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Abstract

The H.E.S.S. experiment, an array of four Imaging CherenkovTelescopes, widened the horizon of
Very High Energy (VHE) astronomy. Its unprecedented sensitvity is well suited for the study of
new classes of expected VHE emitters, such as passive galachuclei that are the main focus of
the work presented in this thesis. Acceleration of particles up to Ultra High Energies is expected in
the magnetosphere of supermassive black holes (SMBH). Thediation losses of these accelerated
particles are expected to reach the VHE regime in which H.E.SS. operates. Predicted uxes exceed
the sensitivity of the array. However, strong photon elds in the surrounding of the acceleration
region might absorb the produced radiation. Therefore obsevations focus on those galactic nuclei
that are underluminous at lower photon energies. This work pesents data collected by the H.E.S.S.
telescopes on the test candidate NGC 1399 and their interptation. While no detection has been
achieved, important constraints can be derived from the obtined upper limits on the maximum
energy attainable by the accelerated particles and on the mgnetic eld strength in the acceleration
region. A limit on the magnetic eld of B < 74 Gauss is given. The limit is model dependent and
a scaling of the result with the assumptions is given. This isthe tightest empirical constraint to
date. Because of the lack of signal from the test candidate, atacking analysis has been performed
on similar sources in three cluster elds. A search for signbfrom classes of active galactic nuclei
has also been made in the same three elds. None of the analydesamples revealed a signi cant
signal. Also presented are the expectations for the next gesration of Cherenkov Telescopes and
an outlook on the relativistic e ects expected on the VHE emission close to SMBH.

Kurzfassung

Das H.E.S.S. Experiment, eine Anordnung von vier abbildenén atmospharischen Cherenkov-
Teleskopen, erweiterte den Horizont der hochenergetiscineGamma-Astronomie. Seine unerherte
Sensitiviat erlaubt neue Klassen von hochenergetischenStrahlungsquellen zu studieren. Die
Quellen, die in dieser Doktorabeit untersucht werden, sindpassive supermassereiche Schwarze
Lecher (SMBH, Supermassive Black Holes). Man erwartet dieBeschleunigung von Teilchen zu
ultra-hohen Energien in der Magnetosphare von SMBH. Die Stahlungsverluste dieser Teilchen
kann sehr hohe Energien (VHE, Very High Energy) erreichen, @ im Arbeitsbereich des H.E.S.S.
-Experiments liegen. Der erwartete Fluss ubersteigt die ®nsitiviat von H.E.S.S. Allerdings
kennte die Strahlung durch Strahlungsfelder, die in der Nahe der Beschleunigungsregion sind,
abgeschwacht werden. Deswegen muss man galaktische Kerbheobachten, die eine niedrige Leucht-
dichte aufweisen. Das erste mit den H.E.S.S. Teleskopen uatsuchte Objekt ist der Spitzenkandi-
dat NGC 1399. Obwohl keine Signal detektiert wurde, kann manwichtige Schlussfolgerungen aus
diesen Daten ableiten, zum Beispieluber die maximal errahbare Energie der Teilchen unduber die
Magnetfeldstarke. Das Magnetfeldstarkelimitist B < 74 Gauss. Das Limit ist modellabhangig und
das Ergebnis unter diesen Annahmen skaliert. Dies ist gleflavohl die strikteste empirische Rah-
menbedingung. Da kein Signal gefunden wurde, wurde eine neulechnik benutzt: drei Felder von
Galaxienhaufen wurden aufaddiert und dann analysiert. Aud wurde in allen drei Beobachtungs-
feldern nach aktiven galaktischen Kernen gesucht; die Such lieferte keinen Fund. Unter diesen
Annahmen werden die Meglichkeiten des zukunftigen CTA Observatoriums vorgestellt. Zum Ab-
schlu werden kurz die erwarteten relativistischen E ekte auf die Emission von VHE-Strahlung in
der Nahe eines supermassereichen Schwarzen Loches diskut
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Introduction

This thesis presents the search for emission from a new clagspotential VHE
sources. Galactic nuclei hosting passive supermassivedildnoles (SMBH) are in-
vestigated with the H.E.S.S. experiment, the most sensiiév array of Cherenkov

telescopes to date.

Spheroidal systems (such as elliptical galaxies, lentiaulgalaxies, and early-type
spiral galaxies with massive bulges) are commonly believéal host in the central
region supermassive black holes with masses in the rangy = 10° 10°M (Rich-
stone et al., 1998). These SMBH cause emission in all wavejts, from radio to
HE -rays ( 1 GeV). Itis in addition widely accepted that SMBH are relatel to
the production of jets and associated to VHE emission throingseveral processes. In
blazar-type objects, where the jet is pointing towards the luserver, VHE emission
is observed in many sources (Schlickeiser, 1996). These VBitirces exhibit usu-
ally a double humped Spectral Energy Distribution (SED). Tk low energy hump
can be modelled as synchrotron emission from acceleratedot#ions, while the high
energy hump is due to the energetic accelerated electronssuopttering either their
own synchrotron radiation or upscattering an external phain eld. A hadronic
origin of the VHE emission is also proposed (e.g. Macke & Ptlweroe, 2001). VHE
emission can also be related to SMBH through the annihilatioof particles that are
candidates for Dark Matter (Berezinsky et al., 1994). In th8 scenario the presence
of a SMBH steepens the density pro le of dark matter and can sellt in a higher

rate of interaction and enhanced emission.

Correlations involving the SMBH masses and properties of ¢iir host galaxies

have been investigated by many authors. In particulaMgy is found to be linked to



the central stellar velocity dispersion (e.g. Gebhardt etla 2000) and to the mass of
the host galaxy bulge (e.g. Magorrian et al., 1998). These sdrvational scaling laws,
in addition to con rming the ubiquity of SMBH, have suggestel that their activity
cycle is tightly linked to the evolution of their host galaxes (e.g. Ferrarese & Merrit,
2000). During the early stages of galaxy evolution SMBH acste matter at high
rates and are observed as bright QSO (Quasi-Stellar ObjektsThe average radiative
output at low energy (e.g. optical) decays from redshiftz3 to z=0 by almost 2
orders of magnitude. The majority of SMBH in the local univese are hosted in such
non-active systems and therefore not embedded in dense &din elds. In passive
systems (i.e. SMBH hosted in nuclei without signatures of bad-band activity, with
very low luminosity in all longer wavelengths) VHE -rays, if generated, can escape
from the nuclear region without su ering from strong absorgon via photon-photon

pair absorption.

Several models for the production of -ray emission in the vicinity of SMBH
have been proposed (see e.g. Kafatos & Leiter, 1979; Sikotaak, 1987; Atoyan
& Nahapetian, 1989; Mastichiadis & Protheroe, 1990; Slane ®agh, 1990; Boldt
& Gosh, 1999; Levinson, 2000; Neronov et al., 2004; NeronovAaronian, 2007,
Rieger & Aharonian, 2008; Istomin & Sol, 2009). The prediains from some of
these models are tested in this work. Details of the investited models are given
in Chapter 2. The same mechanisms might also be responsibbe &cceleration of
cosmic rays from energieE > 10* eV upto E 10 eV if the particles are able
to tap into a signi cant fraction of the acceleration potenial (e.g. Boldt & Gosh,
1999). In order to avoid attenuation on circumnuclear eldssuch radiation could
escape only if the SMBH does not produce too much low energydration. The
SMBH would have to be passive at low energies, i. e. most of thadiative losses
would have to occur at high energies. In all cases a large ma$she central object

is an important characteristic for generating a high VHE ux

While the detection of VHE gamma-rays in blazar-type systemis facilitated
by the superluminal motion (the apparent luminosity is booed and the optical
depth related to photon-photon absorption is reduced, seel8ickeiser (1996)), this
is not the case for non-blazar system. Hence, proximity andw luminosity in the
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IR/optical domain increase the possibility of a detection. Passive systems, if de-
tected, will contribute to our understanding of the physicsand properties of galactic
nuclei. In addition they might give us an insight on Ultra Hich Energy Cosmic Ray
(UHECR; E > 10" eV) sources.

Furthermore, VHE emission has been proven to be associatedhwadiogalaxies
in which the jet is misaligned with respect to the observertie of sight. Radiogalax-
ies are established VHE emitters since M87 (Aharonian et alk006a) and CenA
(Aharonian et al., 2009a) were detected by the H.E.S.S. tsleopes. Moreover, the
MAGIC collaboration claimed the detection of signal from tle position of the radio-
galaxy 3C66B (Aliu et al., 2009). Interestingly, the radioglaxy M87 also shows fast
variability in the VHE domain of the order of few days (Aharonan et al., 2006a),
constraining the size of a non-relativistically moving ernting region down to few
Schwarzschild radii Rs).

Local SMBH in non-blazar Active Galactic Nuclei (AGN) can trerefore be re-
garded as a prime candidate for VHE emission and the H.E.S$ystem of Cherenkov
Telescopes can be used in order to probe such emission thatakiss good sensitivity.

The main properties of H.E.S.S. and of the related data anadis process are
summarized in Chapter 1. The VHE signatures associated withxtreme accelerators
are recalled in Chapter 2. In such framework, emission is gsated to be detectable
in the speci c case of NGC 1399. The relative data are analyden Chapter 3. No
detection was unfortunately obtained, but constraints on lie physical parameters
of the system are given. In order to obtain deeper exposure stacking analysis of
several classes was performed. The stacking analysis pohee is described with its
application to the case of passive system (Chapter 4) and ahclasses (Chapter 6).
Motivated by the discordancy between the classical predion of uxes and the non-
detection resulting from H.E.S.S. observations, a detadeestimation of the expected
emission from passive SMBH is given in Chapter 5 along with ¢himplication for
the next generation of -ray facilities. To conclude, in Section 7.1, is presented a

work in progress on the study of relativistic e ects on VHE enssion.






Chapter 1

The H.E.S.S. Experiment

Very High Energy (VHE, E> 100GeV) emission is expected from the vicinity of
SMBH. This emission can be studied with ground based faciks thanks to the

Cherenkov Technique. The H.E.S.S. experiment is one of thacflities of latest

generation that exploits the Cherenkov Technique. The H.BE.S. system will be
described in this chapter with attention to the main characeristics needed for the
work presented in the thesis, such as its sensitivity and thsuperior background

rejection. The analysis data process is described in detaila number of works (see
e.g. Berge (2006) and Aharonian et al. (2006b)).

Figure 1.1: The H.E.S.S. array of Cherenkov telescopes oretKkhomas Highlands
in Namibia. ( c 2006, picture by Philippe Plailly)



Figure 1.2: One of the four H.E.S.S. telescopes.

1.1 The Imaging Cherenkov Technique

VHE -rays will interact with the atmosphere in their way to the gound and this
will lead to a particle cascade. Photons will produce pairshat will then emit via
bremsstrahlung. Velocities in the cascades are larger théime speed of light in the
medium, therefore Cherenkov emission will take place. Pa&le cascades can also be
initiated by hadrons. In this case also strong interactiontake place and subshowers
will be initiated, thus making the showers broader than the poton initiated ones.
The showers will reach the maximum at a height of approximalg 10 km, to then
illuminate a pool of 120 meters at the ground level. The showers will produce
ashes of Cherenkov light that can be imaged by Imaging Atmgeric Cherenkov
Telescopes (IACT). From the camera images, properties ofdhshower and of the

primary photon can be reconstructed.

1.1.1 The H.E.S.S. Array

The H.E.S.S. system is an array of four IACTs. It is located irthe region of the
Khomas Highlands in Namibia at a height of 1800 meters abovhd sea level. Each
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telescope is equipped with a tesselated mirror of 13 metermuheter and a camera
with 960 PMTs. The eld of view for each PMT is of Q16 , leading to a total eld
of view of 5. The telescopes are placed at the corner of a squared con gtion
with a distance of 120 meters between each other. This enablbe system to cover
a larger fraction of the light pool from a same event. From a eteoscopic view of
the same event in several cameras, the reconstruction of tieection of the primary
photon is indeed more precise.

The system was designed to maximize the sensitivity in the ergy domain
100GeV-100TeV. The system is capable of detecting a souragechundred times
fainter than the Crab Nebula in 25 hours (at a signi cance lesl of 5 standard
deviations ( ). The angular resolution is 0:1 .

1.2 Data Analysis

The main framework of the data analysis adopted to reduce thd.E.S.S. data is
described in several publication (see e.g Aharonian et aRq06b)). Here only the
main steps will be described. The H.E.S.S. observations atenducted in runs,
where a run correspond to a 28 minutes long observation.

1.2.1 Event Reconstruction and Excess Determination

Images of the events from the particle shower are registerbyg the camera. In order
to reconstruct the information of the primary photon, seveal steps have to be taken.
Only events triggering at least two telescopes simultanesly are considered.

First of all, only pixels with more than 10 p.e. (photoelectons) and a neighboring
pixel with more than 5 p.e. will be kept. This is done in ordera reduce the impact of
the noise from the PMT themselves. After calibration and ckning of instrumental
noise the raw data is stored.

The following step is a parameterization of the reconstruetl image following an
\ Hillas-type" analysis. This analysis was introduced in Hillas (1985).tlis based

on a geometrical reconstruction in order to discriminate lhereen gamma-ray like



events and hadron events. The intensity of the image will gévthe information on
the energy of the event. The image axis reconstruction willrpvide the direction of
the shower. The gamma-hadron separation is critical in phob-limited very high
energy astronomy. Indeed, on average, the detected hadroengrated showers are
10° times more numerous than the gamma initiated ones. In ordeotachieve a
good gamma-hadron separation, a set of cuts have been de ne&ad the geometrical
parameters of the event, whose values are summarized in T@akhl.1. The Mean
Reduced Scaled Length (MRSL) and Mean Reduced Scaled WidtMRSW) are
a measure of the major and minor axis respectively of the @lical reconstructed
image. The 2 cut is a cut on the angular distance between the event reconstted
direction and the source location. The distance cut referotthe angular distance
between the center of gravity of the reconstructed event anithe center of the eld

of view.
cut MRSL | MRSL | MRSW | MRSW 2 Size | Distance
min max min max max | min max
p.e.
standard | -2.0 2.0 -2.0 0.9 | 0.0125| 80 2.0
hard -2.0 2.0 -2.0 0.7 0.01 | 200 2.0

Table 1.1: Cuts on the geometrical reconstructed Hillas pameters.

Once the events are safely reconstructed, in order to estiteaan underlying
excess due to astrophysical sources, it is crucial to rellgbestimate the remain-
ing background of gamma-ray like events in the region of intest. The procedure
adopted in the present work is described in the next sectionfhe excess will then
be

N = Non N oFf; (1.1)

where Noy is the number of events detected in the ON region, ¥ in the OFF
region and the parameter is the ratio between exposure in the ON and OFF
region. The ON region is taken to be a circular region of the s size of the
adopted 2 cut around the position of interest. The properties of the OF region(s)
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will be described in the following section together with thdackground estimation
procedure. The signi cance of an excess is then assessed iy application of the
Li-Ma approach. From Eqg. 17 in Li & Ma (1983):

P 1+ Now Now o
S=" 2 Nonlin + Nogeln (1 + _
on Non *+ Norr oFF ( ) Non + Norr
(1.2)
The parameter = Exposureon =Exposureorr depends on the acceptance of

the system for a gamma-ray like event with energy E at a givenogition (r; ) in

the eld of view. Indeed the exposure is de ned as
Z Z. Z,

Exposure=  dS dt dEA (E;r; ); (1.3)
0 0

or the number of expected gamma-ray events during a time T in i@gion of the
eld of view. An example for a radial pro le of acceptance in aeld is shown in Fig.
1.3.

