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Abstract

H.E.S.S. (High Energy Stereoscopic System) is an array of four Imaging Atmospheric Cerenkov
Telescopes located in Namibia in the Khomas Highlands and is designed to detect very high energy
(VHE > 100 GeV) 7-rays in the energy range up to 100 TeV by looking at the Cherenkov light
emitted in the air showers induced by the interaction of such VHE ~-rays with the atmosphere.

The VHE ~-ray source HESS J1804-216 was discovered in the inner part of the Galactic Plane
by H.E.S.S. during the 2004-2005 Galactic Plane survey and has revealed to be one of the largest,
brightest and softest known sources, with a flux about 25% of the Crab Nebula above 200 GeV. Its
dimensions and structure, together with the presence of the energetic pulsar PSR B1800-21 in the
emission region, make of it a possible candidate for a Pulsar Wind Nebula. Taking into account
the new 2006-2007 dataset, a morphological and a spectral analysis are performed, confirming the
already published results. In particular, the dataset allows to look for gradients in the spectral
index through a spatially resolved spectral analysis. The results show a possible composite nature
of HESS J1804-216 and indicate that PSR B1800-21 is probably physically associated to the TeV

emission region, since a hardening in the spectrum is visible towards its position.
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Introduction

TeV ~-ray astronomy is quite a new branch in astrophysics. Only with the advent of the current
generation of TeV telescopes such as the High Energy Stereoscopic System (H.E.S.S.), sufficient
sensitivity was achieved to allow for surveys of significant fractions of the sky. As an obvious
choice, the Galactic plane was the first area which was scanned with the H.E.S.S. telescopes.
This survey revealed several tens of TeV ~-ray sources, which in many cases could not be un-
ambiguously identified with known objects. The identification of these sources is challenging. In
many cases, the counterparts may not have been detected yet because the sky was not looked at
with sufficient sensitivity in lower frequency bands. However, some TeV sources are co-located
with one or several plausible counterparts, but a unique identification with one of those is not
unambiguously possible yet.

The work presented here was carried out to improve the quality of the TeV characterisation
of one of those unidentified TeV sources, HESS J1804-216, which belongs to the class of sources
where multiple counterparts exist. Since the source is substantially extended beyond the point
spread function of H.E.S.S., the data set analyzed allows for a morphological characterisation of
the TeV source, which has not been achieved before. The goal of the studies is to help identifying
the TeV source with one (or possibly several) of the known counterparts.

In the first chapter the radiative processes and the hadronic interactions that lead to the VHE
v-ray emission will be explained as well as the particle acceleration mechanisms. The physical
objects in which such acceleration can take place will also be described. At last, simplified models
of the air showers responsible for the emission of the Cherenkov light detected by the Imaging
Atmospheric Cherenkov Telescopes like H.E.S.S. will be presented. In the second chapter an
introduction to the Imaging Atmospheric Cherenkov technique will be done and the H.E.S.S.
telescope system will be described in detail as well as the data collection and event reconstruction
methods. In the third chapter the techniques used for the spectral and morphological data analysis
will be described and particular attention will be given to the background estimation methods.
The fourth chapter will be dedicated to the description and analysis of the unidentified VHE ~-ray
source HESS J1804-216. The possible counterparts suggested in the literature will also be briefly
presented. Besides the standard morphological and spectral analysis a spatially resolved spectral
analysis will be performed and an alternative method to the standard background estimation
for the spectral analysis will be studied systematically. Taking into account the obtained results
some considerations on the possible counterparts of HESS J1804-216 will be done. In the final
chapter the whole work will be summarized.






Theory

When looking at photons coming from some kind of source, one may want to know which kind of
process did create such photonsﬂ The radiation is usually divided in thermal and non-thermal.
Thermal radiation is emitted by matter in thermal equilibrium and the radiated spectrum is
described by the blackbody. For a certain temperature T it is described by the Planck Law,
that gives the emitted power per unit of emitting area, per unit of solid angle, and per unit of
frequency [Rybicki and Lightman), [1979]:

3 2
B, (T) = 2hv . 1 o By(T) = 2hc 1 (1.1)

v

3 : he ;
c exprT —1 A5 exp T —1

(v}

remembering that Byd\ = B,dv. Here are v the frequency (A the wavelength), h the Plank con-
stant, k the Boltzmann constant and ¢ the speed of light. In the limit of low frequencies (small
energies, hv < kT') one obtains the classical limit of the Rayleigh-Jeans Law (straight-line part
of the plot in Fig. , allowing, if integrated for all frequencies, the ultraviolet catastrophe, since
the integral would diverge. The high frequency limit gives a pure quantistic result that avoid the
divergence |Rybicki and Lightman| [1979):

hv < KT BEJ(T) = 22kT  Rayleigh-Jeans Law
(1.2)
hv > KT BY (T) = 24 exp™ it Wien Law

In the universe, the hottest objects have a thermal emission in the soft X-ray range up to
~10 keV. Therefore, when going to hard X-rays (~10-100 keV), soft v-rays (~100 keV - 1 MeV),
high energy (HE) ~-rays (~ MeV-GeV) and very high energy (VHE) ~-rays (~50 GeV-100 TeV)
one has to look for other processes that are able to create photons at such energies. This is the
range of non-thermal radiation, in which photons are emitted or scattered to higher energies by
populations of high energy particles (cosmic rays - CR) after their interaction with a magnetic
field or with other local particles or photons. Moreover, another evidence for a different kind of
process taking place is the spectral shape of the photon distribution, which follows the power-law
shape of the primordial CR spectrum dN/dE oc E~T.

! For a more detailed discussion about the arguments presented in this chapter see e.g. [Heitler, [1954],
[Rybicki and Lightman| [1979], [Longair} [1992|, [Longair, (1994, [Pohl| 2002].
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Fig. 1.1. Blackbody spectrum at various temperatures (J. Wilms).

1.1 Radiative processes

In the following the radiative processes through which CR are able to emit y-rays will be described.
Interactions between them and the interstellar medium or electromagnetic fields have to occur in

order to permit the emission.

1.1.1 Inverse Compton

The scattering interaction between a flux of high energy electrons with low energy photons is
known as Inverse Compton (IC). In this process after each interaction in average the photons

increase their energy proportionally to their initial energy [Longair} [1992]

hy = %72 (hv)g » (1.3)

where ~ is the Lorentz factor of the electron. It easy to see that in case of high values of -~y
(~100-1000) this process is really efficient, since it is able to scatter infrared and optical photons
from diffuse galactic dust background and starlight up to the X-ray, soft ~-ray range after a
single interaction. The production of VHE v-rays is dominated by IC with the cosmic microwave
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Fig. 1.2. (a) Representation of the synchrotron process. (b) Synchrotron spectrum from a single electron
as a function of x = v/v. (from |[Blumenthal and Gould, [1970]).

background radiation (CMB). The power emitted by the electrons in the case of an isotropic

photon distribution is [Longair), [1992]

dE 4
— = Pic = z07¢3°7*Uraa, (1.4)
dt ) .o 3

where 3 = v/c, o = 8/3mr3 is the Thomson cross section (rg = e*/m?c* is the classical elec-
tron radius) and U,,q is the radiation energy density of the photon field before the scattering.
The spectral emissivity of relativistic high energy electrons scattering a monochromatic isotropic

photon field with frequency vy and number density N(v) is 1992]

- SUTCN(V())
I(V)dy_lﬁ'y‘l e v |2vin

2

dv. 1.
2v2uq v (L1.5)

4y —
472,/0) +rv+4yT
In the low frequency limit the term in the square brackets is constant, hence the photon flux is
simply proportional to the frequency (I(v) x v).

1.1.2 Synchrotron emission

Particles moving in a magnetic field B feel an acceleration perpendicular to the field and will
therefore radiate. If the particles are non-relativistic this process is known as cyclotron radiation,
if they are relativistic a more complex process known as synchrotron radiation takes place, al-
lowing the emission of high energy photons. The power emitted by an isotropic distribution of

relativistic electrons is [Longair} |1992)

dE 4
= = Pone = — 2~2U 1.6
(dt )sync sune 3UTC[3 K b ( )

where Up = B?/87 is the magnetic energy density. It is apparent that Eq. has the same
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form as Eq. Therefore, if the synchrotron radiation is emitted by the same population of elec-
trons that emit by IC a correlation between the two emissions can be found. The ratio between
radiation losses due to synchrotron emission and IC can be expressed as the ratio between the
magnetic field energy density and the photon field energy density:

Psync UB

= . 17
Prc Urad (L7)

This result is actually valid for arbitrary values of the electron velocity, as long as the Thom-
son scattering approximation in the rest frame holds. The spectral distribution of a synchrotron

emission is quite complex and for a single electron is [Pohl, [2002]

I(v)~ @fﬂ.s <”>1/3 exp <—”) , (1.8)

mc Ve

where B is the normal component of B and

_ 3eBi , B E\°
Ve= 16MHz <MG> (GeV) (1.9)

is the characteristic synchrotron frequency. The spectrum has a peak at v ~ 0.3v, and a tail to
higher energies (Fig. . In the more general case the real synchrotron spectrum is a convolu-
tion of the single electron synchrotron spectrum with the electron distribution spectrum. For a
power-law distribution of electrons N(E)dE « E~PdE with spectral index p also the synchrotron
spectrum will follow a power-law I(v) oc v—* with |[Rybicki and Lightman), [1979]

§=t——. (1.10)

Measuring the spectral index of the synchrotron emission one is therefore able to derive the energy
spectrum of the electron distribution. The emitted light has also an high degree of polarization
(theoretically up to 75% for the frequency integrated emission of particles of the same +) given
for a power-law distribution of particles by [Rybicki and Lightmanl 1979]

p+1
p+

I =

) (1.11)

[SSIEN|

1.1.3 Bremsstrahlung

The bremsstrahlung is important with regards to the y-ray emission in air-showers (sec. [1.6]). In
this process, charged particles undergo an acceleration because of the presence of an electrical
field, for example the Coulomb field of another charged particle. Photons can be produced with
energies comparable to those of the emitting particle, typically low mass particles like e~ and e™
moving through the field of nuclei, ions or protons. Emission due to interactions of particles of

the same kind is zero in first approximation. In the case of small angle scattering, considering a
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gas of electrons with density n. moving with velocity v through a gas of ions with density n;, the
total emission per unit of time, per unit of volume, per unit of frequency range is [Rybicki and
Lightman| 1979

dFE 16€8 b
= i Z%n [ -2 ) 1.12
dvdV dt 3c3m2vn'n n( min) ( )

€
where Z is the ion’s atomic number and b,,;, and b,,., are the minimum and the maximum
impact parameter respectively, i.e. they define the distance range that permit the interaction.
One has |[Rybicki and Lightman, [1979|
1

for §mev2 < Z?Ry classical limit

bmazr _ 272mev®

bmin 4Ze?v

(1.13)

bmar _ Mev? 1 2 2
g = el for Smev® > Z* Ry

where Ry = me?/ (2h2) is the Rydberg energy for the hydrogen atom. For the production of
VHE ~-rays one needs relativistic particles. The total energy loss rate in the relativistic case is
|[Longair} |1992]

(1.14)

3

aB Zw 010
dt — 12m3eim2cih 5

1.2 Hadronic interactions and production of VHE ~-rays

The radiation created by the processes presented above is dominated by the emission of low mass
particles such as electrons and positrons (hence leptons) since the emitted power is inversely pro-
portional to the square of the particle’s mass. In the case of high mass particles such as hadrons,
~-rays are created indirectly, mostly as consequence of the decay of unstable particles generated
by hadronic interactions, normally inelastic scattering of high energy protons with nuclei. In such

O 7t and 77), but also kaons, nucleons (p and n) and

interactions mostly mesons like pions (7
hyperions (A, A, ¥ and E), together with the fragments of the target nucleus are created. Ex-
tremely important for the VHE ~-ray production is the 7% decay. The neutral pion pp — 7° has
an extremely short lifetime of 8 x 10717s and decays almost instantly in 2v-rays 7° — 2v with
same energy. As given in [Aharonian and Atoyan, 2000], the y-ray emissivity due to decay of 7°

in the case of any broad energy distribution of CR is

> qr (Er)

qy (By) =2 2 — 2ol

(1.15)

where Epip = E, + m,zTc4/4E.y, m, is the 7° rest mass and

cny E, E,
qﬂ- (Eﬂ-) = Kiﬂ_o—pp <mp62 + I(ﬂ) ’n,p (mpcz + Kn_> (116)
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is the 70 emissivity. o,,(E,) is the total cross-section of inelastic pp collisions, K, is the mean
fraction of the kinetic energy Ey;n = Epm,c? transferred from the proton to the secondary 7°
per collision and n,(E,) is the energy distribution of the protons. Even in this case the y-ray
spectrum follows the spectrum of the parent particles, the spectral index showing just small
differences. At energies under 70 MeV the hadronic contribution to the y-emission is practically
zero and leptonic processes dominate. The hadronic emission dominates at high energies, the IC

at very high energies (see Fig. |1.3).

Py
_Ul.;::'__,-" av)

Fig. 1.3. Calculated fluxes of diffuse radiation produced by both electronic and nucleonic components of
cosmic rays in the inner Galaxy. Contributions from mo-decay (thin solid line), bremsstrahlung (dashed),
IC (dot-dashed), and positron annihilation in flight (dotted line) to the 7-radiation mechanisms are
shown. The heavy solid line shows the total flux without contribution from the positron annihilation,

and the heavy dashed line takes this flux into account (from |[Aharonian and Atoyanl 2000]).

1.3 Particle acceleration - second order Fermi mechanism

After having seen which mechanisms make possible the VHE ~-ray emission, it has to be under-
stood how CR can be accelerated at high energies. It was Fermi who in 1949 proposed for the
first time an acceleration mechanism in which particles gain energy colliding with clouds in the
interstellar medium. They are reflected by randomly moving ”magnetic mirrors” associated with
irregularities in the Galactic magnetic field in a sequence of head-on and following collisions. In

the case of relativistic particles (v & ¢) the average energy gain per collision is [Longair}, [1994]

()-3)"

where V is the velocity of the cloud. Since the energy increase goes with the square of V/¢, this
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mechanism is known as second order Fermi mechanism. This method leads also to a power-law

energy spectrum |[Longair), [1994]

N(E) & B0 with o = & v (1.18)
3 \cL

where 7 is the characteristic time for which the particle remains in the acceleration region and
L is the mean free path between two clouds. However, considering collision with interstellar
clouds the main source of energy leads to problems, mostly due to the fact that indeed the
number of collisions per year and the effective exchanged energy are really low, since L ~ 1pc
and V/c < 1074, with the consequence of very little hope of gaining significant acceleration. One

more efficient method is then needed.

