positions
of the grid points (energy density) are used as weights w;.

For the supporting points (x-axis of the grid) €; we use 16 equidistant points in
log,o(A) (A = hc/€) from 0.1 to 1000 um. The number and distance of the supporting
points together with the order of the spline determines the width of the structures,
that can be described with the spline. Given the grid setup and the spline of order
p = 3, the thinnest peak or dip that can be modeled is about three grid points wide
(FWHM, Fig. 3.4 shape with dashed line). This minimum width is similar to a Planck
spectrum from a black body radiation (blue line in Fig. 3.4). Noteworthy, extremely
sharp and strong cut-offs or bumps can only be described in an approximate way. Such
features could arise from the Lyman-a drop-off of massive Population III stars in certain
models (e.g. Salvaterra & Ferrara 2003), but they are generally not expected on larger

5The most distant source considered in this study, 1ES 1101-232, has a redshift of z = 0.186.
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wavelength scales, since they would be smoothed out by redshift. Mainly, the EBL
originates from an overlap of the redshifted spectra of single stars and dust reemission,
the resulting spectral form of which is similar to or broader than a Planck spectrum.

The upper limits derived in this study depend on the width of the structures mod-
eled, and the choice of the minimum width has to be physically motivated, as it is in
our case. The dependency of the limits on the choice of the grid setup is discussed in
more detail in Section 3.10.

The weight w; of the spline (y-axis of the grid) are varied in 12 equidistant steps
in log,,(energy density) from 0.1 to 100nWm™2sr~!. Since we apply the grid point
positions directly as weights w;, the resulting curve does not directly go through the
grid points. So for all limits etc. the actual curve has to be considered and not the grid
point positions. Our usage of the grid point positions as weights also results in several
shapes lying between two grid points. This is illustrated in Fig. 3.4 for two arbitrarily
chosen grid points between 10 and 20 ym.

For the scan a subset of grid points is selected such that all resulting shapes are
within the limits given by the galaxy counts on the lower end and the limits from
the direct measurements and the fluctuation analyses on the upper end. In the 20 to
100 ym regime we choose a hugher shape, given the wider spread of the (tentative)
measurements. The final grid is shown in Fig. 3.5 as red filled circles. By iterating over
all grid points we obtain 8 064 000 different EBL shapes, which will be examined.

For a given optical depth 7, (E,, z) one can determine the intrinsic differential en-
ergy spectrum of a source using:

AN/dEiny. = dN/dE,,s X exp|T,(E,, 2)], (3.9)

where dN/dE; is the observed spectrum. The intrinsic spectrum is then tested for
its physical feasibility as described in Section 3.7. This process is repeated for all VHE
y-ray sources (described in the next section) and for all 8 064 000 EBL shapes.

3.6 TeV Blazar Spectra

Since the detection of the first extragalactic VHE <-ray source in 1992 (Punch et al.
1992), a wealth of new data has become available. Up to now all extragalactic VHE
y-ray sources belong to the class of active galactic nuclei (AGN), and, with the only
exception of the radio galaxy M 87 (Aharonian et al. 2003b, 2006e), to the subclass of
TeV blazars. AGNs are known to be highly variable sources, with variations of the
absolute flux levels in the TeV range by more than an order of magnitude and in time
scales as short as 15min (e.g. Gaidos et al. 1996; Aharonian et al. 2002b). Changes of the
spectral shapes are also observed (e.g. Krennrich et al. 2002; Aharonian et al. 2002b).

In this study we utilize spectral data obtained during the last seven years by
four different experimental groups operating ground-based imaging atmospheric
Cherenkov telescopes (IACTs): Whipple (Finley & The VERITAS Collaboration 2001),
HEGRA (Daum et al. 1997), H.E.S.S. (Hinton 2004) and MAGIC (Cortina et al. 2005).
We select at least one spectrum for every extragalactic source with known redshift.
If there is more than one measurement with a comparable energy range, we take the
spectrum with the better statistics and the harder spectrum (expected to give stronger
constraints, see Section 3.7). If different measurements of one source cover different en-
ergy ranges, we include both spectra as independent tests. Another possibility would
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TABLE 3.1: TeV blazar spectra used in this paper. In case the measured spectrum can be well described by a simple power law dN /dE « E~', only
the slope I' is quoted. Otherwise the cut-off energy E..¢ according to dN/dE o E -T exp(—E/E) is also quoted. If no systematic error on the

photon index is given in the corresponding publication, we use a value of 0.2 (values in brackets).

Source Redshift Experiment Energy range Slope Cut-off energy Reference

z (TeV) [+ 05 + gy (TeV)
Mkn 421 0.030 MAGIC 0.10-3.0 220+0.08+020 1444028  Albertet al. (2006c)
Mkn 421 0.030 HEGRA 070-18.0 2194+0.024+0.20 3.6+0.4—0.3 Aharonian et al. (2002b)
Mkn 421 0.030 Whipple 0.35-090  2.31+0.04+0.05 — Krennrich et al. (2002)
Mkn 501 0.034 HEGRA 0.50-22.0 1.92£0.03 £0.20 62+04 Aharonian et al. (1999b)
1ES2344+514 0.044 Whipple 0.80-11.0 2.54+0.17+0.07 — Schroedter et al. (2005)
Mkn 180 0.045 MAGIC 0.14-15 3.25+0.66 0.2 — Albert et al. (2006b)
1ES1959+650 0.047 HEGRA 1.5-13.0 2.83£0.14 £0.08 S Aharonian et al. (2003a)
PKS2005-489 0.071 H.ESS. 0.20-2.5 40+0.4(£0.2) — Aharonian et al. (2005c)
PKS2155-304 0.116 H.ES.S. 0.20-3.5 3.37 £0.07 £ 0.10 — Aharonian et al. (2005e)
H1426+428  0.129 HEGRA 070-120 26+0.6=+0.1 — Aharonian et al. (2003c)
H 2356-309 0.165 H.ES.S. 0.16-1.0 3.06 +0.21 +£0.10 — Aharonian et al. (2006c)
1ES1218+304 0.182 MAGIC 0.08-0.7 3.0£04+£0.6 S Albert et al. (2006a)
1ES1101-232  0.186 H.ESS. 0.16-3.3 2.88+0.14+0.1 — Aharonian et al. (2006b)
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be to combine the measurements from different experiments, as it was done before in
the case of H 1426+428 (Aharonian ef al. 2003c). However, since the sources are known
to be variable in flux level and spectral shape, a combination of non-simultaneous data
is not trivial. In addition, in a conservative approach one has to take into account the
systematic errors reported by the individual experiments, which are in the order of
20%. Our method is quite sensitive to the errors of the individual flux points®, and this
additional error would weaken our results. We therefore do not use combined spectra.
The selected TeV blazar spectra are summarized in Fig. 3.7 and Table 3.1. In Fig. 3.7 the
spectra are multiplied by E? to emphasize spectral differences and are spread out along
the Y-axis and ordered in redshift to avoid cluttering of the plot.

We did not include data from the radio galaxy M 87, which was recently confirmed
as a VHE <y-ray emitter (Aharonian et al. 2006e). M 87 is a close by source (z = 0.00436),
so even for high EBL densities the attenuation is weak and would only be noticeable at
high energies ~30 TeV. Nevertheless, M 87 has a hard spectrum with a photon index of
I' ~ 2.2 currently measured up to 20 TeV, so further observations, extending the energy
range to even higher energies, could make M 87 an interesting target for EBL studies as
well.

As discussed in Sect. 3.4, the cross section ¢, of the pair production process has
a distinct peak close to the threshold. The maximum attenuation of VHE photons of
energy E, occurs by interaction with low energy photons with a wavelength:

AT (um) ~ 1.24 E, (TeV) (3.10)

Since the selected spectra cover an energy region from 100GeV up to more than
20TeV, the EBL wavelength range for the absorption of VHE <-rays spans from the
UV (~0.1 ym) to the mid IR (~30 ym). This region is of particular cosmological interest
since it might contain a signature of Population III stars.

3.7 Exclusion Criteria

We aim to construct an upper limit on the EBL density using the TeV blazar sample
described in Section 3.6. In order to achieve this, we examine for every EBL shape (as
introduced in Section 3.5), whether the intrinsic TeV blazar spectra, which result from
correcting the measured spectra for the corresponding optical depths, are physically
possible. EBL shapes are considered allowed if the intrinsic spectra of all tested TeV
blazars are physical feasible, i.e. in the limits of the theory. As upper limit of the EBL
density we define the upper envelope of all allowed shapes. It is constraining in the
wavelength range where it lies below the maximum shape of the scan. Otherwise no
upper limit is quoted.

There are different ways to examine a TeV blazar spectrum upon its feasibility. In
this paper we follow very general arguments arising from the shock acceleration sce-
nario of relativistic particles. In this well accepted view, electrons are Fermi-accelerated
with a resulting power law spectrum of AN /dE ~ E™*, with a slope a of about 2. Due
to a faster cooling of high energy electrons compared to lower energies, the slope «
can be larger than 2 but there is no simple theoretical possibility to produce an electron

6 As further discussed in Sect. 3.7, we take into account the errors of parameters derived from a fit.
Theses parameter errors depend on the errors of the individual flux points.
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spectrum with a harder spectrum. Given an electron spectrum, one can calculate the
slope of the synchrotron energy spectrum: it is dN/dE, ~ E I with a photon index
I' = 451 = 1.5. The energy spectrum of inverse Compton (IC) photons, independent of
the origin of the target photons, has approximately the same photon index as the syn-
chrotron energy spectrum if the scattering occurs in the Thomson regime. In case of the
Klein-Nishima regime, the index is even larger. Thus, the photon index of the energy
spectrum of VHE photons originating from an IC scattering is I' = 1.5 or larger. In the
case of hadronic origin, the photon spectrum can be more complicated. Assuming the
VHE 7-rays are produced via 71° decay of high energy protons following a power-law
distribution with index I'y, the photon spectral distribution will also be a power law
with spectral index I', = 4/3(T, — 1/2) (e.g. Weekes (2003)). For reasonable values
of I'y ~ 2 the gamma spectrum has the same spectral index I', ~ 2. In conclusion,
we assume that the photon index I' of the intrinsic TeV blazar spectrum is 1.5 or larger.
These arguments were recently used in (Aharonian et al. 2003c, 2006b,d; Albert et al.
2007a).

However, a possibility to obtain even harder photon spectra is not fully excluded.
For instance, though in contrary to a wide acceptance of these general arguments,
Katarzynski et al. (2006) argued that synchrotron emission as well as IC scattering of
relativistic electrons does not necessarily occur close to the region of electron accelera-
tion. If so, due to propagation effects, the electron spectrum can become truncated, i.e.
the minimum energy of electrons can be as high as several GeV. In an extreme case, we
deal with a monoenergetic spectrum of VHE relativistic electrons. Then, and this is the
most extreme case, a resulting IC photon index can be as small as I' = 2/3. We use this
limit in the present paper, in addition to the standard limit of I' = 1.5, to demonstrate
the strength of our method.

In the simplest models, it is assumed that the VHE photons originate from a sin-
gle compact emission region (one-zone scenario). The resulting energy distribution
in log(vF(v))vs.log(v) representation has two peaks: the synchrotron and the inverse
Compton (IC) peak. There are no obvious arguments against scenarios with several
emission regions. Then, the measured spectrum of a VHE y-ray emitting source will
be a superposition of several one-zone emission regions. So far, there is no indication
for this in the measured spectra. However, the attenuation of VHE <-rays by EBL pho-
tons could hide such substructures.

In addition to assuming a certain minimum photon index for the intrinsic TeV
blazar spectra, we also argue that an exponentially (or stronger) rising energy spec-
trum with increasing energy is not realistic (pile-up). Such a rise towards high energies
was first noticed by Protheroe & Meyer (2000) for the Mkn 501 spectrum and early at-
tempts to avoid it invoked violation of the Lorentz invariance (Kifune 1999; Protheroe
& Meyer 2000). On the other hand, Stecker & Glashow (2001) argued that the same
Mkn 501 spectrum data can be used to place constraints on the Lorentz invariance
breaking parameter. Another possibility to explain pile-ups would require an ultra-
relativistic jet with very high bulk motion Lorentz factor Iy > 3 x 107 (Aharonian et al.
2001). The pile-ups, however, seem to arise at different energies for different sources,
which is not expected by these models. Moreover, the pile-ups can be easily avoided
by choosing a sufficiently low level of the EBL density and taking systematic error of
the measurements into account.

Based on the arguments above and including possible multizone emission scenar-
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ios, we assume that at least one of the following smooth analytical functions can de-
scribe the intrinsic spectrum satisfactorily: A simple power law (PL), a broken power
law with a transition region (BPL), a broken power law with a transition region and
a super-exponential pile-up (BPLSE), a double broken power law with two transition
regions (DBPL), or a double broken power law with two transition regions and a super-
exponential pile-up (DBPLSE). The functions are summarized in Table 3.2.

In our approach to examine intrinsic spectra of TeV blazars, we adopt the general
assumption that one of the functions presented in the previous paragraph is a good
analytical description of the intrinsic spectrum. In case we fail to find a function, a
given EBL shape (realization) is not excluded. It is noteworthy that less than 0.06% of
all intrinsic spectra of the TeV blazars could not be fitted well by the chosen functional
forms.

In order to determine a good analytic description, we fit the intrinsic spectrum with
the functions listed above, starting with the simplest one (PL). As “good description”
we take a fit with a chance probability Pg; > 5% based on its x? value. The determined
fit parameters are examined to be physically meaningful for the intrinsic spectrum as
described further below. If the fit has a smaller probability we take the next function
from the list (Table 3.2). Also if the fit has a chance probability P > 5% but the
determined parameters do not lead to an exclusion of the corresponding EBL shape,
we take the next function from the list. The reason is that a function with more free
parameters can lead to a significantly better fit. In order to make sure that a more
complicated function indeed describes the intrinsic shape better than a simpler one,
we use the likelihood ratio test (Eadie et al. (1988), Appendix A). We require at least
a 95% probability to prefer a function with a higher number of free parameters. Only
if the function is preferred, we examine its fitted parameters and their errors. Spectra
with n data points are only fitted with functions with up to n — 1 parameters. In case
of spectra with low statistics, we fix the softness of the break (f, see Table 3.2) between
two spectral indices to an a priori chosen value of f = 4 to allow for a fit by a higher
order function (e.g. in case of the BPL for H 1426+428).

We finally define the following criteria to exclude an assumed EBL shape:

o At least one of the determined photon indices from the best hypothesis is outside
of the allowed range, i.e. "™ < Tlimit ywhere [iMit = 1.5 or 2/3, and T#™ =
I + o1i + 05y with I' and o the fitted photon index and its error respectively, and
sy as the systematic error on the spectral slope (as given for the corresponding
measurement).

e The best fit is obtained by one of the two shapes with an exponential pile-up
(BPLSE or DBPLSE).

