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Kurzfassung

Das auflergewthnliche Doppelsternsystem 7 Carinae fasziniert WissenschaftlerInnen
und BeobachterInnen auf der siidlichen Erdhalbkugel seit hunderten Jahren. Nach
einem Supernova-dhnlichem Ausbruch war n Carinae zeitweise der hellste Stern am
Nachthimmel. Heute sind durch zahlreiche Beobachtungen, von Radiowellen bis zu
Rontgenstrahlung, der Aufbau des Sternsystems und die Eigenschaften seiner Strahlung
bis zu Energien von ~ 50keV gut erforscht. Das Doppelsternsystem besteht aus zwei
massiven Sternen (~ 30 und ~ 100 Sonnenmassen Gewicht) mit starken Sternwinden,
iiber die sie kontinuierlich einen Teil ihrer Masse verlieren. Wenn diese Sternwinde
kollidieren, entsteht auf beiden Seiten ein Kompressionsschock der das Plasma in der
Kollisionszone autheizt, was sich in Rontgenstrahlung beobachten ldsst. Bei Energien
oberhalb von ~ 50keV ist der Ursprung der Strahlung nicht mehr thermisch: um ein
Plasma auf die entsprechende Temperatur zu bringen, wird mehr mechanische Energie
benostigt, als in den Sternwinden vorhanden. In hoch-energetischer y-Strahlung ist
Carinae das einzige eindeutig detektierte Sternsystem seiner Art und sein Energiespek-
trum reicht bis zu ~ hundert GeV. Bodengebundene ~-Strahlungsexperimente haben in
diesem Energiebereich den Vorteil von grofsen Detektorflichen. H.E.S.S. ist das einzige
bodengebundene y-Strahlungsexperiment auf der Siidhalbkugel und somit in der Lage,
n Carinae in diesen Energien zu beobachten. H.E.S.S. misst «-Strahlung mit Hilfe der
elektromagnetischen Teilchenschauer, die sehr hoch-energetische Photonen in der At-
mosphére auslosen. Die grofite Herausforderung der Messung von 7 Carinae’s Strahlung
mit H.E.S.S. ist die ultraviolette Strahlung des Carina Nebels, die zu einem Hintergrund
fiihrt, der bis zu zehn mal stérker ist als der Durchschnitt in H.E.S.S. In dieser Arbeit
wird die erste Detektion eines Doppelsternsystems mit kollidierenden Sternwinden in
sehr hoch-energetischer y-Strahlung présentiert und die Studien, die diese ermdglicht
haben. Das differentielle v-Strahlungsspektrum bis 700 GeV wird untersucht. Hadro-
nische und leptonische Szenarios fiir den Ursprung der «-Strahlung werden diskutiert

und das hadronische Szenario wird aufgrund eines Vergleichs der Kiihlzeiten bevorzugt.






Abstract

The exceptional binary star n Carinae has been fascinating scientists and the people in
the Southern hemisphere alike for hundreds of years. It survived an enormous outbreak,
comparable to a supernova energy-wise, and for a short period became the brightest
star of the night sky. From observations from the radio regime to X-rays the system’s
characteristics and its emission in photon energies up to ~ 50 keV are well studied today.
The binary is composed of two massive stars of ~30 and ~ 100 solar masses. Either
star drives a strong stellar wind that continuously carries away a fraction of its mass.
The collision of these winds leads to a shock on each side of the encounter. In the wind-
wind-collision region plasma gets heated when it is overrun by the shocks. Part of the
emission seen in X-rays can be attributed to this plasma. Above ~ 50keV the emission
is no longer of thermal origin: the required plasma temperature exceeds the available
mechanical energy input of the stellar winds. In contrast to its observational history in
thermal energies observational evidence of n Carinae’s non-thermal emission has only
recently built up. In high-energy ~-rays n Carinae is the only binary of its kind that
has been detected unambiguously. Its energy spectrum reaches up to ~ hundred GeV,
a regime where satellite-based ~y-ray experiments run out of statistics. Ground-based
~v-ray experiments have the advantage of large photon collection areas. H.E.S.S. is the
only 7-ray experiment located in the Southern hemisphere and thus able to observe n
Carinae in this energy range. H.E.S.S. measures vy-rays via electromagnetic showers of
particles that very-high-energy ~-rays initiate in the atmosphere. The main challenge
in observations of n Carinae with H.E.S.S. is the UV emission of the Carina nebula
that leads to a background that is up to 10 times stronger than usual for H.E.S.S.
This thesis presents the first detection of a colliding-wind binary in very-high-energy
~-rays and documents the studies that led to it. The differential y-ray energy spectrum
of n Carinae is measured up to 700 GeV. A hadronic and leptonic origin of the 7-ray
emission is discussed and based on the comparison of cooling times a hadronic scenario

is favoured.
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Chapter 1

Introduction

Die Wissenschaft stellt sowohl diese bildende Bewegung in threr Ausfiihrlichkeit
und Notwendigkeit als [auch] das, was schon zum Momente und Eigentum
des Geistes herabgesunken ist, in seiner Gestaltung dar. Das Ziel ist die

Einsicht des Geistes in das, was das Wissen ist. [1]

Science lays before us the morphogenetic process of this cultural development in all its detailed full-
ness and necessity, and at the same time shows it to be something that has already sunk into the mind
as a moment of its being and become a possession of mind. The goal to be reached is the mind’s insight

into what knowing is. (2]

As a young branch of modern physics, y-ray astronomy seeks to further our knowl-
edge about the flux of highly energetic photons reaching the Earth in GeV to TeV
energies. In general, these photons are produced in interactions of accelerated cosmic
rays with ambient radiation fields and matter of the interstellar medium. The search
for acceleration sites of cosmic rays is thus linked to the search for -ray sources. As
neutral particles, y-rays have the advantage of tracing back to their sources while the
charged cosmic rays are deflected by interstellar magnetic fields. The composition of
cosmic rays is dominated by protons and a-particles (~ 98 %). Heavier nuclei, positrons
and electrons also contribute on a smaller scale (~ 1.8%). The last two decades have
brought substantial progress in our understanding of sources of very-high energy y-rays.
In this energy regime, ground-based v-ray telescopes outperform space-based satellite
experiments because the decreased flux of y-rays requires larger collection areas. Imag-
ing Atmospheric Cherenkov Telescopes, like H.E.S.S., have successfully mapped the
very-high energy v-ray sky.
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Up to the "knee" of the cosmic-ray energy spectrum at ~ 4 x 10 eV, it can be
described by a power law with an index of -2.7. Above the "knee" the slope of the spec-
trum steepens and this is interpreted as the transition from galactic to extragalactic
sources. Most galactic cosmic rays are thought to be accelerated in supernova rem-
nants. This consideration is based on their energy input: supernova remnants are the
only galactic sources powerful enough to maintain the observed cosmic-ray density of
~ 10*8 erg/yr, assuming that about 10% of the average kinetic energy of a supernova
goes into cosmic-ray acceleration and 1 supernova explosion takes place every 50 - 100

years (3, 4].

Beside supernova remnants, other objects may contribute to the flux of cosmic rays
as well, e.g. y-ray binaries with compact objects |5, 6] or microquasars [7], which show
very-high energy 7-ray emission. Another source class that has been proposed to be
capable of accelerating particles are colliding-wind binaries [8]. First only considered
as sources for soft y-rays (MeV-GeV energies), the linkage of massive stars to very-high
energy 7-ray emission [9] and the detection of «-ray emission close to the thresholds
of current very-high energy experiments sparked interest also in the very-high energy
regime. Particle acceleration is supposed to take place in the shocks that form when
the strong stellar winds collide. Some basic criteria that have to be met are fast shock
velocities (> 1000kms™!), an available wind power of ~ 103" ergs~! and soft photon

fields/ high-density gas as a target.

Following Hegel, the insight into what knowing s, the foundation of our knowledge,
starts at reflecting upon the concept of knowledge you are applying. In the case of the
enigmatic colliding-wind binary n Carinae, which will be investigated in very-high en-
ergy y-rays in this work, this includes a rich history of concepts and observations. The
most relevant observations will be covered in the subsequent chapter, with the emphasis
laid on observations of non-thermal emission. The production mechanisms of v-rays in
general and the origin of emission towards n Carinae in high-energy ~-rays are discussed
at the end of the chapter.

Figure 1.1, left, gives an impression of the number of bright stars in the Carina Neb-
ula. The amount of stellar UV photons reaching the Cherenkov telescopes are the main
obstacle for a detection of n Carinae in very-high energy ~-rays. The challenge that

observations of 1 Carinae with the H.E.S.S. telescopes, and especially the analysis of



H.E.S.S. data on n Carinae, pose, will be elaborated in detail in chapter 3. Addition-
ally, the methods for the reconstruction of the properties of the primary v-ray from
the indirect measurement of Cherenkov light are presented. The analysis of 1 Carinae
observations with H.E.S.S. is given in chapter 4, followed by conclusions and an outlook

in chapter 5.

Figure 1.1: Pavel Alekseyevich Cherenkov (right), discoverer and eponym of Cherenkov ra-
diation, for which he was awarded the Nobel Prize in Physics in 1958. Broad-band optical
image of the Carina Nebula taken at the Cerro Tololo 4-meter Blanco telescope in 1976 with a
zoomed inlay of 7 Carinae in X-rays observed with CHANDRA (orange) and optical emission
observed with the Hubble Space Telescope (light blue) (left). Credits: broad-band optical:
NOAO/AURA/NSF (underlying image), X-ray: NASA/CXC/GSFC/M.Corcoran et al.; Opti-
cal: NASA /STScI (inlay) (left), [10] (right).
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The colliding-wind binary n Carinae

2.1 Observational history

n Carinae’s appearance today as depicted in figure 2.1 by the Hubble Space Telescope
is the result of a history of massive eruptions. The prominent structure of gas and
dust around the central star, the Homunculus Nebulae, resembles two lobes, which are
separated by a collar-like outflow. 1 Carinae has been in the focus of astronomers for at
least four centuries, in more and more observational windows as technology advanced.
It is first recorded in writing in Halley’s Catalogus Stellarum Australium, published in
1679, which maps the stars of the Southern Hemisphere (see figure 2.1 for a picture of
the original page in the catalog) [11]. Already in 1595 a Dutch expedition to the East
Indies with navigator Pieter Keyser had carried out the first accurate observations of the
southern stars [12]. In the following years the globes by Petrus Plancius and Jodocus
Hondius were expanded to include these observations, depicting a star of magnitude four
at the position of n Carinae [12]. Despite that, in Houtman’s star catalog from 1603,
n Carinae is missing. It is not clear, whether it was omitted because it did not reach
the magnitude threshold or if it was overlooked [13]. In traditional Chinese astronomy
the binary system first appeared when the Southern Asterisms were added in the 17th
century [14]. What captured the attention of our ancestors were drastic changes in
luminosity like they occurred in 1827 and 1838. In 1827 William Burchell was the first
to observe variability in  Carinae [15]. Sir John Herschel then monitored the system at
the Cape of Good Hope from 1834 and did not see any change in luminosity up till 1838,
when a sudden increase in brightness occurred [15]. The nebula shaping our image of
the binary today dates back to this period of activity in the 1830s when the first docu-

mented eruption in n Carinae started [13]. Thomas Maclear and C. P. Smyth who were
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Figure 2.1: n Carinae and its Homunculus Nebula in red and near-ultraviolet light as observed
by NASA’s Wide Field and Planetary Camera 2 (left). Image Credit: Nathan Smith (University
of California, Berkeley), and NASA. Original page from 1679’s Catalogus Stellarum Australium
depicting n Carinae as Sequens in fifth line from below (right) [11].

also observers at the Cape of Good Hope Observatory took interest in this variable star
and entered into correspondence with Sir Herschel to find all available data. Herschel
was not the only one to observe the eruption: in a paper from 1857 William Stanbridge
reported about the astronomical knowledge of the Boorong clan that used to live in
northwest Victoria, Australia [16]. From his report, Frew and Hamacher were able to
identify 7 Carinae, known to the Boorong as Collowgullouric War in observations from
the 1840s [17]. The name n Carinae dates back to late 19th century catalogue Ura-
nometria Argentina by Benjamin A. Gould, an American astronomer and student of
Carl F. Gauss in Gottingen [18]. Before, the binary system was known as Eta Argus,
Eta Navis and Eta Roboris Caroli [13].

Looking at the historical light curve (figure 2.2), the brightening noticed in 1838 was
only the beginning of a decades long period of extraordinary eruptions accompanied
by high luminosity which coined the term Great Eruption [13]. In several energetic
outbursts a very large amount of material was expelled from the primary star, totalling

up to about 12 times the mass of the sun [19].
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Energetics-wise, the Great Eruption was comparable to a supernova, which marks
the end of the star’s life. In n Carinae’s case the massive star survived, thus the term
supernova impostor was established [20]. The gas and dust that has been released in
the eruptions more than 170 years ago is still visible today and forms the Homunculus
Nebulae (in figure 2.1 the structure can be identified by its characteristic lobes). A
smaller outburst occurred around 1890 (compare figure 2.2) and produced the little

Homunculus within the Homunculus Nebulae (compare figure 2.3) [21]. The 12 solar

C T T T T ]
- a) _I;.'.; i
g of |k .
= ] B ]
2 [ ! N ]
2 2l Y Y 4 ! -
= A ‘ b
- " 4
s L - J
E 4—_— ¥ i B
e [ t ]
= :
o - i
£ °C K‘: .
s L v it i i
L '”’_"'I' S i
8 [ a
C . 0 v ey ey ]
1600 1700 1800 1900

Figure 2.2: Historical light curve of n Carinae showing the rise in magnitude during the years
of the Great Eruption (1822-1864) and the lesser Eruption in 1890. Grey arrows depict limits
[13].

masses material expelled in the Homunculus Nebulae moves at a speed of ~ 650 kms™*
(while the nested little Homunculus is only half as fast) [19, 21]. This leads to a kinetic
energy contained in the Homunculus Nebulae of 1096 — 10°0 ergs [19]. Also originating
in the Great Eruption is a fast blast wave that is threefold to fourfold the size and
speed of the Homunculus Nebulae. The blast wave has a geometry similar to the
Homunculus itself and is correlated to the X-ray shell. In terms of kinetic energy, the
blast wave provides about the same amount as expected in the Homunculus Nebulae
[22]. For a long time n Carinae was thought to be a single luminous blue variable
(LBV), a short-lived stellar phase with high mass loss rates |23, 24|, although there
were speculations about a binary scenario to explain some features of the optical light
curve [25]. Measurements of periodic radial velocity variations in the emission spectrum

supported the binary scenario [26]. Following observations accumulated further evidence
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and the binary scenario is now widely accepted for n Carinae [27, 28|.

2.2 Colliding-wind binaries:

Thermal and non-thermal emission

So far, the observations mentioned are in the regime of thermal energies but in the last
years evidence for non-thermal emission from 7 Carinae has been observed. The distinc-
tion between thermal and non-thermal emission is based upon characteristic features
like the spectral index of the photon flux density, the brightness temperature Ts and
variability in the radio domain [29]. Thermal radiation in infrared and radio domains
originates from the plasma of the stellar envelope where electrons scattering off ionized
hydrogen produce thermal Bremsstrahlung (free-free emission) [30]. The energy of the
electrons follows a Maxwell-Boltzmann distribution and the photon flux density S, can

be described in dependence of the frequency v and the spectral index « as
Sfy,thermal ox e (21)

Based on the measurement of thermal radio emission it is possible to determine the mass
loss rate of a massive star [30]. The observed characteristic spectral index for thermal
emission is « equal to 0.6 (implying a homogeneous mass loss rate and constant ve-
locity) [31]. The brightness temperature Tz is the black body temperature needed to
produce the observed photon flux density. For thermal emission 1B thermar ~ 10*K,
while non-thermal (radio) emission is accompanied by black body temperatures of one

or two orders of magnitude higher.

Non-thermal radiation originates from interactions of highly energetic particles in
synchrotron radiation, inverse Compton scattering or 7’-decay (see 2.6). The spec-
tral index « is significantly lower than 0.6 in case of non-thermal emission. Variability
in the radio emission is also considered to be a hint for non-thermal emission, because

the plasma giving rise to thermal emission is not expected to change on short timescales.

Colliding-wind binaries (CWBs) like 1 Carinae are binary systems consisting of
massive (early type, over 8 Mg [32]), typically O- or B-type or Wolf-Rayet stars, with
colliding stellar winds (see figure 2.3 for an illustrated model of 1 Carinae). Some
CWaBs are particle accelerators showing non-thermal emission. Particle acceleration of

relativistic electrons and/or protons is supposedly happening in the wind-wind interac-
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tion regions, where strong shocks form [33]. Multiplicity (the number ob stars in the
system) is a crucial ingredient for particle acceleration in this type of objects to allow
for stellar wind collisions [8|. Besides the question of a contribution to cosmic rays,
massive stars are interesting as donors of material. They enrich the interstellar medium
with material which is a potential target for particles, leading to production of ~y-rays

subsequently.

®
O/:%) Equatorial Disk
e Little Homunculus
-

>

v

16 arcsecs

Equatorial Halo Homunculus

Figure 2.3: Cartoon model of the n Carinae nebula [21].

There are at least 43 objects in our galaxy which can be attributed as particle
accelerating CWBs (multiple member systems included) [29]. Compared to the most
common sources of y-rays in our galaxy, supernova remnants and pulsar wind nebulae,
CWBs probably only contribute on a smaller scale and only in the GeV regime. This
contribution could still be significant: following the argument in [34], a population of
10° massive stars with energy injection rates in charged particles between 0.01% to 1%
would lead to an integrated power in cosmic rays of 1037 — 1039 ergs~!. The total power
in cosmic-rays is in the order of 10% ergs~! thus resulting in 0.1 — 10 % potential con-
tribution of CWB [3|. The contribution of CWBs depends on the fraction of particle
accelerators among CWBs which is identified by non-thermal emission processes but
tracing these can be difficult. In the radio domain absorption by stellar wind mate-
rial can hide synchrotron emission [29]. In X-rays, thermal emission dominates over
non-thermal emission below 10 keV leaving only the hard X-ray regime for a potential
detection [34]. Measurements of gamma-ray emission are also a strong evidence for
particle acceleration and theoretically expected for systems with powerful stellar winds
[8, 35]. Two stellar wind parameters determine the kinetic power of a stellar wind, the
mass loss rate and the terminal wind velocity. Still, most particle accelerating CWBs

are non-thermal radio emitters. The only two systems showing non-thermal hard X-ray
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emission are 17 Carinae and WR 140 [36, 37]. n Carinae stands further out as also being
the only CWB detected in high energy gamma-rays (although there are hints for high
energy gamma ray emission also in WR 11) [38, 39]. Although n Carinae does not
produce radio synchrotron radiation, which WR 140 does, both systems share some key

features like a high eccentricity (~ 0.9) and long periods (5.52 and 8 years) |23, 40].