1.4 Particle acceleration - first order Fermi mechanism

In the 1970s the original Fermi mechanism was revisited and adapted to strong shock waves
independently by several authors (e.g. [Bell, [1978] and [Blandford and Eichler} [1987]). With sim-
ple assumptions on the mean particle energy after one collision (E = £Ej) and on the escape
probability (P) from the acceleration region one has that |[Longair, [1994]

lnP)

dN (E) —14(
FE In €
dE > ’

(1.19)

hence finding again a power-law. In the case of a strong shock (as can be in a supernova explo-
sion) a flux of high energy relativistic particles is considered to be present both in front (upstream
region) and behind the shock (downstream region). The shock moves at highly supersonic (but
not relativistic) velocity U ~ 10%km/s > v, =~ 10km/s (v is the sound speed in the medium),
but is hardly noticed by the particles, since their gyroradius, due to the high energy, is normally

-3/4U

% T v T1J4U

shock ront - A WA

upstream

rest frame: shock front upstream downstream

Fig. 1.4. Representation of first order Fermi mechanism. Left: Rest frame of the shock front. The gas
in the upstream region moves towards the shock front with velocity U, while in the downstream region
with velocity 1/4U (in the case of a monoatomic or fully ionized ideal gas). Middle: Rest frame of
the upstream region. Right: Rest frame of the downstream region. In both cases the particles at rest
encounter the gas coming from the other region with velocity 3/4U, get scattered by the turbulences on

the other side of the shock front becoming isotropic and gaining an energy AE (from [Funk} 2005]).
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Fig. 1.5. The cosmic ray spectrum. A steepening at ~ 10'°TeV (knee) and a flattening at ~ 10'°TeV
(ankle) are also visible. It is generally believed that CR below the knee have a galactic origin, while those

above the ankle are produced outside the Milky Way.

very much larger than the shock thickness. Moreover a magnetic field with turbulences and irreg-
ularities is considered, so that the particles that cross the shock in either directions are scattered
and their velocity distribution becomes isotropic with respect to the frame of reference in which
the gas is at rest on either side of the shock. Observing the dynamics in turn from the rest frames
in the upstream and in the downstream region one can see that the particles undergo the same
process, in both cases seeing the other region moving towards the shock front with the same
velocity 3/4UE| and in both cases gaining a little amount of energy every time they cross the
shock front. This is the improvement in efficiency with respect to the classical Fermi mechanism:
the process is symmetric in both directions from upstream to downstream region and vice versa,
there are just head-on collision leading to an increase of energy every time the shock is crossed,

no matter in which direction. Such average energy gain per cycle (i.e. particle moving from one

region to the other and back) is 1994]

<A;> = % (1.20)

In this case the energy increase goes linearly with the shock velocity, it is a first order process

2 For a monoatomic or fully ionized gas.
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and therefore the mechanism is called first order Fermi mechanism. From here the value of %
in the spectrum can be calculated, resulting [Longair, [1994]
mP In(1-Y -u
nP o 5) — £ =1, (1.21)
Iné In (1 + ;) <
so that one obtains
dN (E) o
E . 1.22
T (1.22)

The value of 2 for the spectral index is not actually the real measured one for CR, though it is
very close to it (~2.7). However, the goodness of this method lies in the fact that it explains simply
but with excellent physical reasons why one can find power-law energy spectra with equal index
looking at different astrophysical environments. Taking into account just supernova explosions,
their lifetime and the mean times for a cycle and for a particle to escape from the acceleration
region, CR up to 100 TeV can be explained. At higher energies more powerful accelerators or

other mechanisms or theories are needed.

1.5 Galactic accelerators

After having seen how the acceleration mechanism works, in the next paragraphs the objects in

which such acceleration takes place will be briefly presented. Inside our galaxy the most common

Fig. 1.6. Type Ia supernova SN1994D in the disk galaxy NGC 4526 (from [APOD] [2009]).
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Fig. 1.7. (a) Supernova type Ia light curves. Brightness is plotted against time before and after peak
light (Day 0). (b) Same light curves scaled. It is apparent that they all obey a general width luminosity
relationship. The supernovae can thus be used as standard candles to infer the distance to their host

galaxies (from [Science and technology review] [2008]).

systems thought to be CR accelerators are the remnants of supernova explosions, considered as
a whole, that is not only the supernova shock fronts, but also their compact remnants like the

pulsars and their pulsar wind nebulae. These have been found to be sources of VHE ~-rays.

1.5.1 Supernova remnants

Supernova explosions are the violent death of massive stars, during which an enormous amount
of energy is released. Part of this energy is emitted as kinetic energy of the ejected material that
expands in the interstellar medium (ISM) with supersonic velocity (some thousand kilometers per
second), creating a shock front where particle acceleration up to 10*®eV can occur. Supernova
explosions are classified after the shape of their light curves and after the presence of certain
emission lines like H, He, Si, Fe, C, O. Two fundamental classes can however be defined, taking
into account the dynamic of the explosion: the thermonuclear disruption of a white dwarf owing
to mass accretion from another star (type Ia) and the gravitational core collapse of a massive
star (type II, Ib and Ic). What determines the one or the other dynamic is the initial mass of
the star (M;nitiar) being smaller or larger than 8 solar masses (Mg). In the first case the star
ends up its life as a white dwarf and if nothing else occurs it will cool down on time scales of
1019 years becoming eventually a black dwariﬂ In the case of binary systems however the white
dwarf can accrete matter from the companion star until the Chandrasekhar limit is reached
(M¢ ~ 1.44Mg). At that point the electron degeneracy pressure that sustains the white dwarf is
overcome by the additional gravitational pressure and the resultant compression starts the next
fusion stage. The released kinetic energy (~ 10°%erg) leads to the destruction of the white dwarf
in a type Ia supernova, with an ejection of about 1M . Since they appear in all types of galaxies
and the initial parameters are very narrow, the development of this kind of supernova show
only little variations and this makes them useful as standard candles, e.g. as distance markers in
cosmology (Fig. [1.7)).

3 No black dwarf has been detected so far.
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Fig. 1.8. Comparison between the light curves of a type Ia and a type II supernova.

On the other hand, in the case of more massive stars the electron degeneracy pressure is
not enough to sustain a white dwarf, so that the contraction keeps going on and nuclear fusion
continues up to iron, accreting mass on the core with a rate of ~ 1M /s. Due to the high density
and temperature, inverse S-decay (e~ + N(Z,A) — N(Z — 1, A) + v.) and photo-disintegration
(v + °%Fe — 13 *He + 4n, v+ *He — 2p + 2n) occur, resulting in loss of energy and of electron
pressure that speed up the gravitational collapse even further. This continues until the density
becomes so high that the repulsive component of the nuclear force sets in. Neutrinos are emitted
from the core at a high luminosity and deposit part of their energy into the medium surrounding
the core, creating an outgoing shock front which causes the explosive ejection of the outer parts
of the star (supernova type II, Ib, Ic). Core collapse supernovae show a large variability since
they have a broad range of initial parameters. The ejected mass can have values up to (and even
beyond) ten solar masses and the kinetic energy of the ejecta cover a range from about 10°* up to
10°2 erg. Furthermore they are observed only in spiral and irregular galaxies and are concentrated
in the spiral arms.

In both mass accretion and core collapse supernovae the kinetic energy is only about 1% of
the total emitted energy (~ 3-10%3erg), the rest is carried away mostly by neutrinos. The optical
shape of their lightcurves differs, both having a rapid increase and an exponential decrease due
to the decay of unstable isotopes, but in the case of core collapse supernovae the maximum is
less bright and broader (L ~ 108 L), lasting for about 100 days) with respect to mass accretion
supernovae (L up to ~ 5-10°Ly) and also the decrease is more complex. In both cases their
optical luminosity at maximum is comparable to that of their whole host galaxy (Fig. . Even
though supernova explosions occur with a rate of about 2 per century in a Milky Way type of
galaxy, they are believed to be the most likely source for CR up to 10'°eV. A 10% efficiency in
accelerating particles is indeed sufficient to explain the CR flux and theoretical models predict
efficiencies above this value.
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1.5.2 Pulsar and Pulsar Wind Nebulae

In the case of a supernova type II a neutron star with high angular velocity and strong magnetic
field can be left behind. Such properties are due to the conservation of angular momentum and
magnetic flux. Since the explosion can be asymmetric, the neutron star can also acquire a ran-
dom space velocity, a kick of typical magnitude 400-500 km/s (|Gaensler and Slanel [2006]). If
the rotation and the magnetic field axes are misaligned, the highly energetic radiation emitted
near the magnetic poles will reach a potential observer as a periodic signal. The neutron star
is then called pulsar. The rotation period of a pulsar covers a range from few milliseconds up
to several seconds. The magnetic field can vary from 108G for millisecond pulsar up to 10°G
for magnetars. Typical values lie however in the range between 1 - 10'? and 5 - 10'3G. Each
pulsar is characterized by a spin down luminosity, defined as the rate at which the rotational ki-

netic energy is dissipated, mostly because of magnetic dipole radiation [Gaensler and Slane} 2006):

7dErot _ 471_21—5

E=
dt p3’

(1.23)

where I is the momentum of inertia of the neutron star and P its period. Measured spin down
luminosities range between ~ 3-102%erg/s and ~ 5-1038erg/s. Only pulsars with £ > 4.10%erg/s
are known to power bright pulsar wind nebulae. A characteristic age 7. of the pulsar can be es-
timated under the assumption of pure magnetic dipole braking and of an initial period Py much

smaller than the current period:

P
Te= = 1.24
P (1.24)

T. actually does often overestimate the real age, indicating that P, is not much smaller than P.

(b)

Fig. 1.9. The Crab Nebula. (a) False color image combining Xray data from Chandra (purple), optical
from Hubble (green) and infrared from Spitzer (red). (b) X-ray image from the Chandra. The pulsar, the
torus and the jets are clearly visible. Taken from [APOD] 2009]
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A pulsar wind nebuléﬁ (PWN) is a complex structure generated and powered by the pulsar’s
powerful winds, made up by electromagnetic energy and highly relativistic particles. These winds
are generated in the pulsar’s magnetosphere, that co-rotates with the pulsar itself. They travel
outwards with highly relativistic velocity (7 ~ 10* — 10°) until they are decelerated at the smaller
expanding velocity of the ambient material. At that point a termination shock is formed and the
wind is particle-dominated and not isotropic, but concentrated into an equatorial belt. Due to
the presence of the shock the wind’s particles are then thermalized and re-accelerated and a
torus (visible in X-rays from synchrotron emission) perpendicular to the rotation axis is formed.
Jets are also present, created by shocked plasma collimated by the magnetic field. An expanding
bubble is formed far beyond the torus (Fig. . The PWN expands supersonically into the SNR
ejecta producing therefore an other termination shock. This is the first stage of a PWN after
a SN explosion. After few thousand years the expanding bubble encounters the inverse shock
of the SNR (caused by the ejecta falling inwards) and is crushed by it. An oscillation of the
PWN size takes place (|Gaensler and Slane, 2006]), leading to a mixing of thermal and non-
thermal material. It can happen that the inverse shock does not arrive simultaneously at the
PWN boundary, causing strong asymmetries in the PWN shape and even an offset from the
pulsar position. This can occur if the pulsar has a high kick velocity and offsets the PWN from
the SNR center before it meets the inverse shock, or if there is a density gradient in the ejecta
so that the inverse shock is created at different times. Since the ejecta have now been heated by
the reverse shock, the expansion of the PWN becomes subsonic. The original PWN is constantly
inflated by the pulsar, as long as it is not far offset from the current pulsar position. In this case
it is not powered anymore and becomes a relic PWN. If the pulsar was born with a high kick
velocity, at a certain point it will approach the edge of (and possibly even leave) the SNR, driving
a cometary bow shock until its power output becomes so low that the PWN can not be powered
anymore (Fig. [L.10).

The VHE emission region of a PWN is often largely extended and wider than its synchrotron
counterpart visible in X-rays. This is due to the radial decrease of the magnetic field that limits
the size of the synchrotron emission region. A synchrotron X-ray counterpart can even not be
detected if the magnetic field is low enough, and the pulsar itself can be ”invisible” if the neutron
star’s cooling time and the non-thermal radiation time scale are exceeded, avoiding hence the
(non-)thermal X-ray emission. That would lead to a VHE PWN without X-ray counterpart. The
center of gravity of the VHE PWN is also often offset from the current pulsar position either
because of a high kick velocity of the pulsar or because of inhomogeneities in the ISM.

Different types of y-ray emission are expected in a PWN. Within the pulsar magnetosphere,
because of the curvature radiation of the ultra-relativistic electrons, a pulsed component in the
GeV range with an exponential cut-off around 10 GeV is expected. Possibly also an additional
TeV component due to IC scattering can be present. In the region between the pulsar and the ter-
mination shock no synchrotron emission is present because the electrons move with the magnetic
field lines frozen into the wind. However there can be an IC component in the range 10 GeV -
10 TeV produced by the interaction of the high relativistic wind with the thermal photons emitted
from the pulsar or with the non-thermal photons from the magnetosphere. At the termination

shock front, the thermalized and re-accelerated particles emit synchrotron and IC radiation, con-

4 Tt is also known as plerion.
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Fig. 1.10. The supernova remnant (SNR) W44 (G34.70.4). The main panel shows a 1.4 GHz VLA image
of the SNR, while the inset shows 8.4 GHz VLA data on the region surrounding the associated young
pulsar B1853+4-01, marked by a cross. The pulsar is nearing the edge of the SNR, and drives a small
bowshock PWN (from |Gaensler and Slane| [2006]).

tributing most to the VHE 7-radiation. The maximal energy reachable by the particles is [de
Jager and Djannati-Atai, [2008]

. 1/2
€ o E
Emax = (llOTeV) KR (ﬁ) (Ol:m%er‘g/s> (125)

in the case of a low ambient magnetic field, or

o 1/2 B —1/2
E ~ (200T — —_— 1.2
max ( 00 GV) <<sin2 0>> <1OOMG> ( 6)

in the case of strong magnetic fields. In Eq. 1 < kK < 3 is the magnetic compression ratio,
€ < 1is the fractional size of the shock front radius required for the containment of the particle in
the shock and o is the wind magnetization parameter (ratio between electromagnetic and particle
energy density). In Eq. « < 1 and @ is the electron’s pitch angle.