Radial Acceptance [arb.units]

0.2

OHH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH

3 4 5 6 7 8 9 10
q°[deg ?]

Figure 1.3: Example of radial acceptance for an H.E.S.S. &l

1.2.2 Background Estimation

Thanks to the large eld of view of the H.E.S.S. system, the likground rejection
technique could be improved with respect with the classicapproach. As said



before, even after a thorough cleaning and strict cut appktion, a fraction of hadron

initiated events remains. Such events will constitute the dckground of gamma-ray
like events. In the rst generation of Cherenkov telescopethis background had
to be estimated with the so-called ON-OFF procedure. This nams that the OFF

events were estimated pointing the telescope in an empty @ln the sky with similar

characteristics (i.e. same zenith angle and close in time)his is obviously very time
consuming.

In the H.E.S.S. large eld of view, the events in the OFF regio can be estimated
in the same pointing. This is achieved thanks to theWwobblé mode, pioneered by
the HEGRA Collaboration. The method consists in keeping thaource inside the
eld of view, but with a slight o set from the center of the el d of view. Therefore
the OFF counts can be taken from the opposite side of the eldfwiew. The o set
is then alternated in declination so to smooth gradients inite eld of view.

The main background estimation can be divided in:

Ring Method. A ring shaped region around the ON region is used to estimate
the background, the con guration is shown in Fig. 1.4 (left) The parameter
corresponds to the ratio of areas of the ON and OFF region antis typically
1=7. The main advantage of this method is the strength in candeb
linear gradients across the eld of view. But one has to be caiful and apply

a correction for the change in acceptance along the ring.

Re ected-Region Method. In this method a number N of OFF region is con-
sidered, all of which have the same o set from the center of ¢h eld of view
that the ON region has. The con guration is shown in Fig. 1.4right). The
OFF regions have all the same size as the ON region, s& 1=N. This ensure
that the acceptance is the same in all the ON and OFF regionshus making
this method well suited for spectrum determination.

Template Method. This method does not estimate the background from a
di erent portion of the sky, but from a dierent portion of th e parameter

space of MSRW. So all the informations are extracted from th@N region. As
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can be seen from Fig. 1.5, the distribution of MRSW of gamma yaand of

cosmic ray is quite distinct.

Figure 1.4: Example of background estimations.Left: ring method. Right:
re ected-region method. Figure taken from Berge et al. (200).

Figure 1.5: Figure taken from Rowell (2003). In the templatdackground is ex-
ploited the fact that the distribution of MSRW is distinct fo r gamma events and for

hadron events.

1.2.3 Spectral Analysis and Upper Limits

The sequent step after shape recognition and background s$rdctions is energy

determination, that is directly related to the size of the eent image registered by the



camera. In order to determine the spectrum of a source, onlyents with an energy
above a safe energy threshold are considered. The energyetiimold is de ned as the
peak of the distribution of the gamma-rays di erential rate It depends primarily
on the con guration cuts used and on the zenith angle and o sef the observation.

The spectrum will then be:
1 dN

A. dEdt’
whereA. is the e ective area of the system. This quantity depends orhe recon-

F(E)= (1.4)

structed energy of the event. It ranges from 10°m? at 100 GeV to more than
10°m? at 1 TeV for an observational zenith angle of 20(see Fig. 1.6).

=3

N N
S a
S} =)

UM UL R I N

Effective Area [m 7]

.
@
S

=
1)
5]

50—

el e e e e e e ey
5 10 15 20

5 30
Energy [ TeV]

Figure 1.6: Example of e ective area for the H.E.S.S. systenThe points represent
the Monte Carlo simulation, while the ne binned histogram epresents the function

used in the actual calculation.

Upper Limits

In case of no excess detection, an upper limit would be calatédd. This is done as-

suming a spectral index for the power-law distribution of the di erential spectrum

dN E _
dE 0 TTev (1.5)

Only events with a reconstructed energy above the energy #shold are considered.
A belt of con dence intervals is constructed following the pproach of Feldman
& Cousins (1998) in order to determine the maximum excess e for given
Non,Norr and . The con dence interval is therefore [Exc(min),Exc(max)] where

Exc(min)=0.
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The maximum excess is then used to calculate the normalizatil o = Exc(min) =A¢ .ot
that will be then substituted in Eq. 1.5.

1.2.4 Weather In uence on Data Quality

One important point in data quality selection and subsequencalibration is the
in uence of weather condition. Indeed the presence of closiavill reduce the number
of detected events absorbing the emitted Cherenkov light.nlorder to cut those
observation that are too a ected by weather conditions, thee parameters can be

used. They all rely on the trigger rate recorded by the instnment.

Mean system trigger rate of the run The run is rejected if this value is less

than 70% of the optimal value.

Relative change of the trigger rate over the run,;. The run is rejected if
1 >tan (30).

R.m.s variation of the trigger rate over the best t of the ra¢, ,. The run is
rejected if , > 10%.

If one of the conditions above is full lled, then the run is rgected. The in uence
of the atmosphere is very di cult to reconstruct, but one canassume that it a ects
in a similar amount showers that are hadron-initiated and gama-initiated ones.
The e ect would be to reduce the number of reconstructed evem) that can be
seen as similar to a reduction of the livetime of the observanh. To quantify this
reduction a proper study has to be conducted (see e.g. Nolahat. (2008) and in
progress).

In Chapter 3, whenever the term'cloudy data\ is used, then this refers to runs
that failed quality selection only because of a low triggerate, while the cuts on ;
and , are still applied. Indeed, as said above, a reduction on thedger rate can be
seen as a reduction in the livetime in the observation. On thether end, variations
on ; and , can be due to very unstable weather conditions, whose e ed di cult

to predict, or to an improper hardware functioning.






Chapter 2

Extreme Accelerators and

Radiation Losses

In this chapter acceleration models relevant for the presework are described. The

radiative losses for the accelerated particles are alsodyi introduced.

2.1 Cosmic Rays

The study of cosmic rays dates back to the famous work of Viktdless in the begin-
ning of the twentieth century (see e.g. Hess, 1912) where hisabvered penetrating
cosmic radiation. It is now known that the cosmic rays are cliged particles enter-
ing the earth atmosphere. Their spectrum, observed along bdders of magnitude,
exhibits an almost featureless power-law distribution, geFig. 2.1. The only two
noticeable features are the so-called knee and ankle, at1@V and 13%° eV re-
spectively. Below the knee the index of the power-law speatn is 2:7 and it
then steepens reaching 3, for then hardening again at the ankle with an index
2:6. The spectrum of these energetic charged particles has bestudied in de-
tail and it is still source of intense research. In the preseparadigm for the origin of
cosmic rays, galactic sources are responsible for cosmigsravith energies up to the
knee, while the highly energetic cosmic rays are of extragatic origin. This division

comes from the fact that the galactic magnetic eld is not stong enough to con ne
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particles of the higher energies. It has to be kept in mind thahe intergalactic and
intragalactic magnetic led will deviate the trajectory of a charged particle. This
e ect is reduced for the more energetic particles, but it is @vertheless important
enough to prevent tracing the particle back to its source. Faa complete review on

cosmic ray physics see e.g. Schlickeiser (2002).

Figure 2.1: Cosmic ray spectrum. Data collected in Swordy (B1).

2.1.1 Ultra High Energy Cosmic Rays and the Hillas Crite-
rion

UHECR (E> 10'®°eV) are believed to be accelerated in extragalactic astropsical
sources. Indeed, the galactic magnetic eld is not strong engh to con ne such
energetic particles. Moreover, if the particles were aceehted in our galaxy we
should see a de nite anisotropy in their arrival direction éong the galactic plane
unless there are sources in the halo of the galaxy that are alib accelerate particles
to UHE.

However, the observed distribution of the highly energeticosmic ray is not
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isotropic (Abraham et al, 2007b). An investigation of the UHECR detected by
the Pierre Auger Observatory (PAO) allowed the Pierre AugerCollaboration to
reject the isotropy assumption at a 99% con dence level. Theorrelation study
has been done in two steps. First a correlation between UHEC#rival directions
and the location of AGN in the Veron-Cetty Veron Catalog (12h edition, VCV,

Veron-Cetty & Veron (2006)) has been studied for an \explotary scan" (a set
of UHECR events). Then the parameters that maximize the coefation (redshift,

angular distance and energy) have been applied to an indepgiemt set of events in
order to test if the correlation would hold. Following this sudy, the Pierre Auger
Collaboration claimed a correlation between the arrival dection of UHECR and
the AGN present in the VCV Catalog. They also state that the ctalog could be
merely a tracer for the actual accelerators of UHECR (Abraha et al, 2007a). A
direct connection between AGN and UHECR is however controksal up to date. It

has to be kept in mind that nothing is known about UHECR sourcg but the fact
that they have to satisfy the so-called \Hillas criterion": the particles have to be
con ned in the acceleration region long enough for being abto reach UHE, Hillas
(1984). The acceleration of particles is there assumed togen gradually while the
particles cross a shock surface several times. Con ning arpele in the acceleration
region means that the gyroradius of the particle has to be siher than the size of
the acceleration region: -

L> 5 (2.1)

where L is the size of the acceleration regiork: and q the energy and charge of
the particle respectively andB is the value of the magnetic eld in the acceleration
region. This condition is shown in Fig. 2.2, where are inditad also some astrophys-
ical objects capable of accelerating UHECR. Galactic nu¢lare considered among
the possibilities because of the expected high magnetic cein their compact nu-
clear region; several authors explored already this postiily (see e.g. Boldt & Gosh
(1999)). Indeed an equipartition magnetic eld for a SMBH ofMgy = 10°M is of
the order of B = 10* Gauss (Rees, 1984) and its gravitational radius is of the czd
of ry = 10%. Another site related to SMBH that can accelerate UHECR, ishe
extended radio lobe of a radio galaxy, that presents lower maetic elds (B G)
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Figure 2.2: Adapted from the Hillas plot, cf Eq. 2.1. The bludines are for protons
of E = (102%; 10'%) eV (solid, dashed), while the violet lines are for iron nuei of the

same energies.

but sizes of the order of 50 Mpc (Hardcastle et al., 2009). Gady clusters also have
typical magnetic elds of B G and extend for several Mpc (Aharonian et al.,
2009b).

The systems that are sources of UHECR, will have VHE-ray emission associ-

ated (see Section 2.3), the detection of which would uniqyepinpoint the source.

2.1.2 Candidates for UHECR Accelerators

Why would the claim of a correlation between AGN location anthe arrival direction
of UHECR be controversial? In Fig 2.3, the distribution of egnts with energies E>
57 EeV is shown superimposed on the galaxies selected frora tferon-Cetty Veron
(VCV, Veron-Cetty & Veron (2006)) catalog. The catalog is hyhly inhomogeneous
and incomplete as the authors themselves say. The only cut d&in the study
of the PAO data is for the redshift of the source, required to &z < 0:017. This
value comes from the optimization of parameters from the \@toratory scan" as

described in the previous section. In order to explore theasined association of the
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Figure 2.3: Sky map showing the distribution of the galaxieselected in the VCV
(Veron-Cetty & Veron, 2006). Overplotted are the arrival drection of the UHECR
events as detected by the PAO. The color shading re ects thexgosure. (Abraham
et al, 2007a).

distribution of UHECR with the Veron-Cetty Veron Catalog, a little exercise can
be carried out. In the following, no detailed correlation stdy has been made, but a

visual inspection will su ce.

Figure 2.4: Distribution of objects in the 7th edition of theVCV Catalog (Veron-
Cetty & Veron, 1996) in galactic coordinates. Superimposeare the Auger events

as in Fig. 2.3.

First of all, one can easily demonstrate that the catalog isat homogeneous nor
complete. Indeed, the distribution of the objects traces # most observed elds

(e.g. the SLOAN sky survey that focuses on elds observableofn the northen
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hemisphere, Schneider (2007)). This can be seen from Fig4,2where the Auger
events are superimposed on the galaxies present in the 7thit@h of the catalog
(pre-SLOAN, Veron-Cetty & Veron (1996)). Moreover, if one ges further out in

Figure 2.5: Distribution of objects selected from the VCV irdi erent redshift ranges.
Left: 0:017< z < 0:024. Right: 0:04 < z < 0:05. Superimposed are the Auger

events.

redshift, one can see how the distribution of galaxies getsone isotropic, see Fig.
2.5. In addition, one can attempt to select from the catalog sphysically selected”
sample. Indeed, not every kind of AGN are expected to accedde UHECR. As
was discussed before from the Hillas condition, only the an¢hat present a strong
magnetic eld in the central region, or present large scalebes can be considered.
Especially in the later case, these objects will present aghi radio luminosity. If one
tries to select the objects in the catalog that are radio-lady the correlation vanishes,

as can be seen from Fig. 2.6.

2.2 The Magnetosphere of SMBH

A super-massive black hole, as every non-charged black haannot sustain a mag-
netosphere on its own. Charged black holes in astrophysi@vironments, if formed,
are expected to quickly accrete matter of opposite charge@be electrically neutral-
ized (Thorne, Price & Macdonald, 1986). However, the SMBH Wiaccrete plasma
that carries a magnetic ux. An externally supported magnebsphere will then be
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Figure 2.6: Distribution of objects selected from the VCV bsed on their radio ux
(and z < 0:017). Left: Fyoem > 0:1 Jy. Right: Fgem > 0:1 Jy. Superimposed are

the Auger events.

created, but its topology it is still under investigation (£e e.g. Hirose et al (2004)).
There are several ways for the disk magnetic eld to be linketb the magnetosphere,

examples are shown in Fig. 2.7. Intensity and con guration fothe magnetic eld

Figure 2.7: From Hirose et al (2004), possible magnetic eldon gurations.

will depend principally on the plasma density and on the geoetry of the accreting
ow and ultimately the magnetic eld energy will originate from the energy of the

accreting ow.
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2.2.1 Acceleration in Gaps in the Magnetosphere

It is possible to have gaps in the eld potential and a non-zer component of the
electric eld E parallel to the magnetic eld B. In these gaps particles will be
linearly accelerated by the voltage drop (see e.g. Neronov &haronian (2007)).
Gaps are present whenever the charge density is smaller thédne Goldreich-Julian
value (Goldreich & Julian, 1969):

Gy = = 1 —_— sin ; (22)

where is the angular velocity of the black hole and (; ; ) are polar coordinates
with  measured from the rotation axis. For maximum rotational frquency and for
the aligned magnetic and rotational axis, one can write:
B
Ngey = —— 2.3
q;GJ 2 cq ( )

or a number density of particles with chargey of nq = 0:022cm 2 for a massMgy =
10°M and a magnetic eld of B = 10* Gauss (Neronov et al., 2007). The scaling

with mass comes from the angular velocity .