2.3 The neighbourhood - the Carina Nebula

n Carinae lies within NGC 3372 - the Carina Nebula - a massive active starforming
region situated in the Carina constellation in the southern hemisphere at a distance of
2.3 kpc [41]. Tt is one of the brightest parts of the Milky Way and can be seen with the
naked eye. Its red appearence (compare fig. 2.4) is due to hydrogen that is illuminated
by star light. The Carina Nebula hosts 6 open stellar clusters (counting Cr 228 and Cr
232 as a part of Tr 16), which differ in age between 0.1 and 8 Myr, testifying the past
star-formation [41]. It is studied in great detail in visual-wavelengths because of little
extinction and reddening along the line of sight compared to other star-forming regions.
The stellar population of the Carina Nebula currently consists of at least 65 O-type
stars, 3 Wolf-Rayet (WR) stars (WR 25/ HD 93162, HD 93131 and HD 92740) and the
Luminous Blue Variable  Carinae residing in the stellar cluster Tr 16 [42]. The more
massive stars tend to exist in the clusters Tr 16, Tr 14 and Tr 15, while the younger star
population spreads over the younger clusters (e.g. Treasure Chest) and extends over
the Carina Nebula without a cluster association [43]. The energy input in the nebula is
dominated by the massive cluster Tr 16 and especially  Carinae. The age of the cluster
can be confined by the presence of H-rich WR stars and the absence of He-rich WR
stars. Tr 16 is host to the H-rich Wolf-Rayet stars HD 93162, HD 93131 and HD 92740.
The evolution of i Carinae off of the main sequence is also a constraining factor to the
age of the cluster, which is estimated to be between 2-3 Myr. For the UV luminosity,
the Great Eruption marked a turning point since after the outburst the dust shell has
been cutting off the UV emission from the binary [42]|. In terms of mechanical energy,
stellar winds in Tr 16 have provided up to 2.6 x 1052 ergs in the 3 Myr of their existence.
Ounly a fraction (3 - 20 %) of this energy is kinetic energy that drives the expansion,
while most energy is lost in radiation [42]. However, this fraction depends on mass
loss rates and the amount of clumping in the stellar winds [44]. The nebulosity in the
Carina Nebula in total reaches a mass of 106 M. Most of its mass is made up of atomic

gas in photodissociation regions where also the bulk of dust resides (cooler dust with



Chapter 2. The colliding-wind binary n Carinae

Carina
Nebula

~© Australian Astronomical Observatory

Figure 2.4: The Carina Nebula (NGC 3372) in a large field-of-view photograph on the left
panel. On the right hand side is a zoom in of the marked region, including n Carinae and the
Keyhole Nebula. Photographs by David Malin.

temperatures between 30 - 40 K and warmer dust at ~ 80 K that is mixed with ionised
gas) [45, 41]. About 1/3 of the total gas mass is molecular gas that is concentrated in
the Southern Cloud, Northern Cloud and the Southern Pillar. These molecular clouds
were found to be part of a giant molecular cloud complex that extends over 150 pc [46].
Molecular clouds build the foundation of starformation. 1 Carinae’s and other massive
stars’ role in the formation process is the injection of energy and mass. In the Treasure
Chest this suspicion is encouraged by the observation of dust pillars pointing back to n
Carinae and Tr 16 [47].

2.4 n Carinae across the electromagnetic spectrum

n Carinae has been the object of numerous observations with ground-based telescopes
as well as satellites, from radio to X-rays and y-rays. The focus here will be on the high
end of the energy spectrum while acknowledging the importance of observations in all
wavelengths as each one of them adds its unique piece to the puzzle of understanding

this outstanding object.
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Figure 2.5: The higher end of the electromagnetic spectrum and the experiments engaged in
observations of CWBs.

2.4.1 Radio, microwave and mm emission

Subsummized under radio emission is all emission with wavelengths between 100 m and
about 1cm (3MHz — 30 GHz, "classic" radio), between 1cm and 1 mm (30 — 300 GHz,
microwaves) and between 10 mm and 0.1 mm (30 GHz — 3 THz, mm- and sub-mm) [48],
[49]. For the wavelength range between 1cm and 10m the term radio window was
coined to describe the property of the earth’s atmosphere to be transparent to photons
with these wavelengths. The radio window is used by radio telescopes like the Australia
Telescope Compact Array (at Narrabri New South Wales). Besides continuum radiation
there is a wealth of molecule lines to be observed in cm, mm and sub-mm. Non-thermal
radio emission is an important tracer of particle acceleration in CWBs (as illustrated
in section 2.2). WR 140 is one example for an object that emits both radio synchroton

radiation and in X-rays [50].

Thermal radio emission in n Carinae is believed to stem from outflowing gas in
the stellar wind of the primary star and an equitorial disk that gets ionized by an
UV source [49]. The companion star is a possible source of ionizing photons. The
emission is modulated by the orbital movement as the supply with ionizing photons
from the companion is nearly blocked during periastron leading to a dip in the lightcurve
(compare fig. 2.6). During periastron the photons are swallowed by the dense wind [51].
By studying the thermal free-free emission in general (not only in radio wavelengths) it
is possible to derive the mass-loss rate, which plays an important role in stellar evolution

[52]. However, n Carinae does not show any sign of radio synchrotron emission.
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Figure 2.6: Radio lightcurve of n Carinae at 8.6 GHz (and 21 GHz) from observations at Aus-
tralia Telescope Compact Array showing a minimum emission at periastron (phase 0) (source:

[51])-

2.4.2 Infrared, optical and ultraviolet emission

In the infrared (with wavelengths between 100 and 1 um), spectral and interferometric
imaging is well suited to study the inner wind region of the binary system due to its
excellent spatial and spectral resolution. The intensity distribution of the wind-wind
collision zone (compare fig. 2.7) was found to depend heavily on wavelengths and ve-
locity and displays a structure that was described as "fan-shaped" at velocities between
—339t0—227kms~! [53]. The atomic and molecular gas content of the Homunculus
has also been studied in infrared wavelengths, finding the inner ejecta to be composed
of nitrogen rich material, overall strong Fe II/|Fe II| emission lines and neutral hydro-
gen [54]. Along the axis of the Homunculus lies the Strontium filament, which is an

extended (~ 1”) region with emission lines of very low-ionization, e.g Strontium [55].

Observations in the optical regime (wavelengths between 1pm and 300 nm [48])
led to the binarity hypothesis and added increasing evidence to it over the years [e.g.,
56, 57, 55, 58, 59|. Damineli, Conti and Lopes reported the disappearance of lines of
highest excitation energy (|Nelll], [ArIII], [FeIll] and [NII]) that had been observed
before to be following a 5.52 year cycle due to n Carinae being a binary system and
supported their claim by measurements of periodic radial velocities in a broad line com-
ponent that they interpreted as the orbital motion of a star [26]. The emission-line
spectrum in optical wavelengths is very rich and mixed with emission from the nebula
and reflected starlight. Disentangling the spectral components, it was found that the

broad line emission stems from the central star, unlike the narrow line emission which
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Figure 2.7: 5 Carinae in the near-infrared. Intensity distributions with the peak intensity
normalized to unity, at different velocities (in units of kms~!). Contour lines depict 8, 16, 32
and 64% of the peak luminosity (source: [53]).

originates in three bright knots in the surrounding nebula [60]. These knots lie between
0.1” and 0.3” northwest of the star and were discovered by Weigelt and Ebersberger in
1986 which coined the term Weigelt blobs [61]. The central ~ 0.2” show strong emission
lines from H and Fe II [62]. The disappearing lines mentioned above were identified to
be produced in the vincinity of the Weigelt blobs [62, 63]. An explanation put forward
for the disappearence of the high-excitation lines is that during periastron the dense

wind of the primary star blocks the ionizing photons [59].

Emission in ultraviolet (UV) wavelengths (between 300 and 10nm [48]|) plays an
important role in understanding stellar evolution because many resonance lines of com-
mon elements are found there (e.g. He II). The UV spectrum of n Carinae is rich in
Fe II emission and absorption lines and also shows a dip around periastron [28]. The
Homunculus nebula, in contrast, is less bright in UV and shows reddening towards the
edges [64]. As the secondary moves along the orbit it carves into the primary’s wind
and creates a low-density cavity. Groh et al were able to reproduce the characteristic
UV absorption features in a 2D radiative transfer model by incorporating this cavity
[65]. The cavity’s influence on emission lines is correlated to the size of their formation

volume |[28].
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Between 1998 and 2006 7 Carinae went through a phase of increasing brightness
with a peak in 2006 at a magnitude of V. = 4.7 [57|. Since then its brightness slowly

increased further to the current value of V.= 4.2 [66].

2.4.3 X-rays

n Carinae’s X-ray spectrum has been monitored for the last 2 to 3 decades, covering
4 orbital cycles. X-rays from binaries of massive stars were theoretically predicted in
the mid 70s [67, 68|, n Carinae was first detected in 1978 [69, 70]. Variability, which
characterises the binary’s emission in all wavelengths covered so far, is also present in
X-rays. It was first detected in 1995 by Corcoran et al. in data collected with the
ROSAT X-ray satellite [71]. The binary hypothesis was put forward in 1997 based on
periodic radial velocities in a broad-line component [26, 25]. A colliding-wind binary
should also manifest itself in periodic X-ray variations due to orbital changes in the
wind collision region. Indeed, the recurrence of a X-ray minimum was observed after
5.5yr. Also observed variations in X-ray flux and column density Ny supported the
colliding-wind binary model [72]|. There are several emission components to the X-ray
emission: soft, extended X-ray emission (with E < 1keV) is seen to originate from the
Homunculus nebula while a harder (E > 3keV), point-like component emerges from the

optical position of the primary star [73].

In fig. 2.8 the X-ray lightcurve below 10keV is depicted. It shows a slow, steady
rise to a maximum over a period of ~ 1yr, then a sharp drop to the minimum flux,
followed by a quick recovery to a second peak at maybe one third of the peak flux level.
From this second peak onward, the flux slightly decreases, before it begins to rise again.
The X-ray minimum occurs along with the fading of the high-excitation line emission
and the IR brightness. The origin of thermal X-rays (< 10keV) at the position of 7
Carinae lies in the wind-wind collision (WWC) region, where hot (T ~ 107 K), shocked
gas resides [e.g. 74].

The rapid transition between X-ray minimum and maximum has been associated
with the periastron passage. As the secondary moves along the orbit it carves into the
primary’s wind and creates a low-density "tunnel" which allows thermal X-rays from
the WWC region to escape [76]. The sudden transition to minimal emission can be in-

terpreted as the destruction of the low-density cavity by the primary wind. There are,

14



2.4. n Carinae across the electromagnetic spectrum

l\\\l\\\\l‘l\\l\l\l\I\I\\\\I\\\I\|\II\\I\\]\I\\\\\\\\\\I\\\I\I\\II\\L
: —@—RXTE 3
ax10"F ® Swit =
E A Chandra ]
0 F B Suzaku 3 E
e - * XMM ]
S 3 —
[} = |
e E E
@ E 7
< E ]
£ 2F 4
= E * ]
& E =
x E B
z 1F ,ﬂ“ : E
: {J J LM*"W E
E ! . | J
ofF E
B v vy b v e b by e b e by Py d

2450000 2451000 2452000 2453000 2454000 2455000 2456000 2457000
Julian Day Number

Figure 2.8: n Carinae’s X-ray flux (2 - 10 keV) 1996 - 2014 (source: [75]).

however, some open issues which complicate the picture, like non-phase-locked varia-
tions in the X-ray flux, flares and the identity of the secondary star. Variations of the
X-ray flux can be used to deduce important characteristics of the system like the mass-
loss rate of the primary star, the companion star and the wind-speed of the companion

star.

In the early 2000s, Italian-Dutch X-ray astronomy satellite BeppoSAX was the first
experiment to claim a "super-hard" [36] emission component of non-thermal origin that
extends clearly over 10keV at the orbital phases of 0.46, 0.83, 0.37 [77, 78, 79]. Satellites
INTEGRAL and Suzaku confirmed the existence of a non-thermal X-ray component up
to 100keV/ 50keV in 2008 (compare fig. 2.9) and 2009 [80, 36]. The orbital phases of
the observations detecting the non-thermal component were ~0, 0.17, 0.36 for INTE-
GRAL and 0.39 and 0.47 for Suzaku.

Data by X-ray space observatory XMM-Newton |81] and space-based X-ray telescope
NuSTAR [82] shift the thermal range up to 50 keV with observations at periastron 2014
[83]. A non-thermal hard X-ray tail could not be detected during periastron [84, 83].
Beside orbital variability, another reason for the non-detection could e.g. be an increase
of absorption. After the recovery of the soft X-ray flux, at phases 2 0.17, NuSTAR
detected a non-thermal component [85]. The best-fit spectral model for the non-thermal
component is a power-law with I' = 1.65 and a cut-off at 1.6 GeV. It smoothly connects
to the soft component of the Fermi—LAT ~-ray spectrum and can be interpreted

as the low-energy tail of the soft GeV emission originating from the inverse Compton
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Figure 2.9: 7 Carinae’s X-ray spectrum as observed with Suzaku and INTEGRAL. The

non-thermal component is fitted with a power-law function with index T' = 1.387013 (source:

[36])-

process. Emission mechanisms of non-thermal hard X-ray emission are deferred to in

section 2.6.

2.5 Gamma-ray observations

The first detection of -rays from the direction of 1 Carinae was reported by Ta-
vani et al in 2009 [86]. Italy’s Space Agency’s X- and v-ray satellite mission Astro-
Rivelatore Gamma o Immagini Leggero - AGILE observed the region ~ 130 days from
July 2007 - January 2009. AGILE operated in the energy ranges from 18 - 60keV
and between 30 MeV and 30 GeV [87]. A y-ray source was detected at the position of
n Carinae with a significance of 7.8 ¢ and an integrated y-ray flux above 100 MeV of
¢ = (374 5) x 1078 phcecm 257! [86]. In October 2008 a flare occurred (shortly before
periastron passage in December 2008/ January 2009) that increased the flux level to
¢ = (270 £+ 65) x 108 phem 257! for two days (10/11 - 13).

In the same year AGILE reported n Carinae’s detection, the binary appeared on
Fermi—LAT ’s bright y-ray source list that collected sources with a significance of
~ 100 in the data of the first 3 months [88]. The Large Area Telescope (LAT) on

board the ~-ray satellite is a pair-production telescope sensitive in the energy range
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2.5. Gamma-ray observations

from below 20 MeV to more than 300 GeV (details can be found in [89]). 7 Carinae
was detected in the soft (0.1 — 10 GeV) and hard (10 — 100 GeV) energy band [38]. The
average flux observed was consistent with the AGILE result but a flare in 2008 could
not be confirmed by Fermi—LAT . The full spectrum from 0.1 — 100 GeV was fit by a
combination of a cutoff power-law function for energies below 10 GeV with a power-law

function for higher energies.

Orbital modulation was found in the full energy range (extended up to 300 GeV
in 2012), but with different amplitudes below and above 10 GeV and, in general, less
pronounced than in X-rays [90]. An increased flux level can be observed close to pe-
riastron, a decrease with growing separation between the primary and secondary star
(compare figure 2.10 which shows the light curve for the first full orbit observations
by Fermi—LAT ). Different models have been proposed to account for the two dis-
tinct components in energy and will be revisited in section 2.6.3. The form of orbital
modulation plays an important role as a diagnostic tool to evaluate models. Particle
acceleration in the expanding blast wave of the Great Eruption in 1843, as suggested
by Ohm et al. [91], is likely not the origin of the bulk of emission. The detection of

orbital variability suggests acceleration near the binary system [90].

The first full orbit data set by Fermi—LAT confirmed the decrease of ~-ray flux
for the high-energy component towards apastron (compare figure 2.10) [92]. For E >
10 GeV the v-ray flux during periastron passage is significantly different from apastron.
The last periastron passage in 2014 provided a good opportunity to test predictions
made so far. With seven years of Fermi—LAT data, orbital modulation in the low
energy flux was observed. The variability is of factor 2, compared to 3 - 4 for the high
energy band. At periastron, when the high energy flux is at its maximum, the low

energy flux experiences variability similar to the thermal X-ray band [93].

With a flux reaching up to 300 GeV, n Carinae is potentially in reach for a ground-
based imaging ~-ray telescope like H.E.S.S. (see section 3.2 for a description of H.E.S.S.).
Motivated by the detections of n Carinae in «y-rays by AGILE and Fermi—LAT | the
binary system was observed by H.E.S.S. for ~ 60h between 2004 and 2010 [94|. With
an energy threshold of ~400GeV, no emission was observed. With the installation
of a new telescope in 2012 the energy threshold dropped significantly. A detection of
very-high-energy (VHE) 7-rays from 7 Carinae would be the first of a CWB in this

energy range. H.E.S.S. is better suited to observe variability on monthly timescales
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Figure 2.10: Light curve of n Carinae by Fermi—LAT from 0.2 to 10 GeV (left) and 10 to
300 GeV (right) [92]. The dashed vertical lines depict the time of periastron (blue) and apastron
(red).

than Fermi—LAT due to the large collection area [95] and can probe the maximum

energy to which particles are accelerated and study the acceleration emission.

2.6 Origin of y-ray emission

~-ray emission from the direction of the colliding-wind binary 7 Carinae has been ob-
served up to 300 GeV [93]. For the production of high-energy 7-rays several ingredients
are required: a relativistic particle population (hadronic or leptonic), an efficient ac-
celeration mechanism, and target material or magnetic fields for interactions with the
relativistic particles. Proposed mechanisms for the acceleration are discussed in the
subsequent section, followed by the processes involved in the production of X-rays, high
and very-high-energy ~-rays. The section concludes with an elaboration of the models

for y-ray emission from n Carinae.

2.6.1 Particle acceleration in colliding-wind binaries

The idea of particle acceleration in the interstellar medium was put forward by En-
rico Fermi. He suggested that relativistic particles could gain energy by scattering off
randomly-oriented magnetic field structures in interstellar clouds [96]. The main prob-
lem of this process is the efficiency of energy gain: it depends quadratically on the
velocity of the magnetic cloud (as a fraction of ¢) that is hit and this fraction is usually
very small [48]. This process is thus termed 2nd order Fermi acceleration. A more
efficient acceleration mechanism needs a more beneficial velocity dependence, e.g. first

order. Such an efficient mechanism is proposed to take place in the environment of

18



2.6. Origin of vy-ray emission

astrophysical shock fronts and is termed Diffusive Shock Acceleration (DSA) [97, 98].It
naturally gives rise to a power-law spectrum of the accelerated particles. Shock here
refers to a transition layer that propagates through a plasma and compresses it, decreas-
ing the mean plasma velocity. Cosmic rays perform a random walk on either side of the
shock. Entering the shock environment upstream of the shock, they excite fluctuations
in the magnetic field and can get reflected across the shock. Downstream of the shock
they can scatter on magnetic field turbulences and cross the shock again. With every
crossing, an energy of ~ % ~ % is gained (with the velocity of the upstream plasma
u) |99, 100]. A strong shock exhibits a compression ratio (ratio between the density of

upstream and downstream gas), of y = pdp‘)ﬁ = 4 [31].

The collision of supersonic stellar winds in a binary system creates such strong
shocks and should be able to efficiently accelerate particles to high energies [8]. In the
collision, the high-speed winds produce hot gas separated by a contact discontinuity.
Shocks form on either side of the contact discontinuity (the scenario is outlined in
figure 2.11). The location where the shocks form is defined by the balance between
the ram pressure of both winds pcomp vgo,comp = PPrimary Ugo,Primary (with gas densities
pi and terminal velocities voo) [35]. A long orbital period (large separation) like in 7
Carinae’s case is necessary to enable the stellar winds to reach their terminal velocity.
Most of the shock power is released downstream on both sides of the wind-collision
region [35]. The magnetic field plays an important role in the acceleration process as
well as in the particle interactions but is poorly constrained. A reasonable estimate
of the magnetic field strength at the surface of the primary star is ~100 G [101]. The
choice of the magnetic field strength constrains the maximum energy of the accelerated

particles, when modelling the emission.
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Figure 2.11: Schematic drawing of n Carinae: where the stellar winds collide, a contact dis-
continuity forms and shocks on each side build up. Particles from either star can get accelerated
in the shock fronts. A shock cap around the companion star emerges because the wind pressure
of the primary star dominates (source: [102]).