A single confidence level for the derived upper limits on the EBL density cannot
easily be quoted: For the test on the photon index we use a 1 ¢ confidence level (as de-
fined for two-sided distributions, including systematic errors). For the likelihood ratio
test we use a 20 level (as defined for one-sided distributions). Thus, the confidence
level for the upper limit ranges from 68% to 95%.

As discussed in this Section, the theoretical expectations on the smallest possible
photon index rlimit have a certain spread. Thus, we perform two EBL scans, assuming
for the first realistic case a limit of I'"™i* = 1.5 and for the second extreme case a limit of
rlimit — 2 /3. We will further refer to realistic and extreme scan accordingly.
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FIGURE 3.8: Limits on the EBL density from Mkn501 (I'max > 1.5). Grey solid curves are the
minimum and maximum shapes of the scan, grey dashed curves are all the highest allowed
EBL shapes for Mkn 501, the thick colored curve is the corresponding envelope shape. The grey
shaded area marks the wavelength region, in which the envelope shape is constraining the EBL
density.

Since our exclusion criteria solely take into account the effect of an EBL shape on
the hardness of the spectra of extragalactic VHE <-ray sources, some shapes might be
considered viable in our scan, even though other criteria for exclusion could be found
(e.g. exclusion based on spectral shape of the EBL, related to the energy density of
star and dust emission as discussed in Dwek & Krennrich (2005)). In this respect our
approach is conservative.

3.8 Results for individual Spectra

To present the results for individual spectra in a compact and non-repetitive way, we
sort our preselected spectra into three categories. For each category we select one pro-
totype spectrum (following similar criteria as discussed in Section 3.6), for which we
will give results. The categories considered are:

"Close by and well measured”. As prototype spectrum we select the Mkn 501 spectrum
(z = 0.034) recorded by HEGRA during a major TeV flare in 1997. The spec-
trum is a relatively hard and provides good statistics from 800 GeV up to 25 TeV.
Other sources in this category are Mkn 421 and 1ES 1959+650. 1ES 2344+514 and
Mkn 180 are at a comparable distance, but the spectra do not have such a high
statistics. PKS2005-489 lies somewhere between this and the following category.
Spectra in this category mainly provide limits in the FIR due to a pile-up at high
energies.

"Intermediate distance, wide energy range”. The prototype for this category is the spec-
trum from H1426+428 at a redshift of z = 0.129, with energies ranging from



3.8 Results for individual Spectra

39

v 1, ("W mZsr)

dN/dE (cm? s TeV")

dN/dE (cm? s TeV')

-
=)
)
T ||||||1—

-10

-
o,

10-11

-
o

10-11

~.
~
S

s~ -

7

aF
o
S

>
=
= }
3
=

Mkn 501

hi-'

e

-
.
LT

10
Energy (TeV)

Mkn 501

1 1 IIIIIII

10
Energy (TeV)

FIGURE 3.9: Mkn501 individual results (I'max > 1.5). Upper Panel: Two example maximum
allowed shapes A (solid line) and B (dashed line) overlayed on EBL measurements and min-
imum and maximum shape of the scan (grey). Middle Panel: Intrinsic spectrum for shape A
and fit functions: BPL (solid black line), BPLSE (solid red line), DBPL (dashed black line) and
DBPLSE (dashed red line). The fit parameters can be found in Table 3.3. The BPL and BPLSE
are not good fits; The DBPL is a good fit and its parameters are within the allowed range; The
DBPLSE is not prefered over the BPL and the DBPL. Lower Panel: Intrinsic spectrum for shape B
and the same fit functions as in the Middle Panel. The fit parameters can be found in Table 3.3.
All four functions are good fits. No function is preferred over the BPL.
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TABLE 3.3: Fit results for the Mkn 501 spectrum using the functions from Fig. 3.9. Fit probabili-
ties are given in the column “Pg;;”. The parameters are put in parentheses if the corresponding
fit has a low probability or is not preferred over a fit by a function with less free parameters.
The latter is a result of the likelihood ratio test and is indicated in the column “Pref”.

Prit Pref. lﬂl,max l—‘2,max l—‘3,rnax
Shape A
BPL 000 — (213) (-047) —
BPLSE 004 — — — —
DBPL 0.19 yes 212 1.62 8.92
DBPLSE 040 no — — —
Shape B
BPL 016 yes 285 1.77 —
BPLSE 0.23 no — — —
DBPL 012 no (391) (1.42) (1.05)
DBPLSE 024 no — — —
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FIGURE 3.10: Limits on the EBL density from H1426+428 (I'max > 1.5). Grey solid curves are
the minimum and maximum shapes of the scan, grey dashed curves are all the highest allowed
EBL shapes for H1426+428, the thick colored curve is the corresponding envelope shape. The
grey shaded area marks the wavelength region, in which the envelope shape is constraining the

EBL density.
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FIGURE 3.11: H1426+428 individual results (I'max > 1.5). Upper Panel: Two example max-
imum allowed shapes A (solid line) and B (dashed line) overlaid on EBL measurements
and minimum and maximum shape of the scan (grey). Middle Panel: Intrinsic spectrum for
shape A and fit functions. Both PL (solid line) and BPL (dashed line) are good fits; TTL, =
0.23 4 1.18stat + 0.2ys = 1.61 and the BPL fit is preferred over the PL fit (Pgpy vs. pr) = 0.97);
o = 201 + 194t + 0.25ys = 415 and Thoh = —4.59 + 6.67stat + 0.25ys = 2.28. Lower
Panel: Intrinsic spectrum for shape B and fit functions. Both PL (solid line) and BPL (dashed
line) are good fits; anlax = 1.18 + 0.245tat + 0.25ys = 1.63 and the BPL fit is not preferred over

the PL fit (P(BPL vs. PL) = 054),
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FIGURE 3.12: Limits on the EBL density from 1ES1101-232 (I'max > 1.5). Grey solid curves are
the minimum and maximum shapes of the scan, grey dashed curves are all the highest allowed
EBL shapes for 1ES 1101-232, the thick colored curve is the corresponding envelope shape. The
grey shaded area marks the wavelength region, in which the envelope shape is constraining the
EBL density.

700 GeV up to 12 TeV. PKS 2155-304 is at a comparable distance and its measured
spectrum has a better statistic, but the highest energy point is only at 2.5 TeV and
the spectrum is much softer.

"Distant source, hard spectrum”. The most distant TeV blazar discovered so far with a
published energy spectrum is 1ES1101-232 at a redshift of z = 0.186. Its spec-
trum is hard and ranges from 160 GeV to 3.3 TeV. H2356-309 and 1ES 1218+304
are at similar distances, but the statistics are not as good and/or the spectrum is
softer. This makes 1ES1101-232 the natural choice for a prototype spectrum in
this category.

As limit on the EBL for the individual spectra (and for the combined results in Sec-
tion 3.9 as well) we indicate the envelope shape of all allowed EBL shapes. In most
cases a single EBL shape represents the maximum allowed shape (the highest allowed
shape at a certain wavelength range) only for a small wavelength interval. Conse-
quently the envelope shape consists of a number of segments from different EBL shapes
(which we will label highest allowed shapes). One exception occurs, if the maximum
shape tested in the scan is allowed. In this case the spectrum does not constrain the EBL
density. In general, a spectrum constrains the EBL density when the envelope shape
lies below the maximum shape tested in the scan.

Given the energy range of the spectra, the limit is only valid for wavelengths Apim:

AmaX(Emiﬂ) < )\Lim < AthrESh<Emux) (3.11)

where A™®(E,,;,) is the wavelength for which the cross section for pair production with
the lowest energy point of the VHE spectrum E,,;,, is maximized (following Eqn. (3.10)).
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FIGURE 3.13: 1ES1101-232 individual results (I'max > 1.5). Upper Panel: Two example max-
imum allowed shapes A (solid line) and B (dashed line) overlaid on EBL measurements
and minimum and maximum shape of the scan (grey). Middle Panel: Intrinsic spectrum for
shape A and fit functions. Both PL (solid line) and BPL (dashed line) are good fits; ITL =
1.31 +0.134tat + 0.1sys = 1.53 and the BPL fit is not preferred over the PL fit (Pgpy, vs. p) = 0.87).
Lower Panel: Intrinsic spectrum for shape B and fit functions. Both PL (solid line) and BPL
(dashed line) are good fits; anLax = 1.21 + 0.21stat + 0.1sys = 1.52 and the BPL fit is not preferred
over the PL fit (Pgpy. ys. p) = 0.9488).



44

3 New Constraints on the EBL from the Spectra of all known TeV Blazars

Athresh(F ) is the threshold wavelength for pair production with the highest energy
point of the VHE spectrum E, ;. This wavelength range roughly reflects the sensitivity
of the exclusion criteria. There is of course some freedom of choice for the wavelength
range, given the complexity of the criteria.

In the following three Subsections the results for the individual prototype spectra
for the realistic scan with I'yax > 1.5 are summarized. The results for the extreme scan
with I'max > 2/3 for all prototype spectra are presented in Subsection 3.8.4.

3.8.1 Close by and well measured: Mkn 501 (HEGRA)

The envelope shape derived for the Mkn 501 spectrum is shown in Fig. 3.8 in compari-
son with the maximum and minimum EBL shapes tested in the scan. Though 7 766 674
out of 8064000 EBL shapes (96.3%) can be excluded, the effective limit is only con-
straining in the 20 to 80 ym wavelength region, where it lies below the maximum tested
shape. Note that our method is not only testing the overall level of the EBL density but
is also sensitive to its structures. Despite the fact that for the Mkn 501 spectrum al-
most all of the tested EBL shapes are excluded, certain types of shapes are allowed,
independent of their respective EBL density level. This can be illustrated with an EBL
shape, which has a power law dependency n(e) ~ €1 or vI, ~ A~1. Then the optical
depth is independent of the energy of VHE photons and the intrinsic TeV blazar spec-
trum has the same shape as the observed one (Aharonian 2001). With such a type of
shape, an allowed high EBL density level in the MIR can be constructed by choosing a
corresponding high density level in the optical /NIR.

The rejection power in the FIR results mainly from the hard intrinsic Mkn 501 spec-
trum above ~5TeV that often can only be described by an exponential or super ex-
ponential rise. Two of the limiting shapes together with the resulting intrinsic spectra
and fit functions are shown in Fig. 3.9, the corresponding fit results can be found in Ta-
ble 3.3. The fit with a PL function did not meet our acceptance criteria and the function
is omitted from the Figure for the sake of legibility. For the two shapes displayed here,
the pile up at high energies is already visible but not yet significant.

3.8.2 Intermediate distance, wide energy range: H1426+428

Using the H 1426+428 energy spectrum 5571772 EBL shapes (corresponding to 69.09%
of all shapes) are excluded. The resulting envelope shape is displayed in Fig. 3.10 to-
gether with all maximum allowed shapes. The limit is constraining from ~6 to ~20 ym
and the constraints are not very strong. This is illustrated in Fig. 3.11, where two repre-
sentative maximum allowed EBL shapes and the resulting intrinsic spectra are shown
together with relevant fit functions. Shape A is almost as high as the maximum shape
of the scan. Although the intrinsic spectrum is already convex, the relative low statis-
tics of the spectrum even allows for an acceptable fit by a simple PL and results in
large errors on the fit parameters for the BPL. Consequently the EBL shape cannot be
excluded. Shape B has a high peak in the O/IR wavelength region but lies below all
upper limits in the FIR. The resulting intrinsic spectrum is best described with a simple

PL with a maximum slope 'L = 1.63 > 1.5 and is therefore allowed.
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3.8.3 Distant source, hard spectrum: 1ES 1101-232

The spectrum from 1ES 1101-232 gives the strongest constraints for all individual spec-
tra, even though slightly less EBL shapes (7 706 625, 95.57% of all shapes) are excluded
than in the case of Mkn 501 (this is due to the different sensitivities in EBL wavelength;
the 1ES1101-232 spectrum is only sensitive up to 10 um). The resulting maximum
shapes and the envelope shape are shown in Fig. 3.12. The envelope shape constraints
the EBL density in the wavelength range from ~0.4 to ~10 ym and clearly excludes the
NIR excess claimed by Matsumoto et al. (2005). At EBL wavelengths of ~2 ym the limit
is consistent with the limit derived by Aharonian et al. (2006b) for the same source with
a different technique (this is further discussed in Section 3.9). Two representative max-
imum allowed shapes and the corresponding intrinsic spectra are shown in Fig. 3.13.
Shape A illustrates the intrinsic spectrum for a high EBL density in the UV /O, while
shape B is the maximum shape for wavelengths around 3 ym. For both shapes the
examined fit parameters are close to the allowed limits (see caption for values), as ex-
pected for maximum allowed shapes.

3.8.4 Extreme Case: I'max > 2/3

The upper limits for Mkn 501, H1426+428 and 1ES1101-232 for the extreme case with
I'max > 2/3 are shown in Fig. 3.14 (thick colored dashed line) in comparison to the
limits derived for the realistic case (thick colored solid line). In the case of Mkn 501,
a similar number of EBL shapes (94.13%) as in the realistic scan are excluded but the
effective limit is less constraining (Fig. 3.14, Upper Left Panel). For H1426+428 the
limit almost remains at the same level, still close to the maximum shape tested in the
scan (Fig. 3.14, Upper Right Panel). For 1ES 1101-232 the limit in the UV /O lies a factor
of 1.2 to 1.8 higher than the limit in the realistic case (Fig. 3.14, Lower Left Panel). In the
wavelength region from 2 to 4um the NIR excess claimed by Matsumoto et al. (2005) is
now compatible with the limit. In the 1 to 2y region the limit still lies clearly below the
claimed NIR excess.
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FIGURE 3.14: Result for individual spectra, comparing the realistic
case with I'ax > 1.5 (thick colored solid line) with the extreme case
with I'max > 2/3 (thick colored dashed line), overlaid on the EBL
measurements and the minimum and maximum shapes of the scan
(grey markers and lines). Upper Left Panel: Results for Mkn 501
(HEGRA). Upper Right Panel: Results for H1426+428. Lower Left
Panel: Results for 1ES 1101-232.
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TABLE 3.4: Number of excluded EBL shapes for the realistic scan for individual spectra (column
two) as well as the number of the intrinsic spectra, which could not be fitted satisfactorily
(column three). The percentage of these numbers to the number of all shapes (8064 000) for
column two and to the number of the allowed shapes for this spectrum for column three is also
quoted. If the number of shapes is zero, the percentage is omitted.

Spectrum #Shapes Excluded #Shapes No Fit
Mkn 421 (MAGIC) 1756869 (21.79%) 59258 (0.94%)
Mkn 421 (HEGRA) 888575 (11.02%) 0
Mkn 421 (Whipple) 2287059 (28.36%) 0
Mkn 501 7760733 (96.24%) 1296 (0.43%)
1ES2344+514 0 0
Mkn 180 0 0
1ES 1959+650 1086314 (13.47%) 423 (0.01%)
PKS2005-489 0 0
PKS 2155-304 4248872 (52.69%) 0
H 1426+428 5571771 (69.09%) 2 (0.00%)
H 2356-309 4657 817 (57.76%) 0
1ES 1218+304 19540 (00.24%) 0
1ES1101-232 7706624 (95.57%) 0
2 50% 47,75%
£
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FIGURE 3.15: Number of excluded shapes as percentage of the total number of shapes vs. the
number of spectra, that excluded the shape. A large fraction of shapes (98.08%) is excluded by
more than one spectra.