Typical densities in the surrounding of SMBH are much largehan the Goldreich-
Julian value. But the charge distribution in the magnetosplre of a rotating black
hole is non-static, therefore gaps can be created even if te plasma density is rel-
atively higher than ny.g;. Indeed, one can imagine a situation in which charges are
lost via magnetohydrodynamical out ows and not replenishet immediately because
the accretion of plasma happens in a perpendicular plane. &mxples of gap con-
gurations dependent on the inclination of the magnetic et are described in e.g.
(Neronov & Aharonian, 2007) & (Neronov et al., 2007). Howevgit has to be noted
that the size of the gap considered in (Neronov & Aharonian,®7) is of the order
of the Schwarzschild radius of the central black hole, whili is pretty improbable

that such a big gap can be formed (see e.g. Hirotani & Okamotd498)).
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2.2.2 Centrifugal Acceleration

Acceleration of particles can take place in the surroundisgof a SMBH indepen-
dently from the presence of the eld gaps described in the primus section. Indeed,
particle can be corotating with the magnetic eld lines. Thg will therefore experi-
ence \bead-on-wire" acceleration assuming that the magretphere is rotating with
a fraction of the rotational velocity of the black hole. The p@rticle will experience
not only the centrifugal force, but also the Lorentz force,dading to acceleration
along the eld line. This model is investigated by e.g. Riege% Mannheim (2000).
Ideally the particle is accelerated until it interacts withthe surrounding photon eld
through inverse Compton scattering. This means that the paicles are accelerated
up to energies dictated byt,ec = tic, Wheretaye /o 2 with o the initial
Lorentz factor of the particle. t,c is the compton cooling timescale scale given below
in Eq. 2.10. In the case of an underluminous system, howevéng acceleration will
not be limited by inverse Compton losses, but by break down tifie \bead-on-wire"
con guration at the light cylinder. Still the particle can r each a Lorenz factor of the
order . 10 in the case of the underluminous system M 87, (Rieger & Ahami@n,
2008).

2.3 Radiation Losses

Particles accelerated in astrophysical objects will be detted at earth, but, as de-
scribed in the previous sections, the intragalactic magnet eld will deviate them

from a straight line trajectory. Therefore the only way of pnpointing the location of

the source is to trace the radiation losses that particles dergo while accelerated.
Radiation losses due to matter or photon eld encountered bthe particle once left
the accelerator system are not considered here. The charmistics of relevant ra-
diation losses are summarized in the following. All equatis given in the following

are expressed in cgs units.
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2.3.1 Synchrotron and Curvature Emission

In a magnetized system, one can expect relativistic partes of energyEp,: and
chargeq to lose their energy by synchrotron emission. The componeat the mag-
netic eld of interest is B,. The timescale of the cooling process is (Rybicki &

Lightman, 1979):
_ 3md,

t .
tsync - ZqF)gg pa:::t ’ (24)

and the emission will be at the typical frequency of
4 q

=0:29;
syn 3mpart C

Bo Zat: (2.5)

where pat = (mpartczzE) is the Lorentz factor of the particle. For linearly acceler
ated particles, there is an intrinsic cut-o in the photon erergy spectra at

9
Epart;cut o — 4, mpartcz; (2.6)

where ¢ is the ne structure constant and my, is the particle mass (Aharonian,
2000). This translates for electrons tEeco - 0:16 GeV andEp.cuio * 300 GeV
for protons.

If the electrons are accelerated along the eld lines, therhé synchrotron losses
are not important, while the dominant losses will be due to awature emission. In
this case the cooling timescale is:

Leury = %ngqznpan part (2.7)
where Ry IS the curvature radius of the magnetic eld lines (Berezirgi et al,
1990). Equating the maximum energy gain from acceleratiore{,, = gBc, with
the e ciency of the acceleration mechanism (see e.g. Ahar@m et al., 2002)), and
the energy loss for curvature (see Berezinskii et al (1990Yhe maximum energy
attained by the particle is:

3BRZ,
2qcurv Mpart CZ; (2_8)

that, substituted in the typical frequency

Epart curv —

3

3 ¢ E part ] (2.9)

4 RCUTV mpart Cz

curv —
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leads to an energy of the emitted photon that is independentf ahe particle mass.
It is interesting to see that, scaling the curvature radiusa the Schwarzschild radius
of a SMBH with Mgy = 10°M and the magnetic eld to B = 10* Gauss, then the
emitted photons can reach VHE E 5 TeV), but, more importantly, protons can
be accelerated to UHEE ¢,y 3 10 eV.

A more detailed treatment of the emerging radiation spectmm from both syn-

chrotron and curvature processes will be given in Section251.

2.3.2 Inverse Compton Scattering

Inverse Compoton Scattering can be divided in Thomson and &h-Nishina regimes.
The only parameter that regulates the transition is the prodct of the energies of
the incident electron E. and of the up-scattered photonE . In the limiting case
in which E¢E (mecz)2 (Thomson regime), the Compton cross section can be
approximated by the Thompson cross section and it is indepédent of the energy of
the photon. In the case in whichE.E (mecz)2 (Klein-Nishina regime), the cross
section depends inversely on the energy of the photon.

It can be shown that (Rybicki & Lightman, 1979):

2

- E.E (Mec®)” Thomson regimeE..c = 5 Ty sy Tev
- E.E (Mec)? Klein-Nishina regime E . ¢ = E.
The cooling time in the Thompson regime is

_ 3 (me®®

where Uy, is the energy density of the soft photon eld, decreases fondreasing
energies of the electron. It has to be noted that in the KleilNishina regime the
cooling timetic / E¢(INE) Yincreases with the energy of the electron. However,
the electron loses a small fraction of its energy in each Cotop scattering in the
Thompson regime, while loses a sizeable fraction of its eggrin the Klein-Nishina

regime.
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2.3.3 Proton-Proton Interaction

Protons can lose their energy by interacting with matter (Beezinskii et al, 1990).
In particular, proton-proton interaction will lead to the creation of charged and

neutral pions °. Indeed, one can have:
p+p! + X ! e — (2.11)
p+p! °%+X or o+ (2.12)

where X are the number of protons (p) or neutrons (n) that are needediorder to
assure charge conservation. For example a possible nuclederaction isp+ p !
p+n+ *+a( "+ )+ b ° with aandbintegers (other examples in Table 5.1 in
Schlickeiser, 2002). All the channels will eventually pradte photons, but the main
amount will come from the \neutral" channel in Eq. 2.12. An irteresting part about
the decays described in Eq. 2.11 is that they lead to the prodtion of high energy
neutrino from the decay of charged pions. The threshold forppinteraction is of the
order of Eq, = 2m c*(1+ m =4m,) 280 MeV. The cross section of the process
depends weakly from energy and can be estimated ap = 40 mb. The dependency
on energy is so weak that the losses of energy via proton-pratinteraction will not

a ect the spectrum of the parent particle population. The asociated cooling time
is (Aharonian, 2004):

1 Nmax 1
tygy' @ —— —_— 15 yr. 2.13
PP op Nimax C 10°’cm 3 y (2.13)

The energy of the emitted photon is (Berezinskii et al, 1990)

E = %m oc?[L+(v=Qcos] ¢; (2.14)

where o is the Lorenz factor of the neutral pion,v its velocity and is the angle
between the particle velocity and the photon momentum.

2.4 The Role of Absorption

In the previous section it was shown how the radiation losse$ accelerated particles

could reach the VHE domain and that cooling generally becormenore e cient with
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increasing energies. However, photon elds internal or esttnal to the system can
absorb the putative VHE emission. In the case of photons of ergy E, the most
e ective interaction at the peak of the cross section is wittbackground photons of
energy:

1(E=1TeV) ' eV. (2.15)

Therefore, for VHE photons, the most e ective interaction $ with infrared photons.

2.4.1 The Extension of the VHE Universe

Any VHE emission will interact with Extragalactic Background Light (EBL, Aha-
ronian et al. (2006c)). The e ect will be to reduce the dete&d ux of the source by
Foos = Fem€ , Where is the opacity of the process. Plotting the attenuatione
as a function of VHE photon energy (see Fig. 2.8), one couldpect the attenuation
to be not critical for detecting sources in the VHE regime whez . 0:3. However,
the detection of the source 3C279 at a redshift of z=0.53 wataitned in Albert et
al. (2008). A direct product of the EBL attenuation will be to soften the spectra of

VHE sources.

2.4.2 Absorption from Internal Fields
Spherical Absorbing Field

Photon photon pair absorption can also be due to elds interal to the source.
These elds are related to the central black hole itself. Ineled, in addition to the
the particles accelerated to UHE that are of interest for tts work, one can expect
populations of low energetic particles to create soft photo elds via synchrotron
emission, but also via non-thermal bremsstrahlung. This lels will be in addition to
the thermal emission from the stellar population. The lumiosity of a soft photon
eld that would absorb the VHE photon eld, spherically distributed, in a source

of luminosity L and radiusR, has to be

L() 2Re. (2.16)
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Figure 2.8: Attenuation as a function of VHE photon energy asming the EBL
model in (Aharonian et al., 2006c). Adapted from (Behera & Wgner, 2009); curves
are for (from top to bottom) z = 0:05; 0:1; 0:25; 0:35 and Q5

in order for the opacity < 1. The energy of the soft photon eld is given by Eq.
2.15 and 1:3 10 %5cm? at the maximum (Neronov & Aharonian, 2007).

Absorption from Synchrotron Emission of Created Pairs

Absorption can be related also to the production of VHE emigsn itself. In this
scenario (Stawarz & Kirk , 2007), a magnetized system can sais pair production
on its own. From a photon eld with photon energy" m ¢C 1 pairs are
created and they emit synchrotron radiation, producing a $b photon eld with
photon energy"”, ome¢® 1. This will happen for the value of magnetic elds

and energies

B=6B, 2 (2.17)

whereB. = 4:4 10" Gauss is the magnetic eld at which quantum e ects start

to become important. The allowed parameter space is shown kig. 2.9.
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Figure 2.9: Dependency of the magnetic eld on the photon ergy from Eq. 2.17.
The non-shaded area represent the part of the parameter sjgaim which pair pro-
duction will happen and the point represent’ =1 TeV.

In Stawarz & Kirk (2007) is derived that, in order to avoid ab®rption

Linj T
lipi = ————= < 3; 2.1
W 4Am R 5 (2.18)

whereL;y is the luminosity per unit energy of the hard photon eld injected in the
system.
Also, absorption can be avoided whenever the magnetic eld ilow. This is

regulated by the parameter
UgR 1

o (2.19)
e

lB:

where Ug is the energy density of the magnetic eld.

A signature of absorption from synchrotron radiation due taunaway pair pro-
duction, would be to detect the soft photon eld in which the njected luminosity
would be degraded. The peak of the synchrotron emission wdle at:

4 q 2
=0:29-—B “:
sn =0 93 MeC

It is expected that the electron (or positron) of the creategair to have roughly the
half of the energy of the progenitor photon. So for a 500 GeVeetron ( =9:7 10°)
and a magnetic eld of B=100 Gauss, the peak would be &pcac  2:7 MeV.



26

Absorption due to Magnetic Pair Production

An electromagnetic conversion process as pair productioarc happen in systems
with a high value of the magnetic eld and high characterist energy. From Erber
(1966), the transition probability for a VHE photon of eneryy h in a system with

a magnetic eld B, can be thought as being an increasing furioh of the parameter

1h B
= - 2.20
2mc2 B ( )

whereBg = 4:4 10 Gauss is the quantum mechanics limit to the magnetic eld
strength. For pair production to happen the condition > 0:1 has to be satis ed.

The non-shaded area in Fig. 2.10 shows the part of the pararees space that would
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Figure 2.10: Magnetic pair production from the condition > 0:1. The non-shaded
area describes the part of parameter space in which magnepiair production can
take place. The point indicates the pair of value E,B=1TeV,#4 10° Gauss.

allow magnetic pair production.

2.5 The Importance of Passive SMBH

It has been seen from the literature presented above that aderation of particles in
the vicinity of a super massive black hole is not only poss#lbut is crucial in order
to understand the physical properperties of these systemk.is however important
to keep in mind that the objects to be observed have to satisthe following criteria:
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(1) hosting a very massive SMBH,;
(2) not surrounded by strong photon elds, i.e. passive;
(3) located in the nearby universe.

Condition (1) comes from the fact that the maximum energy rezhed by particles
and the related radiation scales in many cases with the masistioe black hole (see e.g
Eqg. 2.8). Moreover, will be shown in the following chaptershiat also the expected
luminosity of the objects in the VHE regime depends on the masof the central
object (L / M2,B?). Condition (2) comes from the fact that if a VHE emission
is produced, absorption by photon elds in the galactic nuéi has to be avoided.
The strength of photon elds in AGN is high enough to lead to aborption (cf.
Eq. 2.16), so one needs to concentrate observational e ortg1 passive systems.
Condition (3) comes from the fact that, in the sources consaled here, there is no
boosting e ect on the luminosity, therefore one may expecbliver luminosity than
the ones of typically VHE detected blazars. Moreover, conagating on the nearby
universe, one can exclude the e ect of the EBL on the VHE radien.

Passive systems, if detected, will contribute to our undetanding of galactic
nuclei and give us an insight on whether they are really UHECRources while
enabling us to test the strength of the magnetic eld in thessources. In the following
chapters the models presented here will be tested via H.ESSobservations of several

objects.






Chapter 3

The Passive SMBH in NGC 1399

In order to test particle acceleration in the vicinity of SMBH, observations of the
passive SMBH in the core of NGC 1399, the central galaxy of tHernax cluster,
were conducted with the H.E.S.S. Cherenkov telescope array

As will be shown later, given the low photon density at low engies, the high
mass of the central SMBH, the proximity and location in the sathern sky, NGC
1399 emerged as the best candidate for the study of passive B/

The expected luminosity in the VHE regime is estimated to exeed the sensitivity
threshold of the H.E.S.S. array.

In this chapter, the analysis of the H.E.S.S. data is presesdl and the results
are discussed in a multiwavelength perspective. Finallypastraints on the physical
parameters of the system are derived.

3.1 Estimate of NGC 1399 VHE -ray Luminosity

As already mentioned in Section 2.5, in order to maximize thprobability of de-
tection of passive galactic nuclei, observations have to Becused on objects with
massive black holes and in the nearby universe. The most miassblack holes can
be found in the large ellipticals at the center of galaxy cluers. Indeed, the nearest
SMBH, that can be observed by H.E.S.S. thanks to their posan in the southern sky,
reside in the giant radio galaxy CentaurusA and in the centlaregion of the Virgo
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cluster, especially in M87. Also to be considered is SgrA* ithe galactic center,
that, despite the low mass of the black hole dflgy 3 10°M , would obviously
be a good candidate thanks to its proximity. These galacticuclei are already ob-
served and detected by the H.E.S.S. experiment. However gtisignal detected from
the galactic center is not yet associated with the central SBH (Aharonian et al.,
2009c). Concerning the radiogalaxies CenA and M87, the deted VHE emission
might be associated with features of the powerful inner je{®haronian et al., 20064,
2009a). Excluding the Centaurus and Virgo cluster for the gument given above,
one of the closest clusters visible from the southern hemisge is the Fornax cluster.
The giant elliptical galaxy NGC 1399 is located in the centidaregion of the Fornax
cluster at a distance of 2B Mpc. An SMBH of Mgy =1 10°M resides in the
central region (O' Connell et al., 2005). The nucleus of thigalaxy is well known
for its low emissivity at all wavelengths (O' Connell et al. 2005) and references
therein). More details on the characteristic and on multiwveelength observations
of the system are given in Section 3.3. This galaxy therefommerged as the best
candidate for the study of passive SMBH.