1.6 Air showers

Air showers are generated as VHE particle hit the atmospheric nuclei creating secondary particles
through strong, electromagnetic and weak interactions. These in turn interact with other nuclei,

starting a cascade that will eventually die out when the available energy becomes too low. Part
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of the transferred energy is converted in kinetic energy, allowing the particles to move in the air
faster than the speed of light and to emit therefore Cherenkov light. There are two kind of air
showers, depending on the object that causes them and in which different processes take place:
hadronic- and electromagnetic-showers. Almost all the showers are hadronic showers from cosmic
rays (CR), being the proton events ~87% of the total, a-particles ~12% and a small fraction of
heavier nuclei. Electromagnetic showers caused by v-rays, electrons, positrons and high energy
neutrinos are just a minor fraction (~0.2%). In electromagnetic showers the main processes are
bremsstrahlung and pair production, in the hadronic ones also hadronic interactions have an
important role. In case of bremsstrahlung a charged particle is decelerated and deflected in the
coulomb field of a nucleus and a ~-ray photon with an energy proportional to the particle energy
is emitted as a consequence of the effective acceleration. A radiation length X ¢ is simply defined
as the thickness of the medium that reduces the particle energy by a factor e and has a value
of 37.2 g/cm? in the air, corresponding to 300 meters at sea level. The photons generated by
bremsstrahlung are emitted in a cone with an opening angle ©=1/y=puc?/E (u=particle mass).
Since the energy loss by bremsstrahlung is inversely proportional to the square mass of the
particle, mainly electrons and positrons take part at this process. The pair production mechanism
consists in the creation of an electron-positron pair by a photon with an energy at least twice
as big as the electron rest mass. A third particle is needed in this process because of momentum
and energy conservation. The radiation length is 9/7 of the bremsstrahlung radiation length X,
while the average opening angle is the same. In case of hadronic interactions the nuclei involved

are mostly destroied and numerous subatomic particles and nuclear fragments are generated.

1.6.1 Electromagnetic showers

If a particle with sufficient energy interacts via electomagnetic interaction with the nuclei in the
atmosphere an electromagnetic shower forms. The particles created in the shower lose their en-
ergy via pair produciton, bremsstrahlung and ionization. The number of particles first increases
exponentially, then stops as the mean energy falls below a critical energy EF¢ defined as the
energy at which the energy loss due to bremsstrahlung becomes smaller than the one due to ion-
ization (F =81 MeV). Eventually the shower dies out. A simplified model that can easily explain
the main properties of an electromagnetic air shower is the one introduced by Heitler |Heitler|
1954]. Tt takes into account only bremsstrahlung and pair production, sets both radiation length
to X and ignores energy losses by ionization. Moreover, the energy is always equally divided
between the two created particles. A schematic representation is given in Fig. In the case
of a primary ~-ray with energy Eg entering the atmosphere it generates within one radiation
length an e~-e' pair via pair production. In turn, after another radiation length, both electron
and positron generate a photon by bremsstrahlung. After m radiation lengths X the cascade
consists therefore of [Perkins) 2003]

N (m) = 2™ particles with energy FE (m) = Ey-27™. (1.27)

The maximal shower depth m,q, is given by:

In(Ey/E
FE (mmaw) = EO . QT Mmar = EC = Mumazx = 7n< 10/2 C) (128)
n
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Fig. 1.11. The electromagnetic shower model by Heitler. Just bremsstrahlung and pair production are

considered, both radiation length are set to X and the energy is equally divided between the particles.

at which depth the shower consists of N,,., particles

£y
Ec’

Ny = 2Mmas —

(1.29)

From this simple model one can see how the number of particles in the shower grows exponentially
until a maximum number N,,,, proportional to the energy Eg of the primary ~-ray is reached.
The maximal depth m,,; is instead proportional to the logarithm of Eqg. For a 1 TeV 4-ray, the
typical height for the first interaction is ~25 km, the maximal depth is ~8 km and the complete
electromagnetic shower evolves in ~50us.

1.6.2 Hadronic showers

In the case of a hadron hitting the atmosphere, the development of the shower is more complex
with respect to an electromagnetic one (Fig. . Indeed hadrons interact nearly only via strong
interaction with the air nuclei producing mostly mesons like pions (7%, 7+ and 7~), but also
kaons, nucleons (p and n) and hyperions (A, A, X and E), together with the fragmets of the
target nucleus. All these particles evolve then in hadronic and electromagnetic sub-showers. The
neutral pions, having an extremely short lifetime of 8 x 107!7s, undergo almost instantly an
electromagnetic decay producing 2 y-rays (7 — 2v) that will evolve in the previously described
electromagnetic shower. Charged pions have instead a longer lifetime (2.6 x 10~%s) that increases
the probability of new interactions with air nuclei before the decay 7t — p* + v, (,) takes
place. In turn also muons will decay u* — e* + v, (%) + 7, (v,). Such interactions give rise to
hadronic sub-showers. Since muons do not have strong interaction, they lose their energy mainly

because of ionization, therefore, if they have enough energy (>3 GeV) they can reach the ground
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level (or even deep underground) without being brought to rest or decaying. Because of their
penetrating property they are called the hard component of the cosmic rays.

The main differences between hadronic and electromagnetic showers are in the shower shape
and in the energy distribution among the particles. Since hadrons have a larger interaction length
with respect to the radiation length of the photons (85 g/cm? vs. 37.2 g/cm?), they penetrate
deeper into the atmosphere and have therefore a larger value of m,,.,. Particles participating to
the strong interaction receive a higher transverse momentum with respect to those participating
only to electromagnetic interaction (given by elastic multiple coulomb scattering), so that the
lateral development of hadronic shower is is much larger than that of the electromagnetic ones.
Furthermore, since more numerous and complex processes are involved, the hadronic showers are
less regular, have larger fluctuations, and contain electromagnetic sub-showers created by neutral
pion decays. At last, in the strong interaction a consistent part of the energy is lost in the creation

of new particles like muons, other mesons, and secondary hadrons.

Primary Hadron

N: High energy nucleons
n,p: product nucleons

[

Electromagnetic component  Strong Meson component Strong Nucleonic component

Fig. 1.12. Schematic representation of the different interactions occurring in an hadronic shower.

1.6.3 Cherenkov emission

As mentioned earlier, particles moving in the air with a speed greater than the phase velocity of
light in that medium emit Cherenkov light. This forms a cone along the particle’s path with a
characteristic opening angle ©¢ between the Cherenkov light front (moving with velocity ¢/n)
and the particle itself (moving with velocity v) given by [Rybicki and Lightman, {1979):

cosO¢ = (1.30)

1
Ben’
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where n>1 is the refraction index and § = v/c. Since cos ©¢ has to be smaller than 1, from
it must be § > 1/n. One has therefore for the limit of ultrarelativistic particles (8 ~ 1) a
maximum angle

1
@C,max =cos ! () . (131)
n
Typical values of the opening angle are ~1°-2° depending on the refraction index and on the

particle velocity. A minimum energy for the particle to emit Cherenkov radiation is requested:

mo 62

Enin = ’sz’anCZ = \/ﬁ (1.32)

Low mass particles dominate therefore the Cherenkov radiation that appears as a continuous

spectrum. The loss rate per unit of path length is |[Longair] 1992

dE(w) _ _we* <1 ¢ ) (1.33)

dx 4dmepcd n2y?

The peak of the emission is in the UV region, but, due to strong atmospheric absorption, what
can really be observed is at wavelength around and bigger than 330nm. The light is also visible
on the ground for just ~10ns, even if the whole developement of the shower lasts about ~50us. In
the case of electromagnetic showers the light cone is focused in a homogeneous distribution (with
a radius between 80m and 120m around the shower axis, even if some smearing due to scattering
processes is present) that decreases slightly towards the axis (Fig. . In case of hadronic
events, because of the intrinsic larger lateral development of the shower, the light distribution is
more widely spread. Moreover, electromagnetic sub-showers are formed causing larger fluctuations
in the Cherenkov emission. Secondary muons can often reach the ground with sufficient energy
to emit Cherenkov radiation, hence adding an additional component to the Cherenkov light on
the ground. Anyway, because of absorption processes like the absorption by the ozone and of
scattering like the Mie scattering and the Rayleigh scattering, not all the Cherenkov radiation
reaches the ground. Indeed, for a primary photon of 1 TeV energy, only about 100 photons/m?
reach the ground.
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() (d)

Fig. 1.13. Comparison of the longitudinal and lateral shower development between a 300 GeV photon (a
and c) and a 1 TeV proton (b and d). The energies are different so that the amount of emitted Cherenkov
light is the same in the two cases. (a) and (b) have an extension of 600m in width and 27 km in height,

while (c) and (d) cover an area of 800x800m?>.







2

The H.E.S.S. experiment

2.1 Imaging Atmospheric Cherenkov Telescopes

VHE ~-rays are absorbed by interactions with the atmosphere. Satellite experiments are therefore
required, but, since for energies above some tens of GeV the flux of ~-rays is so low, their
detection area (some square meters) becomes too small to detect a significant number of events
in a reasonable timescale. To have a large enough collection area, ground based telescopes are
thus needed and a new detection method has to be used. The Imaging Atmospheric Cherenkov
technique was then introduced: it records the Cherenkov light of secondary particles, generated
by the interaction of the primary - or cosmic-ray (CR) with the particle in the atmosphere
(sec. and has, due to the large extension of the Cherenkov light cone on the ground, a much
larger detection area available compared to satellite experiments. The telescopes that use this
technique are called Imaging Atmospheric Cherenkov Telescopes (IACTs) and are currently the
most sensitive instruments for VHE ~-ray astronomy in the energy range above 50-100 GeV.
This technique was pioneered by the Whipple collaboration which operated a single 10 m
diameter IACT and achieved an energy threshold of ~350 GeV. They were the first to detect
a source of VHE gamma rays with the imaging technique, the Crab nebula in 1989 [Weekes
et al., [1989|. Significant improvements in sensitivity were achieved in the successive generation
of TACTs through the installation of an array of telescopes to allow stereoscopic imaging of
air showers, like HEGRA in 1996 [Daum et al., [1997]. This approach has different advantages.
Since a trigger coincidence of multiple telescopes can be required, random triggers of night-sky
background light (NSB) and single-telescope triggers of local muons (local because their very
narrow Cherenkov light cone triggers only a single telescope) as well as hadronic background
events are strongly reduced. This is so that the telescopes can operate with reduced energy
thresholds and higher sensitivity. Furthermore, multiple views of the same air shower increase the
amount of information, which provides a more accurate measurement of the shower parameters
and therefore allows a better reconstruction of the energy and direction of the primary ray
compared to single telescopes. The stereoscopic approach was then adopted in all third generation
instruments: H.E.S.S. [Hinton| |2004], Veritas [Weekes et all [2002], Cangaroo-IIT [Kubo et al.,
2004], MAGIC [Lorenz, 2004]. Compared to the previous generation instruments, the energy
threshold was significantly lowered towards 100 GeV or less through the use of larger mirror

areas.
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Fig. 2.1. The H.E.S.S. telescope array.

2.2 The H.E.S.S. telescope system

The H.E.S.S. system is an array of four IACTs, situated in the Khomas Highland in Namibia,
1800 m above the sea level. The acronym stands for High Energy Stereoscopic System and is a
tribute to Victor Hess, who received the Nobel Prize in Physics in 1936 for his discovery of cosmic
radiation in 1912. The first of the four telescopes has been operational since summer 2002 and
the last one was completed in December 2003. The whole array has been functional since January
2004. The HESS system is characterized by a low energy threshold (~100 GeV at zenith) and
a 1% Crab flux sensitivity resulting from a good angular resolution and background rejection

provided by the stereoscopic technique.

2.2.1 Site location

The location in the Khomas Highland ( 23° 16’ 18” south, 16° 30’ 00” east) was chosen for its
close vicinity to the Gamsberg area, which is known for its excellent condition for astronomical
observation , and for its position in the southern hemisphere. Indeed, about 57%
and 64% of the ~1700 dark moonless hours have respectively no clouds or a cloud coverage less
than 25% above an altitude of 30° and 94% have a relative humidity under 90%. The southern
location is important since one of the main scopes of H.E.S.S. is the quest for possible TeV
galactic sources and the central part of the Galactic Plane culminates at zenith during autumn
and winter, when there are the driest and most stable atmospheric conditions and the nights are

longest.
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2.2.2 Telescope structure

The four telescopes are identical and arranged in a square of 120 m side length, with the diagonals
aligned in north-south and west-east direction. The distance was chosen to satisfy two main needs:
to have a large collection area and a large base length for good stereoscopic view and to require
that at least two telescope are able to observe the same air shower. Each telescope has a dish
of 13 m diameter, mounted on a 13.6 m circular rail that permits movements in the azimuth
direction. In both azimuth and elevation, the telescope is driven by friction drives that can reach
an angular velocity of 100°/min, acting on 15.0 m diameter drive rails. The position is sensed by
shaft encoders with a digital step size of 10” and a mechanical accuracy in tracking astronomical
objects better than 3”. However, due to systematic uncertainties induced by misalignments and
deformation of the telescope structure, the precision for locating gamma-ray sources is about 30”.

Fig. 2.2. The first operational H.E.S.S. telescope (from iHESS websitel, |2009|]).

2.2.3 Mirrors

Each single telescope ([Bernlohr et al., |2003] and [Cornils et al., [2003]) is constituted of a seg-
mented reflector of diameter d=13 m and focal length f=15 m (f/d=1.2), composed of 380 round
mirror facets of a 60 ¢cm diameter arranged with Davies-Cotton optics ([Davies and Cotton),
), for a total reflecting area of about 107 m?. In such optics, all the facets have the same
focal length (that is also the focal length of the whole telescope) and are arranged on a sphere of

radius f. It also provides good off-axis imaging, which is important for having uniform response
over the large field of view, which is required for observations of extended sources. The mirror
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Fig. 2.3. Drawing of a mirror with its anchorage system (from iHESS WebsiteL |2009|]).

facets are made with quartz-coated aluminized ground glass and have an average reflectivity of
80% for wavelengths above 330nm. To permit the anchorage at the dish structure and at the
same time the remote position adjustment, the mirrors are attached at the dish in three points:
one fixed and two mobile with motor-driven actuators (Fig. . The alignment is performed in
the following way (Fig. : with a CCD camera positioned at the center of the dish, the image
of a bright star is photographed on the closed camera lid (Fig. . Then each single facet is
moved in both axes until the star spot is centered in the main focus. As all the facets are aligned,
the star image is combined into a single spot at the center of the telescope camera.
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Fig. 2.4. Mirror alignment technique. Left: a star is observed by a CCD camera positioned at the center

of the dish, viewing the closed lid of the PMT camera which acts as a screen. Upper right: star image

before alignment. Lower right: star image after alignment. |[Cornils et al., [2003|
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The optical point spread function (PSF, defined by the radius of a circle enclosing 80% of
the spot intensity, rgp) of the resulting image is well contained within the camera pixel size of
2.8 mrad and has a value of 0.25 mrad on-axis, well within its specifications. The optical PSF
depends on the offset in the camera (due to spherical aberrations of the reflector) and on the
elevation of the telescope (due to deformations of the dish structure), but is for all practical

observations within the pixel size.
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Fig. 2.5. Star images viewed at different offsets. The pixel size is is also indicated.|Cornils et al.l, |2003|]

2.2.4 Camera

The HESS cameras are positioned in the focal plane of the reflector dishes and consist of an
hexagonal array of 960 photomultiplier tubes (PMT or pixel) organized into drawers of 16 PMTs.
Each pixel has an angular size of 0.16° (that is small enough to resolve image details) for a total
field of view of the camera of about 5° of diameter (that allows observation of extended sources).
The choice of PMTs above other alternatives is due to their quick response, needed due to the
fact that Cherenkov flashes from air showers last only for a few ns. They are currently the most
appropriate light sensors for IACT cameras even if their quantum efficiency is about 25%, with
a maximum of 30%.