2.6.2 Non-thermal emission processes

When relativistic particles travel through space, non-thermal emission is produced
e in electromagnetic interactions with photon fields in inverse-Compton scattering,
e as Bremsstrahlung from relativistic electrons

e as Synchrotron radiation when a magnetic field forces a spiral motion upon the

cosmic-ray particle,
e in hadronic interactions involving neutral pions.

In an Inverse Compton (IC) process a highly energetic electron scatters a low-
energy photon and transfers a fraction of its energy. In case of CWBs there is a strong
supply of UV and visible photons from the stars’ photospheres which makes Inverse
Compton scattering an important process. Relativistic electrons can ’boost’ these soft
photons to the X-ray and ~-ray regime. The energy loss of the relativistic electron is

determined by

dE, 4,
- = Ura 2.2
(dt)m el (2.2)
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with the Lorentz factor of the electrons v and the energy density of the target radiation
field U,,q. This is valid for \/m < mec? (in the reference frame of the electron).
In the regime where this relation holds (Thomson regime), Inverse Compton scattering
is not only an efficient emission process of high-energy photons but also a loss channel
for relativistic electrons [35]. Electrons with a Lorentz factor of v = 1000 produce X-

rays when scattering off far-infrared photons.

Considering VHE ~-rays with \/EjcEsp > mec?, e.g. produced by electrons with
energies of 10 TeV scattering off IR photons or 30 GeV scattering off visible light, energy
loss is less severe due to the reduced quantum relativistic cross section (Klein-Nishina-

Regime) [48]. The energy loss of the relativistic electron is reduced by the factor
frn & (1+0)71° &~ (1 + 40E, mevkTey) 1. (2.3)

Synchrotron radiation is emitted by charged particles when interacting with a
magnetic field. The Lorentz force (orthogonal to the magnetic field direction) pushes
the particle on a helical path. The energy of the radiated photons depends on the
energy density of the magnetic field Up, the energy of the charged particle and the

angle between the magnetic field direction and the particle path. The emitted power is

dE, :
( > = 207cUpv?3? sin? 6. (2.4)
dt sync

Synchrotron emission is important as a production mechanism for non-thermal X-rays.

Since o7 oc m~2, synchrotron radiation from protons is negligible.

In the picture of particle accelerating binaries, synchrotron emission also plays a
role in the radio regime where some CWBs show non-thermal emission via synchrotron
radiation (e.g. in the case of WR 140, compare section 2.4.1). n Carinae is not showing
non-thermal radio synchrotron emission. This has been interpreted as a consequence of
the Razin-Tsytovitch effect. In cold plasma the refraction index becomes < 1, which in-
creases the beaming angle and reduces the emitted power [details in, e.g., 103, 104, 31].

The effect leads to suppression of radio synchrotron radiation.

Neutral pion decay from pp interactions. For hadrons, electromagnetic inter-

actions have much lower cross-sections. Via strong interactions 7-rays are produced in

0

the neutral pion channel p + p — 7 + X, 7% — ~ 4+ ~. y-rays produced via neutral
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pion decay show a characteristic 'pion bump’ in their spectrum, which is centered at

E ~ 70MeV in the rest frame of the neutral pion.

The observable flux of y-rays at Earth will, however, also depend on energy losses
of cosmic-rays via bremsstrahlung and the loss of vy-rays via pair production.
Bremsstrahlung, similar to synchrotron radiation, is emitted when a charged particle
is accelerated in the Coulomb field of a nucleus or other charged particle [31]. In
the y-ray regime (non-thermal) bremsstrahlung only gives a minor contribution to the
emission because the plasma densities are not sufficiently high [105]. Pair production
through ~-v absorption is the conversion of a photon into an electron-positron pair:
vy — e~ et. To ensure the conservation of momentum the photon has to be in the
vicinity of a nucleus. The threshold energy for the process is the centre of mass energy of
the pair. Processes of y-ray emission also decrease the amount of particles that can get
accelerated and are thereby counterbalancing the acceleration mechanisms (’cooling’).
It is therefore important to evaluate the time scales on which energy loss takes place

(compare section 4.3.8).

2.6.3 Modelling the y-ray emission in n Carinae

Which emission and absorption processes are most important depends on the primary
particle population, the particle energies, involved magnetic field strengths and target
material densities. This leaves room for the modelling of observational results. As
mentioned in section 2.5, orbital variability can act as a diagnostic tool to differentiate
between models. Recent scenarios that take into account the two spectral components

seen in Fermi-LAT data, are:

1. Two distinct spectral components as a result of leptonic and hadronic emission
processes [33, 93]. The low-energy component has been attributed to photons of
the photosphere which get up-scattered (IC) by relativistic electrons. The high-
energy (> 10GeV) tail is interpreted as relativistic protons interacting with the
dense stellar wind in the shock. Only one shock is assumed and the model does not
include the temporal evolution of the system. As the conditions in the photosphere
and in the shock region differ along the orbit, phase locked variability would be
expected in observations. The details of variability are determined by the changes

in the density of relativistic protons and in photon-field energy density.

2. Production of y-ray emission in n Carinae by a single electron population through

IC scattering. The change in the spectrum at 10 GeV is interpreted as -y ab-
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sorption and re-emission. As absorbers are suggested X-ray gas surrounding the

CWB or hot shocked gas inside the wind collision region [90].

. Instead of treating the wind-collison region as one, two shocks, one on the pri-
mary and one on the companion side, are considered with their respective prop-
erties like proposed by Bednarek and Pabich [102]. Time-dependancy is taken
into account for particle acceleration and interactions of relativistic electrons and
protons. Emission in low and high energy band are explained as originating in
hadronic interactions [106]. Emission above 10 GeV is dominated by protons accel-
erated in the shock on the companion side that leave the system along the contact
discontinuity, interacting in the post-shocked region. The low energy emission is

due to calorimetric radiation on the primary side.
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Chapter 3

Measuring VHE ~-rays from 7
Carinae with H.E.S.S.

The GeV energy range is where space-based 7-ray instruments like Fermi—LAT reach
their limits due to the small photon collection areas. By lowering its energy threshold
H.E.S.S. aimed to close the gap between space- and ground-based ~-ray instruments.
The addition of a 28 m diameter telescope in 2012 brought a significant improvement
in sensitivity to low energies: H.E.S.S. is sensitive to y-ray emission in photon energies
from ~ 30 GeV to tens of TeV. For the case of n Carinae, as well as other CWBs, this
is particularly important because it is expected that the energy spectrum only extends
to a few hundred GeV [e.g. 35, 102, 106]. For H.E.S.S., this is still in the low energy
domain of the instrument. The energy threshold depends, among other quantities, on

the level of background, which will be discussed further in the course of this chapter.

The UV emission of the Carina nebula poses an extraordinary background to the
measurement of VHE ~-ray emission. The average Galactic night sky background (NSB)
in the H.E.S.S. field-of-view is ~ 100 MHz, around 7 Carinae the background is up to
10 times as strong and varies greatly across the FoV [107]. This poses challenges on
observations and every level of data processing, from calibration to data analysis. The
working hypothesis of this work was to eliminate as much NSB as early as possible in

the analysis chain and minimize its impact on the high-level analysis results.

In the beginning of this chapter the H.E.S.S. experiment will be portrayed. The cali-
bration procedure of H.E.S.S. is introduced next. After data calibration, reconstruction

methods are needed to retrieve information about the original particle that induced
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the Cherenkov shower, from the shower image in the camera. With the reconstructed
properties of the primary particle, background and signal can be discriminated. In this
work, the Hillas and Model Analysis reconstruction methods are applied and will be
explained. Finally, the extraction of the signal and generation of the spectral energy
distribution will be presented. The influence of the NSB will be evaluated throughout

the data processing and steps taken to tackle it will be described.

3.1 Principle of v-ray detection with IACTs

Imaging Atmospheric Cherenkov Telescopes (IACTs) like H.E.S.S. measure Cherenkov
radiation emitted by charged secondary particles travelling with a velocity greater than
the phase velocity of light in the atmosphere [108]. By reconstructing the properties
of the original y-rays it is possible to trace them back to their source. The source
can then be studied by, e.g. analysing the spectral energy distribution and the spatial
distribution of the y-ray emission. The secondary particles are created when a ~-ray
enters the Earth’s atmosphere and interacts with the Coulomb field of an atmospheric
nucleus, leading to the production of an electron-positron pair. Both, the electron and
the positron produce photons via Bremsstrahlung, which will again undergo pair pro-
duction. The process continues, producing an (electromagnetic) shower of particles,

until the critical energy is reached and ionisation starts to dominate the process.

Showers induced by hadronic particles constitute an important background, out-
numbering y-ray induced showers by a factor of ~ 10° [109]. Due to additional weak-
and strong-force interactions, hadronic showers entail 7 and K mesons, p (from decay of
charged 7 and K), neutrinos (from decay of charged 7, K and x) and tend to illuminate
broader areas on ground compared to electromagnetic (EM) showers with a primary
particle of the same energy. Roughly two thirds of the produced particles are charged
particles, one third are neutral particles (7, which will further decay to two 7). Details

about hadronic interactions can be found in e.g. [110].

Cherenkov radiation forms a cone-like shock front with an opening angle 6o =
arccos (#) with respect to the direction of movement of the emitting particle (with
the refractive index n, the velocity v and the speed of light ¢). The typical opening angle
of the light cone is ~ 1° for y-ray induced showers. The charged particle induces dipoles
in the air which emit spherical waves when relaxing. These interfere constructively and

form the Cherenkov cone. The number of emitted Cherenkov photons is proportional to

25



Chapter 3. Measuring VHE v-rays from 1 Carinae with H.E.S.S.

0.3 TeV 1TeV
y-ray proton

Figure 3.1: A ~-ray primary of 0.3 TeV induces an EM shower at ~ 10km height. The light
pool created by its Cherenkov light illuminates a circle of ~ 100 m radius. In the field-of-view
of the camera of the telescope, the Cherenkov photons leave an elliptical imprint. The arrival
direction can be reconstructed by intersecting the shower ellipses in the telescopes if several
telescopes are observing. This topic is covered in section 3.4. Image taken from [100].

the energy of the primary particle. Measuring the number of Cherenkov photons thus
gives an indirect measurement of the primary particle’s energy. The emission lasts only

a few nanoseconds.

In a shower, the Cherenkov light cones of the secondary particles add up and form
a pool of light on the ground. For a v-ray primary of 0.3 TeV, the light pool reaches
its maximum photon density at a radius of ~ 100 m (compare figure 3.1). The mirror
dishes of the telescopes placed within the light pool collect the light and focus it into

the camera to take an image of the shower.

3.2 The High Energy Stereoscopic System

The analysis presented in this work was carried out with data obtained with the H.E.S.S.
telescopes. The High Energy Stereoscopic System, named after the pioneer of cosmic-
ray physics Viktor Hess [111], has been in operation since 2004 (phase H.E.S.S.-1, [112,
113]), and in its current shape, with five telescopes, since 2012 (phase H.E.S.S.-11, [114]).
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Figure 3.2: H.E.S.S. telescope array with CT5 in the centre. Picture by Mathieu de Naurois.

H.E.S.S. consists of five JACTs using Earth’s atmosphere as a calorimeter for the
detection of high-energy ~-rays on ground. The telescopes are located in Khomas High-
land, Namibia, which makes H.E.S.S. the only IACT able to observe a large fraction of
the Southern hemisphere. There are four identical telescopes (CT1-4) equipped with a
dish of spherical mirrors of 12m diameter, resulting in a total mirror area of 107 m?.
They are placed in a square of 120m side length, because the Cherenkov light imprint
on ground is about 250 m in diameter for a typical v-ray shower. The focal length of
CT1-4 is fori—4 =15m. The biggest telescope, CT5, is located in the centre of the
array. It has a mirror dish of 28 m diameter and a total mirror surface of ~ 614 m?.
The focal length of CT5 is fors=36m. All telescopes are alt-azimuth mount Davies-
Cotton reflectors [115]. Figure 3.2 shows the array with unparked telescopes during
daytime. H.E.S.S. is currently the only IACT integrating telescopes of different sizes

into its system.

The four cameras of the first generation telescopes comprise 960 photo-multipliers
each with a field of view (FoV) of 0.16 °, in the following called pixels. The fifth telescope
is equipped with 2048 pixels with a FoV of 0.067 °, respectively. The FoV of the four
H.E.S.S.-T telescopes is 5 ° in total, the fifth telescope has a FoV of ~3.2° [116, 114]. On
every pixel a Winston cone is installed to focus the light [117]. To get a precise image of
the shower fast electronics (for background rejection) and a fine grid of pixels are neces-
sary. In every pixel the signal is split into a trigger channel and two sampling channels,

with low or high amplification factors (high gain and low gain channels). From high-
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and low-gain the signal is sent to an analogue memory. The trigger in a single camera
acts when a threshold intensity Sy (first level trigger) is exceeded by at least Sy pixels

in the same sector (second level trigger).

Observations with H.E.S.S. are carried out in bunches of 28 min called run during
astronomical darkness. Only the moonless hours of the night are suited for observa-
tions with H.E.S.S. to avoid the night sky background from the moon. With these
constraints roughly 1000h of observation time are available per year. The H.E.S.S.
telescopes typically operate in stereoscopic mode (CT5 and at least one of CT1-4)
or in monoscopic mode (only CT5). During the observation they are pointed slightly
offset the source position and track the position in the sky (further explanations about
the pointing in section 3.5). The pointing accuracy varies between ~6” for dedicated
observations with CT1-4 [118] and ~36" for standard monoscopic observations and
analysis with only CT5 [119]. The angular resolution (or point spread function, PSF)
of H.E.S.S. depends on observation conditions (e.g. night sky background, zenith an-
gle) and reconstruction and analysis methods. For a standard analysis with CT1-4, the
angular resolution 19%T1_4 = 0.01 deg? [107], while the standard monoscopic analysis

yields a slightly worse angular resolution of 92,5 = 0.03 deg? [120].

To minimize a potential risk for the cameras when pointing at the bright Carina
nebula the pixel thresholds were scanned and custom pixel trigger criteria were de-
fined for observations on 7 Carinae. The pixel trigger criteria also play a mayor role
in suppressing NSB photons right at the instrument level. By increasing the threshold
intensity value for CT5 to S; = 4.5 photo-electrons (p.e.) compared to 4.0 in normal
observation mode, the accidental camera trigger rate due to NSB photons can be re-
duced to a standard level of ~3.5kHz. When the second level trigger decides in favour
of an event, the signal is digitized and integrated over 16 ns for the high- and low-gain
channel respectively and sent to the central trigger. In stereoscopic observation mode,
there is another trigger level at the central trigger to connect multiple telescopes. This
trigger is passed if at least two telescopes were triggered within 80ns. The signal is
further processed and saved to disk. A data acquisition system (DAQ) ensures smooth
operation of the telescopes by controlling and coordinating the telescopes’ subsystems
(e.g. cameras) and monitoring the instrument’s behaviour. It is described in more detail
in [121].

After observations, the raw data that is still in Analogue-Digital-Converter counts,
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Figure 3.3: The fifth telescope, which was added in 2012, in twilight (September 2017). On
the left hand side, the mirror facets, which form the dish. Situated at the end of the leverage
on the right is the camera.

needs to be converted into a physical meaningful unit. This process and the role and
treatment of night sky background at this stage are described in section 3.3. The
reconstruction of the primary ~-ray from the measurement of the Cherenkov shower
photons is discussed in section 3.4. Two possible methods and how they react to night
sky background are introduced, the Hillas method (section 3.4.1) and the Model Analysis
(section 3.4.2).

3.3 Calibration of raw data

Before the recorded electronic signals can be interpreted, they need to be converted
from Analogue-Digital-Converter (ADC) counts to a more physically meaningful unit,
which is the number of Cherenkov photons per pixel. This quantity can later be used
to infer the particle energy. The calibration procedure includes the gain calibration of
the photo-multipliers, the relative calibration between low- and high-gain electronics,
the pedestal determination and the conversion of electronic signal into detected photo-
electrons, which are further converted into Cherenkov photons. It is described in detail
in [116, 114, 122|. The H.E.S.S. collaboration uses two independent calibration chains
to be able to cross-check results. In the following a short description of the French

calibration procedure is given.

The intensity in the high-gain channel g and the intensity in the low-gain channel
I in photo-electrons is described by

ADCHE — ADCH — H
c PHG | pp o= c rre  HG

x FF 3.1
Ve Ve LG ( )

Ing =
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with ¢y = HG, LG and

e the amplitude ADC% in ADC counts, measured for every event

the gain of the high-gain channel for a single photo-electron v, in ADC counts/p.e.

the position of the pedestal p;; in ADC counts

. . . . . . HG
the amplification ratio of high-gain to low-gain 7

the flat-field coefficient F'F.

To obtain the parameters for the conversion dedicated calibration runs are performed.
The gain v, and the ratio g—g are obtained via SinglePe runs. SinglePe runs are
performed with CT1-4 parked inside the shelter to avoid night sky background con-
tamination and only for the high-gain channel. The high-gain channel is capable of
measuring single photo-electrons. An LED flash light is used that can generate single
photon events inside the camera pixels. The camera of CT5 has to be unloaded and
brought to its shelter for this procedure. This distribution describes the response of the
photo-multipliers to the LED flash light. It is a combination of the pedestal, described
by a Gaussian function of width o, and mean pgg, the photo-electron number n, fol-
lowing a Poisson distribution and the distribution of a signal of n p.e., described by a

Gaussian function of width \/no, and mean pyg + nye:

s (x — pHa)?
=N - -7 2
ooyl o
m>1
(z — (paG +nve))?
N x N .
A Z \/27map n' xp( 2no.,? )

In eqn. 3.2, N is the number of triggers, N a normalisation factor and pu is the aver-
age number of photo-electrons per trigger. This function is fitted to the ADC count
distribution of each pixel averaged over one observation period (the period between full
moon occurrences) and the fitted value of 7, is used in equation 3.1. In the high-gain
channel there are v, =~ 80 ADC counts difference between the electronic pedestal and the
signal from a single photo-electron. The electronic pedestal width is typically 20% of a
photo-electron 0,0 ~ 16 ADC counts per photo-electron. It is monitored with dedicated
calibration runs, the FlectronicPedestal runs. The amplification ratio f—g is inferred
from the intensity ratio in the linear range of the high-gain and low-gain channel. Fig-

ure 3.4 depicts an exemplary distribution of ADC counts obtained during SinglePe runs
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averaged over one observation period.

The flat-field coefficient F'F' compensates for different quantum efficiencies and light
collection efficiencies and also for differing signal gains in each pixel. It represents the
deviation of the pixel response regarding the average pixel response in the camera. It
is determined via FlatFielding runs. During FlatFielding runs, the cameras are illumi-
nated with a homogeneous light source providing every pixel with the same amount of
light. The obtained distributions are averaged over one observation period for every
pixel. The pixel-wise mean width divided by the mean of the whole camera delivers the

flat-field coefficient for the respective pixel.