The expected luminosity and energy range of VHE -ray emission from the
passive SMBH in NGC 1399 are estimated in the following.

3.1.1 Acceleration Mechanism

If the central black hole is accreting matter that carries mgnetic ux, it will develop
a magnetosphere. The resulting magnetosphere may be simila those of neutron
stars, even though it has to be kept in mind that the topology bthe magnetosphere
of a spinning SMBH depends on the mutual inclination of rotabn and magnetic
axes.

Particle acceleration can be expected in the magnetosphese SMBH. One ex-
ample of such a con guration is described in Rieger & Aharoan (2008), where
centrifugal acceleration is explored. Moreover acceleran could happen in vacuum
gaps, that can occur also in high density environments sintiee magnetosphere of a

rotating black hole is a non-static object (see Neronov & Ahanian, 2007). Those
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two models have already been described in Sections 2.2.2 @@.1.

The acceleration potential supplied from a spinning SMBHisV ~ 10?%aMgB, V
(Thorne, Price & Macdonald, 1986), leading to a power of :

Whax  10%°8% (Mg)? (B,)? erg s %; (3.1)

whereMg = Mgy =(10°M ), B, = (B=10" G) and a= J=Jnax (Jmax = GM=c is the
maximum angular momentum per unit mass). The higher the vakiof the magnetic

eld, the higher will be the associated power.

The magnetic eld B near the horizon can be estimated from energy conservation,

assuming equipartition with the accretion energy density

BZ
8

(ro)Vi(ro); (3.2)

NI =

where is the mass density and, is the radial infall velocity of the accreting matter.
Both quantities are described as functions afy (this being the radius of the inner
edge of the disk for disk models, or the Schwarzschild radius case of spherical
models).

For a SMBH with massMgy 10°M , whose mass accretion rat®l, is close
to the Eddington value, estimating the value of the magneticeld at Rgs through
Eg. 3.2 would give a value of the order oB  10* G. This comes from the fact
that the density of the accretion ow / M,. However the nucleus of NGC 1399
presents a sub-Eddington accretion ow (Pellegrini, 2005) In the case of NGC
1399, a free-fall pro le is assumed for the accreting ow,(r) / r 32. The value
of plasma density at the accretion radiusi(racc) = 0:23 cm 2 (Pellegrini, 2005) is
obtained from Chandra observations. The plasma density ifi¢n extrapolated from
the value at the accretion radius to a value aRs of nax 6 107 cm 3. Therefore
a value of

Beq' 600 N(Re)=10' 2 G' 1280G (3.3)

is obtained.
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3.1.2 Emission Processes and Expected VHE -ray Lumi-

nosity

The determination of the behavior of the spectrum requires detailed calculation of
particle trajectories and interactions that can be done thwugh extensive numerical
simulations. For a more detailed model see Neronov & Aharam (2007). In ad-
dition, it is possible to see there how the slope of the resuif spectra depends on
the mutual inclination of the magnetic eld and the rotational axis of the SMBH, as
well as on the viewing angle of the source. In particular is stvn how acceleration of
particles to energieE ~ 10?° eV is possible when the magnetic axis is amost parallel
to the rotational axis of the system.

It is however possible to estimate a VHE luminosity for this kd of sources using
the radiative power given by Eq. 3.1 as a proxy for the lumindaty and deriving the
intensity of the magnetic eld from energy conservation angments (see Eq. 3.3). If
all the power given by Eg. 3.1 is radiated in the VHE domain andhe magnetic
eld is in equipartition with the plasma energy density:

n(Rs)
107

The conversion into VHE luminosity can be related to severaladiation losses

L 4 10%a*M¢Z erg s (3.4)

(an overview is given in Section 2.3).

In analogy with the model of Slane & Wagh (1990), particles caradiate via
hadronic processes. Protons are accelerated in the outerrtpaf the black hole
magnetosphere and collide with other protons present in theecretion disk producing
pions, which eventually decay into VHE -rays (see details in Section 2.3.3). The
available power in this model is assumed to be the same as in.Bj1. With

1
tpp ' ni ' 15 yr, (3-5)
pp ' lmax

wheret,, and ,, 4 10 2° cn?® are the timescale and the cross-section of proton-

proton collision, variability is not expected on timescalg shorter than a few years.
In other models (Levinson, 2000; Neronov et al., 2004; Nemn& Aharonian,

2007) VHE -rays originate from electromagnetic processes, i.e. sknatron or

curvature emission.
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Let it be reminded that in the VHE range considered here, syhcotron emis-
sion is not feasible, because of an intrinsic cut-o in the pton energy spectra at
Epcto ' 300 GeV andEqcyio ' 0:16 GeV, for protons and electrons respectively
(see Eq. 2.6). If beaming is relevant, these cut-o s can bedtier by a factor of |,
which is the Doppler factor of the moving source.

The energy of curvature photons does not depend on the masstié particle
and is identical for photons emitted by electrons or protonsEquating the maximum
energy gain from accelerationEg,n = gBc, with the e ciency of the acceleration
mechanism (see e.g. Aharonian et al., 2002)), and the enellggs for curvature (see

Berezinskii et al (1990)), the maximum energy attained by té particle is is:

3BRZ,
Epart:curv = Tcurv mpartcz: (3.6)
Consequently, the maximum energy attained by photons is:
R 1=2 ~ ~
E ; curv ' 4.8 I;USN (M 9)1_2 (B4)3_4 TeV, (3-7)

where R, the curvature radius of the magnetic eld lines, has been ated to the
Schwarzschild radius of the black hole. When curvature loss are the dominant ones,
the emission spectrum from curvature radiation can extendputo VHE energies for
maximum e ciency of the acceleration process. In particulg in the case of NGC
1399, if protons are accelerated with maximum e ciency thragh an equipartition
magnetic eld it would lead to Ep.cyry © 1:65 10 eV andE . g ' 1 TeV.

In the frame of a model in which the particles are accelerated a vacuum gap in
the magnetosphere, the Schwarzschild radius is supposahlgo the size of the gap.
However, it seems rather di cult that the system can sustainsuch large gaps. Indeed
Nmax  Ney=2 10 3cm 3, whereng; is the Goldreich-Julian plasma density (see
Goldreich & Julian (1969) and Section 2.2.1), calculated dm the magnetic eld
strength derived in Eq. 3.3. Nevertheless, being the magmsphere of a rotating
black hole a non-static object, gaps can be created even ifetiplasma density is
relatively high as described in Section 2.2.1 and 2.2.2.

The power of the gap would be
e _2 @ E°

; (3.8)



34

whereV = 4=3R £ is the volume of the gap (here a sphere, for example) lled wit

a plasma with ang; density. The dependency of the power as a function of the size
of the gap is plotted in Fig. 3.1 for di erent values of the aceleration e ciency.
The distribution of particles is assumed to be a-function centered on the energy
given by 3.6. This power estimate can be reconciled with thene from Eq. 3.1 for

a size of the gap oRg  1=3Rs. As the topology of the gap is unknown, Eq. 3.1

will be used as estimation of the power from now on.

= = =
i % %

Power of the ga@rgrsC

=
%

0.001 0.0050.01C 0.05C0.10C 0.50C 1.00C
Gap Size Rg

Figure 3.1: Power available from gap with density of parties equal to the Goldreich
Julian value for an equipartition magnetic eld. The power & plotted against the
size of the gap. Dierent values of acceleration e ciency a represented: = 1,
solid line; =0:1, dashed line; =0:01, dotted line.

Another energy loss mechanism that might not be negligiblef the accelerated
particles is due to Inverse Compton (IC) collision with a lonenergy photon eld.
Being Lir;Rir; r respectively the luminosity, radius of the region and eneygof
the infrared soft photon eld, it is possible to calculate tre maximum energy attain-

able by the electrons in the case of maximum e ciency of the @eleration process
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(Rybicki & Lightman, 1979):

3mic® P B P

Eema ' £ R
e;max 493 I—IR IR
. Rg  10%ergs?® '
. 2g0B12M, KR 10%ergst L. (3.9)
RS L|R

It is then possible to calculate:

- the average energy of a Compton upscattered photon (Thomsoegime)(Blumenthal
& Gould, 1970)
h [ E. 2

Eic= 5 1525y 1otey TV (3.10)

- the average energy of a Compton upscattered photon (KN rega)y(Blumenthal &
Gould, 1970)

3.1.3 Impact of the SMBH Mass Assumption

In all the previous sections, it has been assumed that the esttion of the mass of
the SMBH in the center of NGC 1399Mgy =1 10°M , was solid. It is indeed
the best estimate up to date, based on the relatioMgy / %72 Merrit & Ferrarese
(2001), where is the velocity dispersion, leading to the valuMgy = 1:06 10°M .
Kinematic studies in Houghton et al (2006) lead to a slighthhigher value ofMgy =
1:2'%2  10°M . One drawback of the dynamical studies conducted so far isah
the contribution of the dark matter halo was never includedn the modeling of the
density pro le of the galaxy. The additional dark matter conponent was although
considered in the modeling of the M87 density pro le in Gebhdt & Thomas (2009)
and the estimate on the mass resulted higher than the canoalestimates by a factor
2.

Because of the degeneracy between mass-to-light ratio anlhdk hole mass, a
similar e ect can be expected in NGC 1399 as the light pro les similar to the one
in M87 (cf Fig. 3.2). If the mass of the black hole is indeed umdestimated, then
the expected VHE luminosity would be even higher.
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Figure 3.2: Light pro le of the galaxy NGC 1399 (left, Killeen & Bicknell (1988))
and M 87 (right, Kormendy et al. (1988)).

3.2 Analysis of VHE Data taken with the H.E.S.S.
Array

3.2.1 Standard Analysis

NGC 1399 was observed with the H.E.S.S. array of imaging atsgheric-Cherenkov
telescopes in 2005 and 2007 for a total of 38 h exposure (88swi 28 min each).
After applying the standard H.E.S.S. data-quality selectin criteria (Aharonian et
al., 2006b) a total of 18 hours live time remain. The mean zahiangle iSZmean =
196 and the mean osetis qean = 0:85. The data were reduced using standard
analysis tools and selection cuts (standard cuts, Aharomaet al., 2006b) and the
Re ected-Region method (Berge et al., 2007) for the estimiain of the background.
A point source analysis was performed with an angular cut of = 0:0125 and a
size cut of 80 photo-electrons (details in Aharonian et al2006b). This leads to
a post-analysis threshold of 260 GeV af.an. NO signi cant excess ( 26 events,
1.1 standard deviations) is detected from NGC 1399 (see Fig.33.

Assuming a photon index of =2.6, the upper limit (99.9% condence level,

Feldman & Cousins, 1998) on the integral ux above 260 GeV is:

| (> 260GeV)< 1.1 10 2cm 2s 1 (3.12)
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or 0.7% of the Crab Nebula ux (CF) above the same threshold. l&nging the
assumed value of does not change the upper limit by much; itan vary from
0.53% CF (hard spectrum, = 2:0) to 0.94% CF (soft spectrum, = 4:0).

500
450f
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350F
300¢
250F
200}
150F
100F

Events

Declination

03"45m03"40"03"35™03"30" % e 065 e 0'1 :
: . . 0. )
Right Ascension q%[deg ?]

Figure 3.3: Left: The smoothed (smoothing radius r=0.09) VHE excess in the region
centered on NGC 1399. The central white dot indicates the pasion of the optical center of
NGC 1399. There is no signi cant excess at any point in the skymap. Right: Distribution

of events as a function of squared angular distance from NGC 309 for gamma-ray-like
events in the ON region (points) and in the OFF region (lled area, normalized). The

dotted line represents the cut for point-like sources.

3.2.2 Analysis of Bad Weather Data

After applying the standard H.E.S.S. data-quality selectin criteria (Aharonian et
al., 2006b) a total of 18 hours live time remain. Many of the jected data ( 16
hours) were taken during light cloud coverage or hazy atmolegric conditions. The
remaining 4 hours of observations are rejected because of technicabipgems. The
e ect of bad weather conditions would be to lower the triggerate of the telescope
and make it fall below the allowed threshold. The cut is usubl at 70% of the
"clear sky\ trigger rate. This will lead to a reduction of -ray like events detection

and a shift in the reconstructed energy spectrum. Indeed, aominally 500 GeV
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event can be reconstructed as a, say, 200 GeV event. Therefoin order to prop-

erly reconstruct a spectrum, e ective areas have to be callaied on a run by run

basis after reconstructing the atmospheric conditions. Fa work-in-progress on a
similar analysis to H.E.S.S. data with atmospheric simulans and e ective area
reconstruction, see Nolan et al. (2008).

Nevertheless, an analysis can be conducted concentratinglyoon excess recon-
struction. Results are summarized in Table 3.1 for observans in which all 4
telescopes were used. In th&loudy data\, despite the similar livetime, roughly
half of the events are reconstructed in comparison to the gdalata run. This does
not change the outcome of the VHE analysis at the NGC 1399 ptien. Still no
detection would have been obtained.

DATA Non | Norr EXCESS | SIGNIFICANCE | LIVETIME (hrs)
GOOD 731 | 14407| 0.052 -15 -0.55 14.73
CLOUDY | 344 | 8670 | 0.036 33 1.81 14.21
SUM 1075| 23077| 0.045 18 0.53 28.94

Table 3.1: Results for 4 telescope data with di erent seleicin in the data quality
selection. Good data were selected following the standardES.S. data-quality
selection criteria (Aharonian et al., 2006b)."Cloudy data\ were selected from those
run in the database that would have failed standard selectioonly because of the
trigger value cut. The di erence in livetime between the god data presented here
and the one presented in Section 3.2.1 comes from the 3.3 ®af 3 telescope data.

3.3 Radiation elds of NGC 1399

The galaxy presents low power antiparallel jets, whose lumosity is 10%°erg s !
between 10 Hz and 1G° Hz (Killeen et al., 1988). The out ows are con ned in
projection within the optical extension of the galaxy (see i§. 3.4). The jets are
initially transonic, then decelerate in the inter-stellar medium and end in lobe-
like diuse structure at 9 Kpc from the center (Killeen et al., 1988). In the
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X-ray imaging is moreover possible to distinguish cavitiesuggesting that the radio-
emitting plasma is producing shocks in the hot X-ray emittig gas (see Fig. 3.5).
The estimated power isP,;  10*? erg s * (Shurkin et al., 2008).

Figure 3.4: Figure taken from Killeen et al. (1988). In NGC 199 the radio out-
ows are contained inside the optical extension of the galgx Visible are the radio
countours from 6cm VLA measurements superimposed on the SR®ptical survey
eld. Details in Killeen et al. (1988).

In the X-ray domain, in the central region & 509 see e.g. Paolillo et al. (2002)),
it presents a classical -pro le for the hot gas: I 1+ (r=rg)? ° +O:5, where
r is the distance from the center. The pro le is concentratedr@ugh to allow an
estimate of the central density of 6 10 2°g cm 2 (Loewenstein et al., 2001).

The weak radio source in the nuclear region was detected withe VLA at 6cm
( 49 GHz) with a ux f () of 10 mJy (Sadler et al., 1989), translating to a
luminosity of L ago = 2:39 10*” erg s . The source is slightly more luminous in
the optical/UV with a luminosity of Lyy 1:2 10*® erg s ' (HST data, O' Connell
et al. (2005)). Observation taken with the X-ray satelliteChandra led only to an
upper limitof L (2 10KeV)=9:7 10®¥ ergs?®.