The trigger and readout electronics as well as the high voltage supply are contained inside
the 1.4 m diameter camera body. Since the PMTs have circular shape, to reduce the insensitive
area of the camera (< 5%) hexagonal Winston cones [Welford and Winston), [1989] are used to
funnel the light into the PMTs. They are also useful to limit the solid angle viewed by the PMT

and to reduce the noise due to stray light from the ground, from the reflector, or even from the

sky (if observed at low elevations).

2.2.5 Trigger

The signal pulse from the PMT is fed into three different channels: one into the trigger channel of

the camera and two into the acquisition system with different gains [Funk et al., 2004]. By using

a high gain and a low gain channel, the linear response of the PMT is increased to a dynamic
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Fig. 2.6. Left: the camera mounted on a telescope with open lid. Right: view on the photomultipliers
and Winston cones (from [HESS website, |2009]).

range of up to 2000 photoelectrons (p.e.). This allows to resolve single photoelectrons from low
energy showers without suffering from saturation at high Cherenkov photon densities originating
from high energy showers.

The trigger system of H.E.S.S. is designed to make optimum use of the stereoscopic approach
and is divided in two levels. In the first one, the local trigger for each telescope is done; in
the second one a multi-telescope coincidence (at least 2 telescopes) is required by the central
trigger system (CTS). In the local trigger, the camera is divided into 64 overlapping sectors
with a programmable trigger requirement. A trigger occurs if the signals in M pixels within
a sector (sector threshold) exceed a threshold of N photoelectrons (pixel threshold). A typical
time-window for the multiplicity trigger is 1.3 ns. Upon receiving a camera trigger, the signal
is stored in 128 ns deep analog memories from each PMT, sampled at 1 GHz and is integrated
within 16 ns. Once a camera has formed a trigger, a signal is sent via optical fiber to the CTS, for
the multiple-telescope coincidence requirement. This requirement leads to a significant reduction
in the rate of background events, since hadronic showers have a more inhomogeneous light pool in
comparison to the y-ray events and therefore the coincidence is more hardly fulfilled. Also single
muons from CR or hadronic showers are almost completely rejected by a telescope multiplicity
requirement. All this gives the opportunity to reduce the camera trigger thresholds and thus lower
the energy threshold of the instrument by a factor 2 compared to single telescope operation. This
kind of selection already at the hardware level has the additional advantage of sensibly reducing
the network, the disc space and the CPU time requirements.

2.2.6 Telescope pointing

Since the typical emission height of Cherenkov photons is at a depth of ~10 km, the most effective
observation strategy consists in slightly tilting the telescopes towards each other, so that they
are looking at the same point in the sky at the height of maximum shower development. For
the H.E.S.S. array, the angle that maximizes the overlap of the telescope field-of-views is around
0.7°. Maximizing the overlap results in y-ray images that lie closer to the center of the cameras

and increases the average number of usable images in the analysis. This improves the angular
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resolution and hence increases the sensitivity. This ”convergent” pointing is possible only at the

expense of a reduced field of view, therefore it is not regularly performed.

2.3 Data collection

TACT telescopes generally make observations only during moonless nights, since they need as-
tronomical darkness to be able to detect the very faint flashes of Cherenkov light. In the case of
H.E.S.S., the available time is sub-divided into observations (runs) of typically 28 minutes in du-
ration, during which a given astrophysical target or position in the sky is tracked and the data are
continuously taken and stored to disk. Ideally, all other configuration parameters of the telescope
system are kept constant during a run. The original and simplest observation strategy used for
single telescope instruments with relatively small field of view such as the Whipple observatory
[Weekes et all [1989], was the ON/OFF observation mode. This method consists of alternated
runs first on the actual target (ON-run) and then on an empty part of the sky (OFF-run) that is
offset by 30 minutes in Right Ascension, but at equal zenith angle, to keep the conditions for the
two runs as constant as possible. The OFF-runs can then be used to derive a background estima-
tion for the ON-runs. The main disadvantage of this method is the need for spending half of the
available observation time off-source. Since modern IACTs are built with a larger homogeneous
field of view, the more appropriate wobble-mode observation method was introduced. Here the
targeted source is kept in the field of view all the time, but slightly offset (0.5° to 1.0°) from the
actual observation position, allowing the simultaneous taking of ON- and OFF-data. The offset
is then normally alternated in four different directions in consecutive runs (i.e. at fixed Right
Ascension changing the Declination or vice versa) so that the On-region is in the middle of the
total field of view. The advantage of the wobble-mode is the elimination of off-source observations
(and the consequent doubling of on-source time) since the background can be estimated from the
same field of view as the on-data and the fact that the off-data are taken under the exact same
conditions.

The Cherenkov radiation is collected by the large mirrors and reflected onto a sensitive cam-
era. The resulting image on the camera plane is a two-dimensional projection of the shower. The

mapping rule for a point (z,y,z) in the atmosphere is:

()=6)

where (u,v) are the resulting camera coordinates and f is the focal length of the mirrors. Figure
a) illustrates for a simplified shower model the image of the shower axis in the focal plane (the
"image axis”). The light emitted from the shower axis in infinite height would be mapped onto a
point (-6,-8,) in the focal plane that indicates the inclination of the shower axis with respect to
the optical axis of the telescope. In figure b), one can see a sketch explaining the shape of the
light distribution in the camera. The length of the shower image is given by the angle A¢g=¢p2-¢1
under which the shower is observed, its position by the distance R between telescope and shower
axis and the width by the showers lateral extent. Furthermore, the farther away a shower is from
the telescope, the more the image will be elongated and near the border of the camera. The
camera image of the shower is sketched in Fig. For the narrow v-ray induced showers, the
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Fig. 2.7. (a) Mapping of the shower axis into the focal plane. (b) Basic dependencies between showers

and camera images. Left: view of the shower-axis - telescope plane. Image’s length and position are
determined by A¢ and R. Right: view of the plane perpendicular to the previous one. (from [Bergel

2006))
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Camera image /

Fig. 2.8. Sketch of the camera image. The image shape is asymmetric due to the non-linear mapping of
eq. (from [Berge} 2006]).

images width is usually much smaller than its length, such that the image is roughly elliptical
in shape. For most hadron-induced showers, the lateral spread is normally larger and they can
therefore be distinguished from the ~-ray induced ones by the larger width of their images. The
major axis of the image points on one side towards the direction of the primary 7-ray, and on the
other side towards the shower impact point on the ground. Even though both parameters can be
determined from a single shower image, the stereoscopic approach greatly improves the angular
resolution, as well as the hadron rejection, since the inconsistency between reconstructed shower
directions can be utilized. The energy of the primary particle can be estimated from the intensity
of the shower image and from the distance between the telescope and the shower impact point

on the ground.

2.4 Event reconstruction

Once the shower image has been recorded by the camera, the event must be reconstructed in
its characteristics like type, energy and direction. The first step is the image cleaning, i.e. noisy
pixels with intensities unrelated to the Cherenkov image, and therefore likely to be caused by
photomultiplier noise or by NSB, are removed. For this operation, high and low thresholds are
defined (Thign and Tiow), typically of 10 and 5 p.e. . The only pixels kept in the image are the
ones with a p.e. content bigger than one threshold and that have a neighboring pixel with a p.e.
content bigger than the other threshold. In addition, an intensity of more than 3¢ of the pedestal
RMS from the rest of the observation run is requested to avoid pixel suffering from bright star
light (NSB threshold). All other pixel are discarded (Fig. [2.9)).

As mentioned above, the shape of the image is roughly elliptical and as such it can be
parametrized. The parametrization of the clean image is normally performed using the Hillas
parameters [Hillas, [1985] (see Fig.[2.10|(a)) which can be written in terms of moments of the light
intensity distribution. The first moments of the two-dimensional intensity distribution have the
mathematical form of a center of gravity (COG) and give the image’s position, while the matrix

of second moments can be interpreted as an ellipse around the COG. Its major and minor axis
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Fig. 2.9. Camera image before (left) and after (right) cleaning (from |Funk} [2005]).

(length and width) come from the diagonalization of the matrix as square root of the eigenvalues.
The orientation angle of the ellipse () is given by the angle of the principal-axis-transformation.
Furthermore, the shower images are characterized by their amplitudes in p.e. (size).

The use of the stereoscopic technique significantly improves the ability to reconstruct these
properties, since the shower can be recorded under different viewing angles (Fig. [2.10(b)). The
origin of the shower is located on the major axis of the ellipse, therefore, by intersecting the ma-
jor axis from different cameras, one can determine precisely the direction and the impact point
on the ground (the core). In the case of N telescopes one has N(N-1)/2 intersections that are

averaged after being weighted. To each intersection i a weight

«—— \Width

N

(a) (b)

Fig. 2.10. (a) Schematic representation of the Hillas parameters. (b) Superimposition of the images of
four telescopes looking at a simulated 7 TeV ~-ray shower. Hillas ellipses are overlaid. The yellow ellipses
are the estimated source regions. Their intersection gives the optimum source direction (red error ellipse)
(from [Berge, 2006]).
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is assigned, where s, [, and w are respectively the size, length and width of the image. The weight

Wi = (2.2)

takes into account that images with large stereo angle (i.e. bigger angle between images major
axes) provide the most precise direction determination and that bright and elongated (w/l)
images provide well defined shower characterization. The same mechanism can be applied to
derive the position of the shower core. Typical values for the angular resolution are in the order
of 0.1° and 10 m for the core location for showers which impact within 200 m from the center of
the array.

Contrary to the direction estimation, the energy of the event can not be calculated directly
from the image parameters, but, assuming that all particles are 7-rays, has to be determined
from lookup tables generated from Monte-Carlo simulations (MC). Such simulations make use of
parameters like size, impact parameter (i.e. the distance of the shower core from the telescope)

and zenith and offset angles of observation for the telescope system

(E) vre = (E) o (size, zenith, distance) . (2.3)

As the density of Cherenkov light at a fixed distance from the shower axis is approximately pro-
portional to the primary energy, a precise reconstruction of the impact distance is important,
because it determines how many photons from the shower arrive at the telescopes and therefore
the energy. The v-like event energy is then calculated using the mean of the energies determined

independently for each telescope, with a typical resolution

AE o Ereco - EMC

~ 15%. 2.4
E Eyce % (24)

MC lookup tables have to be simulated for each single telescope because each telescope has a
different optical efficiency due to different times of installation (and hence to different levels of
degradation). As one can expect, the energy reconstruction gets better with increasing energy,
since on average more light is collected by each camera and this leads to smaller statistical
fluctuations in the image size. Furthermore, the intrinsic shower fluctuations also decrease with
increasing energy. The energy reconstruction is also affected by other uncertainties due to system-
atic effects like the propagation of the Cherenkov light in the atmosphere, the optical response

of the instrument and the camera response.

2.5 Monte-Carlo simulations

As said, for the energy reconstruction, Monte-Carlo simulations are needed. These are performed
in two steps: first simulating a complete air-shower with CORSIKA (COsmic Ray SImulations for
KAscade |[Heck et al. [1998]) and then the response of the detector with sim_hessarray [Bernlohr,
2002]. CORSIKA studies the evolution of air showers initiated by photons, protons, nuclei or other
particles in the atmosphere, including the formation of Cherenkov light. It takes into account

environmental parameters such as atmospheric absorption and geomagnetic field strength and
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can be used with various particle interaction models. The sim_hessarray package simulates the
response of an array of H.E.S.S. telescopes to Cherenkov light of air showers with a very high level
of detail. The simulation takes into account the reflector layout and its orientation with respect to
the shower, the shadow of the camera support structure, the mirror reflectivity, the transmission
of the Winston cones, the optical point spread function (PSF) as well as the quantum efficiency of
the PMTs and the pulse shapes of the PMT signals. Moreover, the decrease in optical efficiency
of the telescopes can be taken into account.

~-ray induced air-showers are then simulated between 20 GeV and 100 TeV, assuming the
primary «-ray spectrum to follow a power law dN/dE o« E~2. Each simulation is performed for
13 different zenith angles of observation (0°, 20°, 30°, 40°, 45°, 50°, 55°, 60°, 63°, 65°, 67°, 69°,
and 70°) and for each zenith angle six different offset values (angular distance between source and
pointing position) are taken into account (0°, 0.5°, 1°, 1.5°, 2°, 2.5°). Since the particles created
in a y-ray induced air-shower are mainly positron and electrons, the influence of the terrestrial
magnetic field is important in the development of the shower and is taken into account using two
different azimuth angles (0° and 180°). The need for simulations at different zenith angles derives
from the fact that at large angles, air-showers are observed through a much greater atmospheric
column depth. In this case, Cherenkov photons suffer more from scattering and absorption and
have a larger (and dimmer) footprint on the ground, with a consequent reduction of the photon
density in the light pool. This leads to an increase in the effective energy threshold of the system.
However, the larger image on the ground results in a larger effective collection area and in an

increased telescope multiplicity.