3.9 Combined Results

The number of excluded shapes for all individual spectra for the realistic scan are sum-
marized in Table 3.4. One finds that some spectra (namely 1ES 2344+514, Mkn 180 and
PKS 2005-489) excluded none of the EBL shapes of the scan. This is mainly a result of
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FIGURE 3.16: Combined results for the realistic scan. Upper Panel: All maximum allowed shapes
of the combined scan (dashed grey lines) and the corresponding envelope shape (solid black
line) in comparison to the limits for individual spectra: Mkn 501 (solid blue line), H1426+428
(solid yellow line) and 1ES1101-232 (solid red line). The minimum and maximum shapes of
the scan are also shown (grey lines). Lower Panel: The combined limit from the realistic scan
(solid black line) in comparison to direct measurements and limits (grey markers). The grey
dashed curve around 2 ym is the limit derived by Aharonian et al. (2006b) for the 1ES1101-232
spectrum.
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FIGURE 3.17: Combined results from the extreme scan (dashed black line) in comparison to the
result from the realistic scan (solid black line). Grey lines are the minimum and the maximum
shapes tested in the scan. Grey markers are direct measurements and limits.

the low statistics in the spectra and hence the large errors on the fit parameters. The
highest number of excluded shapes and the strongest constraint in the scan result from
the previously presented prototype spectra Mkn 501, H 1426+428 and 1ES 1101-232.

We now combine the results from all spectra by excluding all shapes of the scan,
that are excluded by at least one of the spectra. First we present results for the re-
alistic scan. A large fraction of the shapes (98.08%) are excluded by more than one
spectrum (see Fig. 3.15), which strengthens our results. In total, we exclude 8056 718
shapes, which leaves us with only 7282 (0.01%) allowed shapes. The resulting max-
imum shapes (dashed lines) and the envelope shape for the combined results (solid
black line) are shown in Fig. 3.16 Upper Panel in comparison to the results from the
individual prototype spectra (colored solid lines). In the optical to near infrared the
combined limit follows exactly the limit derived from the 1ES1101-232 spectrum (red
solid line). For larger wavelengths, however, the combined limit lies significantly be-
low the limits derived from individual spectra. This is particularly striking in the MIR,
where the H1426+428 spectrum provided only weak limits (solid yellow line) and the
combined limit now gives considerable constraints. This can be understood from the
fact that for a high EBL density in the MIR a high density in the optical to NIR is needed,
in order for the spectra (Mkn 501, H 1426+428) not to get too hard. These high densities
in the optical to NIR are now however excluded by the 1ES 1110-232 spectrum, which
therefore results in stronger constraints in the MIR.

The combined limit for the realistic scan in comparison to the direct measurements
and limits is shown in Fig. 3.16 Lower Panel. In the optical to NIR one finds that the
combined limit lies significantly below the claimed NIR excess by Matsumoto et al.
(2005). It is compatible with the detections reported by Dwek & Arendt (1998), Gor-
jian et al. (2000), Wright & Reese (2000) and Cambrésy et al. (2001). In the same figure
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the limit reported by the H.E.S.S. collaboration for 1ES1101-232 derived with a dif-
ferent technique (Aharonian et al. 2006b) is shown as dashed grey line around 2 ym.
At wavelengths around 2 - 3 ym it is in good agreement with the limit derived here,
but for smaller wavelengths our limit lies significantly higher. While for the H.E.S.S.
limit comparable exclusion criteria for the intrinsic spectra were used, a fixed reference
shape scaled in the overall EBL density was used to calculate the EBL limit”, which
presumably causes the differences at smaller wavelengths. In the MIR to FIR our com-
bined limit lies below all previously reported upper limits from direct measurements
and fluctuation analysis. For EBL wavelengths greater than 2 ym it is only about a fac-
tor of 2 to 2.5 higher than the absolute lower limit from source counts, leaving very
little room for additional contributions to the EBL in this wavelength region. In the FIR
it lies more than a factor of ~ 2 below the claimed detection by Finkbeiner et al. (2000).

In the realistic scan, after combining the results from Mkn 501, H1426+428, and
1ES1110-232, adding more spectra does not further strengthen the limit (though
marginally more shapes are excluded). Hence, for the extreme scan, we will only com-
bine the results from these three spectra. The limit for the extreme scan (dashed line) is
shown in Fig. 3.17 in comparison to the limit from the realisistic scan (solid line) and the
limits and direct measurements. The limit from the extreme scan lies for all EBL wave-
lengths above the limits from the realistic scan and is a factor of 2.5 to 3.5 higher than
the lower limits from source counts. In the optical to NIR the combined limit follows
again the limit derived from the 1ES1101-232 spectrum. As stated for the individual
spectrum the NIR excess claimed by Matsumoto et al. (2005) for wavelengths above
2 ym is now compatible with the limit, but for smaller wavelengths it is still clearly
excluded.

In Fig. 3.18 the limits derived in this paper are shown in comparison to predictions
from EBL models by Kneiske et al. (2002), Stecker et al. (2006) and Primack et al. (2005)
(at z = 0). Most models lie significantly below our realisitc limits, only the high model
of Kneiske et al. (2002) is slightly higher in the NIR and the fast evolution model of
Stecker et al. (2006) is marginally higher in the MIR. All models lie below the extreme
limit. Noteworthy the Primack et al. (2005) and the low model from Kneiske et al. (2002)
are below the lower limits derived from galaxy counts in the MIR and FIR.

3.10 Estimation of Systematic Errors

We identified three major contributions to the systematic error of the upper limit on the
EBL:

Choice of the Scan Grid We estimate that the main contribution to the systematic
errors arises from the minimum width of the EBL structures that can be resolved by the
scan. Although the choice of the grid spacing, which defines the minimum width of
the EBL structures, is well physically motivated, there are arguments that even thinner
structures could be realized in nature due to e.g. absorption effects. We tested two
different grid setups with 13% and 20% smaller grid spacing (labeled n18 and n20, the
original setup is n16), resulting in much less realistic but still possible EBL structures,
with the 1ES1101-232 spectrum. The resulting limits on the EBL and the deviation

7In addition to the fixed shape several other possible EBL components like a bump in the UV were
examined (Aharonian et al. 2006Db).
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FIGURE 3.18: EBL limits from the realistic (thick solid black curve) and the extreme scan (thick
dashed black curve) in comparison to different EBL models at z = 0 (blue curves): updated
version of Kneiske et al. (2002) high and low models (solid), Stecker et al. (2006) fast and baseline
evolution models (dashed), Primack et al. (2005) (dashed dotted).

from the original limit are shown in Fig. 3.19. For n20 the limits are 20 to 30% higher
than the ones presented in Section 3.9, but the shapes are already "unphysical". This
is illustrated in Fig. 3.20, where the highest allowed shapes for the n20 grid setup are
shown. Many of the shapes have more than one peak in the UV to MIR, which cannot
be accommodated in standard EBL models. The grid setup n20 therefore has to be
considered an extreme case. We conclude that the overall contribution from the grid
setup to the systematic error is at the most 30%.

EBL Evolution Another contribution to the systematic error originates from the fact
that we do not consider the evolution of the EBL in our method. In order to estimate
the effect of the evolution of the EBL for the most distant sources, we calculate the late
contribution to the EBL in the redshift interval between z = 0 and z = 0.2. Hereby, we
utilize the EBL model by Kneiske et al. (2002) (updated version is used, Kneiske private
communication, Fig. 3.21). We obtain a wavelength dependent contribution, which has
a maximum value of 3-4nW m~2sr~! in the optical to NIR (the relevant wavelength
region for the distant sources in our scan, Fig. 3.22). Given that these values are derived
with the extreme assumption that all late emission occured instantaneously at z=0, we
estimate the systematic error arising from the EBL evolution to 10% of the derived
limits. Note that Aharonian et al. (2006b) estimated an error of <10% for 1ES1101-232,
the most distant TeV blazar in our study.

Uncertainty in the Absolute Energy Scale of IACT Measurements To study the ef-
fect of the uncertainties in the absolute energy scale of IACT measurements, we cal-
culate a limit on the EBL utilizing the energy spectra from Mkn 501, H1426+428 and
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FIGURE 3.19: Comparison of the limits derived for different grid configurations (n16, n18, n20)
for the 1ES1101-232 spectrum. Upper Panel: Spectral energy distribution with envelope shapes
for n16 (red), n18 (green) and n20 (blue). The light colored curves indicate the minimum and
maximum shapes of the respective scan grid. Lower Panel: Relative deviation of the envelope
curve n18/n16 (green dashed curve) and n20/n16 (blue dashed curve).

1ES1101-232 shifted by 15% to lower energies (for I' > 1.5, realistic scan). Since the
optical depth is increasing with energy, the energy shift reduces the attenuation of the
spectra, especially reducing the effect of a possible pile-up at the highest energies. The
corresponding limit is shown in Fig. 3.23. The difference between the limit derived
from the energy shifted spectra and the realistic limit is negligible in the optical to
NIR (<6 ym), while there is a moderate effect in the MIR to FIR on the level of 1-
45nWm 2sr~!. We therefore conclude, that the systematic error in the MIR to FIR
(A > 6 uym) introduced by the uncertainties in the absolute energy scale of IACT mea-
surements is in the order of 10-45% of our realistic limit.
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FIGURE 3.20: Highest allowed shapes for 1ES 1101-232 with scan setup n20 (20 steps from 0.1 to
1000um). To increase readability, three example shapes are marked with different colors (green,
red, pink). The light colored lines give the minimum and maximum shape.
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FIGURE 3.21: EBL model from Kneiske (2002, 2004) high (updated) for different redshifts prop-
agated to z= 0.

To quote an overall systematic error, we add the individual errors quadratically,
resulting in a (very conservative) systematic error on the upper limit of about 32% in
the optical to NIR and 33 -55% in MIR to FIR.
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FIGURE 3.22: Difference in the EBL density between z = 0 and z = 0.2 for the Kneiske high
(solid, black curve) and low (dashed, blue curve) model.
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FIGURE 3.23: EBL limit derived from the realistic scan (black solid curve) in comparison to the
EBL limit derived for a realisitc scan utilizing the energy spectra from Mkn 501, H 1426+428 and
1ES1101-232 shifted by 15% to lower energies (red dashed curve) to account for uncertainties
in the energy scale of IACTs.
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3.11 Summary and Conclusions

In this Paper we present a new method to constrain the density of the extragalactic
background light (EBL) in the optical to far-infrared wavelength regime using VHE
spectra of TeV blazars. We derive strong upper limits, which are only a factor 2 to 3
higher than the lower limits determined from source counts. Unlike many previous
studies of this kind, we do not use one or a few pre-defined EBL shapes or models, but
rather utilize a scan on a grid in EBL density vs. wavelength. This grid covers wave-
lengths from 0.1 ym to 1000 ym and spans in EBL density from the lower limits from
source counts to the upper limits determined by direct measurements and fluctuation
analyses. By iterating over all scan points we test a large set of different EBL shapes
(8064 000 in total). Each EBL shape is described by a spline function, which allows us
to calculate the optical depth of VHE <y-rays for this shape via a simple summation in-
stead of solving three integrals numerically. The resolution of the scan for sharp bumps
or dips in the EBL is limited by the choice of the grid and the order of the spline.

To test these EBL shapes, we use the measured VHE <y-ray spectra from distant
sources, which carry an imprint of the EBL from attenuation via pair production. We
included spectra from all known TeV blazars (13 in total), making this the most com-
plete study of this type to this date. All spectra are scrutinized with the same robust
algorithm: For each spectrum and each EBL shape the intrinsic spectrum is calculated
and an analytical description of the intrinsic spectrum is determined by fitting sev-
eral functions. The fit parameters and errors of the functions are subsequently used to
evaluate whether the intrinsic spectrum is physically feasible. We use two conserva-
tive criteria from the theory of VHE <y-ray emission in TeV blazars: The EBL shape is
excluded if (i) a part of the intrinsic spectrum is harder than a theoretical limit or (ii)
the intrinsic spectrum shows a significant pile-up at high energies. Since there is some
spread in the predictions from theory, we included two independent scans for two the-
oretical limits on the hardness of the spectrum: (1) the realistic case for a photon index
of I' > 1.5 and (2) the extreme case with I > 2/3.

We present limits derived from individual VHE <-ray spectra. The strongest con-
straint results from the 1ES1101-232 spectrum in the wavelength range from 0.8 and
10 ym, mainly due to the hard spectrum and its large distance to Earth. An extragalac-
tic origin of the claimed excess in the NIR between 1 and 2 ym (Matsumoto et al. 2005)
can be excluded even by the extreme scan. This result confirms the results from the
recent publication of Aharonian et al. (2006b). In the FIR (20 and 80 ym), strong upper
limits are provided by the nearby TeV blazar Mkn 501. H 1426+428, situated at an inter-
mediate distance, provides some constraints on the EBL density in the MIR (between 1
and 15 ym), connecting the upper limits derived from 1ES 1101-232 and Mkn 501. Most
of the other spectra provide constraints in certain wavelength ranges, but they are not
as strong as the limits from the previously described sources.

By combining the results from all spectra, we find that the upper limits become
much stronger compared to the limits derived for individual spectra, especially in the
wavelength range between 4 and 60 ym. In the wavelength region from 2 to 80 ym the
combined limit for the realistic case lies below the upper limits derived from fluctuation
analyses of the direct measurements (Kashlinsky & Odenwald 2000) and is just a factor
of 2 to 2.5 above the absolute lower limits from source counts. This makes it the most
constraining limit in the MIR to FIR region so far. As expected, the upper limits from
the extreme scan are less constraining (factor of 2.5 to 3.5 above the lower limit from
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source counts), but still constraining over this wide wavelength range.
The derived upper limits can be interpreted in two different ways:

1. The EBL density in the optical to FIR is significantly lower than suggested by di-
rect measurements and the actual EBL level seems to be close to the existing lower
limits. It can be hence concluded that experiments like HST, ISO, and Spitzer re-
solve most of the sources in the universe. This would indicate that there is very
little room left for a significant contribution of heavy and bright Population III
stars to the EBL density in this wavelength region.

2. The assumptions used for this study are not correct. This would require a revision
of the current understanding of TeV blazar physics and models, which has been
fairly successful in modeling multi-wavelength data from the radio to the VHE
for all detected sources so far.

The strong constraints derived in this paper only allow for a low level of the EBL in
the optical to the far-infrared, suggesting that the universe is more transparent to VHE
-rays than previously assumed. Hence, we expect detections of many new extragalac-
tic VHE sources in the next few years. Further multi-wavelength studies of TeV blazars
will improve the understanding of the underlying physics, which will help to refine the
exclusion criteria for the VHE spectra in these kinds of studies. The upcoming GLAST
satellite experiment, operating in an energy range from 0.1 up to ~100 GeV, will allow
to extend such studies of the EBL to the ultraviolet to optical wavelength region.