In Fig. 3.6 ISO IR data and 2MASS-J band observations are shed. These
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Figure 3.5: Figure taken from Shurkin et al. (2008). It is pasble to see how the radio
contours coincide with X-ray cavities. Shown are the 1.4GH¥YLA measurements

superimposed on Chandra X-ray data. Details in Shurkin et a{2008).

infrared observations are only available with apertures naln greater than the ones
used for other bands and the resulting uxes are possibly ctaminated strongly
by starlight. Assuming a simple Reynolds-Hubble pro le foithe surface brightness
of the galaxy, the infrared luminosity at 1 eV in an aperture 60.2" is Lir =
1.74 10" erg st

The nuclear emission is however extremely low in all energyamds. In con-
structing the spectral energy distribution (SED) of NGC 139, the observations
were selected in order to consider only the nuclear region.o Tchieve this, only
observations taken with the smallest aperture possible weeconsidered (see Fig. 3.6
and its caption) or, in the case of infrared emission, the win an aperture compa-

rable to the ones of other band was extrapolated from the avable observations.

Regarding VHE data, here it is assumed that the -ray emission originates solely
from the nucleus, even though the entire galaxy is point-l&k with the angular res-

olution of H.E.S.S. (the angular size of the host galaxy is 3 arcmin, (SIMBAD,
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2008)). The H.E.S.S. limit on the isotropic VHE -ray luminosity is:

L <62 10ergs®: (3.13)
Energy (eV)
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Figure 3.6: The SED of NGC 1399. All archival data are for theare region. The
archival points are: VLA radio data (black; Sadler et al. (189); core component
<0.4"); 15 m ISO IR data (red square; Temi et al. (2005); 5" aperture, no dst
subtraction); 2MASS J-band data (red star; Skrutskie et al(2006); 4" aperture, no
host subtraction); HST optical data (green; O' Connell et al(2005); 0.2" aperture),
and Chandra X-ray upper limit (solid line; Loewenstein et al(2001); 3" aperture).

The blue dots are the H.E.S.S. spectrum 2upper limit.
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3.3.1 Absorption

In the case of NGC 1399 photon-photon pair absorption is lownd should not signif-
icantly a ect any VHE emission. The optical depth resultingfrom this absorption,
in a source of luminosityL and radiusR, is given by:

L ()
4RcC

In the NGC 1399 system, the visibility of a 200 GeV photon redqresL ( =5eV) <
2:83 10* erg s 1, if the region containing the soft photon eld is of the orderof 100

(E;R) = (3.14)

times the Schwarzschild radiufks of the black hole. This condition seems to be satis-
ed (Fig. 3.6) looking at the very low luminosity detected byHST. Even if more ener-
getic photons are considered; > 1TeV, the assumed near infrared luminosity allows
the size of the emitting region to be as small as 10Rs. Hence, VHE photons can es-
cape. An additional photon eld that might interact with any VHE -rays produced
near the SMBH is provided by synchrotron radiation emitted i pairs (Stawarz &
Kirk , 2007). This process leads to a > 1 if the intrinsic luminosity of the sys-
Y4 108 o
10 erg s 1: This condition translates to L; = 10%® erg s for photon energies
=1TeV,and toonly Ly 4 10%ergs?tin case of = 250GeV. Such lu-

minosity would then be observable as synchrotron radiatioaf the pair plasma and

tem with radius R is higher thanL¢i = 10 ° 1y

result in a peak in the infrared domain. The observed uppernfits in this domain
are lower (cf. Fig. 3.6), demonstrating the transparency o/HE -rays even in
the vicinity of the SMBH. Moreover, one can compute the paragters |, and lg
described in Section 2.4.2. It can be seen from Fig. 3.7 thdid absorption can be
avoided as the values of,; and Ig fall in the optically thin part of the parameter
space.

Last, absorption of the produced VHE photons could be also duo the existence
of a very high magnetic eld. In such case magnetic pair prodtion would take
place. In order to avoid this proces8.,s < 44 10° Gauss, in the case of a photon
of 1TeV energy (cf. 2.4.2). One can safely assume that the pess is not taking
place asB s is higher than the equipartition value presented in 3.3. Inhe case of

a non-charged black hole whose magnetosphere is sustainedretion, the energy
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Log Injection Luminosity

Log Magnetic Compactene

Figure 3.7: Comparison to Fig. 1 in Stawarz & Kirk (2007). Theed line divides
regions with opacity < 1 from > 1. The blue point comes from the upper limit
derived from H.E.S.S. observations (Eq. 3.13) and the magie eld relative to 1
Tev (cf. Eq. 2.17).

density of the magnetic eld cannot exceed the one of the plas. A value of the
magnetic eld higher than equipartition is thus not possibé.

3.4 Constraints from NGC 1399 Observations

It is assumed in the following that the acceleration procesdlows a maximum energy
gain with Egan = gBc, with =1. Moreover the black hole is assumed to be

maximally spinning with J=J.x = a = 1.

3.4.1 Magnetic Field

With these assumptions, the photon ux for NGC 1399 should beletectable by
H.E.S.S. with an isotropic ux F 8 10 a?M¢& (n(Rs)=10) erg s * cm 2 (cf.
Eq. 3.4). The non-detection of NGC 1399 shows that, unless@pof the assumption
is violated, equipartition for the magnetic eld is not accuate. The upper limit
derived from the observation of NGC 1399 allows to set an uppkmit on the value

of the magnetic eld, assuming the scenarios discussed abov
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From Eq. 3.1 it can be written
L = Wnax 10%a%(Mg)?(Bs)? erg s* (3.15)

Assuming that all the available power is radiated in the VHE dmain ( = 1),
the following limit for a homogeneous magnetic eld is obtaied from the H.E.S.S.

result:
B< 740a ®G. (3.16)

Of course, the hypothesis of maximum e ciency of power-to lloninosity conver-
sion is quite extreme. But being the SMBH passive at low enaeg, most of the
radiative losses would have to occur at high energies.

Reconciling the H.E.S.S. upper limit on the magnetic eld ad canonical equipar-
tition estimates would require to relax the assumption on th e ciency of the ac-
celerator or of the emission mechanism. The dependency oétmagnetic eld from
the e ciency is shown in Fig. 3.8.

Note that also the assumptiona = 1 may be violated. This assumption depends
on the formation history of the black hole. If its growth is doninated by gas accretion
and the accreted mass is of the order of the initial mass of theack hole, then it is
possible to reacha = 1, see Volonteri et al. (2007). This is believed to be true fo
the SMBH hosted in elliptical galaxies in the nearby univees but may be violated,
for example by chaotic accretion scenarios (Rees, 1984). efha value ofa  0:01
may allow equipartition magnetic eld and maximum e ciency.

Hence, is interesting to keep all three parameters as freehd mutual dependence
is shown in Fig. 3.9.

3.4.2 Maximum Particle Energy

If the intensity of the magnetic eld is indeed the one givenn Eq. 3.16, then it is
possible to calculate the maximum energy reached by the atsrated particles.

If the dominant radiation loss is curvature emission, thenhe maximum energy
iS Ep:cuv < 8 10 eV for protons andEecuy < 4 10 eV. The energy of the
associated radiation would not reach the H.E.S.S. energyain, E < 0:12 TeV.
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Figure 3.8: Magnetic eld intensity versus e ciency of powe-to-luminosity conver-
sion; this is derived from Eqg. 3.1 fora = 1. The shaded area represents the part of
the parameter space allowed by the H.E.S.S. upper limit onrinosity. The dots
represent two hypothesis: maximum e ciency or equipartiton magnetic eld.

If the dominant loss is inverse Compton emission, then the menum energy
attained by the accelerated electrons iEeic < 9 10 eV.

Also considering a purely hadronic process as p-p interaatis, for the production
of TeV emission, the energy of the parent particle populatiowill not exceedE, ;'
10" eV.

It can be concluded that this kind of environments cannot beraaccelerators of
UHECR.

3.5 Conclusions on NGC 1399

Acceleration of charged particles to extremely high eneeg may take place in SMBH
magnetosphere. VHE emission from those SMBH which are lowdiating in low-
energy band may then be expected either via leptonic or hadriz processes. In
order to search this emission the giant elliptical galaxy NG 1399 was observed by
H.E.S.S. in 2005 and 2007. NGC 1399 is not detected in thesesetvations.
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Figure 3.9: Magnetic eld intensity versus e ciency of powe-to-luminosity conver-
sion versus spin. The part of the parameter space above theofteéd curve is not

allowed by the result of H.E.S.S. observations.

The non-detection of NGC 1399 gives an upper limit on the vaduof the circum-
nuclear magnetic eld. The limit on the magnetic eld given n Egq. 3.16 comes
from the acceleration potential supplied from the spinningMBH and allows the
possibility of VHE emission being produced via proton-pran interactions or IC
scattering. It rules out instead curvature emission reachg VHE energies, which
require a higher value of the magnetic eld. It also rules outhe possibility of
accelerating UHECR in the system.

The constraint presented here is, to the best of the author kavledge, the tighter
one on the value of the magnetic eld in the surrounding of a ik hole obtained so
far.

As NGC 1399 was the best candidate for this kind of study, a dstic improvement
in the sensitivity would be required in order to provide tigler constraints on the

emission processes and on the strength of the circumnucleald.



Chapter 4

Stacking Analysis of Passive

Systems

As was discussed in the previous chapters, a signal in the VHIBmain is expected
from passive supermassive black holes. In order to test susfedictions the galaxy
NGC 1399 was observed, leading to no detection. If there is wariability, a dramatic

increment in the livetime of the observations is needed to pbe lower uxes from
galaxies candidate to host massive black holes. A stackingadysis is performed
using serendipitous data acquired by H.E.S.S. in other exgalactic elds. The
results are presented in this Chapter.

4.1 The Motivation for Stacking

Based on published performances of the H.E.S.S. array, thensitivity scales with
the square root of the livetime of the observation (cf Fig. 4). The time required
to detect @ UX feyxpected IS

2

fobs : (4.1)

trequired = tobs f
expected

wheretqys IS the time in which a ux f,,s is detected. It can be seen that in order
to go deeper in ux by one order of magnitude, the increment iivetime has to

be at least of two order of magnitude. Such increment cannotebachieved with
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Figure 4.1: From Aharonian et al. (2006b). Sensitivity of te H.E.S.S. array, ex-
pressed as the amount of time required to detect a signal atétb level, as a function
of the ux of the source, for a source of similar spectral sl@to the Crab nebula
(for observations at 20 zenith angle, 0.5 o set from the source). Shown are curves
for the standard, hard and loose selection cuts.

dedicated observations of a single source but in years. Thére it is necessary to

use a di erent approach.

A stacking analysis is performed using serendipitous data@uired by H.E.S.S.
in the extragalactic elds observed so far. The stacking témique is a standard
procedure used to study the statistically averaged propees of a sample of ob-
jects whose individual emission would otherwise be belowtdetion threshold. The
strength of the method is that the noise of the sample witmum objects will be

P num. The

reduced, in comparison to the nois&l of the individual source, toN=
stacking method has been applied in di erent energy bands thi rather good out-
comes. There are examples from radio astronomy (e.g. Whitead., 2007), infrared
astronomy (e.g. Dole et al., 2006), X-ray astronomy (e.g. Mdra et al., 2002) and

-ray astronomy (e.g. Cillis et al., 2004). It is also an intexsting method not only

for source detection, but also for cosmological studies ése.g Cacciato et al., 2009).
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4.2 Sample Selection Criteria

The luminosity predicted for a passive SMBH in the VHE band habeen presented
in Chapter 3:
L = W 10%%(Mg)?(B4)? erg s : (4.2)

The rst requirement is a high mass of the central black holeni the corresponding
galaxy. Therefore large ellipticals are selected from pushed catalogs. The relevant
catalogs will be described case by case in each sample. It tkmbe noted that the
large ellipticals believed to host SMBH are commonly founadhithe centre of galaxy
clusters. Three elds are presented here: the Virgo Clusteeld, the Fornax Cluster
eld and the Coma Cluster eld. They are all nearby and rich inlarge ellipticals.

It is necessary to avoid absorption of a potential emissioritieer by internal or
external photon elds (cf. Section 2.4). Thus these objectsave to be in the nearby
universe, in order to avoid EBL absorption, and to be not suounded by a strong
photon eld. It is desirable to select the candidates passtvin the NIR (1 eV).

It would be possible also to select the candidates as low lumus in the X-ray
domain. The cut on the X-ray luminosity results in a cut in themass accretion rate:
the lower the accretion rate, the smaller will be the contribtion of the accretion
disk to the absorbing soft photon eld. Unfortunately this would also mean that
the magnetic energy density transported by the accretion w would be low, thus
reducing the expected luminosity. Because of this argumeritvo di erent selection
approaches have been used (only in the Virgo eld):

- low accreting systems hosting SMBH,;

- massive elliptical galaxies hosting SMBH.

4.3 Excess, Signi cance and Upper Limits

The data were reduced using the standard analysis tools andlection cuts (Aha-
ronian et al. (2006b), standard cuts). The Re ected-Regiomethod (Berge et al.,
2007) was used for the estimation of the background. RegiooSknown VHE -ray
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emission and regions containing the galaxies in the sampleaot considered in the
estimation of the background. The signi cance of an excessrfthe whole sample is
calculated following Eq. 1.2, Li & Ma (1983), knowing the onumber of counts Nyy
and o number of counts Nogr and the parameter (the ratio between exposure
in the ON and OFF region). The number counts Ny are extracted at the galaxy
position and the size of the extraction region is:Q1 . If galaxies are closer than
0:2 to each other, only the rst encountered galaxy is considede Indeed, in this
case the galaxies are considered independent in positionhelTsamples are usually
ordered from the closest to the furthest from the center of #1 eld of view. In the
case of no signi cant excess an upper limit is then calculatausing the approach de-
scribed in Feldman & Cousins (1998), assuming a photon indeXx =2.6. Stacked
values are derived for the entire sample. The largest amounf observing hours
of massive early type galaxies in serendipitous measurert'enomes from the eld
observed by H.E.S.S. during the M87 monitoring in the centtaegion of the Virgo
cluster (Aharonian et al., 2006a). The livetime relative toeach galaxy position is
weighted according to the o set from the center of the eld ofview. The scaling of

the livetime follows the scaling of the acceptance of the él(cf. Section 1.2.1).

4.4 The Virgo Sample of Low Accreting SMBH

In the H.E.S.S. eld of view centered on the galaxy M87, 8 gatees hosting low
accreting SMBH are present. A system is low accreting whereits mass accretion
rate is smaller than the Eddington limit and it assumed that asystem with a low
nuclear X-ray emission hosts a low accreting SMBH. The gal&s are selected from
a catalog of low accreting system for which Chandra observans are present (Pel-
legrini, 2005), along with a catalog of the most massive SMBHMagorrian et al.,
1998). Systems belonging only to the second catalog also g@et low emission in
the X-ray domain. The positions of the galaxies and their pameters are described
in Table 4.1. This eld was observed for 54 hours (only 4 telespe data until 2008),
leading to a total stacked exposure of 250 hours, where the livetime for each posi-

tion was weighted according to the o set from the center of ta eld. The testing of
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the technical procedure is focusing on this eld. The centtagyalaxy, M 87, has been
removed from the sample as it is already recognized as a VHE id@sr (Aharonian
et al., 2006a) where the emitting region might be not direcfl associated with the
central BH.