2.6 Gamma - Hadron separation

Almost all events detected by a stereoscopic system like H.E.S.S. have a hadronic cosmic ray (CR)
nature and have therefore to be rejected as background. Even for bright sources the & signal
rate is ~1073. A first reduction of such background events is done after the cleaning through cuts
on the image parameters. A standard analysis takes into account the size, the COG, the width,
the length and, as already said, the telescope multiplicity (each event must trigger at least 2 tele-
scopes and pass the successive cuts for each telescope). There are two different kinds of size-cuts,
requiring that the image amplitude is above 80 p.e. (standard-cuts) or 200 p.e. (hard-cuts), at the
expense of an increasing energy threshold. To avoid truncated images, it is required that the COG
is inside a circle of typically 2° from the camera center (nominal-distance-cut). As mentioned be-
fore in par.[I.6.2 the CR induced showers are less regular and on average wider with respect to the
v ones. Using a mean reduced scaled width (MRSW) and length (MRSL) (shape-cuts), one can
therefore exploit this property to separate the «-ray signal from the hadronic background. The
MRSW and MRSL parameters are defined as the mean of the difference in standard deviations
for each telescope of the width (length) observed in the image from that which is expected from
~v-ray simulations based on image amplitude, reconstructed impact parameter, zenith angle and
offset:

(2.5)
OMC,i
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Fig. 2.11. MRSL (left) and MRSW (right) distributions for Monte-Carlo simulated ~-rays and protons
and for real off-source data. The dashed vertical lines indicate the min and max cut values (from [Funk|
2005]).

and similar for MRSL. The -hadron-separation is then performed by rejecting all events with
MRSW < MRSW,,,;, and MRSW > MRSW,,,,, (and similarly for MRSL). Most rejection is
provided by the cut on MRSW,,,4... Since the shape-cut can not completely separate the hadronic
component, what remains is then referred to as y-like event. Since the hadronic background, on the
contrary of the y-rays, arrives isotropically, a directional cut (used only in the spectral analysis)
is also applied, performing an additional efficient background rejection especially for point-like
sources. In this case, only events with a squared angular distance 2 from the candidate source
position smaller than a certain value are kept. For point-like sources, the standard-cuts and the
hard-cuts use slightly different values of 62, respectively 0.02° and 0.01°. In the case of extended
sources, larger on-source regions have to be used.

Standard-cuts and hard-cuts are optimized to yield the maximum significance per hour of
observations for two different source classes. The first ones are optimized for luminous sources
with a flux of 10% of the Crab nebula flux and a similar power-law spectrum (I'=2.6) and are
mostly used for spectral analysis, as they feature a lower energy threshold than the hard-cuts.
These ones are optimized for faint point-like sources, with a flux of 1% of the Crab nebula
flux and a hard spectrum with index I' = 2.0 and are mostly used for source detections and
morphology studies, as they provide a superior sensitivity and angular resolution. They also have
the advantage of reducing the background by a factor of 7.

Configuration] MRSL MRSW 0? size Distance
min max min max max (deg) min (p.e.) max (deg)
standard |-2.0 2.0 -2.0 0.9 0.02 80 2.0
hard -2.0 2.0 -2.0 0.9 0.01 200 2.0

Table 2.1. Cuts values.
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Data analysis

In the previous chapter it has been shown how, after the data collection, almost all background
events are rejected during the event reconstruction because of stereoscopic requirements and use
of cuts on the reconstructed image. Nevertheless, not all the background can be removed in
this way and it actually continues to dominate above the source signal even in the ~-like events
dataset. This is due to hadronic events that are not recognized as such and to electrons and
positrons, whose showers, being purely electromagnetic, can not be distinguished from the ~-rays
induced ones. A method for the estimation of the remaining background is hence needed.

First of all, a two dimensional histogram containing all the reconstructed ~y-like events has to
be created (raw map). Each bin contains N > 0 events. A correlated On-map can be constructed
in this way: a circle of radius 6 is centered on each bin and the number of events Np, > N > 0
within this circle is assigned to that bin.

3.1 Signal determination and system acceptance

The v-ray signal N, from any test position is calculated as
N, = Non — aNopys and the corresponding error AN, = 1/ Noy, + a2Noyy, (3.1)

where No,, is the total number of events in the test region (On-region), Noy¢ is the number of
background events calculated independently in another region (Off-region) and « is a normal-
ization factor. Since permitting a correct determination of the y-ray signal Nosy must consist
only of background events, known v-ray sources must be excluded from the estimation of Npyys
through the definition of exclusion regions Re;.;. The normalization factor « takes into account
the differences in the solid angle, exposure time ¢, zenith angle ¢, and acceptance € between On-
and Off-regions. The acceptance for vy-like showers is not a constant, but varies within the field of
view as function of the position (6,6, ), of the zenith angle and of the exposure time, dropping
rather rapidly towards the edge.

_ fOn €y (93?’ aya ¢Z; t) daxdaydd)zdt
- fOff €y (s, 0y, ¢-,1) d0,db,do.dt

«

(3.2)

For wobble observations (sec. [2.3) and in general for methods that permit the estimation of the
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Fig. 3.1. System acceptance for different zenith angle bands derived from OFF-runs. These curves are
normalized to the integral in the inner 1°. Note that in the picture the offset is referred to as ¥ instead
of § (from [Funk] [2005]).

background from within the same field of view of the On-region, the exposure time is the same

and also the zenith angle very similar for both On- and Off-regions, so that « is reduced to

o€y (82,6,) d6,d8,

- (3.3)
fOff €y (91?7 ey) d9xd9y

«

To further simplify the estimation of the acceptance, this is assumed to be radially symmetric,
so that it depends only on the angular distance 6 from the center of the field of view (i.e. from

the pointing position):

_ fOn €y () do

STl (3.4)

(0%

As mentioned above, the acceptance is zenith angle dependent (Fig. . Although this depen-
dence is ignored for each single position in the field of view within the same run, it is taken into
account when the acceptance is calculated for different runs. What is completely ignored in the
current HESS analysis is instead the (rather strong) energy dependence (Fig.[3.2). This implies
the use of an acceptance independent background estimation for the spectral analysis.

The statistical significance S, of a y-ray signal (and more in general of any count signal) is
given by the LiMa formula (|Li and Mal [1983]):

1+OZ NOn NOff 1/2
S, =+v2{ No,1 + Noysrl {1+ ( 3.5
! { © n{ o <N0n+NOff>} ofsln|(L+a) Non + Noyy (3.5)

In order for this formula to work properly, No, and No¢s should be larger than 10. A significance
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Fig. 3.2. System acceptance for three energy bands. The energy dependence is apparent. At small energies
the acceptance declines rapidly with increasing offset, while it is much flatter for energies beyond 1.4 TeV.
Note that in the picture the offset is referred to as ¥ instead of 6 (from [Bergel [2006]).

of at least 5 standard deviations (o) is normally required for the reliable detection of a source.
The probability that such a signal is caused by statistical fluctuations is of the order of ~ 6-107°.

3.2 Background evaluation: 2-D Acceptance Background Model

To extract a two-dimensional y-ray excess map from a -like event map, the background must
be determined for each position in the sky. Since the system acceptance shows how a flat dis-
tribution would be seen by the telescope, and since the background distribution is isotropic, a
two-dimensional acceptance map can be used as background model. Such an acceptance map can
be created for each observation run by simply rotating the one-dimensional acceptance model
correspondent to the run zenith angle around the pointing position. For intermediate values of
the zenith angle, the acceptance model is created interpolating linearly between the two nearest
zenith angle bands. The run-wise acceptance maps are then simply added together. The resulting
"background” map must then be scaled before being subtracted from the raw map. The nor-
malization factor « has to be determined letting the background map match the raw map away
from the v-ray sources. This method however, is not so reliable because of its susceptibility to
gradients that could possibly be present in the acceptance.

During the work, this method was used to estimate the background qualitatively (not quanti-
tatively). Radial profiles of regions in the field of view with no v-ray sources were made and added
together to reduce statistical fluctuations for both raw map and acceptance map. The resulting
profiles were then scaled and compared, showing good agreement in the profile shape. A radial
excess profile of the source region was also calculated by subtracting the normalized acceptance

profile from the raw map radial profile. This was then compared with the excess obtained using
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the Ring Background Model (sec. . Again, a good agreement was found, showing that the
Ring Model interpretes correctly the background.

3.3 Background evaluation: The Ring Background Model

A more robust model for the background estimation for excess maps is the Ring Background
model. The number of events Nos¢ counting for the background are determined similar to the
Nop, events in the correlated On-map (sec. , but in this case, a ring around each bin is used
instead of a circle and an Off-map is created (Fig. . Given a mean radius of the ring (typically
0.5° for point-like sources), the inner and the outer radius are calculated so that the ratio between
the On-area Ao, and the Off-area Aoy is ~ 1/7. The factor 7 is chosen as a compromise between
the need to minimize the statistical fluctuations of the background and that of not let its error
become comparable or smaller with respect to the systematic one. As On-area is intended the
area of the circle used for the creation of the correlated On-map. One has to make sure that
the inner radius is quite larger than the source extension to avoid 7-ray contaminations. As
mentioned before, exclusion region R, around known v-ray sources are defined and the ring-
bins that lie in one R... are not taken into account in the background estimation. This has
as consequence the reduction of the Off-area, so that the ratio Ap,/Aoss becomes larger than
1/7. The normalization factor o can not be taken merely equal to the ratio Ao, /Aoy, since
the acceptance within the ring is not constant, covering the ring areas with different offsets from
the camera center. Therefore, to take into consideration both the change of the acceptance and
the area ratio, the following is done: On- and an Off-maps are created also for the acceptance
map, exactly in the same way as for the y-like event map. « is then given for each bin as the
ratio between the bin content of the On- and the Off- acceptance maps. The resulting map is a
correlated excess map. Instead of the On-maps, the raw v-like and acceptance maps can also be
used, resulting in an uncorrelated excess map. There is no intrinsic difference between the two
excess maps, being one the correlated map of the other.

This kind of background estimation has different advantages with respect to the Region Back-
ground Model described in sec. [3.4] First of all, the background can be estimated in each point
of the sky, a fact that makes it very suitable for the creation of sky-maps. Moreover, any linear
gradients in the background are averaged out and deviations of the actual acceptance from the
model acceptance function do not affect it appreciably. Instead, the main important disadvantage
of this method is the fact that the energy dependence of the acceptance is completely ignored.
The estimation of the excess in function of the energy is then affected by systematic errors,

disfavoring in principle the utilization of the Ring Method for the evaluation of energy spectra.

3.4 Background evaluation: The Reflected Region Background Model

A background estimation that takes into account neither the energy dependence of the acceptance
nor its offset-dependence is the Reflected Region Background Method. It just assumes the system
acceptance to be rotationally symmetric. In this case, the background is estimated adding all the
events of regions which have the same size and offset from the camera center as the On-region (Fig.

3.3). On- and Off-regions lie on the same ring around the observation position, therefore energy
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Fig. 3.3. Schematic illustration of the Ring and Region Background Models. The observation position of
the telescopes is marked by a cross, the target position by an X. The On-region around the target position
is marked by a cross-hatched circle. The Ring Background region is filled by horizontal lines, while the
Reflected Region Background regions are filled by diagonal lines. In this case the two background regions

have equal area (taken from |Aharonian et al. |2006a).

and offset corrections can be avoided. To prevent 7-ray contaminations a minimum distance
between On- and Off-regions is required and Off-regions overlapping with R, are rejected. The
number of Off-regions N, ref f also depends from the size and offset of the On-region. Finally, the
normalization factor a can be simply calculated as 1 /Ng}gf

This model is well suited for wobble observations (sec. and for the spectral analysis, since
the background estimation is energy independent. It actually requires the On-region to be offset
from the camera center of a distance larger than the radius of the source, otherwise no Off-region
can be determined. In this case another method has to be used, for example the background
can be extracted from corresponding OFF-runs like in the case of ON/OFF observations (sec.
. The number of Off-regions, however, is reduced to one and a good reduction of statistical
fluctuations is not possible.

The main advantage of this method is the fact that On- and Off-events have the same accep-
tance, not needing the acceptance itself (and the relative corrections) to be taken into account,
as long as it can be considered rotational symmetric for the system.

The Region Background Method does not permit the calculation of the background in each
point of the field of view, therefore the creation of sky-maps is prevented. Another disadvantage
is given from the fact that the number of Off-regions depends strongly on the size and offset of
the On-region and on the presence of excluded regions. The larger the size and the number of
Ry, the smaller Ngfgf is, with the concrete possibility of not finding Off-regions for certain

observation runs.
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3.5 Position fitting

The position and size of the y-ray source are determined through the two dimensional fit of the
sky map, assuming that the centroid of the emission is not energy dependent and that source
intensity profile has a radially symmetric Gaussian form. Normally a fine binning, an uncorrelated
sky map and hard cuts are used, since they provide a better angular resolution (see sec. .
The fitting procedure has to take into account also the intrinsic PSF of the instrument, that is
usually described by a double Gaussian:

_ 02 _ 0%
PSF o< Kjexp 1 +Kyexp 272 . (3.6)
Given the Gaussian intensity profile
2
1 (02) = Ksource €xXp 293 ource ’ (37)

the actual fit function results from the convolution of these two functions

_ 92 K. 0_2 0.2 +02 _ 02
N, (z,y) = PSFap (2,9) = Ksource |€ T+ %0urce) 4+ 2222717 Tsource o a(eBraZoure) || (3.8)
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with

02 = [(Xo — ) a]® + (Yo —y)°. (3.9)

(Xo0,Yp) is the centroid position, (z,y) are the coordinates of the point on the sky-map and
a = 1/cos (y) is a scaling factor due to the use of the spherical RA-Dec coordinate system with
non Cartesian metrics. Free fit parameters are (Xo, Yp), the normalization factor Kpyrce and the
source width ospyrce- The PSF parameters are derived from MC simulations and depend on the
zenith and offset distributions of the dataset.

Function can be used to fit both the (uncorrelated) excess and the raw map. In the first
case, the map is usually created using the Ring Background Method and the source is directly
fit. If the emission region has an elliptical shape, an elongated Gaussian can be used instead of
the simple Gaussian. In the second case the background is not yet subtracted and it is taken into
account by adding a background component to N,(z,y). This additional component can be a
constant (By) or a two dimensional single Gaussian (Kpqe exp~%rack/2%0ack ). In the first case, the
background is assumed to be flat and is calculated from a ring around the source position. In the
second one, it is determined in a previous step in which the background map is fit similarly to the
On-map. Also in this case, the background map is created with the Ring Background Method.

Another difference between the fit to the excess map and to the raw On-map is the fact that
in the latter case, the bins contain counting statistic so that Poisson statistic and likelihood fit
are applicable, while in the other one this does not happen. The bin size has therefore to be

arranged so that the statistic is sufficient and a Gaussian approximation is valid.



3.6 Spectral analysis 43
3.6 Spectral analysis

The spectral analysis is probably the most important part of the analysis of any source because it
gives information about the physical processes and interactions occurring inside of it. In the case
of y-ray sources the particles acceleration mechanisms can be studied. The differential energy
spectrum (or differential flux) is defined as the number of y-rays N, per unit of time dt, area dA

and energy dE (therefore one has counts TeV_lcm_Qs_l):

dN,

F(EF)=—-—""——.
(E) dtjipedAcrsdE

(3.10)

Here ¢y is the livetime of the observation and A,y the effective area of the run (see sec. .