Chapter 4

Discovery of VHE <-rays from the
distant High Frequency Peaked
BL Lac 1ES 0347-121

4.1 Introduction

Active galactic nuclei (AGN) are extreme environments: They are very luminous over
a broad wavelength range from radio to very high energies (VHE). Some AGN show
outbursts with large flux variations on time-scales down to a few minutes linked to
relativistic processes connected with very high energy particles. So far, AGN are the
only extragalactic objects, which have been detected in VHE y-rays.

In this Chapter the discovery of VHE y-ray emission from the BL Lac 1ES 0347-121
with the H.E.S.S. Cherenkov telescopes is reported and its implication for the extra-
galactic background light (EBL) are discussed. The X-ray data from the SWIFT satellite
utilized in this Chapter has been analyzed by Dieter Horns! (Horns 2007).

4.2 Active Galactic Nuclei (AGN)

Historically, the celestial objects now grouped under the label active galactic nuclei
(AGN) have been detected and classified into many different source types, depending
on the wavelength band they have been discovered in or on spectral (and sometimes
temporal) features. Today, AGN are characterized as the compact cores of a galaxy
showing extremely bright emission over a broad wavelength range, often outshining
the underlying host galaxy.?

In the current standard paradigm for AGN (Urry & Padovani (1995), illustrated
in Fig. 4.1), the intense electro-magnetic emission from AGN is powered by a super-
massive black hole (SMBH) with masses ranging from ~10° to ~10'° M, situated in
the center of a galaxy.> The SMBH is surrounded by an accretion disk, which feeds
new material to the SMBH. A dust torus encloses the inner system, which emits radi-

Unstitut fiir Astronomie und Astrophysik, Universitit Tiibingen, Sand 1, D 72076 Tiibingen, Germany

2There is some discussion, whether most galaxies harbor super-massive black holes (also our own
galaxy) which go through a phase of activity, resulting in an AGN.

3M, denoted the mass of our sun = 1.98844 x 10%0 kg.
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FIGURE 4.1: Schematic view of an active galactic nuclus (AGN) in the standard model (Urry &
Padovani 1995).

aton in the infrared and can obscure the view on the central engine (depending on the
observation angle). From the vicinity of the SMBH relativistic particle streams (jets) can
emerge perpendicular to the accretion disk, reaching out to wide distances (up to sev-
eral Mpc). Broad and narrow emission lines have been observed, which are attributed
to emission regions close and far from the SMBH.

The jets emit polarized radio emission, which is commonly interpreted as syn-
chrotron radiation from relativistic electrons. Moreover, apparent super-luminal mo-
tion (faster-than-light) of substructures (compact emission regions in the jet, knots) has
been observed in several resolved jets (e.g. Pohl et al. (1995); Barthel et al. (1995); Piner
& Kingham (1997)), which is direct evidence for the relativistic bulk motion in the jets.
X-ray emission from the accretion disk and from the jet is frequently observed.

Depending on the relative orientation of the system with respect to the observer,
different emission regions dominate the energy spectrum. For example, an AGN with
a dust torus and jets viewed sideways will mainly radiate in the infrared, but the jets
will be visible (depending on the energetics and the surrounding) in many wavelength
bands from the radio to X-rays.

For VHE <y-ray astronomy the AGN sub-class of BL Lac objects is especially impor-
tant: BL Lac objects, named after the first source of this type that has been discovered BL
Lacertae*, are AGN with the jet pointing close to the line of sight of the observer. They
show extremely variable emission in most wavelength bands and on short times-scales,
which is attributed to emission processes connected to the relativistic jets. Depending

4Recen’cly also discovered in VHE v-rays (Albert et al. 2007b).
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FIGURE 4.2: Average spectral energy distributions (SED) for different types of BL Lacs (binned
according to the radio luminosity) from radio to GeV energies. The position of the first peak
in the SED (synchrotron) shifts from UV to X-rays, the second peak (inverse Compton) from
sub-GeV to VHE (from top to bottom). (Fossati et al. 1998)

on the position of the first peak of the broadband spectral energy distribution (SED)
they are classified as either low frequency peaked BL Lac (peak in the UV /optical, LBL
Lac) or high-frequency peaked BL Lac (peak in the X-rays, HBL Lac). This classification
is more historic, since there is a smooth transition between the two classes. In Fig. 4.2
several averaged BL Lac SEDs are shown, binned according to their radio luminosity.
One can see the smooth transition from LBL Lac (top) to HBL Lac (bottom) (Fossati
et al. 1998; Costamante et al. 2001).

All known extragalactic sources of VHE 7y-ray emission, with the exception of the
radio galaxy M 87, belong to the class of BL Lac, which are then called TeV blazars. The
importance of the jets for VHE y-ray emission is discussed in the following Section.

4.3 Models for VHE y-ray emission in TeV blazars

A key ingredient for VHE <y-ray emission models in TeV blazars is the relativistic move-
ment of the emission region in the jet, measured by the Lorentz factor of the bulk
motion T' = (1 — p%)~1/2, with B = ©v/c, v the bulk velocity of the emission region
and c the speed of light. If the jet has an angle 6 to the line of sight of the observer,
the relativistic motion towards the observer can be expressed by the Doppler factor
6 = 1/(T-(1— Bcosh)). The bulk motion Doppler-boosts the emitted photons to
higher energies and thereby dramatically enhances the observed flux (o &%, relativis-
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tic beaming). Furthermore the constraint on the size of the emission region R from
measurements of the characteristic time-scale t,,, are relaxed: R = 6c¢ - tyar.

As for most sources of VHE <-rays, the models for VHE <-ray production in
AGN can broadly be divided into two categories: leptonic and hadronic models (see
Sect. 2.3). So far the most popular, very simple and very successful model is the syn-
chrotron self-Compton (SSC) leptonic model (Jones et al. 1974; Konigl 1981). While
a large part of the available TeV blazar data is still well explained by such a simple
SSC model, there is a growing amount of observational evidence, that a more complex
model is needed.

4.3.1 Leptonic Models (EC, SSC)

In leptonic models a highly relativistic and compact electron population accelerated in
the inner parts of the jet is considered, moving down the jet with bulk Lorentz factor
I'. These electrons can interact with different photon fields via inverse Compton (IC)
scattering producing VHE <-rays. In principle, different acceleration mechanisms for
the electrons are possible, but mostly acceleration in shock fronts (Fermi I) is assumed.

In the external Compton (EC) model, the electrons interact with photons from the
accretion disk (Dermer et al. 1992), re-scattered accretion disk photons (Sikora et al.
1994) or photons from the cosmic microwave background (CMB). In the synchrotron
self Compton (SSC) model the electrons produce synchrotron radiation in a random
magnetic field and then IC up-scatter the synchrotron photons to very high energies
(Jones et al. 1974; Konigl 1981; Maraschi et al. 1992; Bloom & Marscher 1996). The result
is a double humped spectral energy distribution with a synchrotron bump in the optical
to X-ray region and an IC bump in the hard X-ray to VHE region. The peak positions are
coupled and depend mainly on the properties of the underlying electron population,
the Doppler factor and the magnetic field. If only one emission region is assumed and
the electron population is homogeneous the model is called homogeneous one-zone SSC
model. If several emission regions are considered, usually assumed to be independent
from each other, the model is labeled multi-zone SSC model. One can combine the EC
and SSC model by adding external photon fields to the SSC model.

The homogeneous one-zone SSC model has been very successfully utilized to describe
the multi-wavelength data from different TeV blazars (e.g. Krawczynski et al. 2000,
2001; Aharonian et al. 2005d; Albert et al. 2006¢c). Due to the close coupling of the syn-
chrotron and the inverse Compton photons through the same electron population, a
close correlation between the two emission components is expected.” Such a correlation
has been detected for the source Mkn 421 and Mkn 501 (Buckley et al. 1996; Aharonian
et al. 1999a; Blazejowski et al. 2005; Albert et al. 2006¢, 2007¢).

In general, leptonic models naturally provide many of the features observed in TeV
blazars. A few observations challenge the leptonic models, like the orphan VHE <y-ray
flare observed with the Whipple telescope from 1ES 1959+650 (Krawczynski et al. 2004),
which was not accompanied by a X-ray flare, and the unusually hard spectra of distant
TeV blazars discovered with the H.E.S.S. instrument (Aharonian ef al. 2006b,c).

More complex leptonic models have already been envisaged to account for some
of these difficulties (e.g. Georganopoulos & Kazanas (2003); Katarzynski et al. (2006);
Kusunose & Takahara (2006)).

5The need for correlation can be relaxed by invoking several independent emission regions responsible
for the different parts of the energy spectrum.
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4.3.2 Hadronic Models

In hadronic models a relativistic proton population in the jets is considered. In proton-
photon interactions (photo-meson production) secondary electrons and positrons are
produced from pion decays (e.g. T~ — p Uy, p — e VU, T — yy — eTe )
(Mannheim & Biermann 1989). These electrons and positrons can initiate further
electro-magnetic cascades (Mannheim 1993). The electro-magnetic emission is pro-
duced by the secondary particles via synchrotron radiation and inverse Compton scat-
tering of the synchrotron radiation. Another possibility are proton-proton interactions
of a proton beam moving through compact matter clouds, producing 7’s and VHE
y-rays via 17 — 7 decay (Dar & Laor 1997; Beall & Bednarek 1999; Pohl & Schlick-
eiser 2000). Furthermore, VHE 7-rays can directly be produced through synchrotron
radiation of very high energy protons (Aharonian 2000). In the proton synchrotron
blazar model (Miicke & Protheroe 2001) components of several different models are
combined: a co-acceleration of protons and electrons is assumed, the low energy radi-
ation is produced by synchrotron emission of the electrons, the high energy part comes
from direct synchrotron emission from high energy protons or from synchrotron radi-
ation of secondary particles (us, 7s, etc.). Of course, such a complex model has more
free parameters than the simple SSC model and gives some flexibility to describe the
spectral energy distribution sufficiently.

The more complex hadronic models are able to reproduce the observed properties
of TeV blazars, though generally more fine tuning of the parameters is needed than in
in the simple SSC model (high magnetic fields, very high energy protons, high Doppler
factors, etc.).

One key to differentiate between hadronic and leptonic TeV blazar models lies in
the neutrino component, which can only arise in hadronic models. Future observations
with neutrino telescopes like ICECUBE (Karle et al. 2003) or KM3NET (Katz 2006) will
help to constrain or, in case of a positive detection, confirm the hadronic models. An-
other way to differentiate between leptonic and hadronic models is the spectral shape
and intensity of the y-ray radiation in the GeV region, which will be probed by the
upcoming GLAST satellite with high sensitivity.

4.4 Extragalactic VHE y-ray Sources: Status of Observation

Since the discovery of the first TeV blazar Mkn 421 in 1992 (Punch et al. 1992) the num-
ber of detected extragalactic VHE y-ray sources has steadily grown. With the new gen-
eration of IACT experiments H.E.S.S. and MAGIC, the number of known TeV blazars
has more than doubled over the last three years. More distant objects have been discov-
ered, pushing the maximum distance to a redshift of z ~ 0.2. A list of all known TeV
blazars is shown in Table 4.1, spectral properties (VHE) of most sources can be found
in Table 3.1 and Fig. 3.7 in Chapter 3.

For the understanding of the physics of TeV blazars, multi-wavelength (MWL) ob-
servations during states of high flux and strong variability (flares) are of great impor-
tance. Such MWL observations allow to thoroughly test the correlations between the
different wavelength regions and help to disentangle the different emission compo-
nents. Especially simultaneous X-ray observations allow for a more direct measure-
ment of the particle population producing the photon emission. Very successful MWL
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Source Redshift Experiment Flare Reference

Mkn 421 0.030  Whipple X Punchet al. (1992)

Mkn 501 0.034  Whipple X Quinn et al. (1996)

1ES2344+514  0.044  Whipple X Catanese et al. (1998)

Mkn 180 0.045 MAGIC Albert et al. (2006b)

1ES 1959+650 0.047 HEGRA X Aharonian et al. (2003a);

Gotting (2007)

PKS 0548-322 0.069 H.ES.S. Aharonian et al., in prep.

BL Lacertae 0.069 MAGIC Albert et al. (2007b)

PKS2005-489 0.071 H.E.S.S. Aharonian ef al. (2005¢)

PKS2155-304 0.116  MarkIV X Chadwick et al. (1999)

H 1426+428 0.129  Whipple Horan & The VERITAS Col-

laboration (2001)

1ES0229+200  0.140 H.ESS. Aharonian et al., in prep.

H 2356-309 0.165 H.E.S.S. Aharonian ef al. (2006c)

1ES1218+304  0.182  MAGIC Albert et al. (2006a)

1ES1101-232 0.186 H.E.S.S. Aharonian et al. (2006b)

1ES 0347-121 0.188 H.ES.S. this work

PG 1553+113 ? H.E.S.S. Aharonian et al. (2006d),
MAGIC Albert et al. (2007a)

TABLE 4.1: Catalogue of known TeV blazars ordered by redshift. The discovery experiment
and the corresponding reference are given. Sources with detected VHE +y-ray flaring states are
also indicated.

campaigns have been conducted for Mkn 421 (Krawczynski et al. 2001; Blazejowski
et al. 2005), Mkn 501 (Sambruna et al. 2000; Krawczynski et al. 2000; Kataoka et al. 1999),
1ES1959+650 (Krawczynski et al. 2004), and PKS 2155-304 (Aharonian et al. 2005e). In
2006 PKS2155-304 showed a strong VHE <y-ray flare (Benbow et al. 2006), with peak
flux levels exceeding 10 times the flux of the Crab Nebula in the same energy range
(the strongest constant VHE y-ray source).

The radio galaxy M 87, discovered with the HEGRA experiment (Aharonian et al.
2003b) and confirmed by H.E.S.S. (Beilicke 2005; Aharonian et al. 2006e), is the first
extragalactic VHE y-ray source, which does not belong to the class of TeV blazars. M 87
is an AGN, but the jets are inclined to the line of sight of the observer with an angle
~30°, so the Doppler boosting is presumably weaker than in TeV blazars. Surprisingly,
VHE <-ray variability on short time-scales in the order of days have been detected
(Beilicke 2005; Aharonian et al. 2006e).

4.5 Discovery of VHE v-rays from 1ES 0347-121

4.5.1 The High Frequency Peaked BL Lac 1ES 0347-121

1ES 0347-121 was discovered in the Einstein Slew X-ray survey and was consecutively
classified as an HB BL Lac object (Elvis et al. 1992; Schachter et al. 1993). Located at a red-
shift of z = 0.1880 & 0.0001 it harbors a super massive black hole of mass 10302011 M,
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FIGURE 4.3: Correlated sky-plot of VHE <-ray excess events centered on the position of
1ES0347-121 (oversampling radius = 0.122°, smoothed). A clear excess is visible. The inlay
in the lower left corner shows the excess distribution for a point-source derived from Monte
Carlo data with the same zenith-angle and pointing offset distribution as the data.