No excess has been found at the position of any of the singldag@es considered
or in the stacked sample. Results for the entire sample areastn in Table 4.2. NGC
4621 was not considered because of its large o set.
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Figure 4.2: Left: Position of the galaxies in the eld. The leftmost galaxy
(NGC4621, white star marker) was not considered because @flarge o set. Right:
Distribution of signi cances. The blue curve is a gaussiant to the histogram, while
the red curve is the expected distribution of signi cancesof an empty eld, for com-

parison.

The distribution of signi cances of the sample is not follomg the expected
normal distribution (with zero mean and 1, cf Fig. 4.2), but this might just be due
to low statistics. Checks on the systematics are presenteadl $ection 4.6.

The stacking procedure can be visualized as the superpasitiof the same eld,

but centered on the position of the source candidates. Thefarmations will be
obtained from the central bins. For an examples see Fig. 4.3.

From the stacking of the sample results a signi cance of 0:85 and an upper
limit on the integral ux of 1 (> 0:32 TeV)< 24 10 *3cm 2 s ! (details in Table
4.2).
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Figure 4.3: Result of the superposition of the Virgo eld cetered on the position of
the galaxy sample (coordinates in Table 4.1). It is possibl® see the excess from
M87 reproducted 7 times in the eld. The informations on the ample are then

extracted from the center of the thus obtained eld (white sgare).

4.5 The Cluster Fields of Large Ellipticals: Virgo,

Fornax and Coma

45.1 The Binggeli Sample in the Virgo Cluster

Large elliptical galaxies (all of the ellipticals not classed as dwarves) were selected
in the Virgo cluster eld centered on M87. These galaxies havbeen selected from
the Virgo Cluster Catalog (Binggeli, 1985). The distributon of the 16 ellipticals in
the eld is shown in Fig. 4.4, 9 of which are independent in pdgn. This leads to
a total stacked exposure of 400 hours, where the livetime for each position was

weighted according to the o set from the center of the eld.

Unfortunately no excess has been found at the position of anfythe galaxies con-
sidered. The distribution of signi cances presents an appeant shift to negative sig-
ni cances, but this is not signi cative (the meanis yean = 1.0 1:2). Even though
the sample is limited, the distribution of signi cances is onsistent with an empty

eld (cf. Fig. 4.4). From the stacking of the sample results aigni cance of 2:0
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and an upper limit on the integral ux of 1(> 0:32 TeV) < 1:2 10 ¥®cm ?s !
(details in Table 4.3).
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Figure 4.4: Left: Position of the galaxies of the Binggeli catalog in the Virgo
eld (Binggeli, 1985). Only independent galaxies have beeconsidered. Right:
Distribution of signi cances for the Virgo sample. The bluecurve is a gaussian t
to the histogram, while the red curve is the expected distriltion of signi cances

for an empty eld, for comparison.

4.5.2 The Pierini Sample in the Coma Cluster

The Coma cluster eld was observed for 7.3 hours (only 4 telssgpe data until 2008)
in order to search for point like and di use emission in clugr cores (Aharonian et al.,
2009d). The distribution of the 37 large elliptical (all of he ellipticals not classi ed
as dwarves) galaxies in the eld is shown in Fig. 4.5, 16 of wdhi are independent in
position. These galaxies have been selected from the Gaé&sximorphology Catalog
(Pierini et al., 2002). The stacked observation is equivate to an exposure of
100 hours, where the livetime for each position was weightagcording to the o set
from the center of the eld.

None of the galaxies considered presented a signi cant egsend the distribution
of signi cances of the sample is consistent with an empty dl (cf. Fig. 4.5). From
the stacking of the sample results a signi cance of0:1 and an upper limit on the
integral ux of I (> 0:67 TeV)< 2:8 10 ¥cm 2 s ! (details in Table 4.4).
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Figure 4.5: Left: Position of the galaxies of the Pierini catalog in the Coma lel.
Only independent galaxies have been consideredRight: Distribution of signi -

cances for the Coma sample, curves as in Fig. 4.4.

4.5.3 The Ferguson Sample in the Fornax Cluster

The Fornax cluster eld was observed for 15 hours (only 4 teteope data until 2008)
in order to search for emission from the passive SMBH in NGC 93 (see Chapter 3).
Galaxies in this eld have been selected from the Galaxies Fornax Cluster Catalog
(Ferguson, 1989). The distribution of the 10 large elliptial galaxies in the eld is
shown in Fig. 4.6, 8 of which are independent in position. Thstacking analysis
corresponds to an exposure of 70 hours, where the livetime for each position was
weighted according to the o set from the center of the eld. Mne of the galaxies
considered presented a signi cant excess and the distribah of signi cances of the
sample is consistent with an empty eld (cf. Fig. 4.6). From he stacking of the
sample results a signi cance of 0:6 and an upper limit on the integral ux of

I (> 0:3TeV)< 65 10 *3cm 2 s ! (details in Table 4.5).

4.6 Checks on Statistics of the Fields

In all the cases presented so far, the distribution of signtances agrees with the
one expected from an empty eld although with large uncertaities on the mean
and FWHM of the distribution. This is probably due to the very small number of
sources in every eld. In order to check whether the error isifernal to the stacking
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Figure 4.6: Left: Position of the galaxies of the Ferguson catalog in the Forwa
eld. Only independent galaxies have been consideredRight: Distribution of

signi cances for the Fornax sample, curves as in Fig. 4.4

procedure or due to low statistics, tests were conducted oaraples with increased
statistics. The samples are not physically selected, so op&pects to reconstruct
an empty eld distribution of signi cances. The Virgo eld has more observation
hours than the others (and also presents the biggest deviati from an empty eld
hypothesis), therefore it will be use as test eld.
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Figure 4.7: Distribution of signi cances of independent daxies in the Virgo eld.
As comparison, overplotted is the distribution of signi cances of the low accreting

systems in the eld.

From the Virgo Cluster Catalog (Binggeli, 1985), all the obgcts with an angular
distance from the center of the eld < 2.5 were selected. This leads to a sample

of 608 objects, but considering only independent positiorikey are reduced to 204
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objects. It can be seen how the distribution of signi cancesesembles the one
expected from an empty eld (cf Fig. 4.7). However, the bestaussian t gives a
somewhat larger FWHM than expected (FWHM> 1).

In order to check how the FWHM of the gaussian ts changes depding on the
sample, some tests are done. The rst test will consist in ineasing the cut on the
angular distance of the inspected position from the centeif the eld. From Fig.
4.8 it can be seen that the e ect becomes smaller and smalleh@n considering a

smaller eld of view.
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Figure 4.8: Virgo eld: M87 < 2.5 (608 objects of which 204 independent); M87
< 2:0 (453 objects of which 143 independent); M8% 1:5 (306 objects of which
87 independent); M87< 1:0 (151 objects of which 41 independent)

Another test consists in studying the signi cance distribtion that originates
by selecting positions in the sample further away from the oter. From Fig. 4.9 is
possible to see that increasing this cut, also the FWHM of theistribution increases.
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Figure 4.9: Virgo eld: > 0:2 (608 objects of which 204 considered)p> 0:3 (608
objects of which 201 considered); > 0.5 (608 objects of which 193 considered);
> 1.0 (608 objects of which 163 considered).

The same tests were performed in the Fornax eld. In Fig. 4.1& possible
to see the outcome (from the Ferguson catalog of galaxies ihet Fornax cluster
(248 positions, 110 independent) and the Thome catalog ofass (712 positions,
209 independent)). In the case of the Fornax eld, the e ects much reduced with

respect to what obtained in the Virgo eld.

One might then conclude that, in those elds of view with deepexposure, the
reconstruction of the acceptance in the outskirts of the @ of view deviates from

the modelled one. This is not the case in the elds with modeta exposure.
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Figure 4.10: Fornax eld: Ferguson catalog of galaxies (248sitions, 110 indepen-
dent) and the Thome catalog of stars (712 positions, 209 ingendent).

4.7 Implications for UHECR

It can be seen from Fig. 4.11 that the distribution of signi @nces for the three elds
presented above is compatible with a gaussian distributioexpected from an empty
eld. Stacking the three samples, weighted for the distancef every eld, leads to
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Figure 4.11: Distribution of signi cances for the 33 galads present in the three
elds considered above.

an upper limit on the integrated ux of | (> 0:7 TeV) < 1.7 10 ¥*cm ?s %
There have been claims by the Auger collaboration of corrélan between Ultra

High Energy Cosmic Rays arrival direction and AGN spatial ditribution Abraham

et al (2007a). The claim is dubious, as shown in Section 2.1/2wever AGN are

among the sources that can indeed accelerate particles to BHcf. Section 2.1.1
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and Hillas (1984)). If this conjecture is correct one wouldhen expect VHE -ray
emission associated with galactic nuclei. The stacking dgais presented here can
therefore be used to constrain this hypothesis. Knowing tretacked -ray luminosity
allows to estimate the typical luminosity of a UHECR emitterand the relative CR
density.

If therefore one assumes that the large ellipticals of the wgles investigated
here could be related to UHECR acceleration, one would need ¢onclude that the
associate -ray luminosity (in the energy rangeE = (0:7 100) TeV) is small, of
the order of

2

L 141 10" erg s !

50Mpc
whereD =50 Mpc has been chosen as the distance of the putative emitte

4.8 Conclusions

VHE emission is expected from the vicinity of SMBH present athe center of
spheroidal galaxies. Data acquired by the H.E.S.S. systeni wlescopes in the
Virgo, Coma and Fornax cluster eld have been used in order tdetect such sig-
nal. No excess has been found at the position of any of the gaks considered.
Morover a stacking analysis has been performed on the entsample, resulting in
no excess. Assuming that the three samples are homogeneoymg from the dis-

tance D to the observer, stacking all the three elds results in a n&upper limit

ofl (> 0:7 TeV) < 1.7 10 ¥ cm ?s ! for 33 galaxies. This is consistent with the

scaling of sensitivity with time Aharonian et al. (2006b).



GALAXY RA DEC Mgy=M | DIST | OFFSET | LIVETIME
(Mpc) (hrs)
NGC 4374| 12h25m03.743 +12d53'13.14"| 1:6 1C° | 18.4 | 1.55 35.7
NGC 4438| 12h27m45.91 +13d0'32.3" | 50 10 | 16.1 | 1.07 47.6
NGC 4473| 12h29m48.95s +13d25'46.1" | 34 10° | 158 | 1.15 46.3
NGC 4548| 12h35m26.58s +14d29'45.1" | 2.8 107 | 19.2 | 2.43 11.9
NGC 4552| 12h35md40s | +12d33'22.9" | 465 1C°| 153 | 1.27 427
NGC 4564| 12h36m27.013 +11d26'18.8" | 2253 1C° | 153 | 1.71 31.4
NGC 4569| 12h36m50.083 +13d09'45.7" | 1:2 10° | 16.8 | 1.72 31.7
NGC 4621| 12h42m2.39s| +11d38'45.1" | 28 10° | 153 | 2.8 /
ALL 247
NGC 1399| 3h38m29.32s| -35d45'0.7" | 1.06 10° | 20.3 18.1

Table 4.1: Characteristics of the sample of low accreting &gms in the Virgo eld

Noer Noer ( range) EXCESS | SIGNIFICANCE | LIVETIME | THRESHOLD | UPPER LIMIT
hours TeV cm 2s 1 (% C.F)
13906| 475664| 0.03 (0.02 0.04) -101 -0.85 247 0.32 2.4 10 ¥ (0.19)

Table 4.2: Results for the entire sample of passive black kslselected as low luminous in X-ray.

09



Non Noer (' range) EXCESS | SIGNIFICANCE | LIVETIME | THRESHOLD UPPER LIMIT
hours TeV cm ?2s 1 (% C.U)
22126| 578850| 0.04 (0.02 0.06) | -311 -2.0 398.3 0.32 1.2 10 2 (0.1)

Table 4.3: Stacking results for the Virgo sample. Given ardsm the range of alpha in the sample. The percentage of the

Crab ux (C.U) is calculated above the same threshold.

Non | Norr ( range) EXCESS | SIGNIFICANCE | LIVETIME | THRESHOLD | UPPER LIMIT
hours TeV cm 2s (% C.U)
4350| 59864| 0.07 (0.05 0.15) -9.9 -0.1 104.1 0.67 28 10 B (0.7)
Table 4.4: Stacking results for the Coma sample. Quantitiess in Table 4.3.
Non | Norr ( range) EXCESS | SIGNIFICANCE | LIVETIME | THRESHOLD | UPPER LIMIT
hours TeV cm 2s 1 (% C.U)
3856 | 94683| 0.04 (0.02 0.07) -36 -0.6 74.7 0.3 6.5 10 13 (0.5)

Table 4.5: Stacking results for the Fornax sample. Quant#is as in Table 4.3.
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Chapter 5

Detailled Estimate of VHE
Emission from Passive SMBH

From studies in the literature, passive systems hosting SMB are candidate for
emission in the VHE domain. Models are discussed and testea the previous
chapters. From H.E.S.S. observations only upper limits havbeen obtained. It
follows that the assumptions in the models explored so fareanot ful lled. Relying

on the same acceleration models described in Chapter 2, a maletailed estimation
of the radiative power and of the expected energy regime ré@d by the radiation
losses is pursued. The estimates are then compared with thgected sensitivity of

the next generation of facilities for -ray astronomy.

5.1 Estimating the Magnetic Field Intensity from

the Disk-Magnetosphere Connection

H.E.S.S. observation of the passive SMBH in NGC1399 demoraged that the es-
timate of Eq. 3.3 B 10° Gauss) is not correct. In Chapter 3, the magnetic
eld intensity was estimated from equipartition among magetic energy density and

accreted gas energy density. The equipartion value can betained from

2
z— = M eNeC + Mpn,yC; (5.1)
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wheren, is the electron number density and the proton number density, = ne=1:2.
If one assumes that the electrons are mildly relativistic 1, then the protons are
dominating the energy budget. Plasma densities in the sumwading of SMBH are
of the order of 10’cm 3.

5.1.1 The Relation between Magnetic Field and Angular

Momentum

The rst tenet is that the energy of the magnetic eld has to oiiginate, in one way
or another, from the kinetic energy of the accreting ow. A no-charged rotating
black hole cannot sustain a magnetic eld on its own (ThornePrice & Macdonald,
1986). It has thus to be understood the connection betweendimagnetic eld on
the magnetosphere of an accreting black hole and the magrmeteld at the innermost
stable orbit of its accretion diskB (r;).