The pedestal position p;; is determined in each channel as the mean value of ADC
counts measured in absence of Cherenkov light. To obtain it, the pedestal in all pixels
without Cherenkov signal is recorded during standard observation runs. The pedestal
width o, is constituted by the electronic pedestal width 0,0, the resolution of the PMTs
(width of single p.e. peak) 0., and NSB. In figure 3.5 the evolution of the pedestal width
for different levels of NSB is shown. The pedestal width increases with an increase in
NSB. The rate of NSB photons in photo-electrons per second can be determined as
follows (for an acquisition window At = 16 ns and a high-gain 7, = 80 ADC,1):

(07 — 050 — 02)
= 3.3
I v2 x At (3.3)

The pedestal evolution is also monitored because the exact determination is crucial for
the identification of photo-electrons (compare 3.1). It is recalculated if the average po-
sition of at least four pixels in the camera has moved by more than 10 ADC counts.
Also the gradient of the pedestal is calculated. NSB measurement with PMTs is further
described in detail in [116].

The high rate of photons induced by NSB leads to two effects:

e NSB photons can accidentally simultaneously arrive at neighbouring pixels of a
pixel triggered by a background photon (first level trigger) and thus help it pass

the second level trigger.

e When first and second level triggers are passed, the integration time window of
16 ns will unavoidably include NSB photons that arrived at the pixel within this

time frame. This holds also for triggers of background events. The consequence is
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that the intensity in every pixel includes a fraction of NSB photon intensity which

boosts - and background events to higher intensities.

As a first measure, this is addressed by the raised trigger pixel threshold. Still, there
is a remaining contribution of NSB photons on top of each v-ray signal, which will

be studied carefully. To further convert photo-electrons into a number of Cherenkov
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Figure 3.4: Example of a SinglePeRun used for the translation of ADC counts to photo-elec-
trons together with the fitted PMT response function. The narrow peak to the left is due to the
electronic pedestal. The broader peak to the right is the single photon-electron peak. SinglePe
runs are performed every observation period. Image taken from [123].

photons, the overall optical transmission efficiency (including Winston cones, mirrors,
atmosphere) is needed. This conversion factor can be obtained based on measuring the
properties of muon induced shower images. Muons produce Cherenkov showers that
resemble y-ray induced showers and their Cherenkov radiation can be calculated an-
alytically. By comparing the calculated muon induced Cherenkov radiation with the
measured muon induced Cherenkov radiation the loss of Cherenkov photons at the tele-

scopes can be inferred. Details about this method can be found in [123].

After the successful translation of ADC counts to Cherenkov photons the next step

is to reconstruct the properties of the y-rays inducing the Cherenkov showers.
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Figure 3.5: Pedestal distributions for different NSB levels. The pedestal’s peak position shifts
towards negative values and the distribution broadens because there are several photoelectrons
within the integration window. Image taken from [116].

3.4 Air shower reconstruction and treatment of NSB

To gain information about the primary ~-ray (energy, direction) from the Cherenkov
shower on the ground, reconstruction procedures are used. The pioneering procedure,
the Hillas method, applies a parametrization based on the ellipse-like shape of the shower
image [124]. This method has successfully been used for decades now [e.g. 125|. With
the advancement of IACTs, also the methods for reconstruction have developed and
improved the instruments’ sensitivities. The Model Analysis applies a semi-analytical
model to describe the Cherenkov light distribution of charged particles in electromag-
netic showers [126, 107]. Another way to improve performance is to compare measured
shower images with a bank of shower templates realising different sets of shower pa-
rameters. For the generation of the shower templates Monte Carlo simulations can be
used. This is the case for the second analysis chain in H.E.S.S. [127, 128], which uses
the CORSIKA /sim_ telarray chain [129, 130].

In this work, the Hillas and Model Analysis reconstructions are applied and will be

explained in the following.
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3.4.1 Reconstruction with Hillas parametrization

Hillas-based reconstructions act on cleaned camera images. Ideally, only information
in pixels contained inside a shower ellipse is taken into account. A standard way of
cleaning an image is based on two thresholds: a pixel is kept, if its intensity is above
threshold s; and it has a neighbour with intensity bigger than threshold ss. Standard
cleaning levels are (s1,s2) = (3,6),(4,7),(5,10) (in the unit of photo-electrons). For the
application on 7 Carinae, the standard cleaning levels were extended by a stricter set
of (6,12) p.e.
The image of a Cherenkov shower in the telescope’s field-of-view can be approximately
described by an ellipse (compare fig. 3.1). The ellipse is characterised by its moments
(Hillas parameters) and additional parameters:

e Width w (semi-minor axis) and length L (semi-major axis) of the ellipse

e Size s: sum over image amplitudes s = > | a;, with pixel intensity a;, n number

of pixels
e Centre of gravity (CoG): barycentre of the pixels in the shower concerning mea-

sured intensity, with the mean of the pixel coordinates (z;,y;)

o) = i1 Titi D Y% o ()
w 214 W 214 cot <<y>>' 34

e Nominal distance R, which is the angular distance between the camera centre and

the CoG of the image
e The angle ¢, the azimuth angle of the main axis of the ellipse

e The angle ¢, which describes the orientation of the Hillas ellipse with respect to

the camera centre in the camera plane

The reconstruction of the direction of the primary v-ray that induced a shower (the
source position) is calculated in the Nominal System. The Nominal System is a 2D
Cartesian system describing positions in the focal plane of a telescope. The orientation
of - and y-axis are as followed: for an azimuth angle ¢ = 0° and altitude of 90°, the
z-axis is facing north and the y-axis is facing west. A detailed description of the coor-
dinate systems used within the H.E.S.S. software is given in [131]. The arrival direction
of the primary photon can be reconstructed by intersecting the main axes of the shower
ellipses in different telescopes (if CT5 and at least one of CT1-4 participated in the
observation). The main axis of a shower is defined by the CoG of the shower and the

angle ¢ (orientation with respect to the camera centre).
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In the single-telescope case, the arrival direction can be determined from the asym-
metry in the intensity distribution of the Hillas ellipse. This is possible because the
intensity distribution in a shower is usually peaked towards the source direction, as
depicted in figure 3.6. y-rays are simulated for a variety of energies F, impact distances
R and first interaction depths 7' (and for each shower they induce, the size s, length L
and width W is calculated. Additionally, the asymmetry of the intensity distributions §
is determined in the monoscopic case. The calculated parameters (s, L, W) can then be
filled into a table together with the corresponding true (simulated) properties (E, R, d)
and serve as a look-up table. The direction of the y-ray can be calculated with the asym-
metry parameter §. A detailed description of the calculation of § and the reconstruction

of the arrival direction with it in the monoscopic analysis is given in [120].

To Source Intensity

Figure 3.6: Sketch of a shower image inside a camera. The colour scale depicts intensity in
p.e. with the maximum intensity in red. Overlaid in black is the intensity distribution with
a peak towards the source direction. The dashed blue line shows how a symmetric intensity
distribution would look like. Image taken from [120].

Discrimination between v-ray showers and showers induced by cosmic rays can be
accomplished by applying cuts on length and width of the shower ellipse, making use
of the differing shapes of hadronic and electromagnetic showers (see section 3.1). The
scaled width SW and scaled length SL

w(s,R) — (w(s,R)) oI — L(s,R) — (L(s,R))

W=, R o1(5,R)

(3.5)

are considered here, in which the actual length and width are compared to the expecta-
tion value and variance from simulations of ~-rays. For stereoscopic reconstruction, the
sum of all scaled widths (lengths) for all telescopes is calculated and divided by v/ Nre;.
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~-ray showers exhibit a peak at 0 in the mean scaled width and length distributions

with a root mean square (RMS) of 1.

More advanced reconstruction techniques have been developed in the last decade.
In H.E.S.S. two widely-used techniques are based either on a semi-analytical model
of the shower development [122] or multi-variate analyses [132, 127]. In the following
subsection, the first technique, the Model Analysis, will be presented.

3.4.2 Reconstruction with Model templates

The Model Analysis is based on a semi-analytical model for the electromagnetic shower
development in the atmosphere to infer the properties of the primary particle [107].

Monte Carlo simulations of the Cherenkov emission of every particle inside the shower
are performed using the software package KASCADE [133]|. The longitudinal, lateral
and angular distributions of charged particles in the shower are derived from Monte
Carlo simulations and parametrized in order to achieve an analytical description of
the Cherenkov light density distribution in the camera [a detailed description of the

parametrization can be found in 122, 107].

Model template generation

The analytical expression of the Cherenkov light density distribution is an eight-dimensional
integral [107]:

() = / dz / dE’ x gf (4,5 x %(y) (3.6)
/du X Fu(u(E’,s))/;j:

/dXT/dYVTFXY(XTvaTaE,vSvu)

dX d2n7
/d¢ph/ A2 cos Odzd )\ X exp(=7(2,A)) X Qe (A)
x Col(z,X7,Yr u,0,0ph)

This includes the integral over

e The longitudinal shower development: altitude z, energy E’ of the electron/positron
in the shower, atmospheric depth ¢ and longitudinal distribution of charged shower
particles AN, /dE’
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e The angular shower development: (rescaled) electron/positron direction angle u
with respect to shower axis, second direction angle ¢ (angle between z-axis of
camera system and main axis of the shower ellipse), normalised angular distribu-
tion of particles Fy,(u(E’,s)) with s being the shower age, defined to be 0 at t = 0

and 1 at the maximum shower energy

e the lateral shower development: (rescaled) lateral coordinates XY, normalised

lateral particle distribution Fxy (X,,Y,, E', s,u) with respect to its direction

e 1/A3?d%n./ cosfdz dA rate of Cherenkov photon production for electron/positron

with angle 6 to shower axis
e The atmospheric absorption described by exp(—7(z, \)) with the optical depth 7
e The detector quantum efficiency Qeg(A), including the mirror reflectivity

e The average geometrical detection efficiency Col(z, X, Yy, u, ¢, ¢pp) for Cherenkov
photons emitted at position (X,,Y,,z) in direction (u,¢) and with angle ¢pp,

azimuth angle of Cherenkov photon to shower direction

Beside the shower development, instrumental effects, like the electronic response of the
camera or the point spread function, and other effects like atmospheric absorption of

light, quantum efficiencies of the PMTs and the mirror size and shape are simulated.

The outcome of the shower model is a set of two-dimensional histograms, the model
templates. They are produced for a variety of zenith angles 8; between 0 and 56 deg, with
a finer spacing for larger zenith angles, following 6; = arccos (ﬁ) with ¢ = 0,1,...,16.
For each 6;, 40 impact distances, between 0m and (400/cos 6;) m, 65 energies from (5
/cosB;) GeV to (80 /cos#;) TeV and 12 first interaction depths from 0 to 5 (in units of

radiation lengths) are produced.

The next step in reconstructing the characteristics of the primary v-ray is the com-
parison between data and the prediction of the model templates for a given set of energy,
impact distance and first interaction depth. A log-likelihood minimisation is used to

find optimised parameters for energy, depth of first interaction and impact distance.
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Log-likelihood fit

The probability density to observe a signal intensity of s in a pixel for an expectation

value p (from the model templates) is described by [107]

e~ s—n)?
P(s|p,0p,04,0c) = Z ne ” exp < ( ) )> (3.7)

2 2 2.2
n n!\/27r(ag +no2 + n?o?) 2(op +no + n?o?

with pedestal width o), single photo-electron peak width o, and calibration uncertainty
oc. The first term, the Poisson distribution, represents the distribution of the number

of Cherenkov photons n. The second term expresses the photo-multiplier resolution.

In eq. 3.7 the width of the photo-electron peak o, and the pedestal width o, cor-
respond to the measured values for the individual pixel. In case of a signal that was
induced by NSB photons, the probability density function is a Gaussian of width o).
Figure 3.7 shows the probability density function for o, = 0.3 p.e., opp, = 0.4, 0. = 0.

The intensity s; in each pixel is collated with the prediction from the model templates
for the current pixel. For values lying between templates, the templates are interpolated.
The log-likelihood

InL = Z InL; = Z —2 x In P(si|p5,0p,0+,0¢). (3.8)

pixel pixel

is minimised to find the best fit parameters.

To avoid local minima, it is necessary to find good starting parameters. These are de-
livered by the earlier described Hillas method (compare sec. 3.4.1). The observed signal
is compared with showers for different realisations of u,0,, 0, and o, for the starting
parameters (size s, width w,length L). Besides the starting parameters provided by
Hillas analyses with different cleaning levels, additional starting parameters with ro-
tated direction angles are supplied in the single-telescope case. For each set of starting
parameters the log-likelihood minimisation is carried out twice, first with a fixed first
interaction depth, because the Hillas method does not provide it, then it is left as a free
parameter. The log-likelihood of all fits is compared and the one with the lowest In L
is kept. This In L is now based on a cleaned image, because the starting parameters
are derived from a Hillas reconstruction. To regain the information lost in the cleaning,
the fitting process (first with fixed first interaction depth, then left free) is repeated on

all functional camera pixels. Depending on the involved telescopes, the log-likelihood
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Figure 3.7: Visualisation of the probability density P(s|u,op,0,,0.) for o, = 0.3p.e.,
oph = 0.4, 6. = 0. Image taken from [107].

incorporates one to five telescopes. A detailed description of the minimisation process
can be found in [122, 107].

The result of the minimisation are best-fit estimates for the shower parameters of

the primary ~-ray

impact distance d

direction in (z,y) and angle ¢
e energy F
e depth of first interaction 7T,

the final log-likelihood value and the correlation matrix of the fit parameters.

After reconstructing the properties of the primary particle under the assumption
that it is indeed a ~-ray, it remains to be checked whether this holds true. Apart
from NSB, which is incorporated in the fit, hadronic showers are the main source of
background and have not been treated so far. Based on their abundance, it is safe to
assume that many showers making it into the fit are induced by hadrons and not ~-rays

(compare sec. 3.1).
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Discrimination between ~-ray showers and background

The dominant background for IACTs are showers generated by charged cosmic rays,
mostly protons, in the Earth’s atmosphere. Since these are much more numerous than
~v-ray showers, the performance of an IACT analysis method depends on its ability
to differentiate between ~y-ray showers and background. The Model Analysis provides
further background suppression through cuts on goodness-of-fit variables [107]. As the
name suggests, the goodness-of-fit G is a measure for the agreement between model
prediction and shower images in the data (still under the assumption of a v-ray as
primary particle). It is defined as the normalized sum over the difference between the
pixel log-likelihood and the average pixel log-likelihood
> [InL(silpi) — (0 L)l,]
_ pixeli

G = , 3.9
V2 x NdF (39)

normalized with the number of degrees of freedom NdF. In equation (3.9), the average

pixel log-likelihood reads

(InL)|, = /ds In L(s|p) - P(s|p), (3.10)

with the probability density function P(s|u) defined in equation (3.7). For pu > 0, G
behaves asymptotically like a x? distribution. If the pixel log-likelihoods behave like
independent random variables, the goodness GG is expected to behave like a normal
variable with (G) = 0 and 0?(G) = 1. As this is not always the case, G is rescaled with
the mean and root mean square (RMS). Depending on the choice of the pixels, different
goodness variables are defined. An important variable for background rejection is the
mean scaled shower goodness (SG), which takes only pixels inside the shower ellipse

plus three rows of neighbouring pixels into account:

SG = (SGegp(s,d))
USGemp (S’d) '

(SG) = (3.11)
The mean expected shower goodness (SGezp(s,d)) and RMS osq.,,(s,d) are taken from
look-up tables based on MC. For stereoscopic observations the mean of each participat-
ing telescope and consecutively the mean scaled shower goodness (SG) of all telescopes
is derived. Analogously, the background goodness variable (BG) is constructed with
the group of pixels outside the shower ellipse. ~y-ray showers and hadronic showers show

different behaviour in (SG) and (BG), which is why it’s possible to discriminate them
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3.4. Air shower reconstruction and treatment of NSB

with these variables. To address NSB, the NSB goodness variable is constructed as

> [ln L(s;]0) — (lnL)]o]

pixelsi

a _
NSB V2 x NdF

If a shower is due to noise, Gysp — 0, for y-ray showers Gysp > 0. This property

(3.12)

allows for a separation of y-ray induced showers and background. For sources with usual
values of NSB or stereoscopic analyses, y-hadron separation with shower goodness (SG)
and background goodness (BG)/ NSB goodness G ygp works well [for the performance
of monoscopic reconstruction under standard conditions, see 120], [for the performance

of the stereoscopic reconstruction: 122, 107|.

With the discriminating parameters (SG) and (BG) events can be classified as 7-

ray-like or background events (or un-categorized events, that will not be used further).
e ~-candidates
e background events
e un-categorized.

The high level of NSB in 7 Carinae challenges the discrimination with the NSB goodness,
because, by definition, the measured level of NSB enters into it. The consequence is a
uniform acceptance of y-ray-like events, at the price of an inhomogeneous acceptance
of vy-ray-like background. This will become important for the generation of sky images
later on, because it leads to negative excess in regions with high NSB. For this reason,
a modified version of the NSB goodness was used for the monoscopic analysis, the
uniform NSB goodness Gynysp. It is uniform in its assumption of a pedestal width of 1
p-e., which corresponds to a rate of ~100 MHz NSB. Its distribution follows a Gaussian
function with expected signal p = 0. The NSB rejection cut is applied in the positive
tail of the distribution, at Gyysp = 50 and only values bigger than this are included
(compare fig. 3.8 left). With this assumption, a more homogeneous acceptance of -
ray-like background events is reached, but the y-ray acceptance remains inhomogenous.
In figures 3.10a and 3.10b ~/~-ray-like background acceptances are depicted for the
case of the uniform NSB goodness parameter applied. Below, in figures 3.10c and 3.10d
acceptances for the alternative parameter NSB goodness are shown. In principle, a
homogeneous distribution in both is desirable, but it’s not possible to reach with this
approach. A definition of acceptance and methods of acceptance calculation will be

presented in section 3.5. It must be noted that the use of Gyyysp is not without risk as
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Chapter 3. Measuring VHE v-rays from 1 Carinae with H.E.S.S.

it was shown to be able to produce positive excess at high NSB regions [134]|. However, it

turned out to be the best variable at-hand for a detection measurement at low energies

1

because it reaches a lower energy threshold than comparable variables.” A possible

correlation with high NSB regions will be investigated thoroughly in chapter 4.
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Figure 3.8: Discriminating parameters uniform NSB goodness Gy nsp and mean scaled shower
goodness (SG) used for the monoscopic analysis of 7 Carinae with Paris Analysis. Dashed black
lines in both plots depict the cut values. ON and OFF correspond to events in ON and OFF
regions (see section 3.5). Left: NSB cut parameter of the monoscopic analysis Gyysp (eqn.
no 3.12, but with the modification of a fixed pedestal o,). Events induced by a NSB rate of
~ 100 MHz accumulate around zero. Values of Gy ysp > 50 are used. Right: Main background
cut parameter in the Model Analysis (mono and stereo) (SG) (definition in equation 3.11).
Values of —4 < SG < 0.7 are used.