(Woo et al. 2005).

An upper limit on the integral flux above an energy threshold of 1.46 TeV of 5.14 x
10712 cm 257! (0.56 Crab) has been reported by the HEGRA collaboration (Tluczykont
2003; Aharonian et al. 2004b). Stecker et al. (1996) used simple physical considerations
about the synchrotron and inverse compton component of the spectrum to calculate a
prediction for the flux above 0.3 TeV of 0.38 x 10~ cm~2s~!, which lies clearly below
the upper limit reported by the HEGRA collaboration.

Here the discovery of VHE <-rays with energies above 250 GeV from 1ES (0347-121
with the H.E.S.S. Cherenkov telescopes is reported.

4.5.2 H.E.S.S. Dataset and Analysis Results

The H.E.S.S. observations of 1ES0347-121 were carried out between August and De-
cember 2006. 25.4h (corrected for the detector deadtime) of high quality data was
recorded at zenith angles ranging from 12 to 40°, with a mean zenith angle of ~19°.
The analysis energy threshold for the observation is ~250 GeV. The data was recorded
in wobble mode with a pointing offset of 0.5° to the nominal source position to allow
for simultaneous background estimation. The data has been analyzed with a standard
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FIGURE 4.4: Number of excess events versus squared angular distance 62 to the nominal source
position of 1ES0347-121. A clear excess at the source position of 327 y-ray candidates (10.1¢)
has been detected. The solid line shows the expectation for a point source from Monte Carlo
simulations for the same offsets and zenith angles, which is in very good agreement with the
data.
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FIGURE 4.5: Differential energy spectrum of 1ES0347-121. The spectrum is well described by a
power law with a photon index of I' = 3.08 + 0.23stat + 0.1sys (black line).
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FIGURE 4.6: Integral flux of 1ES 0347-121 above an energy of 250 GeV versus time (lightcurve)
for different time-scales. The dashed line marks the average integral flux (the value is given
in the lower panel). The doted line is a fit of constant flux to the data. The corresponding
fit parameters are given in the box in upper right corner of each plot. The fit is good for all
time-scales. Upper Panel: 28 min/run. Middle Panel: Nightly averaged. Lower Panel: Monthly
averaged.
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Hillas analysis as described in Aharonian et al. (2006h).

An excess of 327 y-ray candidates was found corresponding to a statistical sig-
nificance of 10 standard deviations (Fig. 4.3 and 4.4). The extension of the excess is
compatible with a point-source and the position of the excess coincides with the po-
sition reported for 1ES0347-121. The differential energy spectrum of the source de-
rived with the method described in Appendix A is shown in Fig. 4.5. It is well de-
scribed (x?/d.o.f. = 4.8/6) by a power law dN/dE = &, (E/1TeV)~! with a nor-
malization @) = (4.59 + 0.86stat & 1.0sys) x 10785 1em=2TeV~! and a photon index
I' = 3.08 £ 0.234tat &= 0.15ys. The integral flux above 250 GeV taken from the spectral fit
is ®(E > 250GeV) = (3.9 £1.1) x 107 12s7'em~2, which corresponds to ~2% of the
flux of the Crab Nebula above the same threshold (Aharonian et al. 2006h). A search
for flux variability on different time-scales (run, night, month) has been performed, but
no significant variability has been detected (Fig. 4.6).

4.5.3 SWIFT X-Ray and UV/O Data

The SWIFT satellite (Gehrels et al. 2004) carries three instruments for observations in
different wavelength bands: The main instrument is the Burst Alert Telescope (BAT). It
covers energies in the range from 15 — 150 keV and has a wide field of view for the dis-
covery of gamma ray bursts (GRB). It is accompanied by the X-Ray Telescope (XRT) for
energies in the range from 0.3 to 8 keV and the UltraViolet/Optical Telescope (UVOT)
for wavelengths from 170 to 650 nm. In this analysis data from the XRT and the UVOT
instrument are used (there was no positive detection in the BAT instrument).

SWIFT observation of 1ES 0347-121 were carried out on October 3rd, 2006, roughly
in the middle of the H.E.S.S. observation period. 3.2 ksec of screened data in photon
counting mode have been analyzed (Horns 2007). For the analysis of Swift XRT and
UVOT data the HEASOFT 6.2° package with xspecl1 and the latest calibration (XRT:
2007-03-30, UVOT: 2006-11-16) were used.

The XRT data were reprocessed with the updated calibration tables including new
bad pixel tables. In order to avoid pile-up in the energy spectrum, the extraction re-
gion was chosen to be an annulus with an inner radius of 5 pixel and an outer ra-
dius of 30 pixels (pixel width/height corresponds to 2.3”). The background spectrum
was accumulated in a wider annulus (inner radius of 45 pixels, outer radius of 90
pixels). The auxiliary response file was created with the standard tool xrtmkarf in-
cluding pointspread function correction. Together with the canned response matrix
swxpc0tol2_20010101v008.rmf, two different spectral models including photo-
electric absorption fixed to the Galactic value of ny = 3.6 x 102°cm™2 have been for-
ward folded and fit to the data between 0.3 and 8 keV: a pure power law model results
in an acceptable x?/d.o.f. = 109.5/107 = 1.02 fit with T = 1.98 & 0.06 at 90% c.l.
However, the residuals indicate a spectral break with a softening above ~2 keV. Fitting
a broken power law results in a marginal but negligible improvement of the fit with
x?/d.of. =98.4/105 = 0.94 with Ty = 1.71704, T, = 2.19*02 and Ep,, = 1.2 2 keV.
For the broken power law model, the unabsorbed integrated energy flux between 2 and
10keVis f10 =22 x 10 M ergscm 2571,

The UVOT observations covered 6 filter settings. Since the light curves indicate
no variability for the different exposures, the exposures for the individual filter wheel

®http:/ /heasarc.nasa.gov/lheasoft/



4.5 Discovery of VHE «y-rays from 1ES 0347-121

67

Energy (eV)

,10°  10* 102 1 102 10* 10° 10® 10" 100"
A0 T T T T T T T T T T T T T T T T T T g
o = SWIFT UVOT  SWIFT XRT H.E.S.S.3
S0 =3
o = =
%10’"'5_ - g
B = 3
107 E
100 =
10"4;? ?;
10-15:E —
- | v =
10-16_|| I A N N T BT B Y B A B N R Y B

10 10 10” 10" 10® 10®° 102 10* 10* 10*®
v (Hz)

FIGURE 4.7: Broadband spectral energy distribution (SED) of 1ES 0347-121 ranging from ra-
dio to VHE. HLES.S. (red markers, left) and SWIFT (black markers, center) data are shown.
Red lines denote the intrinsic VHE <-ray spectrum after correction for attenuation by the ex-
tragalactic background light (see text for details). Grey markers and lines in the background
are archival data (Elvis et al. 1992; Schachter et al. 1993; Perlman et al. 1996; Lamer et al. 1996;
Wolter et al. 1998; Giroletti et al. 2004; Perlman et al. 2005). The curves (solid/dashed) are sim-
ple synchrotron self Compton (SSC) models calculated with the code from Krawczynski et al.
(2004).

settings have been co-added. The aperture was chosen to be 12 pixels for the optical
filters while it was increased to 24 pixels for the UV filters. For the UV filter images,
a 6 pixel radius region centered on a faint stellar source 12 arc sec north of 1ES(0347-
121 was excluded, falling into the wider 24 pixel aperture. The aperture photometry
includes pile up correction and a flux obtained using the zero point values quoted in
the calibration notes of the Swift UVOT team. Finally, the observed flux values were
corrected for galactic absorption using a reddening of E(B — V') = 0.047 which is then
scaled to obtain A, for the Swift filters following the receipe given by Giommi et al.
(2006). The resulting data points are shown in Fig. 4.7 as black markers.

4.5.4 Spectral Energy Distribution and Modeling

The spectral energy distribution (SED) of 1ES0347-121 ranging from radio to VHE is
shown in Fig. 4.7. VHE <-rays are attenuated by the extragalactic background light
(EBL), which has to be taken into account when modeling the intrinsic spectrum. To
calculate the intrinsic VHE spectrum the following EBL models or shapes have been
utilized: Primack et al. (2005), Kneiske et al. (2002) low model, and P0.45 shape from
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Model A Model B
K(cm™3) 55x10> 4.5 x 107
R (cm) 1.x 10 1 x10'®
B (G) 7.x1072 3.x 1072

Ymin 1x10%  2.05x 10
Ymax 1% 108 2 x 10°
Ybreak 2x10° -

) 25 60

np 1.9 3.

ny 3.5 -

TABLE 4.2: Parameters of the synchrotron self Compton (SSC) models shown in Fig. 4.7. Model
A: solid curves; Model B: dashed curves.

Aharonian et al. (2006b). All three models have a rather low EBL density in the optical
to NIR. Fits of a power-law function to the resulting intrinsic VHE photon spectra are
shown in Fig. 4.7 as red lines above the H.E.S.S. measured spectrum (from bottom to
top): solid line - Primack et al. (2005), dotted line - Kneiske et al. (2002) low model, and
dashed line - P0.45 shape from Aharonian et al. (2006b). Because the exact EBL shape is
not known, the intrinsic spectra have a rather wide spread, but the overall flux level at
VHE energies and the spectral forms are constraint.

A simple homogeneous one-zone synchrotron self Compton (SSC) model (code
from Krawczynski et al. (2004)) is used to describe the X-ray and the intrinsic VHE
data. The model is determined by a set of 9 parameters: A spherical emission region
with radius R moving towards the observer with a Doppler factor ¢ is assumed. The
emission region is filled with (1) a homogeneous random magnetic field with strength
B and (2) an electron population with v = E/ (mec?) (E the electron energy, m, the
electron mass, and c the speed of light) following an energy density distribution N(y).
The energy density distribution of the electron population follows a broken power law
from Ymin t0 Ymax with index ny (N(7y) = Ky~™) below and ny (N () = Kyp2. v ™)
above the break .02k With an overall normalization K.

Parameter-sets describing the overall intrinsic spectral shape can be found (Tab. 4.2,
fitted to X-ray and intrinsic VHE data), but some problems remain: fixing the electron
population with the X-ray (synchrotron) peak at ~1keV (Model A, solid curve) makes
it hard to construct an inverse Compton peak with peak energy > 3 TeV, which is im-
plied by two of the EBL models utilized. Taking the X-ray data as a simple power law
requires a rather high low energy cut-off ymin in the electron population to not overpro-
duce the UV /optical flux (Model B, dashed curve) and with an X-ray slope n; ~ 2 itis
again difficult to shift the IC peak to high enough energies. One way to overcome this
problem is to assume a non-standard mono-energetic (or narrow banded) electron dis-
tribution and use the low energy cut-off of the electron distribution to create a pile-up
at TeV energies (Katarzynski et al. 2006). Furthermore, the measured X-ray and VHE
data have not such high statistics and are therefore not overly constraining. It is possi-
ble to e.g. construct models, which do not follow the derived spectral form in the X-ray
band, but still result in a statistical good fit (x%4 ~ 1). Deeper simultaneous X-ray and
VHE observations (preferably in a even higher flux state) are needed to derive stronger
constraints on the model parameters.



4.5 Discovery of VHE «y-rays from 1ES 0347-121

69

4.5.5 Constraints on the EBL from the energy spectrum of 1ES 0347-121

As discussed extensively in Chapter 3, the VHE <-ray spectra of distant objects can
be used to set upper limits on the density of the extragalactic background light (EBL).
1ES0347-121 is the most distant VHE <y-ray emitter discovered up to now and has a
fairly hard energy spectrum, which makes it a good candidate to provide limits in the
optical to near-infrared (NIR) wavelengths of the EBL.

Two methods will be used to derive limits on the EBL: (I) the method presented in
the paper by Aharonian et al. (2006b) for the energy spectra of the HBL Lacs 1ES1101-
232 and H2356-309 and (II) the method described in this work in Chapter 3.

4.5.5.1 Limits on the EBLI- H.E.S.S. Nature paper technique

Aharonian et al. (2006b) used the VHE spectra of the recently discovered TeV Blazars
1ES1101-232 and H 2356-309 to set very strong upper limits on the density of the EBL in
the optical to NIR. For the derivation of the limit, a fixed reference shape for the EBL n¢(€)
is assumed (Aharonian et al. 2003c). This shape is scaled in the overall EBL density with
different scaling factors n.(e) = f - ne(e) (Fig. 4.8 top panel). For each scaled shape,
the corresponding intrinsic energy spectrum is calculated and fitted by a power law
dN/dE = @ - (E/1TeV)~!. As discussed in Sect. 3.7, intrinsic spectra exceeding a
certain hardness are difficult to accommodate in the current standard paradigm for
TeV blazars. In Aharonian ef al. (2006b) EBL shapes resulting in intrinsic spectra with
photon index I' < 1.5 are considered unrealistic, and the EBL shape corresponding to
I' = 1.5 is taken as the limit. Since the evolution of the EBL is not considered in the
calculation of the limit, the limit is relaxed by 0.1 in the scaling factor f to account for
the effect of late emission (see Aharonian et al. (2006b) and Sect. 3.10 for details).

The intrinsic spectra of 1ES0347-121 resulting from the scaled EBL shapes shown
in Fig. 4.8 top panel are displayed in Fig. 4.8 midddle panel. The shape has been scaled
in 10 steps from f = 0.3 to f = 1. The correlation between the scaling factor of the EBL
shape f and the photon index of the intrinsic spectrum I" is shown in Fig. 4.8 bottom
panel. For the scale factors considered here (0.3 — 1), the correlation is well described
by a linear function. The limiting value on the photon index I' = 1.5 is reached for
a scaling factor of 0.51. Allowing for evolution of the EBL (as discussed above) this
results in a limiting shape with scaling factor 0.61.

The limit derived on the EBL density from the energy spectrum of 1ES(0347-121
(labeled Limngw) in comparison to the limit derived in Aharonian et al. (2006b) for
the energy spectrum of 1ES1101-232 (scaling factor 0.45, resulting in a limit of 0.55
accounting for EBL evolution, labeled Limpgss) is shown in Fig. 4.9. The Limngw lies
~10% higher than the Limpgss. The claimed excess of the EBL in near-infrared over
the EBL level derived from source counts (Matsumoto ef al. (2005), see Sect. 3.2 for a
detailed discussion) is, as in the case of Limpgss, clearly excluded. The energy spectrum
of 1ES 0347-121 therefore confirms the finding from Aharonian et al. (2006b) .