Similar to (Kuncic & Bicknell, 2004) the starting point is the equation of the
angular momentum in cylindrical coordinates I ;z ). The azimuthal component
of the momentum conservation equation (Eq. 60 in Kuncic & Blmell (2004)) is
integrated overz and the mass continuity equation (Eq. 38 in Kuncic & Bicknell
(2004)) is applied, resulting in:

Z M,

%I\llﬂvr+2r2 htr dz =VIr—o 4r %, ; (5.2)

where Mg is the mass accretion rate (in g st), v is the azimuthal component of
uid velocity in the disk, h is the height of the disk andt; is the magnetic stress

tensor, de ned as:
BiB; B

t:?:4— ij8—-

(5.3)

The Eq. 5.2 can undergo several simpli cations:
- costant mass accretion rat@Mg=dr = 0;

= rtz htr .
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The second condition is only valid in the inner part of the dis, where its height is

not negligible if compared tor. Therefore Eq. 5.2 becomes
VA h

Mav r+2r?2 t dz= const: (5.4)
h

R _ . . ;
hh wdz = 0 is assumed at the inner-

most stable orbit, resulting inconst = MgV (rj)ri. For convenience the radius is

To estimate the constant, T, (ri) =

normalized to the gravitational radiusry = GMgy =G, X = r=rg. From
r

_ (GM)PM, GM o, X
T (X) = 5 = X 1 < (5.5)
and from the de nition of the integrated stress tensor
VA h
T () = Br(xé)lB 9 gz Br(XiB 0 on; (5.6)
h

the magnetic eld intensity can be expressed as
Mﬂcg h 1X 3=2 1
GM BH X

Therefore to estimate the magnetic eld the height of the dis has to be included.

B, (X)B (X) = X

(5.7)

In the internal regions of the accretion disk the radiation pessure is dominating over
the gas pressure. The disk height can be written as (from Pa@dmabhan (2001)):

r
h(x)=0:75MLCz(2rg) 1 o1 & (5.8)
L Edd X

whereL gqq is the Eddington luminosity. The behavior of the magnetic éd intensity

as a function of radius is shown in Fig. 5.1. It has to be kept imind that the

second assumptionrt , ht, , could be not full lled. In that case, it is possible

to estimate the B (x)B,(x) component of the stress tensor:

M
2

The behavior of the magnetic eld intensity as a function of adius in this case is

B (X)B,(x) = (GMgy) *x 52 (5.9)

shown in Fig. 5.2. In the limiting case in whichr  h (believed to be true in case
of low accreting sources with optically thin disks), the twaestimates in Eq. 5.7 and
Eq. 5.9 coincides. Thereforle[:J B (x)B.(x) will be used in the following to estimate

the magnetic eld.
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Figure 5.1: Behavior of the magnetic eld intensityIO B, (X)B (x) in the internal
regions of the accretion disk, where the radiation pressuig dominating.

5.1.2 The Dependency on the Mass Accretion Rate and Jet

Power

The determination of the intensity of the magnetic eld, as @scribed above, depends
on the value of the accretion rate. This parameter can be obted in two ways:
relating it to X-ray-derived plasma quantities (density ; and sound speeds; at
in nity); relating it to the power of the jet Pje.

From the classical Bondi accretion theory:

= = Ms, — ; 5.10
m LEdd BH @1 5 3 ( )
where is the polytropic index. From Bicknell & Li (2007)
1
m = MaCZ _ 4Pjet rﬂ 1 lin : (511)

Leaw  Ledd Tg I out
whererj, andry, are the inner and outer radius of the jet at its base, respeugly.

The second estimate is the one that will be used in the follomg. It is indeed more
closely related to the amount of matter that actually reache the surroundings of
the BH without being blown away by winds. Knowing the power othe jet thus

means knowing the mass accretion rate.

The power of the jetPj,; can be estimated from Bicknell et al. (1997), solving
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Figure 5.2: Behavior of the magnetic eld intensityp B (x)B.(x) in the internal
regions of the accretion disk, where the radiation pressui® dominating.

the following set of 2 equations in 2 variables.
(5 )3 2 I::'jett?)

18 8 ) ox3
9 X

(5.12)

Po(t)

|
o

(5.13)

wherexo = x, ¥ 9 and the pressureP, = Pc @ ) 9. The ratio between the
pressure in the hotspot region is times the average lobe pressure ands the index
of the density distribution. The jet power Pje; can thus be estimated knowing the
extensionx;, of the jet, the non-thermal pressure of the jePc and the density of
the ambient gas o at a ducial radius xo. This estimate is based on a quite rm
knowledge of the properties of the jet and on the assumptiohat the jet is powerful
enough to form a bow shock in the termination and to have an hgpot region. This
is not often the case in the low luminous sources consideredthis work.

An alternative is to estimate the jet power making use of X-na observations.
In this way is possible to resolve the X-ray cavities blown bjow power jets. From
(Allen et al., 2006)

4 I ]
Piet = g—lcgr\i Ry’

where the sound speeds and the density come from X-ray observations. From

(5.14)

X-ray imaging one can derive the length and width of the cawt (r, and r,,) and
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Figure 5.3: From Bicknell et al. (1997), sketch of the con gration. The extension
of the jet x;,, the pressure of the lobd’c and the ambient gas density have to be

known in order to estimate the power of the jePje

the distance of the cavity from the central BH. In the case of 8C 1399, the two

methods for jet power estimation agree but for a factor 2.

5.2 Flux Predictions

One can estimate the gamma luminosity as a part of the total peer available from

a spinning SMBH:

L = W 10%82(Mg)*(B4)? erg s : (5.15)

5.2.1 Curvature Emission and Synchrotron Emission Spec-
trum from Accelerated Protons and Electrons
If particles are accelerated along the magnetic eld lineshe primary radiative

loss is curvature emission. From (Berezinskii et al, 1990he radiation spectrum

of curvature emission for a single particle (with Lorenz fdaor ) as a function of
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frequency assumes the form:

P~ Z
3q2 1

— Ks= d; 5.16
IR o - 5=3( ) (5.16)

= C

P()=

where q is the particle charge, R is the radius of curvature of the magnetic
eld lines, Ks—3 is the modi ed Bessel function of the second kind and the crdal

frequency . is:
3 ¢ g

= 5.17
¢ 4 RCUTV ( )

R
The function — i _Ks=3()d is plotted in Fig. 5.4. The total energy loss
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Figure 5.4: _ _Kss()d
integrated in all frequency is
2¢c E *
= = — 5.18
S T 3Ry M (5-18)

Equating Eq. 5.18 with the maximum energy gairEgin = qBc, the maximum

energy for accelerated patrticle limited by curvature losses

3Br2,
Epart:curv = Tcurv mpartcz: (5.19)

The emission spectrum for a proton of such energy is shown imgF 5.5. Using the
variable = . = X, it is possible to rewrite all the above equations, expeciglfrom
Eq. 5.17 will follow

q2 3 l) d - 4Rcurv =

] 1
Reurv 3 3c

=% Bdx: (5.20)

X

3
4
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Figure 5.5: Radiation spectrum of a proton of maximum energy case of curvature
losses dominating.

If the distribution of particles follows
N()=K & (5.22)

where K has the dimensions of a number density, then the emigty is calculated

as
ZZ
j() = P()N()d
2 b, oz,
3q2 4RCUTV 3 2 a a 2
= dxK 3T X 3 K- d: (.22
. 6R o % ) 5=3( ) (5.22)

This is a power-lawj ( ) =, Integrating in the volume, the luminosity per unit
frequency isL ( ) = dVj( ). The volume is assumed to be a sphere of radius
r = GMgy=¢. The ux per unit frequency willbe f ( )= L ( )=(4 D ?), whereD

is the distance of the source.

The next step is estimate the parameteK . It is possible to calculate the total
plasma energy density from 12 N() mc?= B ?2=8, where the parameter
represents the ratio between gas pressure and magnetic grge. The parameter K
can be calculated also starting from associating a certainattion of the available

power to the resulting emission:
z

1L( )= L = Wpay (5.23)

2



Detailed Estimate of VHE Emission from Passive SMBH 71

In the following the latter approach will be used to obtain emates for emission.
For =1 and integration in a range of frequency =[10 ° .,1¢ (], K 1Ccm 3.
In the Section 5.3.1 the predictions for several objects Wibe presented.

If there is a component of the magnetic eld transversal witlhrespect to the par-
ticle trajectories, synchrotron losses would dominate oveurvature losses. The fre-
guency spectrum of synchrotron emission assumes the foliogvform, from (Berezin-
skii et al, 1990):

P~ z
3° !
P()= B — K s= d: 5.24
(= =GB —  _ Ksa() (5.24)
The critical frequency is:
3 gB ,
= = 2
©= 2 momc (5.25)

and the distribution of particles is assumed to be the same rsidered in the curva-

ture case,

N()=K & (5.26)
and the emissivity is 7
j()= P(IN()d: (5.27)

In analogy with the treatment of curvature emission:

r—
X 1_3 qB 2 1— 4mparth—X 3=2

= 1 d = 5.28
Therefore the emissivity will read
Z,, P La Z,
. 3q3 4 m artc 2 1 a a 1
= dxK B z X2 Ks=( )d 5.29
J ( ) %o 2mpartC2 3qB - . 5 3( ) ( )
This is a power-lawj ( ) 2.

Predictions are presented in the Section 5.3.1. It has to beminded that the
synchrotron emission su ers from an intrinsic cut-o that does not depend on the

magnetic eld, but only on physical constants (cf. 2.3.1):

9
Eparticut 0o = ?mpartcz: (5.30)
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5.3 Impact for the Next Generation of -ray Ob-

servatories

In the previous sections a detailed estimate for the expedemission from passive
systems hosting SMBH was presented . In the following, pretions for three objects
of particular interest are drawn. The predictions are then @nfronted with the
expected sensitivity of the next generation of -ray observatories. As an example,
the expected sensitivity for the forthcoming Cherenkov Telscope Array (CTA) is
shown, adapted from simulations of possible con gurationgBerniehr, 2008). In
addition, also the sensitivity of the LAT instrument on board of the Fermi satellite
are shown. The two facilities are chosen because they are or will be thmost

sensitive instruments in the respective energy band.

5.3.1 Examples: NGC 1399, M87, SgrA*

The resulting spectra for three test objects are presentedtirst of all, it is mandatory
to check the prediction for NGC 1399, the test galaxy obsergteby H.E.S.S. and
whose observations were presented in Chapter 3. Another énésting object is the
radio galaxy M87. As described before, this galaxy was deted in the VHE regime,
but the nature of the emission and the location of the emittig region are still unclear
(Aharonian et al., 2006a). Also the nucleus of the Milky Way @laxy was detected
in the VHE band (Aharonian et al., 2009c). Up to date, there in0 consensus on
the origin of this emission, but it might be associated with he central black hole,
SgrA*.
Two commonly observed distribution are considered:

- a truncated power-law
N()=K &; < o

- a power-law with exponential cut-o

N()=K ?%e ~°d:

Lhttp://www-glast.slac.stanford.edu/software/IS/glas t_lat_performance.htm
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For the curvature emission and for both explored particle diribution the limiting
energy, o, wWill be given by Eq. 5.19. For a distribution of particles fdowing a

power-law with exponential cut-o the emissivity will be

Z X1 p_ 2 a Z,
. 3q2 4RCUTV 3 2 a a 2 — 1=3
= dxK T x 3 e (X0 K s d; (5.31
j() . BR wn 3 ) 5=3( ) (5.31)

while for the truncated power-law the emissivity is descriéd in Eq. 5.22. The

resulting spectra are normalized to the power given by Eq. B5. Other important

guantities are summarized in Table 5.1. The spectra are pe#ed in the range

Galactic Nuclei M gH Mass accretion rate| Magnetic Field | power-law index
M m Gauss
NGC 1399 |1:.06 10° 6 104 40 2.5
M 87 30 10 1 10°7? 80 2.5
SgrA* 36 10 1.5 10°3 15 2.5

Table 5.1: Parameters used for the derivation of the spectra

2 [10 # .;10* (], where . is the critical frequency relative to the cut-o energy.

The level of VHE emission predicted for NGC 1399 would be lomthan the ex-
pected sensitivity of the next generation of Cherenkov tedeopes even for maximum
e ciency of power-to-luminosity conversion =1 (cf. Fig. 5.6).

As can be seen from Fig. 5.7, curvature emission in the caseMB7 can reach
the VHE domain and the uxes that were indeed detected with te H.E.S.S. array.
The proper reproduction of the observed spectrum dependsvimver on the spectral
index of the particle distribution.

From Fig. 5.8 is possible to see that curvature emission frothe vicinity of
the supermassive black hole at the center of our galaxy, SgrAloes not seem to be
feasible. Indeed, in order to t the the expected energy ramgand ux, the magnetic
eld should be of the order ofB 10 Gauss (shown in Fig.5.9).

From Fig. 5.10 it can be seen that synchrotron emission, du® tthe intrinsic
cut-o described in Eg. 5.30, cannot reach the VHE domain antias thus not been
investigated further. However, in case of beaming of the ession, also synchrotron

emission should play a role.
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Figure 5.6: Predicted curvature emission for NGC 1399, trwated power-law par-

ticle distribution (left) and power-law with exponential cut-o (right). Black solid

curves are for e ciency of power-to-luminosity conversion =1 and =0:1 respec-

tively. Purple solid curve is the sensitivity

of the LAT instrument on board of the

Fermi space telescope for 1 year integration. The red solidiree is the expected

CTA sensitivity for a 5 detection in 50

hours. The black triangles reprent the

H.E.S.S. upper limits on the object as presented in Chapter. 3

It has to be noted that none the spectra shown here, for any csidered object,
would be detectable by the LAT instrument in 1 year of integréon. Therefore it is
not surprising that NGC 1399 did not appear in the Fermi Brigl Source list (list
of sources with a statistical signi cance> 10 , Abdo et al. (2009)).
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Figure 5.7: Predicted curvature emission for M87, truncatk power-law particle
distribution (left) and power-law with exponential cut-o (right). Black solid curves
are for e ciency of power-to-luminosity conversion = 1;0:1;0:01; 10 2 respectively.
The data points represent the spectrum as seen by the H.E.SExperiment (green:
2004 data; blue: 2005 data; Aharonian et al. (2006a)). Otheurves as in Fig. 5.6.
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Figure 5.8: Predicted curvature emission for SgrA truncated power-law particle
distribution (left) and power-law with exponential cut-o (right). Black solid curves
are for e ciency of power-to-luminosity conversion = 1;0:1;0:01; 10 3 respectively.
Purple solid curve is the sensitivity of the LAT instrument an board of the Fermi
space telescope for 1 year integration. The red solid curve the expected CTA
sensitivity for a 5 detection in 50 hours. The black dashed line represents the
spectrum as seen by the H.E.S.S. Experiment (Aharonian et.a2009c).
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Figure 5.9: Predicted curvature emission for
SgrA for a magnetic eld of B 10* Gauss
and an e ciency of power-to-luminosity conver-
sion = 1. In this case, the spectrum observed
by the H.E.S.S. experiment is reproduced. Pur-
ple solid curve is the sensitivity of the LAT in-
strument on board of the Fermi space telescope
for 1 year integration. The red solid curve is the
expected CTA sensitivity for a 5 detection in

50 hours.

Figure 5.10: Predicted synchrotron emission for
NGC 1399.Black solid curves are for e ciency
of power-to-luminosity conversion = 1 and
= 0:1 respectively. Purple solid curve is the
sensitivity of the LAT instrument on board of
the Fermi space telescope for 1 year integration.
The red solid curve is the expected CTA sensi-

tivity fora 5 detection in 50 hours.



Chapter 6

Stacking Analysis of Di erent
AGN Classes

Emission in the VHE regime is expected also from classes of RGli erent from
the already detected BL Lac objects and the passive nucleiaghrepresent the main
class studied in this thesis. The H.E.S.S. project did studgome of this classes.
The observations for some of the prototypes is presented kerUnfortunately no
detection has been obtained so far. The stacking procedureepented in Chapter
4 is a powerful tool in order to study such predicted emissionn the following, a
work in progress on this subject is presented. Indeed onlydtlthree cluster elds of
Virgo, Coma and Fornax are used.