~v-hadron discrimination in stereoscopic analyses requires less effort in general, be-
cause the additional information helps to reduce the amount of background right at
trigger level. The two main parameters for y-hadron separation in stereo analyses with
the Model Analysis are the aforementioned mean scaled shower goodness (SG) and the
depth of the first interaction 7. The mean scaled background goodness (BG) is also
applied, but as a safety cut with little rejection power. Additional variables for the
discrimination between ~-ray showers and hadronic showers are the depth of the first

interaction 7', a minimal size s and a minimum number of pixels above a given threshold.

After successful background reduction, only shower images classified as y-like (events)
are left. This sample includes -rays from the source, diffuse ~v-rays from unresolved

sources and cosmic-ray interactions in the interstellar medium, as well as hadronic and

1Development and performance evaluation of Gnysp, Gunsp and the alternative NSB parameters
NSB likelihood and uniform NSB likelihood performed by M. de Naurois, M. Holler and D. Zaborov

42



3.5. Source detection and sky image generation

electromagnetic induced showers that survive v/hadron separation [information about

the diffuse galactic y-ray emission observed with H.E.S.S. in 135].

3.5 Source detection and sky image generation

The sample of events surviving - /hadron separation (v-like events or y-candidate events)
still contains background events that appear v-ray-like. For the detection of ~-ray
sources, it is therefore necessary to quantify the amount of background in the sample
and extract the y-ray signal from the source. A simple method is based on the definition
of an ON region around the source and OFF regions as control regions for background
estimation. The number of events from the source Ny, can be calculated by comparing

event numbers from the ON and OFF regions: Ng.. = Nony — aNopr.

The factor « corrects for differences between the source region and control regions.
aNppr is the corrected number of background events Ng. These differences are the
observed solid angles, the zenith angles of the observations and the exposure times
(time a region is inside the field of view). Another origin of differences is the different
acceptance to y-ray-like cosmic ray background events. The determination of acceptance
is described later in this chapter. a has to be calculated for every region in every run.

A general definition of a can be found in, e.g., [136]. For a number of runs n,

n

a;iNoFF,i - =
o= E W Non = E Non,i Norr = E NorF;- (3.13)
' * i i

The significance of a source can be calculated by [137]:
o=+—2lnvy (3.14)

with

’y:

No
1 Non + Norr o (3.15)
1+a Norr ' '

Non
a [ Non + Norr '
I+« Norr

To obtain Nopr and «, several background models exist. One challenge is to find

appropriate OFF regions, if, like in the FoV of n Carinae, observing conditions vary
greatly. In this work, the Ring Background technique was applied for sky map genera-

tion and the Reflected Background technique for background estimation in the spectral
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Chapter 3. Measuring VHE ~-rays from n Carinae with H.E.S.S.

estimation [136]. During observations, the H.E.S.S. telescopes are pointed slightly off-
set from the source position (often 0.7°). With these wobble-mode observations it is
possible to define OFF regions with the same radial offset to the camera centre as the
source. Furthermore, no observation time is lost to background-only observations as it

was standard at the beginning of y-ray astronomy.

Event Map Event Map
-29 -29

-30 4
Observation -~
Positions ~<|

-31 A4
Observation’, -~

-

Positions

22h02m 21h58m 21h55m 22h02m 21h58m 21h55m

Figure 3.9: Count map of y-ray like events illustrating the Ring Background method (left)
and the Reflected Background method (right) for background estimation. Image taken from
[136].

In the Reflected Background technique, a ring of nopr OFF regions is constructed
for every observation position with the same offset to the camera centre, same size and
shape as the source region (depicted in fig. 3.9, right). The same offset from the cam-
era centre is important for the detector acceptance, because it depends on the radial
distance to the camera centre. This leads to a simple way to determine « for an obser-
vation position in the Reflected Background method: o = 1/nopr. In contrast, the Ring
Background technique utilises a ring around the observation position for background
estimation (depicted in fig. 3.9, left). The ring-like OFF region includes positions with
varying offsets from the observation position and therefore needs to address changes in
the acceptance. This requires a detailed understanding of the detector acceptance for
the calculation of a. For sky maps, « is approximated as the ratio of the solid angle
of the ring Qping (typically 0.5°) and the solid angles of the ON region and the OFF
regions: a = QRging/(Qon/Qorr) (often o ~ 1/7). However, the energy-dependence
of the detector acceptance is not known in sufficient detail with the current methods

which is the reason for limiting the use of the method to the generation of sky maps.
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3.5. Source detection and sky image generation

Both methods for background estimation are depicted in fig. 3.9.

In the following, the determination and definitions of the different acceptances will

be outlined. In general, the acceptance depends on:

e The distance to the camera centre

Zenith and azimuth angles of the observation

e The reconstructed primary energy

The time of observation regarding the state of the system (e.g. mirrors aging)

The night-sky-background.

The acceptance for ~y-rays predicts the number of v-rays in the FoV of the observa-
tions and is determined in energy bands with Monte Carlo simulations. Two methods for
the determination of the ~-ray-like background acceptance used in H.E.S.S. are based
on the summation of 2D maps or radial symmetry. The ~-ray-like background ac-
ceptance predicts the number «-ray-like background events in the FoV of observations.
Assuming radial symmetry, the acceptance can be provided by filling a 1D histogram
with the squared angular distance between the reconstructed v-ray direction and the
pointing direction and rotating it (radial accceptance method). As can be seen in
figure 3.10, this assumption does not hold fully for the observing conditions in 1 Cari-
nae (strong and inhomogeneous NSB). The coordinate system used in figure 3.10 is the
Nominal System. The coordinates express the distance to the camera centre, divided by
the focal length of the telescope |a detailed description can be found in 131]. To derive
the acceptance without the assumption of radial symmetry, a binned 2D map of ~y-ray-
like events and an exposure map is filled for every run and in the end summed over all
runs (2D acceptance method). For the exposure map, the trajectories of the excluded
regions are monitored and removed. This is done by first computing the distribution of
background events in the Nominal System with excluded regions (regions of significant
~-ray emission), then without excluded regions. The ratio of these maps is the exposure
map for this run. This assumes an approximately homogeneous background. Holes
from exclusion regions in a single map are covered up in the summation, because every
new observation position has its unique exclusion regions (in the Nominal System). The
final acceptance map is obtained as the ratio between the v-ray-like events map and
the exposure map. This acceptance map is a measure for the expected amount of y-ray

-like backgrounds events. In Paris Analysis, there are two ways implemented to display
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Chapter 3. Measuring VHE ~-rays from n Carinae with H.E.S.S.

acceptances maps. The FoV acceptance maps show the acceptance in the Nominal
System, which is centred on the actual camera centre (e.g. figure 3.10). The Sky Ac-
ceptance display is just the translation of the acceptance in the Nominal System to

sky coordinates.

The choice of the NSB rejection parameter influences the shape of ~/background
acceptance. As mentioned in section 3.4.2, one has to compromise between a flat accep-
tance in y-rays or background, "flat" or "uniform" meaning "more radially symmetric"
and less susceptible to inhomogeneities due to NSB. In the case of n Carinae, with
both NSB cut parameters this is only partially reached and only for the background

acceptance.
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Figure 3.10: 2D acceptance maps for y-/background acceptance with uniform NSB goodness
Gunsp (Top) and standard NSB goodness Gnsp (Bottom). The coordinate system used here
is the Nominal System [131]. The camera centre is at position (0,0) and the source position
changes from run to run in this coordinate system.

3.6 Spectrum determination

Besides the detection of a 7-ray source, the energy spectrum of the source is of main
interest. The spectral energy distribution allows to study the properties of the acceler-

ation mechanism at work in the source, e.g. the highest energy reached by a ~-ray or
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Chapter 3. Measuring VHE v-rays from 1 Carinae with H.E.S.S.

the shape of the spectrum. In the following, the technique for the production of energy

spectra of y-ray sources will be presented.

The reconstruction method of the energy spectrum applied in this work was origi-
nally developed for the CAT experiment and later adapted for the use in H.E.S.S. [138|.
It is based on the bin-wise comparison of y-ray event numbers with the predicted num-
ber of y-ray events (bins in reconstructed energy).

The flux of a source is defined as the amount of emitted photons N per energy interval
E, surface unit on the ground S, time interval ¢t and the assumed shape of the spectrum

represented by the spectral parameters «;

d3N

O(E) = e (B ). (3.16)

Since the flux of the source ®(FE) is a function of the true energy and only the re-
constructed energy F is known, the effective photon detection area A and energy

resolution R need to be taken into account, also to calculate the expected number of

Y-Tays My

By oo
Ty :/~ dE/ dE R(Ev E79a¢) X Aeff(Eaeaﬁb) X (I)(E) (317)
Eq 0

How they are determined will be discussed in the next section.

The effective (detection) area is a measure for the efficiency of a detector and
depends on the true energy F, the zenith angle 6 and the off-axis angle ¢. It is generally
defined as the integral of the detection probability over the surface area on ground and
is calculated with simulations. Photons are simulated for a range of zenith and azimuth
angles [for a detailed description of the simulation of effective areas, see 120]. The
calculation of Ay is implemented via the multiplication of a response matrix R j; with

the simulated detection area with radius rgim
Aty =Y Ryjip x rim. (3.18)
i

The response matrix Rj; 1 is composed of the energy migration matrix My; , and the
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3.6. Spectrum determination

detection efficiency and differs for photons, protons and electrons (k = v, p, e):

R. Mji i

= . 3.19
T Nsim,j ( )

Figure 3.11a shows an extract of R;;, for a zenith angle § = 18° and the Loose cut
configuration inside the monoscopic Model Analysis in H.E.S.S. [more details about the
calculation of the effective areas in 120]. The energy migration matrix Mj; translates a
reconstructed energy E into the true energy E. Ngim,j is the j-th element of the vector
of simulated true energies ]\_fgm Figure 3.11b shows the effective area of the monoscopic

Paris Analysis in comparison to the effective area of the stereoscopic Paris Analysis with
only CT1-4.
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Figure 3.11: Extract of Rj; , for a zenith angle § = 18° and the Loose cut configuration
inside the monoscopic Model Analysis (a). Effective photon detection area for monoscopic
Paris Analysis Std and Loose cut configurations, CT1-4 stereo analysis and monoscopic MAGIC
analysis for small zenith angles (b). Images taken from [120]. MAGIC Mono results taken from
[139], H.E.S.S. I Stereo results taken from [107].

The energy resolution R(E|E, 0, ¢) is the probability of measuring a certain re-
constructed energy E for a given true energy E. For the estimation again simula-
tions of ~-rays are used and reconstructed with the Model Analysis framework. After
~/hadron separation, the distribution of the ratio of reconstructed and true energy
In(E/E) is filled in histograms and fitted with a Gaussian function f(n(E/E)) =
A - exp (W) This step is repeated for a range of true energies, zenith an-
gles and analysis configurations (monoscopic or stereoscopic, standard cuts or loose
cuts etc.). The parameter b gives an estimation of the energy reconstruction bias as a

function of the true energy. The energy range where H.E.S.S. analyses are performed

49



Chapter 3. Measuring VHE v-rays from 1 Carinae with H.E.S.S.

is inside the range where b is below 10%. og gives the 68 % energy resolution for a

certain zenith angle and analysis configuration as a function of the true energy.

Effective area and energy resolution are tabulated as functions of the true energy,
zenith angle, off-axis angle and also optical efficiencies (also called instrument response
functions, IRFs). With the effective area and energy resolution tabulated, the next step
on the way towards a spectral energy distribution is the calculation of the expected

number of y-ray events n, (eqn. 3.17).

The expected number of v-ray events n, depends on the spectral shape. In this

work, a simple power-law function is assumed:

dN EN T
dE_(I)O<E0> . (3.20)

Parameters «; of the power-law function are the spectral index I', the reference energy
Ey, where the differential flux is calculated, and the normalisation ®y. The probability
of observing Noy and Nopp events when n, is the number of expected vy-ray events

and npe the expected number of background events is given by

Non NorFr
n~ + An n
2l Bck  — Bck _
P(Non,Norr|nynpek) = N e (o +Bnpe) Nl ek, (3.21)
ON- OFF:

The expected number of background events n . is found as the best fit parameter when
maximizing the log-likelihood In L = In P(Non,NorF|n~y,nBek). In 3.21, the parameter
[ is the ratio between the amounts of observation time that went into measuring Non
and Nopr: B = Ton/Torr. With the solution for nge, In L is maximized to fit the
spectral parameters I', &5 and Fy. For the estimation of Noy and Nopp, the Reflected
Background technique for background estimation was applied. The translation of the
spectral energy distribution from reconstructed to true energy is performed in every

reconstructed energy bin [E1,E»] by first calculating the average true energy (E):

E~2 [ [O0 n
gy = Jor BB T 4B RUE,B,9,) x Ay (BO9) x B(E) (3.22)
fé? dE [°dE R(E,E,0,6) x Acss(E0,0) x ®(E)

The average true energy per reconstructed energy bin 7 states the position of the spec-
trcal point (F;, ®(F;)) with uncertainty o gpergy = 1/ (E2) — (E)?. Also the flux ®((E))
needs to be transformed to true energy. This is simply done by scaling ®((F)) with the

50



3.6. Spectrum determination

ratio of observed ~-ray events N and expected y-ray events:

b((E)) =j: < B((E)). (3.23)

This approach to the determination of a spectral energy distribution is also described
in [138, 122].

In the following chapter, the methods introduced in this chapter will be applied to
the H.E.S.S. data set of  Carinae.
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Chapter 4
H.E.S.S. observations of n Carinae

The detection of n Carinae in 2009 by the ~-ray satellite AGILE was the first time that
v-ray emission was seen from a CWB [86]. Fermi—LAT data confirmed the detection
and the source showed high-energy ~-ray emission up to GeV energies [88, 33]. Although
the following H.E.S.S. observations yielded upper limits, the interest in the object con-
tinued. The threshold energy in the analysis published in 2012 was Erp = 470 GeV.
The non-detection implied a cut-off below ~ 1TeV under the assumption of an extrap-
olation of the hard HE ~-ray component measured by Fermi—LAT . Given the limited
statistics, the spectral shape of the HE ~-ray component was described as a pure power-
law with a spectral index of 1.85 + 0.25 [94]. The addition of the bigger telescope to
the H.E.S.S. array the same year nourished expectations for the upcoming periastron
passage in 2014, because the energy threshold was expected to be reduced significantly
and the maximum of emission was expected to occur around this orbital phase. With
its interesting nature as CWB and supernova-impostor, n Carinae is an extraordinary
source for H.E.S.S. Unfortunately, this is also true in terms of background. Since the
impact of NSB from the Carina nebula on the more complex Model Analysis is expected
to be more complex, the analysis of 17 Carinae data commenced with a Hillas analysis
and NSB studies.

In the following, H.E.S.S. observations of 1 Carinae and the properties of the data
set will be covered. Subsequently, the steps towards the analysis in Hillas, the analysis
and its results will be described. After the completion of all studies within the Hillas
reconstruction, the focus will lie on results and tests accomplished with the Model
Analysis. Finally, an interpretation of the achieved results concerning the processes of

particle acceleration and ~-ray production in n Carinae will be given.
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4.1. Properties of the data set

Table 4.1: Properties of the data sets used in this work. The time range of the H.E.S.S.
observations, the total live time corresponding to the individual data sets along with the covered
orbital phase are summarised.

Data Set MJD Phase live time mono/stereo [thtbp|

I 56439-56444 0.78 0.90/0.65
56666-56667 0.89 0.79/0.79
596741-56751 0.93 9.38/7.99
56775-56778 0.95 0.88/0.80
56797-56799 0.96 1.81/1.65

II 56803-56807 0.96 3.34 /-
57066-57074 1.09 8.62/-
57077-57079 1.10 3.95/-

all 96439-57079  0.78 - 1.10 29.67/ 11.88

4.1 Properties of the data set

The main challenge in the analysis of y-ray data from the direction of n Carinae is the
large number of UV photons, which are the origin of the high NSB. The UV photons
originate from the massive star-forming region Carina nebula (compare sec. 2.3). To
distinguish real Cherenkov showers from NSB-induced events, at least three neighbour-
ing pixels with > 4.0 p.e. are required to trigger the CT5 camera in standard operation
mode. Thereby, the number of NSB induced triggers is reduced to a level of 1.5kHz. In
the case of n Carinae this threshold was adopted for data set I, whereas for data set II,
the pixel trigger threshold had to be increased to 4.5 p.e. The data used in the following
analysis was taken in the first 6 months of 2014 and 2015 (with the exception of two
runs which were taken in summer 2013). In table 4.1 H.E.S.S. observation times, data
sets DS-I and DS-II, covered phases, exposure of the data sets, and observation modes
(mono vs. stereo) are summarized. Observations were carried out in mono mode only
(exclusively CT5) for DS-II. Therefore, the emphasis of this work is put on the mono
analysis, while also presenting the results of the stereo analysis. In total, about 30h
of observations pointing towards n Carinae are available in single-telescope mode and
only about 12h with the full telescope array or a combination of CT5 plus at least one
of CT1-4. Cameras were pointed offset from the source coordinates at +0.5/0.7 in RA,
or Dec. Zenith angles below 45 ° were asked for to reach low in energy and increase the
overlap with Fermi—LAT . The mean zenith angle is (¢) = 38.3°.

The data quality of DS-I and DS-II has been checked with standard tools. To
adjust to the high NSB level and the extra pixels turned off to protect the Cherenkov
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Table 4.2: Data quality cuts.

Cut Value
Mean trigger rate 1200 - 3000 Hz
Trigger rate dispersion < 10%
CT5 dead time < 5%
Run duration 5 min
Autofocus position 60 - 80 mm
Broken pixel <10%

camera, the requirement on the maximum number of turned-off pixels per observation
run in CT5 has been relaxed from 5% to 10%. All data quality requirements are
summarized in table 4.2. The data was calibrated using the French calibration chain
[122]. All analysis results presented in this thesis were cross-checked successfully with
an independent analysis chain in H.E.S.S. [details about this analysis chain can be found
in 132, 140, 141].

4.2 Hillas analysis of n Carinae

In this section, the Hillas analysis results and the tests that prepared the analysis of

the data with the Model Analysis are presented.

4.2.1 Analysis configurations

The main challenge is to control the background rate while at the same time not lose
sensitivity. To reduce the amount of noise, the cleaning levels, as mentioned in 3.4.1, are
adapted to new pixel thresholds of (6, 12) p.e. This level is chosen to keep approximately
the same cut efficiency in 1 Carinae analysis as in a standard Crab Nebula analysis. The
Crab nebula is a well understood, standard source for H.E.S.S.and a comparable cut
efficiency is desirable. One run of DS-I and DS-II, respectively, and two Crab Nebula
runs - taken in the same time range as the n Carinae runs to ensure comparable camera
conditions - were probed to find a suitable cleaning level. A CoG is computed for every
shower. A homogeneous CoG distribution ensures that showers of a certain direction
do not contribute unproportionally. In figure 4.1 CoG maps for the different cleaning
levels and size cuts are compared for one of the Crab runs. The colour scale shows how
often a C'oG falls into a certain pixel. Spots of red colour represent regions inside the

camera where many showers were recorded. The chosen set of cuts corresponds to the
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4.2. Hillas analysis of n Carinae

most homogeneous map, figure 4.1(e), which also has an overall reduced event number.
A (6, 12) p.e. level leaves 70 % of all events with respect to the lowest cleaning level (4,
7) p-e. The standard cuts (table 4.3) include a minimum requirement on the size, which

is s =60p.e.
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Figure 4.1: Centre of gravity distributions for different cleaning levels and size cuts on a
representative Crab run. The colour scale indicates the frequentness of CoGs at a certain
position in arbitrary units (because of smoothing). The maps are smoothed by integrating the
pixel radius of 0.16 deg. Images (a), (b), (¢) depict an increase in cleaning levels from (4,7),
(5,10) to (6,12). Images (¢), (d) and (e) have a (6,12) p.e. cleaning and an increased size cut
from 40p.e. to 120p.e. and 400p.e. Configurations (cleaning level, size cut): (a) (4,7)p.e.,
40p.e. (b) (5,10)p.e., 40p.e. (¢) (6,12)p.e., 40p.e. (d) (6,12)p.e., 120p.e. (e) (6,12)p.e.,
400 p.e.