To derive the limit on the EBL with this method, a fixed reference shape is used.
Since more complex EBL shapes are possible, we will explore a larger set of EBL shapes
with the EBL Scan method as presented in Chapter 3 in the following paragraph.
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FIGURE 4.8: Top Panel: EBL shape AH03 scaled in 10 linear steps from f = 0.3to f = 1 (lowest to
highest shape, colored curves) overlaid on measurements and limits on the EBL (grey markers,
Fig. 3.3). Middle Panel: Intrinsic differential energy spectra of 1ES 0347-121 after the correction
for EBL attenuation from the scaled EBL shapes. The lines are fits of a power law dN/dE~E~T
to the spectra. The colors correspond to the colors of the EBL shapes in the top panel. Bottom

Panel: Photon index I' from a fit of a power law to the intrinsic spectra of 1ES0347-121 versus

the scaling factor of the EBL shape. The limiting value for the photon index of I' = 1.5 is reached

for a scaling factor of 0.51.
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FIGURE 4.9: Limit on the EBL density derived with the method from Aharonian et al. (2006b)
for the energy spectrum of 1ES0347-121 (black curve, scaling factor 0.61) in comparison with
the limit derived for the energy spectrum of 1ES1101-232 (blue dashed curve, scaling factor
0.55). Grey markers are the limits and measurements from Fig. 3.3.

4.,5.5.2 Limits on the EBL II - EBL Scan method

In the EBL Scan method a large set of EBL shapes (> 8 x 10° different shapes) with
different spectral features is tested if they result in a physical allowed intrinsic TeV
blazar spectrum. The details of the method are described in Chapter 3.

For the realistic scan (I' > 1.5) with the 1ES0347-121 spectrum 79.22% (6 388 278)
off all shapes tested have been excluded. The limit on the EBL density is shown in
Fig. 4.10 in comparison to the limit derived for the spectrum of 1ES1101-232. For EBL
wavelengths A < 2um the two limits are comparable, with the 1ES 0347-121 limit being
only a little less constraining. For A > 2um the difference between the two limits
widens. While the 1ES 0347-121 limit is only constraining up to A ~ 6 ym, the 1ES1101-
232 limit reaches to wavelengths A > 10 ym.

The distances of the two sources are very similar, but the energy spectra and espe-
cially the energy ranges of the measured spectra are different. While the 1ES0347-121
spectrum is only slightly softer, its first flux point is at ~300 GeV where the 1ES1101-
232 spectrum starts at ~180GeV. This results in a larger leverage between the low-
est and the highest energies for the 1ES1101-232 spectrum. In the wavelength range
A > 2 um the EBL only affects the highest energies of the spectrum. The stronger lever-
age in the case of 1ES 1101-232 therefore results in harder intrinsic spectra and stronger
limits.
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FIGURE 4.10: Limit on the EBL density derived with the method from Mazin & Raue (2007)
realistic scan for the energy spectrum of 1ES 0347-121 (black curve) in comparison with the limit
derived for the energy spectrum of 1ES 1101-232 (blue dashed curve). The length of the curves
give the approximate sensitivity range of the spectra, the grey area marks the limit range of the
limit derived from the 1ES0347-121 spectrum. Grey markers are the limits and measurements
from Fig. 3.3, grey curves mark the lowest and the highest shape tested in the scan.

Given that the individual limit from the 1ES0347-121 energy spectrum is higher
than the limit derived from the 1ES1101-232 energy spectrum, the overall combined
EBL limit will not improve by the inclusion of the 1ES 0347-121 spectrum.

4.6 Summary and Conclusions

In this Chapter the discovery of a new extragalactic source of VHE <-rays, the BL Lac
object 1ES 0347-121, was presented. With a redshift of z = 0.1880 it is the farthest source
of VHE -rays today. The energy spectrum was measured in the range from 250 GeV
up to 3TeV and is well described by a power law with photon index I' ~ 3.1. A search
for variability on different time-scales did not yield a positive result. Contemporary
X-ray measurements by the SWIFT satellite were used to construct the broadband spec-
tral energy distribution (SED). It is possible to describe the SED of 1ES 0347-121 with
a simple synchrotron self Compton model, though the possible feature of an inverse
Compton (IC) peak at energies > 3 TeV, as implied by the intrinsic spectra derived for
some models of the extragalactic background light, is somewhat challenging. The large
distance of the source makes it an ideal target for studies of the EBL, which leaves an
attenuation signature in the measured VHE spectra. Two different methods were used
to derive constraints on the EBL: (1) The method presented in Aharonian et al. (2006b),
which yielded a similar limit for the energy spectrum of 1ES 0347-121 as the strongest
limit derived so far from the energy spectrum of 1ES1101-232 and (2) the EBL Scan
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method presented in Chapter 3. Overall the previously derived limits on the EBL in
the optical to near-infrared could be confirmed, although the new limits are a little less
constraining.

Since TeV blazars are source with highly variable emission, further continuous
monitoring of 1ES0347-121 in VHE <y-rays is highly desirable, to catch possible flaring
states. Furthermore, a simultaneous multi-wavelength campaign with observations
in radio, UV-optical and especially X-rays to record a high quality simultaneous SED
would help to further constrain the models.

The growing sample of TeV blazars and will help to disentangle the intrinsic physics
of the sources from the effects of the extragalactic background light and improve the
understanding of very high energetic relativistic processes in the particle jets.






Chapter 5

Discovery of extended VHE <-ray
Emission from the Direction of the
Young Open Star Cluster
Westerlund 2

5.1 Introduction

Young open star clusters have long been discussed as a possible contributor to the cos-
mic ray flux (Jokipii 1968; Casse & Paul 1980). The energetic winds of massive young
stars can result in shock fronts (e.g. between winds from different stars or stellar wind
and the surrounding material), which can produce relativistic particle populations and
consequently VHE y-rays as secondaries.

In this chapter the detection of extended VHE -y-ray emission from the direction of
the young stellar cluster Westerlund 2 is reported. This work has been done in collab-
oration with Olaf Reimer! and has been partially published in Aharonian et al. (2007).
Recently the paper and its implications have been discussed in Nature (Butt 2007).

5.2 VHE <y-rays from Young Open Stellar Clusters

5.2.1 Young Massive Stars and Stellar Winds

Stars come in a great variety of different types, mainly distinct by their spectral fea-
tures. The most luminous and massive stars belong to the spectral classes O and B, with
masses ranging from 10 to 100 M, and temperatures from 25000 K to 45000 K. Due to
their massive nature they are short-lived. They can often be found in loose associations
along the galactic plane (OB association, young open stellar clusters) frequently associ-
ated with giant gas or dust clouds, which are presumably left over material from a star
formation cloud. Luminous stars usually ionize the surrounding medium and form
HII regions (also called Stromgren spheres). (Maran 1992)

1Stanford University, HEPL & KIPAC, Stanford, CA 94305-4085, USA, olr@stanford.edu
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Stellar Winds Stellar wind describes the phenomenon of a constantly expanding
outer atmosphere of a star. It is common for many types of stars, e.g. for our Sun
the mass loss rate from stellar winds is in the order of 10714 M yr~!. For hot and lumi-
nous stars the mass loss rate can reach 107> M yr~!. The physics behind these winds is
not yet fully understood, but it is believed that the wind is driven by radiation pressure
amplified by resonance photon scattering at emission lines (e.g. C*3 at 15504). Other
explanations for winds of cold stars include radiative forces on dust. (Maran 1992)

Wolf-Rayet Stars Wolf-Rayet (WR) stars are commonly thought to represent an
evolved phase for the most massive stars in our Galaxy, however the most luminous
hydrogen-rich WR stars may still be thought of as the most massive, main-sequence
stars (Moffat et al. 2006), showing strong, broad emission lines at optical wavelengths.
WR stars exhibit strong stellar winds and some WR stars are already established as
non-thermal radio emitters, whereas claimed associations with -y-ray emission remain
to be confirmed. It has been suggested that non-thermal radio emission observed in a
significant fraction of the massive stars could be related to shocks in colliding winds
in binaries (Dougherty & Williams 2000). An important question is therefore whether
all massive stars which produce non-thermal radio emission are indeed binaries. An-
other relevant issue is whether the relativistic electrons which produce the observed
non-thermal (synchrotron) radio emission also produce detectable (inverse Compton)
high-energy -ray emission.

5.2.2 Stellar Winds and VHE -rays

Several theoretical scenarios for VHE <-ray production in connection with strong stel-
lar winds exist, but so far no conclusive VHE <y-ray detection has been made.

Internal and Termination Shocks Early on, the termination shock of strong stellar
winds in the surrounding medium has been discussed as a source of CRs and y-rays.
Volk & Forman (1982) pointed out, that particles only initially accelerated near the sur-
face of a star e.g. by outbursts, would loose too much energy in the expanding wind
to be relevant for the production of high energy photons or CRs in the termination
shock. Cesarsky & Montmerle (1983) (and references therein) discussed the possibility
of re-acceleration of particles in the wind cavities via internal shock fronts in turbulent
plasma. This could lead to energetic particles at the termination shock and to pro-
duction of VHE <-rays inside the wind cavities. Turbulent winds with internal shocks
could lead to VHE <-rays from inverse Compton processes (White 1985; Chen & White
1991) or through 7° decays from hadronic interactions of high energetic ions with ther-
mal ions (White & Chen 1992).

Colliding Winds in Binaries It has been suggested that in massive binary systems
high-energy 7-rays are produced in the shock from the colliding winds either in
hadronic emission scenarios, or by inverse Compton scattering of relativistic electrons
with the dense photospheric stellar radiation fields (Eichler & Usov 1993; White & Chen
1995; Benaglia & Romero 2003; Reimer et al. 2006; Pittard & Dougherty 2006). In the
former scenario, y-rays are either directly produced in neutral pion decays, with the
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mesons produced by inelastic interactions of relativistic nucleons with the wind mate-
rial (White & Chen 1992; Benaglia & Romero 2003; Torres et al. 2004; Reimer et al. 2006;
Pittard & Dougherty 2006), or alternatively are produced in cascade models (Bednarek
2005). Another possibility for y-ray production comes from inverse-Compton pair cas-
cades, which are initiated by high-energy neutral pion decay photons (from nucleon-
nucleon interactions in the stellar winds). The VHE <y-ray flux from a colliding wind
scenario could be modulated by wind instabilities and outbursts or with the orbital
period of the system, if it involves geometric effects like varying distance between the
companions or line of sight issues (e.g. absorption).

Collective Wind Phenomena The collective winds of all member stars of a young
stellar cluster could give rise to shock fronts e.g. when the winds collide with each
other or when the collective wind-driven super bubble interacts with the surrounding
medium. Klepach et al. (2000) discuss the CR production from colliding multiple spher-
ical shocks, which could give rise to VHE <y-rays from 71’ decays. A collective wind
scenario proposed by Domingo-Santamaria & Torres (2006) predicts that the extension
of a y-ray source corresponds to the volume filled by the hot, shocked stellar winds.
Variability is generally not expected since flux modulation of the winds of individual
stars or binaries is believed to average out in a collective wind. Interestingly, a putative
VHE 7-ray source may not possess a non-thermal counterpart at MeV/GeV energies
in such a scenario, since convection will prevent low-energy particles from entering
the wind. In both colliding wind zone and collective wind models, one would expect
sub-TeV spectra that resemble those of Supernova remnants.

Other possible production mechanisms are connected to shocks resulting from
magnetic fields, turbulences and inhomogenities in the plasma from wind blown bub-
bles and are further discussed in Sect. 5.5.

5.3 The Westerlund 2 Region

The stellar cluster Westerlund 2 (Westerlund 1960), is located towards the outer edge of
the Carina spiral arm of our Milky Way. It contains an extraordinary ensemble of hot
and massive stars, presumably at least a dozen early-type O-stars, and two remarkable
WR stars. The stars from Westerlund 2 ionize the luminous giant HII region RCW 49
(also NGC 3247). Two Wolf-Rayet (WR) stars have been found within the vicinity of
Westerlund 2: (1) WR 20b at apgop = 10M24™18.54, 5yp09 = -57°48'30”, and (2) WR 20a at
o000 = 10M23M58.50, Spp00 = -57°45'49” (van der Hucht 2001), both first reported as WR
stars by Shara et al. (1991), the latter is believed to be a member of the stellar cluster
Westerlund 2.

Only recently WR20a was established to be a binary system: optical spectroscopy of
WR20a revealed two superimposed spectra, with their emission and absorption lines
shifting relatively to each other in time. By measuring the relative radial velocity of the
two superimposed spectra both Rauw et al. (2004) and Bonanos et al. (2004) presented
solutions for a circular orbit with a period of 3.675, and 3.686 days, respectively. Based
on the the orbital period, the minimum masses have been found to be (83 &+ 5) M,
and (82 £+ 5) M, for the primary and secondary components, respectively (Rauw et al.
2005). This classifies the WR binary WR 20a as the most massive of all confidently
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FIGURE 5.1: X-ray observations of the Westerlund 2 region with the CHANDRA satellite (expo-
sure: 36 ks). The image size is 17'x17’. The image is smoothed and the colors encode different
x-ray bands: red = (0.5-2keV), blue = (2-8 keV). (Townsley et al. 2005)

measured binary systems in our Galaxy. An orbital inclination of ~75° was inferred
from photospheric eclipses (Bonanos et al. 2004).

It is expected that the supersonic stellar winds of the two WR stars from the WR20a
binary system collide, and a wind-wind interaction zone forms at the stagnation point
with a reverse and forward shock (Rauw et al. 2005). In a detached binary system like
WR 20a, the colliding wind zone lies between the two stars, and is heavily skewed by
Coriolis forces. The wind velocity at the stagnation point is likely lower than in other
positions due to the radiative inhibition mechanism (Stevens & Pollock 1994) caused by
the companion’s stellar photon field. In a close binary system the winds can only be
radiatively accelerated to a fraction of their expected terminal velocity v, ~ 2800 km/s,
and a comparatively low pre-shock wind velocity of ~ 500km/s follows (Rauw et al.
2005).

Radio synchrotron emission has not been detected from the WR 20a system, pre-
sumably because of free-free-absorption in the optically thick stellar winds along the
line of sight. However, WR 20a has been detected in X-rays (Mereghetti & Belloni 1996).
With a flux of the order of 10712 erg cm 2571, the soft X-ray emission is consistent with
the predicted intensity for the thermal radiation from the shock-heated material in the
stellar wind (Pittard & Stevens 2002). However, non-thermal and thermal components
of the X-ray emission are currently indistinguishable.

The ionized HII region RCW 49 is a luminous, massive star formation region, and
has been extensively studied at various wavelengths. After the initial report based
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FIGURE 5.2: Westerlund 2 star cluster and surrounding in the infrared; SPITZER telescope
composite image using the wavelength bands: 3.6, 5.8 and 8 ym; Dimensions: ~0.3°x0.5°. The
white dashed circle gives the approximate extension of the Westerlund 2 cluster and will be
used in further skymaps to indicate the location and extension of Westerlund 2. (adapted from
Churchwell et al. (2004))

on photographic images by Rodgers et al. (1960), the region was observed at X-ray
energies with Einstein (Hertz & Grindlay 1984; Goldwurm et al. 1987), ROSAT (Belloni
& Mereghetti 1994), and recently Chandra, which discovered ~500 point sources in the
vicinity of RCW 49 (Tsujimoto et al. 2004), with ~100 of them spatially coincident with
the central open stellar cluster Westerlund 2 and extended diffuse emission (Fig. 5.1)
(Townsley et al. 2005).