For the evaluation of the spectrum the analysis has to be performed individually for each
observation run. Histograms with a fine binning of 24 equal bins (Alog(E) = const) per energy
decade are filled for both On- and Off-events. The bin width is smaller than the energy resolution.
The effective area A.sy is calculated using the mean values of the zenith and offset distributions
of the On-events. The same A.y¢ is assigned to the Off-events, under the assumption that they
have the same system acceptance as the On-events. A.¢y is then multiplied by the observation
livetime (T'Acs¢). Energy thresholds are applied at both low and high energy and are determined
for each individual run on the basis of the zenith and offset angle of the pointing position. At
low energies, the threshold is defined as the minimum energy for which the energy bias between
the real and the reconstructed energy is less than 10%, so that too large of a bias which can lead
to significant systematic errors are avoided. Moreover, also the initial strongly rising part of the
effective areas that could suffer an imperfect description by the MC simulations is not taken into
consideration. The high energy threshold is applied because the event statistics beyond it is not
sufficient to derive meaningful values for the effective area. At this point, the run-wise histograms
are summed together to obtain the On- and Off-histograms valid for the whole data set. A re-
binning can also be performed taking into account the bin significance (adaptive rebinning) or
giving to the bin a fixed size (fized rebinning). In the rebinning the On- and Off-events are merely
added, while the effective areas are averaged using an arithmetic mean. The flux histograms are
created dividing the event histograms by T'A. ¢ and by the bin width dE. The differential source
flux for each bin ¢ is then given by:

o Non,i 1 Noyty.i 1 1

F;(FE) = - 11
! ( ) AE: runs TAeff,i (¢za 0) AE1 runs Qryn TAeff,i (¢z7 0)’ (3 )

where .., is the background normalization factor derived from the background estimation. At
last, the spectral points are fitted using a minimum x? procedure. One of the possible fit functions

is a power-law:

F(E)=F, <1Tb;v> _F, (3.12)

where Fj is the flux normalization at 1 TeV and I is the spectral index.
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Fig. 3.4. Top: Effective areas as function of the reconstructed (blue) and true MC (red) energy for a
zenith angle ¢. = 20°, an offset angle § = 0.5° and standard-cuts. The markers illustrate the MC results,
while the lines are their analytical fits. Bottom: Effective area residuals between true and reconstructed

energy (from [Hoppe, [2008]).

3.6.1 Effective area

The effective y-ray collection area expresses the area within which the instrument can detect a

~v-event, given its detection efficiency. It is given by

Aeff (E7¢2797Vaz) = /27T7'd’f’P, (313)

where P is the y-ray detection probability that depends also on the efficiency of the y-ray selection
(i.e on the cuts), r is the distance of the shower core from the center of the array, ¢, is the zenith
angle, 6 is the offset from the camera center and v,, is the azimuth angle. The effective area has
to be determined through MC simulations. This is done for different ~-ray selection cuts and for

different sets of zenith, offset and azimuth angles (Fig. |3.5):
. = 0°,20°,30°,40°,45°,50°, 55°,60°,63°, 65°
0 =0°,0.5°,1°,1.5°,2°,2.5°
Ve, = 0°,180° .
For each combination NA]YW ¢ events following a power-law spectrum with spectral index I' = 2 are
simulated homogeneously on an area A,;c. The effective areas are then given as:

sel

Aeff (E,sz,a, Vaz) = WAMCU (314)
Y

where Niel is the number of ~-like events that have passed all kind of cuts. These are then

interpolated linearly in cos(¢,) and 6 to obtain effective areas valid for arbitrary sets of (¢, 6, v, ).
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Fig. 3.5. Left: Effective area as a function of the true energy for different zenith angles at fixed camera
offset # = 0.5° and fixed azimuth angle v,, = 180°. Right: Effective area as function of the true energy
for different camera offsets at fixed zenith angle (¢. = 20°) and fixed azimuth angle v,. = 180°. An
increase of the energy threshold with increasing zenith angle as well as increasing offset is apparent. Note
that in the picture the zenith angle is referred to as ® and the offset as ¥.(from |[Funkl [2005]).

No interpolation is done for v,, since the dependence on this parameter is rather weak. The
azimuth angle actually characterizes two different sets of areas, the north (v, = 0°) and the
south (vq, = 180°) effective areas. This takes into account the fact that the development of the
electromagnetic showers is influenced by the earth magnetic field. Since the effective areas depend
on the cuts with which they are produced, they can just be used in analysis that use the same cut.
As it has been seen in sec. the cuts are also described by the On-source area 62. Two kind of
effective areas are defined: the point-source effective areas and the full-enclosure effective areas.
In the first case, the value of 2 is optimized for the analysis of point sources, in the latter, the
On-source region is taken infinitely large. Lastly, also the telescope multiplicity (3 or 4 telescope

running) is taken into account.
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HESS J1804-216

4.1 The source

HESS J1804-216 (Fig. is an extended galactic source, discovered in the inner part of the
Galactic Plane during the 2004-2005 HESS Galactic Plane Survey (|Aharonian et al. [2005a,
[Aharonian et al., [2006b]). The Survey was performed with observations in a band of £30° in
longitude around the Galactic Center (I = 0) and at three different latitudes b = +1°,0°, —1°.
The pointing positions differ by 0.7° in longitude. At the time of its discovery, HESS J1804-216
was the largest of the new VHE ~-ray emission regions with a size of approximately 22’ and
still now it is one of the most extended known TeV sources. It is also characterized by a high
brightness, with a flux of ~ 25% of the Crab Nebula above 200 GeV, and it is one of the softest
sources, with a photon index I' = 2.72 4+ 0.06. HESS J1804-216 is still unidentified, but several
possible counterparts like pulsars (PSR) and supernova remnants (SNR) are in its neighborhood,
though none of them is perfectly lined up with the TeV emission. HESS J1804-216 was observed
in the TeV range also with CANGAROO-III by [Higashi et al.| 2008], who confirm the extended
morphology of the source and find values for the flux and the spectral index that are consistent
with those found by HESS. Recently FERMI detected a -emission (OFGL J1805.3-2138), whose
centroid lies well inside of HESS J1804-216, even if with an offset of ~14.4" from the HESS
centroid (|Abdo et al., 2009]). Among the possible counterparts it was suggested by [Aharonian
et al., [2006b] the association with the south-western part of the shell of the SNR G8.7-0.1 (radius
~26") or with the young Vela-like pulsar PSR B1800-21 (or PSR J1803-2137) (|Kassim and
Weiler}, [1990b]). In X-rays two possible counterparts were discovered by Suzaku near the center
of HESS J1804-216: Suzaku J1804-2142 (Srcl) and Suzaku J1804-2140 (Src2) (|[Bamba et al.
2007]). The same sources were detected by Chandra (|Cui and Konopelkol 2006] and [Kargaltsev
et al.l |2007Db], Fig. and Src2 also by SWIFT ([Landi et all [2006]). SWIFT detected other
two sources in the same region, but both are associable to bright stars. At radio wavelengths the
compact SNR G8.31-0.09 was discovered well inside the HESS emission ([Brogan et al.l [2006],
Fig. .

The brightness and extension of HESS J1804-216 make it possible to use TeV data to look for
possible structures in the morphology and gradients in the spectrum, resulting in the opportunity

to identify one of the several objects in its neighborhood as the actual counterpart.
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Fig. 4.1. HESS 1804-216 as appears in [Aharonian et al.,|2006b|. Left: Smoothed excess map (smoothing
radius 0.06°) of the HESS J1804-216 region with nearby pulsars and SNRs as possible counterparts. The
white contours show the X-ray emission from G8.7-0.1 as detected by the ROSAT satellite in the 0.51-
2.01 keV band (|[Finley and Ogelman), 1994]), the black contours show the 20 cm radio emission detected
by the VLA. Right: differential energy spectrum (top) and the radial 6% distribution (bottom).

4.2 The possible counterparts

In the following the five possible counterparts listed above are briefly described. Also other three
objects that lie in the neighborhood of HESS J1804-216 are presented.

SNR G8.7-0.1: it is associated with the W30 complex, visible at radio wavelength as super-
position of extended and smaller emission regions. Discrete H-II regions are present as well
as molecular clouds, in which massive star formation may be occurring ([Ojeda-May et al.,
2002]). The SNR nature of G8.7-0.1 was clearly determined by the detection of non-thermal
extended radio emission ([Kassim and Weiler} [1990b]). A diffuse X-ray emission interpreted
as thermal was detected by ROSAT in the northern half of the remnant in the range 0.51-
2.01 keV (|Finley and Ogelman, 1994). The distance was estimated using several methods
that give slightly different results: 6+ 1 kpc by [Kassim and Weiler], [1990b], ~4.8 kpc by [Fin-
ley and Ogelman, 1994]. Its age was estimated by [Odegard, [1986] from the relation between
the age and the surface brightness in the radio band to be 1.5 - 10* years and by [Higashi
et al.l 2008] under the assumption of a distance of 4.8 kpc to be 2.2 — 3.1-10* years. Its offset
from the HESS centroid is ~24’ and its diameter is ~50'.

PSR B1800-21 (PSR J1803-2137): it is a young Vela-like pulsar discovered during radio ob-
servations ([Clifton and Lyne, [1986]) and has an offset of ~11’ from the centroid of HESS
J1804-216. It has a spin period P of 133.6 ms, a spin period derivative Pof1.34-10713, a
characteristic age 7. of 15.8 kyears and a distance d of 3.847532 kpc ([Brisken et al., [2006]).
The resulting spin-down luminosity is £ = 2.2 - 1030 ergs/s or E/d? = 1.4 -10% ergs/kpc?-s
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Fig. 4.2. Three-color image from VLA 90 cm (blue), MSX 8 mm (red), and SGPS+VLA 20 cm (green)
data. The complex W30, SNR G8.31-0.09 and SNR G8.90+40 are visible, together with several H-II
regions (from [Brogan et al. [20006]).

assuming the distance reported above. Given these values, [Aharonian et al.,[2006b] state that
the required efficiency to possibly power the y-ray emission of HESS J1804-216 is only 1%,
therefore PSR B1800-21 is considered the most likely counterpart. Based on ROSAT observa-
tion, a faint X-ray source near the radio pulsar position was attributed to PSR B1800-21 by
[Finley and Ogelman, 1994]. The detection of an X-ray nebula around the pulsar was reported
also by [Cui and Konopelko, |2006] and [Kargaltsev et al., |2007a], who saw two structures: a
brighter compact 7 x 4” component (the inner PWN) and an extended (12”) fainter emis-
sion component (the outer PWN), both asymmetric with respect to the pulsar position and
extended toward HESS J1804-216. This makes think about a PWN nature of HESS J1804-216.

e Suzaku J1804-2142 (Srcl): it is offset 3’ from the centroid of HESS J1804-216. It is reported
by [Bamba et al., [2007] as point-like source (or at least compact with respect to the spatial
resolution of Suzaku) with a diameter of 2/, while by |[Kargaltsev et al.l 2007b| as extended
or multiple (1.5’-2") with a Chandra observation. Taking into account the spectral features,
[Bamba et al., |2007] suggested that this source could probably be a high-mass X-ray binary
(HMXB). Due to the low signal-to-noise ratio, [Kargaltsev et al., 2007b] were just able to
estimate the unabsorbed flux using the best-fit parameters reported by [Bamba et al., 2007].
It revealed to be a factor of 1.7 smaller than that calculated from the Suzaku observation.
This difference could be explained by systematic errors or by the variability of the source,
fact that would support the HMXB interpretation.
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B1800-21

1WGA J1804.0-2142

Fig. 4.3. Chandra ACIS image in the range 0.5-8 keV of the central part of HESS J1804-216 with the
TeV contours overlaid. The best-fit position of HESS J1804-216 and its uncertainty are marked by the
plus sign. The arrows indicate the sources Srcl (Ch2 in the image), Src2 (Chl in the image), and the
pulsar B1800-21 (from [Kargaltsev et al., [2007D]).

Suzaku J1804-2140 (Src2): it is offset 1.8’ from the centroid of HESS J1804216. It is reported
by [Bamba et al.,|2007] as extended or multiple, while by [Kargaltsev et al.,2007b] as point-like
source. Since the Suzaku observations are more sensitive, a fainter extended PWN component
could have been detected. For both [Bamba et al.,[2007] and [Kargaltsev et al.,|2007b| the best
spectral fit is an absorbed power-law in which the absorbing column density is appreciably
larger than the expected Galactic column. [Kargaltsev et all 2007b] stated that Src2 could be
located within (or even beyond) the Galactic Bulge, or that it shows an intrinsic absorption,
which is often seen in the X-ray spectra of HMXBs. Furthermore they reported a pulsation of
106 s, which supports an HMXB interpretation. [Bamba et all [2007] suggested instead that
Src2 is a PWN or a shell-like SNR, because of the extended morphology observed with Suzaku
and the best-fit photon index of ~1.7.

SNR G8.31-0.09: it was discovered at radio wavelength (90 cm, 1.4 GHz) during a Galactic
Plane survey conducted by the Very Large Array (VLA). It has a size of 5’ x 4', and an offset
from the centroid of HESS J1804-216 of 7. The morphology is shell-like and the spectral index
is . = 0.6 for F,, oc v (|Brogan et al., 2006]).

Due to the relative small offset between PSR B1800-21 and G8.7-0.1 and to their similar estimated

distances, the association between these two objects has been discussed in several papers (e.g.

[Finley and Ogelman), [1994], [Kassim and Weiler} [1990a]). Recently however it was showed by

[Brisken et al.l 2006] that the pulsar’s proper-motion is driving the pulsar more nearly toward
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the center of G8.7-0.1, rather than away from it, and this fact makes their association rather
unlikely.
Other objects present just outside the TeV emission region are:

e PSR J1806-2125: it was discovered during the Parkes multibeam pulsar survey ([Morris et al.
2002|). It has an offset of ~30 from the centroid of HESS J1804-216 and lies just outside the
TeV emission on the north-est side, but inside the radio emission of SNR G8.7-0.1. It has a
spin period P of 481.8 ms, a spin period derivative P of 1.17 - 10713, a characteristic age 7.
of 65 kyears and a distance d of 9.9 kpc ([Hobbs et al., 2002]). Since the distance is almost a
factor two larger than that of SNR G8.7-0.1, it can not be physically related to this one. The
spindown luminosity is £ = 4.1 - 103* ergs/s or E/d? = 4.2 - 1032 ergs/kpc?-s assuming the
distance reported above. Almost spatially coincident with PSR J1806-2125 (offset ~ 1.6"), but
at the distance of SNR G8.7-0.1, a Maser OH (1720 MHz) emission was recently discovered
([Hewitt and Yusef-Zadeh, 2009]).

e PSR J1804-2228: it was also discovered during the Parkes multibeam pulsar survey ([Morris
et al.l [2002]). It has an offset of ~46.2’ from the centroid of HESS J1804-216 lieing well out-
side the TeV emission on the south part. It has a spin period P of 570.5 ms, a spin period
derivative P of 0.14 - 10715 and a distance d of 5.3 kpc ([Morris et al., 2002]). The spindown
luminosity is £ = 3.0 - 103! ergs/s or E/d?> = 1.1 - 10% ergs/kpc?-s assuming the distance
reported above. Since the spin-down energy is so low and the pulsar lies well outside of the

TeV emission region, it is very unlikely as counterpart.

e SNR G8.90+0.40: it is a very faint shell like supernova remnant discovered at radio wavelength
(90 c¢m, 1.4 GHz) during a Galactic Plane survey conducted by the Very Large Array (VLA).
It has a size of 24’ x 24’ and an offset from the centroid of HESS J1804-216 of ~39.6’. The
spectral index is o, = 0.6 for F,, x v* (|Brogan et al., |2006]).