To suppress the NSB, a change in event counts of less than 1.5 % when applying
an additional cut on 3 times the pedestal width was aimed for when raising the pixel
thresholds of the cleaning levels. This was reached by a reduction of events by 20 %.
For a Crab Nebula run, this is the case with a (4, 7) p.e. cleaning and a size cut of
s = 40p.e. The probed n Carinae run showed the same decline in event numbers with

a (6,12) p.e. cleaning and a cut on s =400 p.e.

A circle with the radius of 0.44° around 7 Carinae is excluded for the definition
of the OFF regions. This is necessary to detain leakage of signal into the background
regions and to avoid negative significances stemming from turned-off pixels that could
fake a signal. Background estimation is performed with the ring background technique.

With a cut on the 92 variable (¢ is the angular distance between reconstructed and
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Min Charge Nominal
MSW  MSL CT5 [p.e] Distance [deg] 1?[deg?]
Std Hillas Mono  [-4,0.9] [~2,2] 60 0.2 ] [0,0.015]
This analysis ~ [—4,0.9] [-2,2] 400 [0,1.4] [0,0.04 ]

Table 4.3: Standard cuts in the Hillas mono analysis and cuts used in this analysis.

true source direction), the size of the ON region is estimated. The standard cut value
for a source that is compatible with being point-like for H.E.S.S. is 0.015deg?. The
compatibility with being point-like depends on the point spread function of H.E.S.S.
(defined in chapter 3.2). In this analysis, a wider range for 92 = 0.04deg? is chosen,
because the NSB is potentially able to produce a smear in the signal from 5 Carinae.

The broadening is further investigated with tailored simulations later on.

4.2.2 Low-level checks

After the definition of suitable cuts for the analysis, it remains to be checked whether
the analysis delivers reasonable results on a low analysis level, on which the main results
(spectrum, light curve or 92 plots, e.g.) will be build. For all runs in DS-I and DS-II
intensity and CoG maps were checked for features. The reconstruction of shower proper-
ties is based on measured intensities. Therefore intensity maps are a valuable diagnostic
tool to spot irregularities early on (before reconstruction). In all  Carinae intensity
maps groups of turned-off pixels are visible. Pixels are shut down for security reasons
if the current drawn by the PMTs exceeds 150 pA in CT5 [114]. This is easily reached
by the NSB of the Carina nebula. In figure 4.2 intensity maps (average intensity, RMS
intensity) and the RMS distribution of p.e. per pixel are shown for two representative
runs of the Crab nebula (top panel) and n Carinae (bottom panel). The strong NSB
level in n Carinae is reflected in the large number of turned-off pixels, which is about
twice as high in run 95305 compared to the Crab run no 82782. The mean RMS inten-
sity in p.e. per pixel is (07 gta) = (3.0 £ 0.4) p.e. for the n Carinae run in comparison
to (or,crap) = (2.3 £ 0.3) p.e. for the Crab run (compare figures 4.2b and 4.2d). This
higher mean RMS intensity reflects the influence of NSB photons. The shape of the
region with enhanced sensitivities in fig. 4.2¢ resembles the shape of the highest NSB

region in the Carina nebula measured with H.E.S.S. (covered in section 4.2.3).

After Hillas reconstruction the distribution of CoGs, - and background candidate
events are checked for every run. Figure 4.3 depicts exemplary the distributions of y-ray

candidates and background events. The runs of the analysed data sets I and II show no
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Figure 4.2: Pixel-wise average intensity (left) and RMS intensity (middle) maps for two
representative Crab (ftop) and 7 Carinae (bottom) runs in the high-gain channel in the CT5
camera. Every hexagon depicts a pixel. The RMS values (middle) are projected in the last plot
(right). The colour scale is in p.e.

suspicious features. In figure 4.3 the projected and normalized acceptance along the x-
and y-axis of the camera plane is shown for all runs of DS-I. A deviation of +£10% in
the number of events is considered stable in the standard Paris Analysis case. To meet
this requirement, the allowed distance between the reconstructed direction of a y-ray

event and the pointing position of the telescope was restricted to 1.5°.
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Figure 4.3: Top: Representative y-ray candidate map for run number 104000 (left). Repre-
sentative background map for run number 104000 (right). Bottom: Number of v-ray events
(acceptance normalized) as a function of distance from the camera centre in X (left) and
Y-direction (right) in the camera in the Nominal System.

4.2.3 Results

Data sets DS-I and DS-II were analysed with a modified standard configuration in
monoscopic mode Hillas Mono Std. Hillas reconstruction is not expected to be sensitive
enough to perform a stereoscopic analysis that yields a reasonably low threshold. Table
4.3 summarises the cuts and differences to the standard analysis configuration. The
target region was centered on the optical position of  Carinae at RA 10" 45™ 03.6° and
Dec —59° 41’ 04.3" (J2000).

Analysing DS-T and DS-II together and applying the Ring Background method for

signal extraction, an excess with a significance of S = 8.2 is obtained with a Hillas

o8

Y [deg]
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Figure 4.4: Distribution of the number of ON events (black) and - Norr (blue) as a function
of 92 for the combined analysis of DS-I and DS-II with Hillas Std Mono. The dashed black line
indicates the cut value of 12

max*

Mono Std analysis (shown in figure 4.4, 5.30 DS-I only, 30 DS-II only). After cor-
recting the observation time of 29.7h by the camera acceptance, the effective livetime
amounts to 21.5h. Figure 4.4 depicts the distribution of ON and OFF events as a
function of squared angular distance from the source position ¥2. The source position
is at 9?2 = 0. Examining the PSF with the radius that contains 68% of excess events
yields Rgg = 0.42°. Run-wise Monte Carlo simulations were provided for DS-I to check
the broadening of the PSF [142]. Run-wise simulations take into account the observ-
ing conditions in a more detailed way than the classical simulations used in H.E.S.S..
Instead of simulating a fixed number of zenith angles and observation offsets and then
interpolating to match a given observation, the exact zenith angle, observation offset,
pointing accuracy and optical efficiency is used to produce a tailored simulation for
each run. The NSB level (that is fixed to 100 MHz in classical simulations) is extracted
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Chapter 4. H.E.S.S. observations of y Carinae

from the pedestal measurement (compare section 3.3) and included into the run-wise
simulation. Also the deactivation of pixels in case of too high currents due to NSB is

correctly implemented.

300 000 v-rays from a point source with a power-law spectrum with index I' = 3.0
were simulated (energy range: 50 GeV - 10 TeV, maximum impact distance 400 m). To
check the influence of NSB and turned-off pixels on the PSF, different versions were
produced with either the actual NSB level or the default value of 100 MHz and ei-
ther the real number and pattern of turned-off pixels or a default value. The resulting

92 histogram for DS-I is shown in figure 4.5 (left) and a zoom into the range below

V2, = 0.05 (right). Four representative runs of DS-I were simulated and the live
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Figure 4.5: Left: Distribution of the number of ON events (black) and o - Nopr (orange)
as a function of ¥? for the analysis of DS-I with Hillas Std Mono in comparison to run-wise
simulations with a power-law index of I' = 3.0 (zero suppressed). The dashed black line indicates
the cut value of 92, . Right: Zoom into the 92 range [0, 0.05] deg® of the left figure.

max-*

time was then scaled to match the total observation time. The PSFs from all simula-
tions are compatible with the standard PSF in Paris Analysis monoscopic analyses of
Rgs ~ 0.15° for 68 % containment of events [119] and hereby fail to describe the broad-
ening of the PSF observed. Differences between the simulations taking into account the
measured NSB level or the right pattern and number of turned-off pixel have an effect
on Rgg of ~ 0.01° at most. The difference between simulations reflecting the real NSB
and pixel conditions (green) and simulations with the standard values (red) is biggest at
the source position but even then below 10 % in absolute event numbers. The influence
of the broken pixels alone over the whole range of 92 is ~8%. The main influence of

the NSB visible in the 92 histogram is a decline in y-ray events which can be attributed
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4.2. Hillas analysis of n Carinae

to the cleaning procedure in the beginning of data processing (compare section 3.4.1).
The cleaning includes a cut on three times the pedestal width in a given pixel, thereby
rejecting pixels containing a potential signal due to a higher NSB contribution. Discrep-
ancies between simulations and data are strongest for 92 < 0.15 deg? where 30 % of the
ON events are incompatible within statistical errors with the simulated expectations.
This enhancement is also visible in figure 4.7 as an extension of the source and will be
further discussed with the results of the Model analysis. Over the whole range of 92 the

simulation of the correct NSB level and turned-off pixels lowers the excess about 37 %.

One important difference between data and simulations here is the missing hadronic
background in simulations. In combination with the high NSB one effect is that back-
ground events can pass the trigger criteria easier if NSB events add on top (compare
section 3.3). As this analysis is performed in monoscopic mode no coincidence cri-
terium is applied that could prevent this effect. One set of simulations with limited
proton statistics was tested. Roughly one million protons were simulated together with
300 000 v-rays in the same energy range (50 GeV - 10TeV) and the same maximum
impact distance (400m). Comparing the integral of the ON event dristribution for
9? > 0.15deg? with the integral of ﬁiim’p > 0.15deg? in the simulations including
protons yields a difference of a factor ~20. Subsequently, the background from OFF
events was not simulated sufficiently and the simulation is not shown in figure 4.5. In
figure 4.5, the observed OFF events were added to the simulated ON events for visual-
ization purposes. Unfortunately, increasing the proton statistic is not feasible because
their simulation is computationally expensive. A further difference is the assumed power
law spectral index that enters the simulation. This will be discussed in detail in the

chapter covering the Model analysis results.

Regarding the sky map in figure 4.7, several issues are apparent. The y-ray emission
appears to be shifted from the source position and extended. In a radius of ~ 0.06°
around the source position, emission is enhanced and this structure extends north and
south of 7 Carinae where also the NSB level is enhanced (black contours in figure 4.7).
The minimum NSB in 5 Carinae’s direct neighbourhood is at least 300 MHz - 3 times
the standard galactic NSB.

West of the binary system a negative excess reaching ~ —5 ¢ is situated. Figure 4.6
shows a sky map of the measured NSB with H.E.S.S. significance contours from 3.5,

4.75 to 6 ¢. n Carinae is positioned right next to an elongated structure of high NSB
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Figure 4.6: Sky map showing the NSB in MHz with overlaid H.E.S.S. significance contours
for 3.5, 4.75 and 6 o. The black star denotes the position of n Carinae.

originating in the UV emission of the Carina nebula. The significance contours partially

cover this high NSB region, but do not include the point of maximum NSB.

Figure 4.8 shows the distributions of the cut parameters mean scaled width M SW
and mean scaled length M SL and for energy F for data of DS-I and run-wise simulations
including the real NSB and broken pixels. All distributions appear broadened compared
to simulation and M SW and M SL also appear shifted towards positive values.

In terms of sensitivity a pure Hillas analysis is not able to compete with its descen-
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Figure 4.7: Sky map showing the H.E.S.S. significance of the Hillas Std Mono results for both
data sets. The black star denotes the position of n Carinae. Contours in black depict NSB
levels of 300 and 500 MHz.

dants - the more sophisticated analysis chains using a likelihood fitting approach, like
the Model Analysis, which has been covered in chapter or machine learning techniques,
like the analysis used for the cross-check from the H.E.S.S. analysis package - short
HAP [140, 132, 141]. The impact of the NSB is visible throughout the analysis at vari-
ous levels in inhomogeneous intensity and CoG distributions, shifted and broadened cut
parameter distributions and an extended source size, despite the effort that was made
to exclude NSB as early as possible. Still, for a following Model analysis the found

configuration can be of advantage as the seeding of the Model fit is set with Hillas
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Figure 4.8: Cut parameter mean scaled width (left) and mean scaled length (middle) of
~v-events for data (black) and run-wise simulations (red). Reconstructed energy of vy-events
(right).

analysis results. With the help of run-wise simulations, the influence of large patterns
of turned-off pixels (due to NSB) could be estimated to be negligible compared to the
influence of the NSB itself. Despite the problems apparent in the results of the Hillas
analysis the fact that there is a significant detection in both DS-I and DS-II is sufficient

motivation to extend the analysis to more advanced analysis techniques.

4.3 Semi-analytical shower model analysis of n Carinae

The Model analysis technique, as outlined in section 3.4.2, is based on a likelihood fit
that estimates the shower parameters from a comparison between modelled templates
and data. DS-I has been analysed in monoscopic and stereoscopic mode, while DS-II
only provides single telescope data and thus was analysed in monoscopic fashion only.
The applied parameter cuts are summarised in table 4.4 and 4.5 for the single and mul-
tiple telescope analyses, respectively. Mono analyses provide lower energy thresholds
while stereo analyses provide more stability against NSB at the extent of less perfor-
mance below ~ 300 GeV |[figure 4.14 in 120, 140, 95|. Since only half of the total data
set is available in stereoscopic mode, focus will lie on the monoscopic analysis; stereo

results will be given when available.

At the beginning of this subchapter the configurations of the applied analyses are
introduced. Before discussing the results, more low-level tests are performed. Results
are presented in several subsections, starting with the detection and more studies of the

NSB and culminating in the discussion and interpretation.
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Cut Std Mono this
Direction Error [°] [ 0,03 [ 00.3]
Primary Depth [—1.1,1.3] [-1.1,1.3]
Mean Scaled Shower Goodness [ —4,0.7 [ —4,0.7]
Uniform NSB Goodness - > 50
NSB Goodness > 19 -
Minimum Charge [p.e.] 60 60
Minimum Containment Fraction [%] 50 50
Minimum Number of Pixels above 5 PE 5 5
Nominal Distance [°] [ 0,1.4] [ 0,1.4]

Table 4.4: Standard cuts in the Model mono analysis and cuts used in this analysis.

4.3.1 Analysis configurations

In total four analyses are performed: monoscopic analyses of DS-I and DS-II, first sep-
arately and then combined, and a stereoscopic analysis of DS-1. The cut parameters in
the monoscopic analyses follow the Paris Analysis Standard Mono configuration with
the exception of the background rejection parameter (compare table 4.4). As discussed
in 3.4.2, the uniform NSB goodness Gynsp replaces the standard background rejection
parameter NSB goodness. For the stereoscopic analysis of DS-1, a (predefined) config-
uration with loose cuts is applied to reach a low energy threshold (compare table 4.5).
As in the Hillas analysis, a circle of 0.44° around the position of 1 Carinae is excluded
for the definition of OFF regions. The ON regions is restricted with a 92 = 0.04 deg?
cut. The background is estimated with the ring background method for sky maps and
with the reflected background method (definitions in section 3.5) for the spectral en-
ergy distribution presented in section 4.3.7. In section 4.2.1, a higher cleaning was
introduced to help limit the admittance of NSB photons into ~-ray showers. The Model
fit exploits information of all pixels but it benefits from the new pixel threshold cleaning
indirectly. The starting parameters for the log-likelihood fit in the reconstruction with
Paris Analysis are found in the results of the Hillas analysis as described in 3.4.2. For
every fitted event the seed was stored to evaluate which cleaning level was chosen. In
~ 90% of reconstructed showers the cleaning level that gave the best fit result was the
newly introduced (6,12) p.e. cleaning, confirming the choice of this increased cleaning

level in the first place.
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Cut Std Stereo this
Direction Error [°] [ 0,02 [ 00.2]
Primary Depth [—1.1,3.4] [-1.1,34]
Mean Scaled Shower Goodness [ —4,0.9] [ —4,0.9]
Mean Scaled Background Goodness <2 < 2
Minimum Charge CT1-4, CT5 [p.e.] 60, 60 20,40
Minimum Containment Fraction [%] 50 50
Minimum Number of Pixels above 5 p.e. 5 0
Nominal Distance [°] [ 02 ] [ 02 ]

Table 4.5: Standard cuts in the Model stereo analysis and cuts used in this analysis.

4.3.2 Low-level checks

Intensity maps for all runs have been checked before performing the Hillas analysis (in
section 4.2.2)). As a new tool to monitor the impact of the NSB between the steps
of calibration that acts on the intensity maps and the spatial distribution of CoGs in
the focal plane of a telescope, the pizel participation fraction was introduced. It states
the percentage a pixel took part in a triggered event. Hotspots due to NSB photons
are easy to identify in maps of the pixel participation fraction before they enter the
reconstruction. Figure 4.9 shows the pixel participation fraction for the mono and
stereo analyses of DS-I. Both maps show a sufficient homogeneous distribution without

hotspots or holes.

Figure 4.9: Pixel participation fraction in CT5 for the mono (left) and stereo (right) analysis
of DS-I. The colour scale depicts how often a single pixel took part in a shower (every hexagon
is a pixel).
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Figure 4.10: CoG distributions of all events (top row) and +-like events (second row)of DS-I
(left), DS-II (middle) mono analyses and DS-I stereo analysis (right). The colour scale indicates
the frequentness of CoGs at a certain position in arbitrary units (because of smoothing). The
maps are smoothed by integrating circles of 0.07/ 0.16 deg radius (the pixel radius of CT5/
CT1-4). The used coordinate system is the nominal system [131]|. Projections along the y-axis
of the CoG maps for y-like events (last row).

With CoG maps the distribution of reconstructed shower C'oG are depicted in the
focal plane of the telescope(s). In figure 4.10 maps for -like events and all events of the
mono and stereo analyses of DS-I and the mono analysis of DS-II are shown. The v-like
event maps show a ring-like structure with a radius of roughly 1° where most CoG fall,
which is more pronounced in the stereo analysis of DS-I (fig. 4.10, right). In the stereo
analysis the ring is also visible in the map for all events, while in the mono analyses it

is only visible in the 7-like event maps. This excludes the NSB cut parameter in the
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mono analysis as the origin. However, projections along the y-axis of the (un-smoothed)
v-like CoG maps (figure 4.10, last row) reveal that the effect is rather weak and the

distribution can thus be considered sufficiently homogeneous.

Figure 4.11 depicts the acceptance of the mono and stereo analyses of DS-I and the
mono analysis of DS-II to v-like and background events. The right column shows the
acceptance to background events. For the mono analyses the impact of the Gyygp cut
is visible in the more homogeneous acceptance to background events. In contrast, the
~-candidate acceptance (left column of fig. 4.11) shows some structure. The acceptance
to ~-like and background events of the stereo analysis (last row of fig. 4.11) is more
homogeneous. The bigger FoV of the CT1-4 telescopes is reflected in the bigger radii

of acceptance in figure 4.11.