Mid-infrared measurements with Spitzer (Fig. 5.2) revealed still ongoing massive
star formation in RCW 49 (Whitney et al. 2004). The regions surrounding Westerlund 2
appear evacuated by stellar winds and radiation. The surrounding dust is distributed
in fine filaments, knots, pillars, bubbles, and bow shocks throughout the rest of the
HII complex (Churchwell et al. 2004; Conti & Crowther 2004). Radio continuum ob-
servations by ATCA at 1.38 and 2.38 GHz indicate two wind-blown shells in the core
of RCW 49 (Whiteoak & Uchida 1997): one surrounding the central region of Wester-
lund 2, the other the prominent WR star WR 20b. In high-energy -rays, three unidenti-
tied EGRET sources have been found in the wider vicinity of RCW 49, 3EG J1013-5915,
3EG J1014-5705, and 3EG J1027-5817 (Hartman et al. 1999). These EGRET sources are
characterized by both source confusion, and indication of extended emission, therefore
viable counterparts are not established readily.

The distance to RCW 49 is still uncertain and values range between ~2.2 kpc (Brand
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& Blitz 1993) up to 7.9 kpc (Moffat et al. 1991), whereas intermediate values of 4.2 kpc
from 21 cm absorption line profile measurements (McClure-Griffiths et al. 2001), 5.75
kpc from the distance estimate towards the prominent WR star WR 20a (van der Hucht
2001), and 6.4 kpc from photometric measurements (Carraro & Munari 2004) repre-
sents a more recent refinements. Finally, Rauw et al. (2007) presented a compelling re-
determination of the distance to Westerlund 2 by spectro-photometric measurements
of 12 cluster member O-type stars of (8.3+ 1.6) kpc. This value is in very good agree-
ment with the (7.9£0.6) kpc as determined by Rauw et al. (2005), derived from a model
of the absolute luminosity based on the light curve of the eclipsing binary WR 20a. In
summary, we adopt the distance value of the weighted mean of (8.04+1.4) kpc (Rauw
et al. 2007) throughout this chapter, thereby associating WR 20a as a cluster member of
Westerlund 2.

5.4 H.E.S.S. Observations of the Westerlund 2 Region

The dataset described here consists of 14h (12.9h live time) of data taken between
March and July 2006, either on the nominal source location of WR 20a or overlap-
ping data from the ongoing Galactic plane survey. Quality selections were imposed
on the data, excluding those taken during bad weather or with hardware irregularities.
The data have been obtained in wobble-mode observations, where the telescopes are
pointed offset from the nominal source location to allow a simultaneous background
estimation. The wobble offsets for these observations range from 0.5° to 2°, with the
majority of data taken with wobble offset less than 0.8°. The zenith angles range be-
tween 36° and 53°, resulting in an energy threshold of 380 GeV for the analysis.

The data have been analyzed using the H.E.S.S. standard Hillas analysis with stan-
dard cuts (image amplitude > 80 p.e.). Optical efficiency corrections have been applied
as described in Aharonian et al. (2006h). A point source analysis on the nominal po-
sition of WR 20a resulted in a clear signal with a significance of 6.8 standard devia-
tions. Further investigations of the skymap of this region revealed an extended excess
with a peak significance exceeding 9 standard deviations (Fig. 5.3). The position of the
center of the excess was derived by fitting the two-dimensional point spread function
(PSF) of the instrument folded with a Gaussian to the uncorrelated excess map: a2g00 =
10M23™185 + 123, Sp00 = -57°45'50” + 1’30”, therefore the source is labeled HESS J1023-
577. The systematic error (pointing uncertainty) in the source location is 20” in both
coordinates.

The number of excess events versus the squared angular distance to this position in
comparison to the expectation for a point source (dashed line) is shown in Fig. 5.4. The
excess is clearly extended beyond the nominal extension of the PSFE. A fit of a Gaussian
folded with the PSF of the H.E.S.S. instrument gives an extension of ¢ = 0.18° & 0.02°
(assuming radial symmetry).

The differential energy spectrum for photons derived with the method described
in Appendix A inside the corresponding 85% containment radius of 0.39° is shown in
Fig. 5.5. It can be described by a power law (AN/dE= &g - (E/1TeV) 1) with a photon
index of I' = 2.53 £ 0.165tat &= 0.1syst and a normalization at 1TeV of @y = (4.50 +
0.564¢at 0.90syst) x 1072 em2s 1 TeV~1l. The integral flux for the excess above the
energy threshold of 380 GeV derived from the spectrum is (1.3 4 0.3) x10~ " em 2571,
No significant flux variability could be detected in the data set (Fig. 5.6). The fit of a
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FIGURE 5.3: Correlated excess sky map with an oversampling radius of 0.12° of the Wester-
lund 2/RCW 49 region.The background in each bin is estimated using a ring around the test
position. The map has been smoothed with a two-dimensional Gaussian of radius 0.04° to
reduce the effect of statistical fluctuations. Overlaid contours correspond to statistical signif-
icances of 5, 7, and 90, respectively, determined using the nominal oversampling radius for
extended sources of 0.2°. The inlay in the lower left corner shows the excess distribution for
a point-source derived from Monte Carlo data with the same zenith-angle and pointing offset
distribution as the data. The cross denotes the best fit position of the gamma-ray data with 1
statistical uncertainties. The WR binary WR 20a is indicated by an upright filled triangle in the
Westerlund 2 stellar cluster (dashed circle, corresponding to the white dashed circle in Fig. 5.2),
the reversed filled triangle denotes the location of WR 20b.
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FIGURE 5.4: Number of excess events versus the squared angular distance (%) with respect
to the best fit position of the excess. The dashed line shows the expectation for a point source
derived from Monte Carlo data. The solid line is a fit of the PSF folded with a Gaussian (o =
0.18° £ 0.02°) (assuming radial symmetry).

constant function to the lightcurve binned in data segments of 28 minutes has a chance
probability of 0.11. The results were checked with independent analyses and were
found to be in good agreement.

5.5 Interpretation of the extended VHE <-ray Signal from
Westerlund 2

The detection of VHE photons from the region RCW 49/Westerlund 2, characterized
by a moderately hard power-law spectrum with an index I' ~2.5 is indicative of the
existence of extreme high-energy particle acceleration processes in this young (~2-3
Myrs; Piatti et al. (1998)) star forming region. Assuming a distance of 8 kpc, the lumi-
nosity above 380 GeV for the VHE 7-ray source is ~ 1.5 x 10% erg/s.

WR20a One possible source of the VHE <y-rays are colliding winds in stellar binary
systems, with WR20a being an obvious candidate. Detectable VHE <y-radiation from
WR 20a is so far only predicted in the pair cascade model, although detailed modeling
of the WR 20a system in the other scenarios is still pending. Due to the dense radi-
ation field at the wind collision zone in the close binary, VHE <y-rays are efficiently
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HESS J1023-575 from photons inside the 85% containment radius (0.39°) around the best fit
position. The background is estimated with background regions of the same size and dis-
tance from the camera center as the signal region. The spectrum can be described by a
power law with a photon index of I' = 2.53 4= 0.16stat + 0.1syst and a normalization at 1 TeV
D) = (4.50 & 0.564¢at &= 0.90syst) X 10712 TeV -l em 2571 The integral flux for the excess as
derived from the spectrum is F(E>380GeV) = (1.3 + 0.3) x 10" ecm 2571
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versus time. The red dotted line is the fit of a constant function to the data yielding a chance
probability of 0.11 for the fit. The fit parameters are given in the box.

absorbed by photon-photon reactions, and pair cascades are unavoidable. If the nu-
clei accelerated in the colliding wind shock reach sufficiently high energies (despite
the expected weak shock in the extremely dense radiative environment), the projectile
nucleons themselves are produced by photodisintegration of heavy nuclei in the radi-
ation fields of the massive WR-stars (Bednarek 2005). For a high magnetic field of the
order 10°G, particles could be energized up to ~ 10'° eV (adopting typical WR-wind
parameters) in the magnetic field reconnection scenario, and up to 10'2 eV if first-order
Fermi acceleration takes place there. The maximum power extractable from WR 20a
must be a fraction of the kinetic wind energy provided by the system, estimated to be
~ 10%erg/s. For VHE 7-rays, photon-photon absorption will diminish the observable
flux from a close binary system such as WR 20a (Bednarek 2005; Dubus 2006). Taking
the above derived luminosity of ~ 1.5 x 10%° erg/s, this would correspond to 0.5% of
the total kinetic energy available from the colliding winds of WR 20a, and ~1.6% of the
kinetic energy of WR 20b.

With a projected angular size of submilliarcsecond scale, the WR 20a binary system,
including its colliding wind zone, would appear as a point source for observations with
the H.E.S.S. telescope array. Unless there are extreme differences in the spatial extent
of the particle distributions producing radio, X-ray, and VHE <-ray emission, scenarios
based on the colliding stellar winds in the WR 20a binary system face the severe prob-
lem of accounting for a source extension of 0.18° in the VHE waveband. If VHE <y-rays
were indeed produced near the massive stars in the binary, a regular modulation of
the y-ray flux due to absorption would be expected Dubus (2006). Future observations
of HESS J1023-575 will allow us to probe for such a pattern, which could discard or
unambiguously label the origin of the VHE emission.

Westerlund 2 The spatial extension found for HESS J1023-575 is much more extended
than Westerlund 2, which contradicts emission scenarios where the bulk of the y-rays
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FIGURE 5.7: Left Panel: HESS ]J1023-575 significance contours (corresponding 5, 7 and 9 o),
overlaid on a B-band image from the Second Palomar Observatory Sky Survey (POSS-2). The
WR binary WR 20a is indicated by an upright filled triangle in the Westerlund 2 stellar clus-
ter (dashed circle), the reversed filled triangle denotes the location of WR 20b. Right Panel:
HESS J1023-575 significance contours, overlaid on a 843 MHz image from the Molonglo Obser-
vatory Synthesis Telescope (MOST). Black symbols and dashed circle as in the left panel. The
wind-blown bubble around WR 20a, and the blister to the west of it are seen as depressions
in the radio continuum map. The blister is indicated by white dots as in Whiteoak & Uchida
(1997), and appears to be compatible in direction and location with the center of gravity of
HESS J1023-575.

are produced close to the massive stars. Assuming again 8.0 kpc as the distance of the
source, the source extension is equivalent to a diameter of 28 pc for the emission region,
which is consistent in size with theoretical predictions of bubbles blown from massive
stars into the ISM (Castor et al. 1975).

The emission could arise from collective effects of stellar winds in the Westerlund 2
cluster. Diffusive shock acceleration in cases where energetic particles experience mul-
tiple shocks (Klepach et al. 2000) can be considered for Westerlund 2. The stellar winds
may provide a sufficiently dense target for high-energy particles (accelerated to hun-
dreds of TeV in internal shocks in the winds themselves or driven by supernova explo-
sions), allowing the production of 7%-decay 7-rays via inelastic pp-interactions. Ac-
cording to Rauw et al. (2007) Westerlund 2 may host about 4500 M, in the form of
stars with M > M. The mechanical energy injected through the stellar winds de-
termines mainly the total energy available for collective wind effects, estimated to be
about 5.4 x 10¥erg/s at most (Aharonian et al. 2007). Taking the VHE <y-ray luminosity
derived above, at least 0.3% of the total mechanical energy would be needed to power
the source in this scenario.

Magneto-hydrodynamic (MHD) particle acceleration Magneto-hydrodynamic
(MHD) particle acceleration (e.g. by multiple shocks or turbulence produced by su-
personic flows) in a magnetized plasma when particles penetrate into a dense medium
may also be considered. In such a case, the massive stellar winds of Westerlund 2
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could accomplish three tasks: they could ensure sufficient particle injection into the
turbulent plasma, feed the magnetic turbulence with energy via wind-wind interac-
tions in the massive star association, or provide copious photons and dense material
to serve as target for TeV-photon production in particle-photon and photon-photon
interactions. Supershells, molecular clouds, and inhomogeneities embedded in the
dense hot medium may serve as the targets for y-ray production in Cosmic Ray in-
teractions. Such environments have been already studied in the nonlinear theory of
particle acceleration by large-scale MHD turbulence (Bykov & Toptygin 1987). Shocks
and MHD turbulent motion inside a stellar bubble or superbubble can efficiently
transfer energy to cosmic rays if the particle acceleration time inside the hot bubble is
much shorter than the bubble’s expansion time.

X-ray observations of RCW 49 revealed, apart from point-like emission from indi-
vidual stars, a diffuse component centered on the ionizing cluster, widely extending
outside the core, with a soft component and a hard tail (Belloni & Mereghetti 1994;
Townsley et al. 2005). This indicates the existence of a wind-blown shell from the
stars at the cluster core, filled with a hot (~ 0.1 — 3 keV) tenuous plasma shocked
by turbulence. Two wind-blown bubbles are revealed from continuum radio obser-
vations: one around WR 20b with a diameter of ~ 4.1" and an expansion velocity of
67 km/s (Shara et al. 1991), the other around the Westerlund 2 cluster center with a di-
ameter of ~ 7.3’ (Whiteoak & Uchida 1997). A ridge of enhanced GHz radio emission
lies between these two shells, and it has been suggested that this may represent a site
of collision between these two shells (Whiteoak & Uchida 1997).

Radio Blister Most interestingly, the extent of a radio blister (Whiteoak & Uchida
1997) on the western side of the Westerlund 2 bubble appears to be compatible in di-
rection and location with the center of gravity of HESS J1023-575. Such a blister is in-
dicative for rapid expansion into a low-density medium outside the wind-blown bub-
ble. Fig. 5.7 shows overlays of the detection significance contours of HESS J1023-575
(E>380 GeV) on the B-band image of the region as obtained from the Second Palo-
mar Observatory Sky Survey (POSS-2), and on the 843 MHz radio continuum image
from the Molonglo Observatory Synthesis Telescope (MOST), respectively. Whereas
the open cluster Westerlund 2 does not perfectly coincide with the peak of the emis-
sion seen at very high energy v-rays (Fig. 5.7 left), the direction of the outbreak and
spatial location of the blister is a better match (Fig. 5.7 right) and the extension fits well
with the measured extension of the VHE «-ray source.

Shock acceleration at the boundaries of the blister may enable particles to diffu-
sively re-enter into the dense medium, thereby interacting in hadronic collisions and
producing y-rays. Consequently, a scenario as outlined in Volk (1983) for a supernova-
driven expansion of particles into a low density medium may be applicable to the ex-
panding stellar winds into the ambient medium. If one accepts such a scenario here,
it might give the first observational support of y-ray emission due to diffusive shock
acceleration from supersonic winds in a wind-blown bubble around WR 20a, or the
ensemble of hot and massive OB stars from a superbubble in Westerlund 2, break-
ing out beyond the edge of a molecular cloud (Tenorio-Tagle 1979; Volk & Forman
1982; Cesarsky & Montmerle 1983; Bykov 2001). Accordingly, one has to consider that
such acceleration sites will also contribute to the observed flux of cosmic rays in our
Galaxy (Casse & Paul 1980).
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5.5.1 Summary & Outlook

Though a wealth of possible scenarios for VHE -y-ray production scenarios exists, none
of them is compelling enough on its own to explain the VHE y-ray source HESS J1023-
577 (with one possible exception: particle acceleration connected to the radio blister).
Further observation in VHE -rays with longer exposure may reveal further substruc-
tures and morphology, which could help disentangle the underlying physics. Another
candidate for VHE <-ray emission from stellar clusters is the unidentified TeV source
TeV ]J2032+4130 (Aharonian et al. 2005f), where the Cygnus OB2 stellar association has
been discussed as possible counterpart.