4.3 Dataset

For the analysis of HESS J1804-216, runs relative to observations made between the 21st May
2004 and the 9th October 2007 were used. Only runs with a 4 telescope multiplicity and with
a declination > —23° (north-runs) were taken into account. On the basis of the offset of the
HESS centroid from the observation position two lists were generated. The first one containing
83 runs within an offset of 2.5° (mean offset 1.52°) was used for the morphological analysis,
the second one containing 58 runs within an offset of 2.0° (mean offset 1.22°) was used for
the spectral analysis. This was done because the event reconstruction, and in particular the
energy reconstruction, becomes less precise with increasing offset due to the radial and energy
dependence of the acceptance (sec. . For the spectral analysis is then preferable to reduce
the field of view in order to obtain a better energy resolution. All the runs were taken in survey
mode, no dedicated wobble observation was performed on HESS J1804-216. In Fig. the offset

distribution of the two lists is shown.
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Fig. 4.4. Offsets distribution of the runs. Dotted black is the 2.0° list, dashed red is the 2.5° list.

4.4 Background estimation and significance

When the data are analysed, first of all a «-like event raw skymap and an acceptance map are
created for each run and divided into a fine binned grid (here a binsize of 0.02° x 0.02° was
chosen). The raw skymap is centered on the observation position and contains all the events
that have passed the selection cuts, the acceptance map is created rotating the one-dimensional
acceptance curve of that specific run. The single-run maps are then added together to obtain the
raw skymap and the overall acceptance map of the entire region. During this step a maximal
offset from the observation position (bgrange from now on) can be defined, so that only events
inside this radius are taken into account. This is valid for both sky and acceptance maps.

For the background estimation of the skymaps the Ring Background Method was used
(sec. . For each grid point the background was estimated in a ring with mean radius ring-
radius=1.0° and an area 7 times the On-region areql] 2 = 0.05(°)% (6 ~ 0.22°). Such a large
ring-radius was chosen to be bigger than the diameter of the source, so that the ring is not
affected too much by exclusion regions and the ratio Ao, /Aoy doesn’t suffer large variations on
the entire source. Hard-cuts (sec. were chosen because they provide a much higher angular
resolution and reduce the number of background events with respect to standard-cuts, even if at
the expense of a smaller statistic and higher energy threshold. Events were considered within a
bgrange of 2.5°. The statistical significance of HESS J1804-216 was calculated for the On-region
62 centered on the source centroid position given in [Aharonian et al., 2006b] (R.A. 271.13° Dec
-21.7°). The LiMa formula was used (sec. |Li and Mal |1983]), taking into account the On- and

! Note that this area is not the area of the source, that is actually much more extended.
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Table 4.1. On-counts, scaled background (a-Off-counts), excess, significance and livetime for the On-
source region centered on the centroid of HESS J1804-216. A comparison with the literature values is
shown. It has to be noted that for the CANGAROO-III analysis the On-source region is slightly more
extended as for HESS and the energy threshold is higher.

New results |Aharonian et al.jQOOGbﬁHigaShi et al.,72008|7
hard-cuts hard-cuts E>600 GeV
6 < 0.06 deg®

On-Counts 1268 887
Scaled Background 660 508
Excess 608 379 512461
Significance 18.99 13.9 10.0
Livetime (hr) 35.34 15.7 76

Off-counts and the normalization factor « of this region. In about 35 hours of effective lifetime
608 excess events were detected, with a significance of ~19. In Table a comparison between
the values obtained in the analysis and those published in [Aharonian et al.,[2006b| and [Higashi
et al., 2008] is shown.

The relative correlated significance distribution is shown in Fig. (a) for the whole region
within 3.0° from the centroid of HESS J1804-216 and in Fig. b) for the same region without the
known v-ray sources, taking into account therefore only the background. The Gaussian fit of this
last distribution gives a mean value of -0.048+0.005 and a standard deviation of 1.055%0.003. If
the background is determined correctly, the corresponding significance distribution should follow
a perfect normal distribution with a mean of 0 and a standard deviation of 1. Since the discrepancy
is just in the order of few percent, this indicates that the Ring Background Method evaluates
the background correctly and that all y-ray sources in the field of view were properly taken into
account.
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Fig. 4.5. Correlated Significance distribution within a radius of 3.0° from the source centroid: (a) of
the whole skymap (b) of background regions. The background distribution is fit with a Gaussian (red
pointed line) of mean value -0.048+0.005 and width 1.05540.003.



54 4 HESS J1804-216
4.5 Morphology and position of HESS J1804-216

For the morphological and positional analysis the same parameters as before were used, except
for the bin size, that was reduced to 0.006° x 0.006° to permit an accurate determination of the
position of the «-events on the skymap. Under the assumption of a Gaussian intensity profile of
HESS J1804-216 the uncorrelated excess map was fit using function [3.8] as described in sec. 3.5

Also fits on the raw skymap were performed, but the results were not satisfactory. The reason can
be found in the fact that the fit functions suppose the background being either flat or Gaussian,
but for the dataset used it can actually not be considered flat and it is badly described by a
Gaussian distribution. The results of the position fitting are summarized in Table In Fig
the differences between the new results and those of |[Aharonian et al., 2006b] are graphically

represented.
Table 4.2. Test position and size. All the values are given in degrees.
Best fit position Osource
R.A. Dec. l b
New results 271.155+0.013 -21.691+0.012 8.419 -0.04 0.21240.008
[Aharonian et al.| 2006b] 271.13 -21.7 8.401+0.016 -0.033+0.018 0.200£0.010
[Higashi et al., 2008] 271.079 -21.727 8.353 0.000 0.160x0.274

HESS J1804-216

- -21.600

Declination

271.600 271.200 270.800

Right ascension

Fig. 4.6. HESS J1804-216 smoothed excess map (gaussian smooth 0.06°). The blue box and circle
represent the position and size as given in [Aharonian et al., 2006b], the black ones those derived in the

current analysis.
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It is apparent from Fig. that the emission of HESS J1804-216 does not follow a Gaussian

distribution. Some structures are visible. The curved form of the central part of the emission
suggests a spatial coincidence with the south-west part of SNR G8.7-0.1 (as already reported by
|[Aharonian et all |2006b]) and the bow-shape of the emission in the southern part just below
SNR G8.31-0.09 seems to follow the radio emission detected at 90 GHz by the VLA (|Brogan
et al., [2006]).

4.6 Spectral analysis of HESS J1804-216

For the spectral analysis of the entire source HESS J1804-216 the background was estimated using
the Region Background Method to avoid the need of taking into account energy corrections, since
the offset distribution is the same for On- and Off-events (see sec. . Standard-cuts (sec.
with full-enclosure effective area (sec. were used in order to increase the statistic, reduce
the energy threshold (therefore be able to derive a spectrum for a wider energy range with respect
to hard-cuts) and take into account the extended nature of the source. An On-region of radius
6 = 0.36° (6% = 0.1296(°)?) was chosen, centered on the source position as given in [Aharonian
et al.,[2006b]. As mentioned in sec. a list of run (58) in which the source position has an offset
smaller than 2.0° from the pointing position was used. Usually a bgrange of 2.0° is set to avoid
regions in which the system acceptance suffers a significant energy dependence, declining rapidly
at low energies (see Fig. , so that low energy events are poorly detected. However, besides
this one value, since the number of observations is not extremely large, a bgrange of 2.5° was
also used in order to avoid the rejection of too many runs, due to the analysis requirement that
the On-region must lie completely inside the bgrange. The energy spectrum was then fit with a
power-law dN/dE = FyE~'. In table the results are shown. As it would be expected, they
are in very good agreement among themselves. A slightly hardening is present with respect to the
published data, but the values are still consistent within the error bars. A significant reduction
is instead apparent in the case of the flux and also a worsening of the x?2 is clearly visible. These
discrepancies could be partly explained by the wider energy range on which the spectra were fit

in this work.

Table 4.3. Results of the spectral analysis on the entire source. The values are derived for 2.0° and 2.5°

bgrange.
Flux > 200 GeV

r (107 2em™ts™Y) fcut  x*/do Fit range

2.6240.06 44.1+£3.62 0.36 18.11/8 0.21- 30.1 TeV
New results

2.6240.06 44.04+3.37 0.36 12.94/8 0.21 - 30.1 TeV

[Aharonian et al. [2006b| | 2.72+0.06 53.2+2.0 0.36 6.9/11 0.2-10 TeV

[Higashi et all 2008] | 2.6940.30 5.04+1.5" 041  -/4 0.6-2 TeV

T This value is calculated for an energy range 0.6-2 TeV
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Fig. 4.7. Spectra (top) and residuals (bottom) for the analysis with bgrange=2.0° (a) and 2.5° (b).

Looking at the residuals, some kind of curvature in the spectrum seems to be present.

4.7 Spatially resolved spectral analysis

The central part of this work was to perform a spatially resolved spectral analysis, in order to
look for possible gradients in the energy spectrum. The idea at the basis is that the spectrum
should get harder in the proximity of the source injector and softer with increasing distance from
it. In the presence of a significant gradient hence it could be possible to identify the counterpart
among the known objects or at least the region in which to look for it if nothing has been yet
detected there.

To perform such an analysis the source is divided into smaller subregions. In each of these the
statistic must be sufficiently large in order to yield results that are not dominated by the error.
Therefore, since the dataset chosen (2.0° list) is not extremely large, all the available runs must
be used. Moreover, a common runlist for each region has to be used, to prevent differences in the
results that could arise from the use of different datasets.

For the particular dataset of HESS J1804-216, in which almost all runs are survey observations
and not dedicated observations, it is not possible to fulfill these requests using the standard
Region Background Method for the evaluation of the background. This is due to the fact that
survey observations are made ”blindly” and provide therefore a large set of different offsets. This
disadvantage respect to the wobble method becomes dramatic for a spatially resolved analysis,
where a bunch of test positions are used, each creating its own set of offsets, with the consequence
that each subregion has its own subset of runs fulfilling the request of the On-region lieing
completely inside the bgrange. It is therefore not possible to have a common run-list for each

subregion even for a bgrange=2.5° without rejecting a consistent number of runs. Another thing
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that could give rise to some kind of problems is the fact that the number of Off-regions varies for
each run in a range from 2 up to 20, affecting therefore the normalization of the background.

Considered all these remarks, it would be convenient to use a different background estimation
rather than the Region Background Method. A possibility would be to use OFF-runs, but there
are no dedicated ones like in the ON-OFF observation method, and the search for suitable ones is
difficult and not always satisfactory and/or successful. Moreover just one Off-region per run would
be used, so that statistical fluctuation in the background could become important. Therefore
another method has to be found.

Finding an alternative to the standard Region Background Method for the background esti-
mation would be interesting also for the spectral analysis of an entire extended source like HESS
J1804-216. Indeed, if no wobble or ON-OFF observations (sec. are available, there are dif-
ficulties in finding regions for the evaluation of the background that have the same size as the
On-region and are confined in a ring around the camera center, since their number is determined
by the run-offset and is affected by the presence of other extended sources in the neighborhood.

The Ring Background Method was chosen as possible alternative, although it would need
energy corrections that are actually not performed. Nevertheless one could expect that the error
on the energy averages out on the whole ring surface, becoming consequently not so important
and causing just a constant shift in the spectral index. When looking for gradients this is not
really important, since what really interests is the variation of the spectral index and not its
absolute value. A big advantage of the Ring Background Method would be instead the fact that
it is able to estimate the background for every point in the sky, avoiding the rejection of runs and
increasing therefore the statistic. Furthermore the background relative to an On-region would be

evaluated in the same region of the sky near the On-region for each run, on the contrary of the

Table 4.4. Differences between Ring and Region Background Methods.

RegionBg RingBg

Advantages

Disadvantages

Advantages

Disdvantages

Same acceptance for
On- and Off-events,
no need of energy

corrections

Different numbers of
Off-regions in differ-
ent regions of the sky
(2< Noyy <20)

Possibility to suffer
large gradients in the

background

Rejection of many

runs

Same Off-region for
all runs, near the On-

region

Gradients in  the
background are more

under control

All runs are taken

into account

Different acceptance
On- and Off-

events, energy cor-

for

rection needed
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Region Background Method for which it is estimated in different parts of the sky for each run.
The spatial vicinity of On- and Off-region reduces also the probability to suffer large gradients
in the background due to the background itself or to the telescope system. In Table [£:4] the
differences between the two methods are summarized.

To estimate the quality of the Ring Background Method (from now on referred to as RingBg)
systematic studies and comparisons with the Region Background Method (from now on referred

to as RegionBg) were performed (sec. |4.7.1]).

\ RegionBg - On- Off-Regions \
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Fig. 4.8. Example of the background estimation for Region (left) and Ring (right) Background Methods

for a real analysis.

To perform the spatially resolved spectral analysis the three different mapping models shown
in Fig. [£.9 were used. In all three cases the subregions are circles of radius § = 0.15° and were
chosen so that they provide enough statistic to obtain not too large errors. In Model C the circles
are slightly overlapping and arranged in a way that the most of the emission is covered, in Model
A they are disposed on a grid centered on the most probable counterpart PSR B1800-21 and in
Model B on the same grid shifted to south-east so that PSR B1800-21 is in the middle of four
subregions. The relative small number of the subregions is due to the fact that besides these

positions the statistic is not sufficient.