With homogeneous distributions in the pixel participation fraction and C'oG maps
the influence of the inhomogeneous NSB is ensured to be restricted. The acceptance
to 7-like events in the mono analyses shows some small scale structure which is caused
by the background rejection parameter Gyyysp. This cannot be changed in the current

set-up of Paris Analysis and any following implications will be closely monitored.
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Figure 4.11: 2D acceptance maps of the mono analysis of DS-I (first row), the mono analysis
of DS-II (second row) and stereo analysis of DS-I (third row) in the Nominal System [131].
The camera centre is at position (0,0). The source position changes from run to run in this
coordinate system.
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4.3.3 Detection of n Carinae
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Figure 4.12: Distribution of ON and OFF events as a function of squared angular distance
from the source 92 for the mono analysis of DS-I and DS-II together. ON events in black, OFF
events in violet. The dashed black line depicts the 92 cut that was applied to define the ON
region.

0 005 01

Mono DS-I DS-II DS-I + DS-II Stereo DS-I
Number of excess events 526 541 1070 464
Significance 8.9 10.3 13.6 7.2

Table 4.6: Significances of excess events above background calculated following equations 3.14
and 3.15 for all analysis configurations.

Excess v-ray emission towards 7 Carinae is detected in all data sets and analysis
configurations with significances above 7. Table 4.6 lists the significances obtained
with equations 3.14 and 3.15 for each data set and analysis configuration. The dis-

tribution of ON and OFF events as a function of squared angular distance from the
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source ¥? is shown in figure 4.12 for the mono analysis of DS-I and DS-II (analogous
to figure 4.4 of the Hillas analysis). If not stated otherwise, in all results presented the
background was estimated with the ring background technique. The 68% containment
radius Rgg is 0.26 °, which is broadened compared to the standard mono PSF of H.E.S.S.
(Res,sta = 0.15° [119]). Also visible in figure 4.12 is the amount of background depicted

in purple.

Figure 4.13 shows significance maps of the mono analysis of DS-II and the stereo
analysis of DS-I1. In both maps the emission seems to be extended. This will be studied

in the next section.
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Figure 4.13: Significance maps of the mono analysis of DS-II (left) and the stereo analysis of
DS-I (right). The black circles denote the standard PSF. The colour scale states significances.

4.3.4 Studies of the PSF broadening under high NSB

For the investigation of the widening of the PSF run-wise simulations were used. In
section 4.2.3, the influence of the turned-off pixels was estimated with the use of run-
wise simulations and found not to have a big impact on the broadening of the PSF
observed in the Hillas analysis. This should also pertain for the Paris Analysis results
since non-operating pixels are identified and sorted out in the calibration process. The
contribution of those pixels to the smearing of the PSF is accounted for by only simu-

lating the operating pixels in the following.
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Figure 4.14: Left: Distribution of the number of ON events (black) and « - Nopp (orange)
as a function of ¥? for the analysis of DS-I with Model Std Mono in comparison to run-wise
simulations with a varying power-law index I'. The dashed black line indicates the cut value of
¥2.... Right: Zoom into the 92 range [0, 0.05] deg? of the left figure.

max"*

One uncertainty in the simulation is the spectral index of the power-law function
(equation 3.20) that is used to describe the flux from the source. The spectral en-
ergy distribution will be reconstructed later on, but the true distribution is unknown.
Run-wise simulations with three different power-law indices were analysed for the mono
analyses of DS-I and DS-II. The 92 distributions are shown in figures 4.14 and 4.15.
Typical reconstructed indices of galactic y-ray sources observed with H.E.S.S. lie below
I' = 3. For n Carinae a "softer" index is expected to be compatible with the reported
upper limits on the y-ray flux [94]. The smallest index simulated is I' = 3.0 (red). Its
distribution falls steeply off and is matching the distribution of ON events the least.
The distributions for I' = 3.7 and I' = 4.0 reproduce the ON event distribution quite

well. "Softer" indices lead to broader peaks due to more low-energy events.

Additionally to extracting the PSF to quantify the broadening of Rgs in data and
run-wise simulations, in the next step 2-D distributions of the «-candidates will be fit
and compared to the results of the 2-D fits of y-candidate events in the data sets. Fig-
ure 4.13 shows the 2-D significance maps for DS-IT mono (left) and DS-I stereo analysis
(right). The black circle denotes the standard PSF of the mono and stereo analysis
(Reg’sq = 0.15° and Rg’éfgfg = 0.12°). To fit the spatial distribution in 2-D the ob-
served number of events is compared to the expected number. The expected number of
~-ray events is calculated, similar to the spectral reconstruction described in section 3.6,

via a forward folding approach and using a Poisson probability P(Non, Norr|ny, nBck)
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Figure 4.15: Left: Distribution of the number of ON events (black) and o - Norp (orange)
as a function of ¥? for the analysis of DS-II with Model Std Mono in comparison to run-wise
simulations with a varying power-law index I'. The dashed black line indicates the cut value of
92 The background was estimated using the Ring Background method. Right: Zoom into
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the 92 range [0, 0.05] deg? of the left figure.

(eqn. 3.21). An assumption about the source morphology shape, e.g. point-like, is nec-
essary. The instrument response function (introduced in 3.6) that includes the effective
area and energy resolution for a specific analysis configuration is tabulated and stored
as a "look-up" table. IRFs can be produced either using classical Monte Carlo simula-
tions or run-wise simulations. Then a log-likelihood maximization is performed to find
the number of background events. The log-likelihood is then maximized against the
parameters of the assumed source morphology. The result of the 2-D morphology fit is

a best fit position and spatial extension of the fitted source.

In all analyses, the spatial excess event distribution in data is broader than the
standard PSF if classical simulations are used. For the angular resolution of H.E.S.S.
and assuming an origin of the y-ray emission inside the CWR as suggested by the vari-
ability seen in Fermi—LAT data, n Carinae should be compatible with a point-like
source which means compatible with the instrument’s PSF. Considering the challenging
observation conditions, it is probable that the extension beyond the PSF is caused by
systematic effects connected to the inhomogeneous NSB and its incorrect treatment in
the classical simulations. This statement is also supported by the fact that the exten-
sion in the Hillas analysis is larger than in the Model analysis. The 92 distributions
in figures 4.14 and 4.15 suggest that the broadened PSF visible in the data sets of n
Carinae can be understood if the spectral energy distribution followed a power-law with

a softer index than 3. This will be investigated in the following with 2-D fits using
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Mono DS-I classic MC RWS, I'=3.0 RWS, I'=3.7 RWS, I'=4.0

0.038 £0.020
161.171 +0.029
-09.673 £0.014

0.037£0.022
161.152£0.028
-99.673 +£0.014

0.065+0.015
161.170 £0.027
-99.674£0.013

0.088 £0.012
161.161 £0.026
-59.675 £ 0.013

Source extension [°]
Fit position, RA
Dec [°]

Table 4.7: Fit results of the source extension and position in DS-I mono sky maps for classical
simulations and run-wise (RWS) simulations with different power-law indices.

classic MC
0.143 £0.021
161.3324+0.044
-59.735 4+ 0.021 -

Stereo DS-I

Source extension [°]

Fit position, RA
Dec [°]

RWS, T = 3.0
0.042 +0.033

Table 4.8: Fit results of the source extension and position in DS-I stereo sky maps for classical
simulations and run-wise (RWS) simulations with a power-law index of I" = 3.0.

IRFs produced with run-wise simulations with indices I' = 3.0,3.7,4.0. The choice of
indices is motivated by the steep spectra found when reconstructing the spectra with
classical IRFs (compare section 4.3.7). Figure 4.16 shows a representative 2-D map of -
candidate events for run-wise simulations with a simulated power-law index of I' = 4.0.
Tables 4.7, 4.8 and 4.9 summarize the results of the fit of the spatial extension of 7

Carinae in all analysis and data set configurations.

§-58° S-58°- I
2g £g 1
-59° -59° ® —0.8
]
. s
- dfrinae ’
-60° -60° o
wl —0.4
]
-61° 61° 0.2
1 1 | Il Il Il 1 ‘ Il Il 1 1 | D
10"50™00° 10"40™00° 10"30™00° 10"50™00° 10"40™00° 10"30™00°
Right Ascension (J2000) Right Ascension (J2000)

Figure 4.16: Smoothed run-wise mono ~ candidate (left) and v-like background map (right)
for a spectral index of I' = 4.0 and DS-II.
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4.3. Semi-analytical shower model analysis of n Carinae

Mono DS-II classic MC RWS, I'=3.0 RWS, I'=37 RWS, I'=4.0

Source extension [°]  0.098 +0.010 0.047+0.016 0* 0*
Fit position, RA 161.164 £0.022 161.143£0.023 161.146£0.027 161.153£0.031
Dec[°] -59.667+0.011 -59.665=+0.011 -59.666 +0.013 -59.667 +0.013

Table 4.9: Fit results of the source extension and position in DS-II mono sky maps for classical
simulations and run-wise (RWS) simulations with different power-law indices. Results denoted
with "*’ are obtained with 1D fits of 92 distributions because the statistic in the sky map was
not sufficient for a 2D sky map fit.
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Figure 4.17: Profile plots of a box with length 1.6 ° and width 0.2° through the position of
n Carinae (at x = 0° here) in data and run-wise simulation sky maps (compare figure 4.16).
The position of the box is indicated in figure 4.18. Comparison between mono analysis of DS-I
(left) and DS-II (right) with run-wise simulations with different power-law indices.

Run-wise simulations following a power-law with index I' > 3.7 reproduce the broad-
ening of the PSF compared to the standard PSF. This shows that this broadening and
also the extension visible in the sky maps, e.g. in figure 4.13, can be interpreted as a
consequence of the combination of the turned-off pixels (~ 8%), the NSB level (~30%)
and the soft index of the spectral energy distribution of 1 Carinae. The best fit source
positions have a distance to i Carinae of ~ 0.05°. Figure 4.17 shows the profiles of an
excerpt of the sky maps of DS-I and DS-II (depicted in figure 4.18) in comparison to
the profiles of run-wise simulations with different power-law indices. These profiles and
the maps in section 4.3.3 show an additional excess of emission that will be investigated

in the next section.
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Declination (J2000)

10"55™00°  10"50M00°  10"45™00°  10"40™00°  10"35™00°
Right Ascension (J2000)

Figure 4.18: Significance map of the mono analysis of DS-II with the box that is projected in
in figures 4.17.

4.3.5 HOTS J1044-5957: A hint for a new source

While the excess in the data is described well by the run-wise simulations with indices
I' = 3.7,4.0, a weaker emission component is visible at a distance of ~ 0.29° to the
source (at 0°) in the sky maps. The attempt to fit two sources to the sky map did not
lead to converging fit results. A profile plot (same excerpt as shown in fig. 4.18) together
with the measured NSB is shown in fig. 4.19. In this profile, a fit with two Gaussian
functions is preferred over a single Gaussian at 95 % confidence level. As indicated in
figure 4.19, the NSB level is also above 700 MHz at the position of the hot spot. The
NSB level per pixel in the plot is corrected for by substracting the number of turned-off
pixels. A possible contamination of n Carinae by excess of the hotspot is examinated
by fitting two Gaussian functions to the profile in fig. 4.19 and calculating their overlap.
With respect to the full integral of the Gaussian function describing the excess of n
Carinae, this amounts to 16 %. A dedicated analysis centred at the hot spot at RA
10" 44™ 225 and Dec —59°57'52” (J2000), in the following called HOTS J1044-5957,
was performed and yielded an excess with significance of 4.6 ¢ in the stereo analysis of
DS-T and 8.2 ¢ in the mono analysis of DS-I ++ DS-II (the analysis configurations are the
same as for 1 Carinae, despite the 9?2 cut that was set to the standard value of 0.02°

for the mono analysis).

Figure 4.20 shows the NSB map marked with the positions of stellar clusters (open

triangles), stars with apparent magnitude above 6 (open circles) and sources of the
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Figure 4.19: Profile plot of the box depicted in fig. 4.18 with two Gaussian functions fitted to
1 Carinae and the hotspot south of it. The NSB level per pixel in the plot is corrected for by
substracting the number of turned-off pixels.

Fermi—LAT 3FGL catalog (open stars). n Carinae is at the centre of the map,
indicated with a star. The region brightest in NSB in the southwest of the Carina
nebula, where HOTS J1044-5957 is situated, hosts open stellar cluster Collinder 228.
Two bright and massive members are the Wolf-Rayet star HD 93131 (WR 24) and the
double binary system HD 93206. HD 93131 is one of the most luminous stars known
with a bolometric luminosity of log(L) = 6.35Le and has a mass of 54 Mg that is
reduced by 40 x 107 Mg, per year. It’s stellar wind exhibits a terminal wind velocity of
Voo = 2160 km s~ [143, 144]. HD 93206, also known as QZ Car, is composed of at least
four young (4 + 1Myr) massive stars with masses ranging from ~ 20 to ~43 Mg and
about as bright as HD 93131 with log(L) = 6.48 L, [145, 146]. An O-type and a B-type
star form a binary with an orbital period of ~20d and eccentricity e = 0.34 (system
A) [147, 148|. The second binary is an eclipsing binary of two O-type stars and has a
short period of 6d (system B) [148]. The orbital period of the quaternary star system
is py = 49.5 + 1.0yr [145]. The four stars drive stellar winds (mass-loss rates M and
terminal wind velocities v in table 4.10). Beside the wind-wind collisions of the binary

systems, a mutual wind-wind collision, where the winds of the binary systems collide,
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Figure 4.20: Map of the measured NSB in MHz (colour scale) with all stars with an apparent
magnitude m, > 6 marked with open circles, all stellar clusters marked with open triangles and
sources detected by Fermi—LAT marked with stars (only 1 Carinae and 3FGL J1043.6-5930).
The map is smoothed with the pixel radius of CT5 0.07°. The maximum NSB in this plot is
reduced by the shut-down of pixels where the NSB is highest.

is possible. In binary systems of massive stars, additional thermal X-ray emission can
be generated as a result of wind-wind collision shocks [149]. QZ Car has been observed
in X-rays with the Chandra X-ray Observatory as part of the Chandra Carina Complex
Project, CCCP [150, 151]. The X-ray emission can be described by a three temperature
thermal plasma model with the hottest component at 2keV and as a combination of
contributions from the single stars and the mutual wind-wind collision. The wind-wind
collisions in systems A and B are probably not contributing to the observed X-ray flux
as a wind-wind momentum balance does not occur [152|. No non-thermal emission

towards QZ Car has been observed.

The hot spot HOTS J1044-5957 is situated at the position of maximum NSB. This is
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Component Al A2 B1 B2
M[Mgyr~! 22x107% 24 x107° 52 x 1077 6.4 x 1078
Voo [kms™] 2140 1040 2220 2850

m [ Mg | 43+3 19 +3-7 30+3 20+3

Table 4.10: Mass-loss rates and terminal wind velocities for the components of the double
binary system QZ Car [152], masses [145].

also where pixels were shut-down which is why the maximum NSB value of ~ 600 MHz
in figures 4.22 should rather be interpreted as a lower limit. In the light of this complex
background conditions, the analysis of HOTS J1044-5957 gives a hint for a new source,
but cannot claim a detection. To dispel concerns about the impact of the NSB on the
excess of HOTS J1044-5957, a robust detection in the stereo analysis would be needed,

as it is the case for n Carinae.
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Figure 4.21: Profile through n Carinae and 3FGL J1043.6-5930 fitted with two Gaussian
functions to estimate a potential leakage of 3FGL J1043.6-5930 into 1 Carinae (left). Orientation
of the projected excerpt (right).

Nearby n Carinae (~ 0.27 °) exists a weak, unassociated 3FGL source, 3FGL J1043.6-
5930. It was detected by Fermi—LAT with 6 0, a power-law index of 2.07 £0.11 and a
flux of ¢ = 1.93- 1072 £ 4.52 - 10719 phecm 257! [153]. To examine a possible contami-
nation a profile plot through both sources was produced and the possible contamination
was estimated by fitting Gaussian functions to n Carinae and 3FGL J1043.6-5930 and
calculating the fraction of leakage (figure 4.21, left). This fraction amounts to 3 %,
which leads to the conclusion that a possible contamination from this source is negligi-
ble.
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4.3.6 NSB investigations

To study a possible correlation of the excess towards n Carinae as well as HOTS J1044-
5957 in the sky maps with the NSB, the measured NSB is plotted with overlaid signifi-
cance contours in figure 4.22. The NSB map shows strong features around the position
of n Carinae and south of it where also the maximum values are measured. The structure
of the high NSB region is highly inhomogeneous, extended over >0.3° and increased
by factors of ~(5 — 10) compared to the average Galactic value of ~100 MHz. Most
importantly, n Carinae’s position and the most significant region lie in a region between
two extended very high NSB regions and the significance does not trace the NSB level,
which would be expected if it was only NSB-correlated excess. Below i Carinae the hot

spot is visible with an excess of events of ~ 8.2¢.
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Figure 4.22: Map of the measured NSB in MHz (colour scale) with significance contours (left).
The contours depict 3.5, 4.75 and 6 o excess (mono analysis of DS-I and DS-II). The map is
smoothed with the pixel radius of CT5 0.07°. The optical position of n Carinae is marked with
a star. The maximum NSB in this plot is reduced by the shut-down of pixels where the NSB is
highest. On the right hand side, the significance map of the mono analysis of DS-I and DS-II
with contours of 300 and 500 MHz NSB (right).

Figure 4.22, right shows the significance map of the mono analysis of DS-I and DS-
IT overlaid with 300 and 500 MHz NSB contours. 7 Carinae lies inside the 300 MHz
contour and close to the 500 MHz contour. On the right hand side, stars and stellar

clusters are marked and the PSF from run-wise simulations is shown.

To test the impact of large patterns of non-operating pixels the correlation between

80



4.3. Semi-analytical shower model analysis of n Carinae

-58°3000" -

10
8
-59°0000”
°
=] 16
&
> 30'00"
5 14
i)
F)
[0}
[
= -60°0000" - »
[%}
a
(1]
30'00”
i - -2
O stars withm, =6
-61°00'00” A stellar clusters
% Fermi-LAT 3FGL source —a

55m00s 50mO00s 45mO00s 40mO00s 10h35mO00s
Right Ascension (J2000)

Figure 4.23: Significance map of the mono analysis of DS-I and DS-IT with markers for stars
(open circles), stellar clusters (open triangles and labels) and the source 3FGL J1043.6-5930.
The inlay on the lower left hand side depicts the PSF simulated with run-wise simulations.

excess events and NSB in Hz per pixel was investigated. Figure 4.24, right, shows an
unsmoothed map of the measured NSB level. White spots are due to pixels that are
turned-off to protect them from high currents. The region on the top left hand side
of the map was projected in excess events and NSB in MHz (figure 4.24, left). The
number of excess events per GHz NSB is calculated by fitting the ratio of excess events
and NSB per pixel with a constant and amounts to 11.98 £ 7.10 (non-operating pixels
are substracted). This number is an estimate of the expected NSB contribution per
GHz NSB and pixel in this region with a large pattern of non-operating pixels. Com-
paring this to the average number of excess events per pixel and GHz NSB in a box
centred around the source position amounts to 33.70 + 8.98, so a rough estimate of the
contamination of the excess at the position of 7 Carinae with NSB would be one third.
However, this estimate is per GHz NSB level and the NSB at the exact position of

Carinae is unknown because it is too high for the PMTs. The mean NSB level in the
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box is ~ 520 MHz, which is surprisingly low, but also not too meaningful because the
NSB level is inhomogeneous and the strongest NSB values are not taken into account.
Another difficulty of the comparison of NSB level and excess event correlations between
n Carinae’s position and another position lies in the different acceptances to v-like and
background events. Hence, an estimation of the exact amount of NSB correlated events

in excess events of n Carinae is not straightforward.
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Figure 4.24: Profile through a pattern of turned-off pixels (left). Measured NSB map without
smoothing (right). White spots are due to turned-off pixels. The colour scale is NSB in MHz
per pixel.