Other open star clusters hosting WR-stars are known to supersede the total injected
mechanical energy from winds of massive stars as available in Westerlund 2: Wester-
lund 1, which is older than Westerlund 2 and lies at a recently revised distance of 5 kpc
(Crowther et al. 2006), and NGC 3603, a very prominent galactic starburst region at
a distance of 7 kpc. Both offer approximately 10¥erg/s (Muno et al. 2006; Stevens &
Hartwell 2003). Search for TeV-emission from open stellar clusters has been previously
carried out for a list of northern clusters by HEGRA (Aharonian et al. 2006g), resulting
in upper limits in the order of 10~ to 10~ ¥*cm~2s~! at varying energy thresholds
between 0.8 and 3 TeV. The southern hemisphere stellar cluster Westerlund 2 was not
targeted by HEGRA. The detection of very-high-energy -y-rays associated with Wester-
lund 2 by H.E.S.S. clearly motivates systematic searches for TeV-emission from massive
open stellar clusters.






Chapter 6

Summary and Outlook

In this work data obtained with the H.E.S.S. Cherenkov telescopes are analyzed, lead-
ing to the discovery of two new sources of very-high-energy (E>100 GeV; VHE) -rays.
Furthermore, the VHE <y-rays from distant sources are used to probe the diffuse extra-
galactic photon fields in the ultraviolet to far-infrared wavelength regime, leading to
strong constraints on the density of theses photon fields.

New Constraints on the Extragalactic Background Light (EBL)

The VHE 7-ray spectra from all known TeV blazars! are used to derive limits on

the meta-galactic radiation field at ultraviolet to far-infrared wavelength (extragalac-
tic background light; EBL) (Chapter 3). It is the most complete study of this type to-
day. Since the density of the EBL is only poorly constraint by direct measurements, a
large set of different EBL shapes derived from a grid in EBL wavelength vs EBL den-
sity is tested. Limits derived from the individual spectra of Mkn 421, H1426+428 and
1ES1101-232 are presented and discussed. The combined limit derived from all spectra
ranges from optical (~0.5um) to far-infrared wavelengths (~90um) of the EBL and is
only a factor of 2 to 3 higher than the lower limits derived from source counts. An
excess in the near-infrared, claimed by direct detection experiments, which has been
interpreted as a signature from the first stars (Population III Stars), is excluded by
the limit. The limits can be interpreted in two ways: (1) The universe is much more
transparent to VHE <-rays than previously thought. (2) The assumptions about the
VHE <-ray emission processes in TeV blazars used to derive the limits are incorrect.
This would require fundamental changes in current standard paradigm for TeV blazar
emission processes.

The discovery of more extragalactic VHE <y-ray sources at different redshifts will
help to disentangle the intrinsic emission from attenuation effects from the EBL and
improve the constraints on the EBL.

Discovery of two new sources of VHE y-rays

The BL Lac 1ES0347-121, an active galactic nuclei (AGN) with the particle jet pointed
towards the observer, has been discovered in a H.E.S.S. data-set from 2006 with high

1With a published spectrum.
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significance of more than 10 standard deviations (Chapter 4). With a redshift of
z = 0.1880, it is the farthest firmly established extragalactic source of VHE v-rays to-
day. The VHE energy spectrum has been measured from 250 GeV to ~3TeV and is
well fitted by a power law function dN/dE ~ E T withT = 3.08 4+ 0.23¢tat + 0.1sys. The
integral flux above a threshold of 250 GeV corresponds to ~2% of the flux of the Crab
Nebula above the same threshold. No significant VHE variability has been detected
in the data-set. Contemporary optical/UV and x-ray data from the SWIFT satellite is
used to construct the spectral energy distribution (SED) of the source. The SED can be
described in terms of simple synchrotron-self-Compton model. An inverse Compton
peak at energies beyond 3 TeV, which might be implied by two of the three EBL mod-
els used to calculate the intrinsic spectrum, is challenging the SSC model. The large
distance and the relative hard VHE spectrum makes 1ES 0347-121 a good candidate for
studies of the EBL. Limits on the EBL derived from the VHE spectrum of 1ES0347-
121 are found to be slightly less constraining than limits derived from the VHE spec-
trum of the BL Lac 1ES 1101-232, which is located at a similar distance (z = 0.186) and
currently provides the strongest constraints on the EBL in near-infrared wavelengths.
Further monitoring of the source, which might results in the detection of a high flux
state (flare), are highly desirable. If a flare is detected, simultaneous multi-wavelength
observations, especially in x-rays, will help to further constraint the emission models.

The extended VHE v-ray source HESS]J1023-577, detected with a significance of
more than 10 standard deviations, is associated with the young and massive stellar
cluster Westerlund 2 and its surrounding (Chapter 5). The production of the VHE +-
rays is believed to be connected to the strong winds from hot massive stars and the
interactions of the winds with each other and the surrounding. These wind interactions
could also give a significant contribution to the cosmic ray density. HESS]1023-577 is
the first VHE <-ray source firmly associated with such phenomena. The extension of
the source, taken as the width ¢ of a Gaussian function folded with the point-spread-
function, has been derived to ¢ = 0.18° £ 0.02°. The VHE energy spectrum ranging
from ~400GeV to ~20TeV is well fitted by a power-law function with photon index
I' = 2.53 & 0.165tat = 0.15yst. Due to wealth of possible production mechanisms and sites
in the vicinity of Westerlund 2 further observation are needed, especially to allow for
more detailed studies of the morphology of the VHE ~y-rays excess.

The H.E.S.S. experiment has demonstrated the power of the new generation of
imaging atmospheric Cherenkov telescopes (IACT) for the discovery and detailed
study of sources of VHE <-rays. Especially the capability to resolve sources and to
study morphology in great detail is a milestone in ground based VHE <-ray obser-
vation. The discovery of dozens of new sources in our galaxy, which all have to be
studied in detail, will surely keep astronomers busy for the coming years. In the near
future the H.E.S.S. Phase 2 2 and the MAGIC 2 3 will come online, which will pro-
vide higher sensitivity and extend the accessible energy range to even lower energies,
hopefully allowing for an overlap in energy with the GLAST satellite. On the horizon,
the Cherenkov Telescope Array (CTA), a large array consisting of up to 100 IACTS of
different sizes, is already on the way.

2A giant telescope with mirror diameter ~25m at the center of the existing H.E.S.S. telescope array.
3Extending the MAGIC telescope with a second similar telescope for stereoscopic observations.



Appendix A

Energy Estimation and Spectral
Analysis

A.1 Energy Estimation

The standard energy estimation for IACTs utilizes lookup-tables created from Monte
Carlo data. These tables are produced for a set of zenith angles and pointing offset
positions and are binned in impact parameter i and SIZE s. In this work, the height of
the shower maximum /i,y is used as an additional parameter for the lookup-tables:

=tand ~ d = hpax & (A.1)

i
hmax d
with distance (DIST) d.

For a given bin in zenith angle z, pointing offset o, impact parameter i and height
of the shower-maximum lipayx the relation between energy E and SIZE s is assumed to
be a linear function. The slope of this function is calculated by fitting a line to the SIZE
vs energy distribution of a certain bin. The slope is stored in the lookup-tables. The

energy of a certain event is then given by:
Ereco (Z/ o, i/ hmax/ 5) = L(Z/ o, i/ hmax) - S (AZ)

where Eyeco(2,0,1,h,5) is the reconstructed energy and L(z, 0,1, h) is the slope from the
corresponding lookup table. More details on the method are given in Raue (2003).

The use of a linear function for the dependency between energy and SIZE is not
completely correct and results in a characteristic offset in the relative energy resolution
(Ereco — Etrue) / Etrue Versus energy (see Fig. A.1). One way to overcome this problem
is to use different functions with more parameters to describe the relation between en-
ergy and SIZE. A different solution is using a correction function on the reconstructed
energy to compensate the offset. The offset of the relative energy resolution can be well
described by the following empirical function (black curve in Fig. A.1):

O(E) =c1-10gE +cy- E® 4 c4/E® + ¢ (A.3)

c1 to ¢ are free parameters that are calculated by fitting the function O(E) to the off-
set vs energy distribution. The basic dependency of the offset is the SIZE, so a function
depending on the energy shifts with zenith angle. Consequently separate correction

91



92

A Energy Estimation and Spectral Analysis

@ T Do
] Pl AR
S : . E,GAUSFit
0.15}
: i + Mean
0.1f S VOO OOUUO TN U000 1 T UUUUNN SO SOOR JO% WO 0 SOOOOOOOOOOE HOUNNONE WO OO0 A A
0.05
0
-0.05- : e .............. ........

107
E,.. (TeV)
FIGURE A.1: Example for the offset of the relative energy resolution (Ereco — Etrue)/ Etrue for
slices in energy (zenith angle = 20°). The offset is shown for he mean of the distribution and
the center of a gaussian fit. The energy dependency of the offset is well described by the fit
function (black line) (see text for details).

functions are produced for different zenith angles (and set of cuts) and are linearly
interpolated.

The resulting energy resolution and offset for zenith angle of 20° and 45° are shown
in Fig. A.2 and A.3. The overall energy resolution is in the order of 12 to 14%. There is
no significant offset, except for a small rise toward the energy threshold. For all steps
in the production of the lookup-tables (creating the original lookup-table, fitting the
offset, calculating the energy resolution) independent Monte Carlo data-sets have been
used.

The use of the height of the shower maximum can in principle improve the en-
ergy resolution, since the amount of light reaching the camera depends on the height
of the shower maximum (mainly determined by the height of the first interaction in
the shower) (Hofmann ef al. 2000). The gain in energy resolution with this method is
found to be small (~1%) compared to the energy resolution from the standard energy
estimation.

The energy resolution is currently limited by the uncertainty in the reconstructed
parameters used in the look-up tables. For the impact parameter the resolution is in
the order of 10%, for the height of the shower maximum in the order of 10 to 15%.
Other reconstruction techniques, which could improve the resolution, have already
been envisaged (Hofmann et al. 1999) and used by the HEGRA experiment. Absolute
limitations at low energies (< 100 GeV) come from the shower inherent fluctuations.!

Systematic uncertainties in the reconstructed energy mainly arise from uncertain-
ties in the Monte Carlo simulations. In the simulations, a single good weather atmo-
sphere derived from measurements at the observation site is assumed, while the trans-
missivity of the real atmosphere is effected by e.g. clouds, haze, and smoke (Bernlohr

1In addition, at energies < 100GeV the shower images of photon and proton induced showers are
getting more and more similar, since the proton showers have often only one electro-magnetic sub-shower.
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FIGURE A.2: Energy resolution ((Ereco - Etrue)/ Etrue) for Monte Carlo data with standard cuts
at 20° zenith angle. Top Left: Relative energy resolution vs Monte Carlo energy Eyye. The z-
axis denotes the number of events and the colors scale is logarithmic to the make the tails of
the distribution visible. Bottom Left: Projection of the top left figure on the y-axis. The RMS
of the energy resolution for all energies is ~13%, the width of a Gaussian fit is ~12% and the
distribution is centered on zero. Top Right: Relative offset of the energy resolution for slices in
energy. Shown are the mean of the distribution and the center of a gaussian fit. Bottom Right:
Relative energy resolution for slices in energy. Shown is the RMS of the distribution and the
width of a gaussian fit.

1999, 2000). To minimize the uncertainties from atmospheric effects, the atmospheric
conditions are constantly monitored and only data taken under good conditions? is
used. This leaves of course a certain spread in the quality of the data, which has to be
taken into account as systematic uncertainty. The degradation of the reflectivity of the
mirrors relative to the value used in the Monte Carlo is taken into account through the
use of correction factors, which are derived from the images of single local muons (see
Sect. 2.7 and Aharonian et al. (2006h)).

A.2 Spectral Analysis

To derive fluxes and energy spectra from the measured VHE <-ray rates, one needs
to take into account the detector efficiency. This is done by calculating the effective
detection area using Monte Carlo photon data. The effective are Sq for a maximum
impact parameter rmayx is given by the number of Monte Carlo events remaining after

2Good atmospheric conditions are usually defined by the system trigger rate relative to a maximum
system trigger rate (and some additional criteria like a maximum humidity)
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FIGURE A.3: Same as Fig. A.2 but for 45° zenith angle.

analysis cuts Npost relative to the number of events simulated Nyc inside 7max:

NpOSt(E/ 9/ ,B/ 0, "max, Cuts)
NMC (EI 9/ ,B/ o, rmax)

The effective area is calculated depending on the energy of the event E, the zenith
angle 6, the azimuth angle B (due to the different shower development depending on
the orientation relative to the Earth’s magnetic field; here only two setting are used:
north and south), the camera offset 0, and the analysis cuts. In Fig. A.4 the relative
acceptance (Seg/ (7T - 72, )) for the standard cuts (offset 0.5°, north) is shown depending
on zenith angle and energy. The energy threshold rises with the zenith angle. For high
zenith angles the relative acceptance at higher energies (E>1TeV) increases, because
shower more distant to the telescopes can be observed. More details on the method are
presented in Raue (2003).

Systematic uncertainties in the reconstructed fluxes have similar dependencies on
the Monte Carlo simulation as discussed in the previous section. The overall systematic
uncertainty in the flux is estimated to be ~ 20% (Aharonian et al. 2006h), mainly coming
from the different atmospheric conditions and the uncertainties in the energy scale.

Seff(El 6/ ,B/ 0, "max, CUtS) =T7T:- rrznax . (A4)
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Appendix B
Likelihood Ratio Test

This section contains a brief discussion of the likelihood ratio test and has also been
published in Mazin & Raue (2007).

The likelihood ratio test (Eadie et al. 1988) is a standard statistical tool to test be-
tween two hypotheses whether an improvement of a fit quality (quantified by corre-
sponding x? values) is expected from a normal distribution or it is significant. By fitting
two functional forms to the intrinsic spectrum one obtaines values of the likelihood
functions L4 and Lg. If hypothesis A is true the likelihood ratio R = —In(La/Lg) is
approximately x? distributed with N degrees of freedom. N is the difference between
numbers of degrees of freedom of hypothesis A and hypothesis B. One defines a prob-
ability

Rmeas
P= / p (x*) dx? (B.1)
0

where p (x?) is the x? probability density function and R is the measured value of
R. Hypothesis A will be rejected (and hypothesis B will be accepted) if P is greater than
the confidence level, which is set to 95%.
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