4.7.1 Systematic studies

For the systematic studies the mapping Model C was used. Several analysis were performed
changing the ring-radius (0.85°, 1.0° and 1.2°) and the bgrange (2.0°, 2.5° and 3.3°). The choice
of these values has different reasons. For the ring-radius the value of 0.85° was chosen to be the
smallest possible taking into account the size of HESS J1804-216, so that the ring relative to each
subregion is not too much affected by its exclusion region. The values 1.0° and 1.2° are almost a
direct consequence of the first one taking into account the fact that the rings must not overlap
and that the background has to be estimated under rather different conditions in order to test if
the method is solid for a spectral analysis. For the bgrange the value of 2.0° was chosen as it is

the typical value used for the spectral analysis, 2.5° to avoid runs rejection due to the fact that
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Fig. 4.9. The three mapping models used in the work. (a), (b), (c) are the Model A, B and C respectively.
The black contours lines are the 20 counts contour lines of Fig. Also shown in the pictures are the
positions and dimensions of some of the possible counterparts mentioned at the beginning of the chapter.
The big circle on the north-east part is SNR G8.7-0.1. SNR (G8.31-0.09 is the small circle almost in the
center of the emission region. SNR (G8.904-0.40 is the circle on the north-west part. The green spots are
the three mentioned pulsars: in the middle is PRS B1800-21, on the south PSR J1804-2228 and on the
north-east part PSR J1806-2125. The blue triangle represents the emission detected by FERMI and the
blue circle the 95% error on the position. The red square is the Maser OH(1720 MHz).
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the On-region is not completely contained within the bgrange itself and 3.3° in order to take into
account a complete ring also in the case of a large offset of the On-region. The importance of
taking into account a complete ring, even if it requires to go to extreme large offsets, is that in
this way every position in the ring is balanced from another one on the opposite side of the ring.

It must be noted that in the case of a RegionBg analysis some runs are rejected also for a
bgrange of 2.5° because of the impossibility of finding at least one Off-region. A bgrange of 3.3°
is not needed in the case of RegionBg since all the On-regions (and hence the Off-regions) are

already completely contained within 2.5°.

As first, a comparison between the results obtained from the RegionBg and RingBg analysis
taking into account exactly the same runs was performed. Since the RegionBg accepts in general
less runs than the RingBg, two other runlists (one for bgrange=2.0°, one for bgrange=2.5°) had
to be made starting from the 2.0°-runlist described in sec. [£.3] These new lists contain only the
runs accepted and analysed by the RegionBg. As every subregion has a different set of offsets and
therefore its own subset of rejected runs, new runlists were made for each subregion. The analysis
were then performed for both bgrange, using in the case of the RingBg analysis a ring-radius
of 0.85°. After that a series of RingBg analysis with different combinations of ring-radius and
bgrange were done using the usual 2.0°-runlist for each subregion. It is necessary to remember
that for bgrange=2.0° some runs are rejected depending on the subregion, so that no common
runlist exists for all the subregions. In all the cases the spectra were fit with a power-law in an
energy range between 0.21 and 15.4 TeV. The comparison of the spectral indexes is shown in Fig.
for the analysis with the same dataset and in Fig. for the other RingBg analysis. The
correspondent comparisons of the fluxes is shown in Fig. and

From Fig. and it is apparent that the results for both spectral index and flux cal-
culated with the RegionBg analysis do not depend on the bgrange used. The values are indeed
almost all completely coincident between the two analysis and where not they are however well
inside the 1o error. This means that the RegionBg is able to derive correct values (or at least
consistent among themselves) also using runlists with significant different amount of statistic and
that it is not affected appreciably by the deteriorating of the system acceptance between 2.0° and
2.5°. About the RingBg results, one can see that the values of the spectral indexes are consistent
among the two RingBg analysis and also with those of the RegionBg analysis. The only excep-
tions are region 3 and 7. This could be due to the combination of their large mean offset and low
statistic. Looking at the fluxes, it can be immediately noted that the RingBg values are systemati-
cally lower with respect to the RegionBg ones and that probably a bgrange dependence is present.

The results of the systematic RingBg analysis (Fig. and substantially confirm what
is seen in the comparison between the RegionBg and RingBg analysis with the same runlist.
The RingBg values of the spectral indexes are consistent well within the 1o error bar, almost
coincident in most of the cases. The most differences are found between analysis that accept a
different number of runs and in regions with low statistic, thing that makes the spectral fit be
more subject to fluctuations. The comparison of RingBg and RegionBg analysis shows also in this
case that the values are consistent in the limit of 1o error, even if a shift towards harder spectra
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is apparent in some regions. Such shift is however not constant and not present in all regions, so
that it is not possible to quantify an overall difference between the two methods of analysis.
With regard to the flux, the RegionBg values are constantly larger than the RingBg values
over each region. This is clearly visible comparing the analysis with the same bgrange. In most
of the cases the values are barely consistent in the limit of the 1o error, even if the error bars
are rather large. Moreover also the dependence of the RingBg results from the bgrange is visible.
Again, the large error bars cover this effect, nevertheless, for all the three ring-radius used, the
flux increases with increasing bgrange. It is likely that this trend is due to the way the background
is estimated in the RingBg. In fact, taking into account different bgrange means also taking into
account different Off-areas Ao yy. For runs in which the sum of run-offset and ringradius is larger
than the bgrange not the entire ring is used to estimate the background. Therefore, the larger is
the bgrange, the larger is also the part of the ring used. But, as already said, the acceptance gets
smaller with increasing offset and less v-like events are detected. This means in the end that the
ratio Noys/Aoss becomes in average smaller with increasing bgrange, while No, /Ao, remains

always the same, so that the excess becomes bigger and the flux as well.

At this point some considerations on the use of the RingBg for the spectral analysis can be
done:

e looking at the values of the spectral indexes, they are consistent among themselves and seem
in good agreement with those derived by the standard RegionBg, within the 1o error. There-
fore, if probably not indicated for the evaluation of the real spectral index, it seems that the

RingBg can be however used to look for variations of the spectrum on the emission region.

e looking at the flux values instead, a inconsistency can be found both between the two back-
ground estimation methods and between the RingBg analysis performed with different pa-
rameters. In this last case, if the reasoning made above is correct, the inconsistency would get
even worse with the increase of the statistic, since the error on the flux would decrease. The

RingBg is therefore not appropriate for the estimation of the flux.

e the fact that the flux is constantly lower for the RingBg means that either too much back-
ground is subtracted with this estimation method or too few by the other one. Since, how
it has been shown, the flux of the RingBg depends on the bgrange it is likely that the first
hypothesis is the correct one. At this point, the reasonable hope of increasing the statistic
by taking into account a larger number of runs using the RingBg clearly vanishes, even if it

remains the advantage of having a common runlist for all the subregions.

e an excessive background subtraction could maybe explain the harder spectra calculated by
the RingBg. Indeed, since the background spectrum at lower energies is softer than at higher
energies, the subtraction of an overestimated background would change the shape of the source
spectrum, making it harder, since the larger statistic at lower energies has a higher weight in
the fit.
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e Another sign in support of the last two point is that the errors on the RingBg values are
always comparable (if not even larger) with those of the RegionBg. Exactly the contrary of

what should happen in presence of a significant larger statistic.

Considered all these remarks it is apparent that the energy dependence of the acceptance is not
the only problem that affects the RingBg in performing a spectral analysis. The overestimation
of the background must indeed be taken into consideration and its implications studied deeper.
Currently the RingBg seems hence not to be appropriate for the spectral analysis. Nevertheless,
similar systematic studies performed on other sources taking into account different ranges of
parameters could help to find out if the differences are random or if there is actually a systematic
that could be quantified, so that it would be possible to pass from one background estimation

method to the other simply applying a numerical correction to the results.

4.7.2 Results from the mapping models

The results obtained for the systematic analysis can clearly be used also to comment the dif-
ferences in the spectral indexes between the different subregions. Since the analysis relative to
the mapping models A and B were performed only with the RegionBg, and since the RingBg
has shown no real improvement with respect to the standard method, then only the RegionBg
results are used here for the mapping model C. In Fig. the values of the spectral index rela-
tive to RegionBg analysis with bgrange 2.0° and 2.5° are plotted for each subregion of the three
mapping models. In Fig. the correspondent flux values are shown. The colormaps relative to
bgrange=2.5° are then shown in Fig.

e Model A: it is clearly visible that the subregion centered on PSR B1800-21 (#5a) has a
significantly harder spectrum with respect to all the other regions, maybe with the exception
of subregion #la.

e Model B: a rather soft spectrum is present in the eastern part of the HESS J1804-216. The
four subregions around PRS B1800-21 show a similar spectral index, with a hardening towards
the center of the emission region (subregion #5b). The southern subregion #4b shows a spec-
trum probably harder than one would expect, since it lies at the edge of HESS J1804-216.

However it is not very significant because of the large error bars.

e Model C: two really soft subregions (#2c¢ and #3c) are present in the north-east part of
HESS J1804-216, beyond the bow-shaped structure in the center of the source, that could be
associated with SNR G8.7-0.1. The spectrum has almost the same value in the three subre-
gions crossed by this bow-shaped structure (#1c, #6¢ and #7c¢) and in the one that contains
PSR B1800-21 (#8c), showing maybe a small softening in subregion #7c. Again a rather
hard subregion is found in the southern part of HESS J1804-216 (#4c). It is interesting to
note that this hard region is separated from the other hard ones by the subregion #b5c, that
is instead rather soft, suggesting hence the presence of more than one counterpart for HESS
J1804-216.



4.7 Spatially resolved spectral analysis 67

Spectral Index I Spectral Index I
N w N w
N ol w &) N N ul w o
OrrT T T T 11 T T 1 T T 1 orTT T T T T 1 T T T 1 T T T
r i i N —_——
Ll ot — 8 L
C oY C
C & » C
L S N —t
N —t jos) F
- «Q o
L N F
i ? wf- —
wl ——— > [
L & [ H
- o L —_— | 8
L % F Py [}
N ——— Q r LS w
L N N 8
L 3 o - o2}
L L Q
L L N
o = [ <
i o — \
L L §
o . —r ————— [ o
L ~ —_— S
L L oz}
byl DT Z
8 r & [ N
5
3 — s b
Z [ z®r
c c [
3 S
o | g |
® R

Spectral Index I
N w

N [$)] w ul »
O_ T 1T T 1T T 1T T 1T
N I

N S S
w-_ —_———

sl ——

L | §
ok —_

N @

r & o

I o

i P el
or Q@

L N

- Q
< —_— \
o [ byl
& [ &
S b — S
=z F &
s I N
2t 9
R ok H

(c)

Fig. 4.14. Spectral indexes relative to RegionBg analysis with bgrange 2.0° and 2.5° for (a) Model A,
(b) Model B and (¢) Model C.
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Fig. 4.15. Flux values relative to RegionBg analysis with bgrange 2.0° and 2.5° for (a) Model A, (b)
Model B and (c¢) Model C.
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Fig. 4.16. Colormaps for RegionBg analysis with bgrange=2.5°. (a) and (b) Model A, (c) and (d) Model
B, (e) and (f) Model C. On the left the maps relative to the Spectral Index are shown, on the right to
the Flux.
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Taking into account all the considerations made above about the results of three mapping

models, a general comment about the nature of HESS J1804-216 can be summarized:

e although a clear identification as actual counterpart is not possible, it is likely that PSR
B1800-21 contributes to the TeV emission of HESS J1804-216. The spectrum becomes indeed

harder towards its position;

e it is also possible that SNR G8.7-0.1 is physically associated with the TeV source because the
bow-shaped structure in the middle of HESS 1804-216 follows the shape of the SNR radio
emission (see Fig. and the spectrum becomes softer beyond it;

e as it could be expected, the spectrum gets softer towards the edges of the emission region.
However this is not true for the southern region, where a rather hard spectrum is found, on
and beyond the bow-shaped structure visible under SNR (G8.31-0.09 that follows the shape
of the radio emission detected on the region (see Fig. . However, from these analysis it is
not possible to exclude or confirm SNR G8.31-0.09 as counterpart;

e since the spectrum near the centroid position of HESS J1804-216 is not particularly hard,
the two sources Suzaku J1804-2142 (Srcl) and Suzaku J1804-2140 (Src2) (detected also by

Chandra) are not likely to be considered as actual counterparts;

e due to their positions or to the softening of the spectrum towards the edges of HESS J1804-
216, the other mentioned objects (PSR J1806-21, PSR J1804-2228 and SNR, G8.90+0.40) are

not likely to be considered as counterparts.

In conclusion, if the considerations made above are correct, it is most probable that HESS
J1804-216 has not only one counterpart, but is associated with several objects, showing a multiple

nature.
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Conclusions

In this work it has been presented the analysis performed on the galactic Very High Energy TeV
source HESS J1804-216, discovered during the 2004-2005 Galactic Plane Survey in the inner part
of the Galactic Plane by the H.E.S.S. Cherenkov Telescope.

This work is substantially divided in two parts. In the first one the theory of all the processes
that permit the VHE ~-ray emission and the Cherenkov emission visible by the telescope are
described, as well as the HESS telescope system, the data collection, the event reconstruction
and the data analysis performed by the software.

In the second part the actual analysis of HESS J1804-216 was presented. Standard morpho-
logical and spectral analysis were first performed. Their results are in agreement with the data
published in [Aharonian et al.,|2006b] in the case of the spectral analysis and are slightly improved
in the case of the morphological analysis. After that, a spatially resolved spectral analysis was
also performed dividing the source emission region into smaller subregions after three different
mapping models. The use of the Ring Background Method as an alternative to the standard
Region Background Method for this kind of analysis was suggested. The reason was try to over-
come some disadvantages of the standard method, especially in relation to the particular dataset
available for HESS J1804-216. Systematic studies were therefore carried out in order to proof
the consistency of this alternative method. The results were not particularly satisfactory, since,
besides the known need of an energy correction, the Ring Background Method showed other
intrinsic problematics and no significant improvement with respect to the Region Background
Method. The analysis on the three mapping models were therefore performed using the standard
Region Background Method.

What can be inferred from the results is that the two possible counterparts suggested in [Aha-
ronian et al., 2006b] (SNR G8.7-0.1 and PSR B1800-21) are most likely physically associated to
HESS J1804-216, and in the case of the pulsar a contribution to the TeV emission is surely given.
Other objects detected well within the emission region in X-rays by Suzaku, Chandra and Swift
do not seem to be associated with HESS J1804-216, while in the case of the supernova remnant
detected at radio wavelength nothing can be said after this analysis.

Although the results obtained in this work are sufficient to give indications about a possible
composite nature of HESS J1804-216 and show clearly a complex morphological structure, more

and dedicated observations are needed, since the statistic is still insufficient to perform a spa-
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tially resolved spectral analysis that provides significantly small error bars. Moreover, the Region
Background Method shows some important disadvantages in the case of a dataset consisting in
survey observations with large offsets. As showed in the work, the suggested alternative does
not provide improvements with respect to the standard method, rather could show more impor-
tant problematics. Nevertheless, other deep systematic studies would help to understand if its

utilization is possible or completely to avoid.
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