4.3.7 The ~-ray spectrum of n Carinae and its light curve

The intrinsic y-ray spectrum of 1 Carinae was reconstructed following the approach de-
scribed in section 3.6. Classical simulations were used for the determination of the IRFs
because run-wise IRFs were not available yet. The energy threshold is set corresponding
to at least 15 % of the effective area. Figure 4.25 shows the spectra for DS-I and DS-II
mono analyses and statistical uncertainties on the flux. The spectra agree within statis-
tical errors and connect to the highest-energy Fermi—LAT spectral points. The mono
analyses are also compatible with the H.E.S.S. upper limits, although the upper limits
cover a different phase than the current analyses [94]. The stereo analysis spectrum
seems to contradict the upper limits, but this can be attributed to the missing treat-
ment of systematic uncertainties: taking into account a systematic uncertainty on the
flux level of 20 %, as in previous H.E.S.S. analyses (compare [140]), the stereo spectrum
is compatible with both the monoscopic spectra and the upper limits from 2012. Sys-

tematic errors on the reconstructed spectra will be estimated when the run-wise IRFs
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are ready, by comparing the run-wise results with the results of the cross-check analysis.
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Figure 4.25: Spectrum of the mono analyses of DS-I (phases 0.78-0.96) and DS-IT (0.96-1.10),
the stereo analysis of DS-I, the upper limits publishes by H.E.S.S. in 2012 [94] and the high-
-energy component observed by Fermi—LAT [90].

The best-fit spectral index for the mono analysis of DS-I is I'ps_1 = 3.9 £ 0.4gtat
above an energy threshold of 190 GeV. The flux norm at the decorrelation energy, where
the uncertainties are smallest, of Epepgs—1 = 295GeV is Fps_1 = (5.1 £ 0.5gat) X
107" phem=2s7! TeV—!. The 7-ray spectrum of DS-II is best described by a power-
law with index of I'pg_11 = 3.5 £ 0.24at and norm Fps_11 = (3.2 & 0.34a¢) x 1071
phem™2 s7 1 TeV~! at a decorrelation energy of Epeps—11 = 360 GeV. Table 4.11 lists
the best-fit results.

To test for flux variability and analyse the temporal evolution of a source the light
curve is computed. The temporal binning is chosen, e.g. nights, and the integrated flux

per time bin is calculated. For the calculation of the light curve a spectral shape has
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Data Set Phase o Ern Power Law Epe @(> Emn)
[TeV] Index I'+ o051 [TeV] [1071em 257!
I, monoscopic 0.78-0.96 89 0.193 3.94+04 0.295 1.76+0.19
I, stereoscopic 0.78-096 7.2 0.221 2.8+0.2 0.484 0.8040.09
II, monoscopic 0.96 - 1.10 10.3 0.221 3.0£0.2 0.360 1.56+0.13
I + II, monoscopic 0.78 - 1.10 13.6 0.190 3.6+0.2 0.333 1.99+0.15

Table 4.11: Spectral statistics of the analyses: significance of the excess o (following eqn. 3.14
and 3.15), threshold energy Ery,, decorrelation energy Ep, and flux above the energy threshold
(I)(> ETh)~

to be assumed, in the case of n Carinae a simple power-law is chosen. Similar to the
procedure described in section 3.6, a likelihood maximisation is performed in every bin
with the flux normalisation ¢¢ left free (other parameters like the spectral index are

fixed at their mean value).

Fig. 4.27 shows the H.E.S.S. y-ray light curve of the mono analysis of DS-I and DS-
IT. All spectral points with a statistical significance of more than 2o are displayed as
points. Upper limits at 95% confidence level are shown for non-significant flux measure-
ments. The nightly and monthly H.E.S.S. light curve is within statistical and systematic
uncertainties consistent with no variability. This is in agreement with the Fermi—LAT
high-energy light curve that is, however, rather limited in the statistics and can only
probe the y-ray emission on much longer timescales. Due to the 5.54 yr orbital period
of n Carinae, the source was not visible during periastron passage, which is why the
time of the X-ray minimum is not covered by H.E.S.S. observations (c.f. fig. 4.27).
Figure 4.26 shows how the spectra obtained in this work and the cross-check analyses
compare. They are compatible within systematic errors, if again assuming an error of
20 % on the flux level. In the following the H.E.S.S. result and its implications for par-
ticle acceleration and ~-ray emission processes will be discussed in the multiwavelength

context.

4.3.8 Discussion and interpretation

A VHE ~-ray source, coincident with n Carinae, was detected in observations with
H.E.S.S.. The emission is consistent with being point-like taking into account the
broadened PSF in this high NSB region as discussed in section 4.3.4. The H.E.S.S.
source is spatially coincident with the Fermi—LAT n Carinae source, and the H.E.S.S.
~-ray spectrum smoothly connects at ~180 GeV to the high-energy component of the

Fermi—LAT spectrum (see Fig. 4.25). Based on these findings, an association of the
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Figure 4.26: Comparison of the spectral points of this work and the cross-check analysis. All
spectral points are deduced from monoscopic analyses, unless otherwise stated. The orbital
phases are stated in the legend, DS-I corresponds to 0.78-0.96 and DS-II to 0.96-1.10. Addi-
tionally are shown: the stereo analysis of DS-I, the upper limits publishes by H.E.S.S. in 2012
[94] and the high-energy component observed by Fermi—LAT [90].

~-ray emission seen by H.E.S.S. to the n Carinae colliding-wind-binary system seems

plausible.
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Figure 4.27: Phase-binned flux above 200 GeV as measured by H.E.S.S. in the mono analysis
of DS-T and DS-II, red, Fermi—LAT flux points [93] and X-ray data by Swift [76].

The best-fit power-law model of the spectral energy distribution has a significantly
steeper power-law index than in the Fermi—LAT domain. This is consistent with the
upper limits reported by the H.E.S.S. collaboration in 2012 [94], based on data acquired
using the H.E.S.5.-I system with a significantly higher energy threshold. The fact that
the Fermi—LAT and H.E.S.S. spectra smoothly connect supports the idea that the
same underlying parent particle population produces the vy-ray emission. The H.E.S.S.
spectrum contains information about the maximum energy that the radiating particles
in 1 Carinae can achieve, independent of the origin of the emission. The last significant
bin in the v-ray spectrum with >2¢ starts at 700 GeV in DS-II.

Since the measured emission is compatible with a constant flux, the following dis-
cussion is based on the reconstructed spectrum of DS-I and DS-II mono. The in-
tegral ~-ray energy flux above the 190 GeV energy threshold in DS-I and DS-II is

5.09 x 10~ ergem™2s™! or a luminosity of L,=322 x 1034 ergs~! at a distance of
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2.3kpc to n Carinae. This corresponds to 1% (6%) of the total kinetic wind energy of
the companion (primary) star available in the CWR [106]. The solid angle occupied by
the CWR is only 1 (6) steradian on the primary (companion) side.

Particles can likely be accelerated to non-thermal energies in two regions in n Cari-
nae, in the shocks on the primary and companion side of the system [102, 106]. Assuming
that diffusive shock acceleration is at work in the Bohm limit (n = 1), the time to ac-
celerate a charged particle to an energy Erev in a magnetic field Bg and in a shock

with speed vgp 103 kms-1 can be written as [106]:

FE
—2 TeV (4.1)

4
Tace = 9 X 107 sv 3 .
sh,103 km s BG

In the most optimistic case one can assume that particle acceleration proceeds in the
shock region on the companion side, and that the wind speed equals the shock speed:
Uy = Ugn = 3000 km s~

If the accelerated particles are electrons, inverse Compton scattering would take
place in the Klein-Nishina regime from ~30 GeV onward [100]. Both stars in 7 Carinae
provide optical lower-energy photons for this process. The maximum electron energy in
the Klein-Nishina regime would be ~700 GeV. At energies of hundreds of GeV, electrons

will predominantly suffer synchrotron losses with a characteristic cooling time of:
Teool = 4 x 10% s Ep ), B5>. (4.2)

For electrons to reach an energy of 700 GeV in the synchrotron-loss limited acceleration
case (where Taee = Teool), the maximum allowed magnetic field is estimated to be ~0.2 G.
This magnetic field strength would imply an acceleration time of 7,.c = 5.4 hours, much
shorter than the typical flow time of particles and gas out of the system at any phase
[cf. 106]. Particle acceleration in this case is exacerbated by the cooling time scale of
~4h, see fig. 4.28.

In a hadronic scenario, protons and heavier nuclei would have to be accelerated to
at least 7TeV [100]. Assuming the same magnetic field strength and Bohm diffusion as
in the leptonic case, the acceleration time for protons is 2.25 days. The cooling time
depends on the density of hydrogen nuclei n: 7o, = 3.0 X 10" n~tyr [100]. The

density strongly depends on the orbital phase and differs in the shocks on companion
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Figure 4.28: Timescales important for particle acceleration in 7 Carinae as a function of
energy assuming Bohm limit: in black the primary, in grey the companion star. A surface
magnetic field of B; = 100 G with a toroidal form is used following Eichler and Usov, 1993 [8].
Credit: R. Konno, S. Ohm and J. Hinton

and primary side. Ohm et al. adopt values of nppim ~ 108 cm™3 and ncom ~ 107 cm ™3

at phase p ~ 0.05 [106]. Farnier et al. assume only one shock region with a density
of hydrogen nuclei n ~ 3 x 10°cm™ [33|. Applying these densities leads to cooling
times between ~ 4d (n = 3 x 10°cm™3), ~110d (n = 108 cm ™3, primary side) and
3yr (n =107 cm ™3, companion side). If not assuming a magnetic field strength an esti-
mation of B, can again be drawn from T,cc = T¢ool. For the above mentioned densities
of Ohm et al. the magnetic field density can be approximated to Bpyy,; = 0.1 G and
Beom =3 x 1071G.

While the 100 MeV - 10 GeV emission detected by Fermi—LAT is interpreted in
a leptonic [33, 92, 93] and a hadronic scenario [106], there seems to be a broad con-
sensus that the >10 GeV emission can best be explained as stemming from interacting
protons [33, 102, 106, 92, 93]. The new H.E.S.S. measurement and extension of the

spectrum to hundreds of GeV energies is consistent with this hadronic interpretation.

The emission observed in a distance of ~ 0.26 ° from 1 Carinae (HOTS J1044-5957)
is of unknown origin. It is located in direct neighbourhood to the open stellar cluster

Collinder 228 (generally considered to be part of Tr 16, only appearing separated be-
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cause of an obscuring dust lane [e.g. 41]). Two interesting objects in Collinder 228 are
HD 93131 and HD 93206, both driving fast winds. Particles could be accelerated in the
wind of a single massive star and/or the collective effect of the stellar winds could lead
to particle acceleration via second order Fermi acceleration [e.g. 154]. The correlation
of HOTS J1044-5957 with the strongest NSB in the region and the non-detection in
the stereo analysis suggests a contribution of the NSB to the emission. However, an

in-depth investigation lies beyond the scope of this thesis.

In Figure 4.25 the high-energy end of the gamma-ray spectrum shows a strong
turnover around ~100 GeV. The feature could be indicative of i) the maximum energy
radiating particles are accelerated to, or ii) significant gamma-gamma absorption of
VHE photons in the strong stellar radiation fields, or iii) a mix of both. One could
potentially differentiate between the two scenarios, by accurately measuring the shape
of the cutoff feature. Given the available H.E.S.S. data and associated spectral uncer-

tainties, it is not possible to distinguish between the options here.

H.E.S.S. observed n Carinae shortly before the thermal X-ray maximum at phase
p ~ 0.9 and after the subsequent X-ray minimum and recovery of the CWR at phase
p ~ 1.1. The flux H.E.S.S. observed shows no indication of variability on monthly
or intra-night timescales. The lack of strong variability in the H.E.S.S. lightcurve is
broadly consistent with the behaviour in hard X-rays [85] and GeV gamma rays [e.g.
93].

n Carinae was not visible for H.E.S.S. during night time at the time of the periastron
passage, which is why this data set can not be used to constrain particle acceleration
and gamma-ray emission during the time of the X-ray minimum and presumed collapse
of the CWR. This also means that the question of the origin of the observed emission
from inside or outside the CWR can not be answered with the measurement presented

here.
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Chapter 5

Conclusion and Outlook

For the first time, VHE ~-ray emission from a colliding wind binary has been observed.
This H.E.S.S. measurement was made possible by the in-depth investigation of the im-
pact of the NSB presented in this thesis.

The first step towards the detection of 1 Carinae was the application of a Hillas-
parametrisation based reconstruction to the data set in chapter 4.2.3. For the applica-
tion, a new shower image cleaning level has been introduced and different cuts have been
studied, in order to reach excess statistics comparable with the standard candle of v-ray
astronomy the Crab nebula. An excess of «-ray emission in the combined data set of
DS-I and DS-II towards n Carinae is reported with 8.2 0. The emission is not consistent
with the PSF of H.E.S.S. which points to contributions by systematic effects, probably
related to the NSB level. The impact of turned-off pixels in the camera and the correct
NSB (in contrast to a fixed level of NSB) has been studied in run-wise simulations using
more detailed realistic observation conditions. The impact of turned-off pixels on excess
events is approximated to be ~8%. The impact of simulating the correct NSB level
on excess events is ~ 30 %, the overall impact of realistic NSB and pixel conditions on
excess events is ~37%. It has to be noted though, that the simulations do not account
for hadronic background. There is an expected contribution from hadronic background
that passes the second trigger level with help of NSB photons. The broadening of the
PSF observed in data is not reproduced in the run-wise simulations for the Hillas re-

construction based analysis.

The size s, width w and length [ of the shower ellipse reconstructed with the Hillas

technique are used as seeds for the Model Analysis fit and the results presented in
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section 4.3 and following. The introduced increased shower image cleaning leads to
improved results in shower reconstruction in the Model Analysis in ~ 90% of recon-
structed shower images. Low-level distributions were investigated in section 4.3.2 to
monitor the influence of the NSB and ensure the quality of the analysis. The data set
is analysed in monoscopic and stereoscopic fashion. Excess y-ray emission towards 7
Carinae is found in all analyses with > 7 ¢ in section 4.3.4. With run-wise simulations
the impact of the assumed spectral index of the VHE ~-ray emission is studied and
it is found that a very soft index of ~ 3.7 — 4.0 is consistent with the ~-ray spectral
index as reconstructed using classical IRFs. With the assumption of a spectral energy
distribution that follows a power law with index I' > 3.7, n Carinae is consistent with
being point-like within the H.E.S.S. PSF.

Sky excess maps show indication for a new source ~0.29° southwest of n Carinae.
Dedicated analyses of this hot spot (HOTS J1044-5957), using monoscopic and stereo-
scopic reconstruction methods, yield ~ 8.2¢ and ~ 4.6 o, respectively. Its impact on 7
Carinae’s excess emission is estimated to be ~ 16 %. The position of HOTS J1044-5957
coincides with the region of highest NSB in the FoV and a contribution of the NSB
to the excess cannot be excluded. A potential contribution of close-by Fermi—LAT
source 3FGL J1043.6-5930 to the excess at n Carinae’s position is negligible (~ 3 %).

Extensive tests demonstrate that the impact of the NSB on 7 Carinae is well under-
stood. The spatial extension of the NSB and its potential correlation with the ~-ray
excess is evaluated in section 4.3.6. The structure of the high NSB region is highly
inhomogeneous and extends over >0.3°. The maximum NSB coincides with HOTS
J1044-5957. n Carinae is located right next to an elongated structure of NSB tracing
levels above 500 MHz and still within a region with more than 300 MHz NSB. The ~-ray
excess significance contours do not trace the NSB emission, as it would be expected for
a NSB-dominated excess. The impact of patterns of turned-off pixels on the excess is
studied in profile plots of excess maps. Hereby, the maximum contribution of NSB per

excess event and given level of NSB is estimated.

In section 4.3.7 the spectral energy distribution of the ~-ray emission observed with
H.E.S.S. is presented. Spectra before and after the periastron passage agree within
statistic uncertainties. The spectra follow a power-law with a soft index and are
steeply falling towards 1TeV. At the energy threshold of ~ 200 GeV the H.E.S.S. and

Fermi—LAT spectra connect smoothly, suggesting a common parent particle popula-
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tion. Hadronic and leptonic particles are considered. With the maximum ~-ray energy
contained in the spectrum of 1 Carinae acceleration and cooling times of protons and
electrons are calculated, as well as an estimate of the magnetic field. In agreement with
the explanation of the HE ~-ray component observed by Fermi—LAT the hadronic
description of 1 Carinae’s VHE v-ray emission is more plausible. Electrons suffer se-
vere cooling losses, making it hard to reach energies as high as necessary to explain the

observed ~y-ray energies.

The H.E.S.S. light curve of n Carinae spans from phase 0.78 to 1.10. No variability
in the flux level is observed. Unfortunately, 7 Carinae was not observable shortly after
or during the x-ray minimum at periastron. Thus, the question of the (spatial) origin

of the y-ray emission has to be left for future observations and analyses.

H.E.S.S. has been continuing observations on 1 Carinae since 2015. These observa-
tions cover the apastron, where Fermi—LAT detected minimum HE ~-ray emission.
Analysing these observations as well as data covering other orbital phases will hope-
fully improve our understanding, e.g. of the (spatial) origin of the emission: variability
along the orbit indicates an origin within the CWR. If Fermi—LAT and H.E.S.S.
observe emission from the same parent particles and the same process of 7% decay it
is expected that the HE component in Fermi—LAT and the emission observed with
H.E.S.S. behave in a similar way. This can be checked with the data already taken by
H.E.S.S.. The next periastron passage of n Carinae will take place at the end of 2019/
beginning 2020. H.E.S.S. can continue to play a crucial role in the investigation of n
Carinae’s non-thermal emission because it will be the only TACT able to observe the
next periastron passage if its operation will be prolonged beyond 2019 and before the
onset of the Cherenkov Telescope Array [155, 95]|. For future observations testing the
x-ray minimum at periastron is of great interest. The assumed collapse of the CWR
would lead to a (delayed - in comparison to x-rays) minimum in vy-ray emission, if it

only originates from the CWR.

Besides 1 Carinae, other promising CWB exist which are in reach of H.E.S.S. An ob-
vious candidate is 72 Velorum (WR 11), the closest CWB at a distance of ~ 340pc
[156]. The bright binary is composed of a Wolf-Rayet star and an O-type companion
star and can be observed by naked eye in the Southern hemisphere. In 2016, a weak
(6.10) signal of y-ray emission was reported to be found in 7 years of Fermi—LAT

data [39]. Although magneto-hydrodynamic modeling does not support an additional
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component in the HE - VHE regime [157], the energy spectrum in [39] does not show a
cut off and there is no further observational data on ¥? Velorum in this energy regime.
Future H.E.S.S. or CTA observations will be able to answer if the exceptional CWB 7

Carinae will remain truly exceptional.
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