6.1 VHE Emission from Active Galactic Nuclei

Up to now the observation strategies for the major IACTs werestrongly biassed
by the prejudice in favor of HBLs. Irrespective of the prefemce for jetted, highly
beamed AGN with strong X-ray synchrotron emission, other fyes of AGN may
conceivably emit VHE radiation as well. They have not been dected in large
numbers, but they have not been searched for either. The puiypical non-HBL

VHE emitter, M87, is so much weaker than many VHE detected HBLthat it would

not have been detected in about 10h of observation for mosttbe time. Nonetheless
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Figure 6.1: Uni ed model of AGN.

M87 demonstrates that AGN may also be detectable in the VHE lval even if they
do not present a jet aligned with the observer line of sight aheven if their SEDs
are not dominated by a bright synchrotron peak in the X-ray bad. The jet of M87
is indeed estimated to be misaligned by 30, but from variability arguments, the
VHE emission appears nonetheless highly beamed (with a Dd@pfactor 100,
Aharonian et al. (2006a)). Also in the case of the radiogalspCenA, VHE emission
is detected, but the current data cannot di erentiate amongmodels as to where the
emission is produced (Aharonian et al., 2009a).

AGN scenarios favor VHE emission in other AGN as well. Radiejs are de-
tected even in Seyfert 2 galaxies and they are even more proemt in classical
Quasars. Apart from jets there are other e cient particle acelerators, such as the
hot spots of FR Il galaxies or the dense and fast out ows in AGNvith high accretion
rates. These winds are much more powerful than out ows in OBssociations and
could potentially accelerate particles to su ciently high energies to generate VHE

radiation. While some models have been studied quantitagly, most quantitative
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assumptions are not known su ciently well for models to act a guidelines.

The prototypes presented below are the brightest-closesbuthernmost represen-
tatives of their class. The samples are being chosen fromemt public catalogs and
databases and restricted to a redshift < 0:3 so to remain inside the VHE horizon
(cf. Section 2.4.1).

The data were reduced using the standard analysis tools anelection cuts (Aha-
ronian et al. (2006b), standard cuts). The Re ected-Regiommethod (Berge et al.
(2007)) was used for the estimation of the background. Theastking procedure is
the same described in Chapter 4.

However, due to the very di erent distances and powers assated to the individ-
ual objects, the study presented here can only be seen as aplesatory analysis to

reveal an excess. An upper limit on the ux of each sample walihot be meaningful.

6.2 Seyfert Galaxies

Seyfert galaxies owe their name to the astronomer Carl Sestféhat identi ed them

in 1943. The main characteristic of these objects are the esmion lines recognizable
on top of the featureless continuum from the central sourc&hey can be divided in
two classes depending on the properties of the detected esios lines. Seyferts Type
1 (Syl) present both broad and narrow lines, while Seyfertsype 2 (Sy2) present
only narrow lines. An important characteristic of the emis®n lines is that among
them it is possible to nd also forbidden lines. These are nabtally forbidden of
course, but rather improbable and they are the signature obWw density. This class

division is due to the observation angle to the object as carelseen from Fig. 6.1.

Prototypes

Among the Seyferts galaxies visible from the southern herplsere, the closest and
brightest are the nucleus of NGC 3783 (Syl) and NGC 1068 (Sy2)nfortunately

none of the prototypes exhibit a detectable VHE ux. Becausef observational
constraints, though, the Syl prototype was observed onlyrfo 2 hours, therefore

the non-detection is not a surprise. From the Sy2 prototypef seems that 200
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hours more of observation would be necessary in order to reaec5 detection. The

results of H.E.S.S. observations are presented in Table 6.1

Source | Type | Observation Time | Signi cance | Threshold (Z,) UL (C.U%)
(spent,required) GeV cm ?st
NGC 1068| Sy 2 (15.15, 190) 1.36 270 (24.0,0.5) | 2.2 10 2 (1.4)
NGC 3783| Sy 1 (2.21,-) -0.83 320 (33.0,0.5) | 1.9 10 2 (1.5)

Table 6.1: Summary of the analysis conducted on the prototgs for Seyfert Galax-

ies.

Stacking Analysis

Seyfert galaxies present in the eld of view centered on theilgo, Fornax and Coma
cluster are selected using the SIMBAD public database (SIMED, 2008). From the
distribution of signi cances of the 27 selected objects (sd-ig. 6.2), it can be seen
how none of the objects was detected individually and thers no hint for an excess
coming from the entire sample. The signi cance coming fromhe 380 hours relative
to the 19 stacked Syl galaxies is 1.25 , while it amounts to 1:38 for the 190
hours relative to 6 Sy2 galaxies (2 galaxies were identi edsantermediate type and

included only in the sample of the whole class).

6.3 Quasars

Quasi stellar radio sources are a subclass of AGN that exHita very strong non
thermal emission and appear to be mostly point-like at optedl wavelengths. They
are usually associated with galaxies at a very high redshiftTherefore this kind
of sources is not common inside the VHE horizon. From H.E.S.8bservation of
the prototypical quasar 3C 273 (see Table 6.2) no detectionaw possible and the
estimated observing time for a 5 detection is of the order of 220 hours.
Selecting from the SIMBAD database the quasars type objedis the three stud-
ied elds, the total stacked livetime amounts to 250 hours (12 objects), but still
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Figure 6.2: Top: Distribution of signi cances for the Seyferts sample.Bottom
left: Seyferts type 1 subclass.Bottom right:  Seyferts Type 2 subclass. The
blue curve is a gaussian t to the histogram, while the red cwe is the expected

distribution of signi cances for an empty eld, for comparison.

Source| Type | Observation Time | Signi cance | Threshold (Z,) UL (C.U%)
(spent,required) GeV cm?2st

3C273| Quasar| (21.5, 220) 1.5 1000 (54.0,0.5)| 2.6 10 3 (1.1)

Table 6.2: Summary of the analysis conducted on the prototgpfor QSO.

no sample detection is achieved with a signi cance of®3 . From Fig. 6.3 it is
possible to see how there seems to be an excess with respethéoexpected empty

eld, but this is not signi cant.
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Figure 6.3: Distribution of signi cances for the Quasars saple. The blue curve is
a gaussian t to the histogram, while the red curve is the expzted distribution of

signi cances for an empty eld, for comparison.

6.4 Farano -Riley Radio Galaxies

The rst to present a dichotomy in radio-galaxies based botton power and mor-
phology were Farano &Riley (1974). Both kinds of sources émbit collimated radio
jets. FRI galaxies are low-luminous and present the peak cddio emission close to
the nucleus. FRII are more powerful, their jets have promimg bright spots and
termination lobes. The distinction in power at low radio frguency (e.g. at 178
MHz) is quite sharp, with the threshold being atPi7gmn, 2 10P° W Hz 1, but
for increasing frequencies the two class overlap in power.owever, a distinction
between FRI and FRII can be seen also from thelg vs P1.4cH, plane as found by
Owen & Ledlow (1994) and studied in Bicknell (1995). This digion depends from

= L=Fg, whereL is the non-thermal luminosity of the system and-¢ is the
jet energy ux. An example is given in Fig. 6.5 (left).

Prototypes

H.E.S.S. observations of the prototypes 3C 120 and Pictor Ad to no detection
(see Table 6.4). However, one has to keep in mind that 3C120tiee second-best
candidate of the class. The best candidates are the giant iadgalaxies M 87 and
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Cen A that were already detected by the H.E.S.S. telescopes.

Source| Type | Observation Time | Signi cance | Threshold (Z,) UL (C.U%)
(spent,required) GeV cm?st

3C120| FRI (4.95,-) -1.77 310 (30.3,0.5) | 9.0 10 3 (0.7)

PicA | FR I (18.9, 470) 0.98 600 (44.5,0.5) | 5.2 10 3 (1.0)

Table 6.3: Summary of the analysis conducted on the prototgpfor non quasars

radio-loud galaxies.

Stacking Analysis

Considering the same angular portion of the sky, radio galees are not very common
in comparison to quasar like objects. Indeed, making a sefien in the Parkes
Catalog of Radio Sources (Wright & Otrupcek (1990), objectslassi ed as ellipticals,
BL Lac type objects and quasars) inside the VHE horizon, onl$24 objects remain.
These are plotted in Fig. 6.4, where it is possible to see thatly three sources of the
catalog reside in the three elds studied here. These are NGL399 (see Chapter
3), M 87 and M 84 (already studied in the low-accreting samplan Section 4.4).
Unfortunately, the Parkes Catalog does not cover well the @oa eld. Therefore,
the selection of objects for the Coma eld comes from the Cdtag of radiogalaxies
by (Miller & Owen, 2001). Selecting those radiogalaxies inhe Coma eld that
are inside the VHE horizon, 35 galaxies are left. These objeare plotted in Fig.
6.5 (right). It is possible to see how all the objects fall beilv the dividing line
between FRI and FRII. Among the FRI, only those with a radio luminosity P1.4gH; >
22W Hz ! were considered as the less powerful ones are not expecteddntribute
much to the signal but rather hamper the background estimatin. Considering this
further cut, 12 objects are left corresponding to a samplevitime of 70 hours and
a stacked signi cance of 1 . The distribution of signi cance for the individual

positions is given in Fig. 6.6.
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Figure 6.4: Distribution of sources in the Parkes Catalog (Vight & Otrupcek, 1990).
Shown are only objects with identi cation equals to elliptcals, BL Lac type objects
and quasars. The three circles represent the H.E.S.S. eld wew centered on the

clusters Virgo, Coma and Fornax.

6.5 Implications for UHECR

None of the studied sample of AGN presented an excess of VHEission, either from
the individual sources or from the stacked sample. Howevesne can connect this
result with the expected VHE emission from a UHECR source. Bm the UHECR
spectrum (Fig. 6.7), Katz et al. (2009) calculated the UHECRenergy production
rate asJo 7.6 10% erg Mpc 3yr !, assuming a power-law scaling of the CR
production rate with redshift and energy. In order to transhte this into the expected
power of a single source, the density of sourcas has to be known. From studies
on the anisotropy of the UHECR sky and small scale clusteringns 10 “Mpc *
(Cuoco et al., 2008). Therefore, the average power releasedhe form of UHECR
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Figure 6.5: Left: Plotted are the data from (Owen & Ledlow, 1994) with model
predictions from (Bicknell, 1995). The solid and dotted lie correspond to =1

and =0:1 (see text). Right: Objects from the radio catalog by (Miller & Owen,
2001) in the Coma eld. Thin lines as in left gure. Thick sold line represent the

cut in luminosity adopted here.
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Figure 6.6: Distribution of signi cances for the Coma radigalaxies sample. The
blue curve is a gaussian t to the histogram, while the red cwe is the expected

distribution of signi cances for an empty eld, for comparison.
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Figure 6.7: Energy spectrum of the UHECR as detected by the FA(see Yamamoto
et al. (2007)).

by a single source can be written as:

1

Ns ergs®: (6.1)

L 24 100 —— 2

CR 10 “Mpc 3
The sensitivity of the observations of individual objects pesented in this chapter
are of 1% percent of the Crab Nebula ux for the best exposed mzts (i.e. in the

Virgo eld.) This correspond to
F (0:5 10)Tev 1:4 10 '2ergcm s % (6.2)

enabling the H.E.S.S. system to detect an UHECR source with aray luminosity
equals to the power in Eq. 6.1 out to a distance of roughl 12 Mpc.

None of the sources of the samples above is as close at 12 Mjpcijt $s not
surprising that no individual detection as been obtained, nderlining the need for
the stacking approach. Unfortunately, no detection arisesven from the stacking
approach.



Chapter 7

Outlook & Conclusions

In the previous chapters it was described how VHE emission éxpected from the
vicinity of SMBH. A powerful tool to study this emission is the H.E.S.S. system of
telescopes, but unfortunately no detection has been obta&id so far from objects that
do not belong to the blazar class. Those objects are howev&pected to be detected
from the forthcoming generation of IACTs. It is therefore iteresting to explore
the problems that could be studied in case a detection is obteed. For example,
the lightcurve could provide us with insights on the accelation mechanisms and
the environment of the SMBH. Indeed, as particles are movinglativistically and

acceleration is happening in the vicinity of the SMBH, relatvistic e ects on the

lightcurve must be considered. In this chapter is presente@ work ongoing on this

subject. In addition, conclusions from the previous chapts are summarized.

7.1 Outlook: Relativistic E ects on VHE Emis-
sion from the Vicinity of SMBH

Most of the acceleration and emission processes exploredhis work, happen in the
close vicinity of a SMBH. Even though the forthcoming genetsn of IACTs might
detect VHE emission from systems associated with passive BM, their expected
angular resolution will not allow to determine the locatiorof the acceleration region.
Nevertheless, if the emission happens close to the SMBH, teewill be relativistic



88

signatures on spectra and lightcurves because of the gratibnal potential from the
SMBH.

Hence, it is assumed here that the emission is arising from &b emitting very
close to the Schwarzschild radius of the black hole, whoseagity e ects must be
taken into consideration. Moreover, as the blob is moving atelativistic velocity,
this has to be taken into account when calculating time interals. In the following
dt is the time unit in the laboratory frame (the observer) anddt® will be the one in
the comoving frame of the blob. The blob is considered as ptiike for the time
being and it is assumed to start emitting and moving at costanvelocity v at Ro.
All primed quantity refer to the reference frame comoving wh the blob.

The time interval will be dilated for the blob. One time dilation comes from the
special relativity Lorenz transformation, while another ime dilation comes from the

Shapiro delay. Therefore in the lab frame:

1 1
t= g q t°= g(t) t° (7.1)

2 R
v Rs
1 c 1 R

The function g(t) is a monotonically decreasing function of time, this behaor is
shown in Fig. 7.1.

0 20000C 400000  60000C  80000C 1 - 1¢f

Figure 7.1: Functiong(t)

The initial radius Rq is chosen as the marginally bound orbit,(a) for a Kerr
black hole with spin parametera = 0:95, wherea = J=Jnax and Jnax = GM=c s the
maximum angular momentum per unit mass. In Fig. 7.2, the depelency of this

characteristic radius to the spin parameter is shown (red cwe) along with other



Outlook & Conclusions 89

characteristic radii as the the marginal stable orbit, the poton sphere and the inner

and outer event horizon. In the present casg,,(0:95) = 1:5Rs:

e L s s s e e e

Radius@_HC

Kerr Parameter

Figure 7.2: Black Hole characteristic radii. Radius de niton and dependencies
taken from (Camenzind, 2007). Shown are the marginal stabterbit (black), the
marginally bound orbit (red), the photon sphere (green) andhe inner (purple) and

outer (blue) event horizon.

7.1.1 Example: E ects on Triangular Pulses

In order to explore the e ect described above on lightcurves simpli ed shape for
the pulse will be assumed. Indeed, here it is assumed that tpalse has a triangular
and symmetrical shape de ned by:

tr(x)= A J X X (7.2)

where X locates the peak of the pulse and its amplitude (an example is given in
Fig. 7.3 (left)).

Following 7.1, because of relativistic e ects, the pulse Winow assume the func-
tion tr(x) = A g(X)jx Xsj, leading to a disruption of the symmetry of rise time
t, and decay timety. Indeed it can be found thatty > t,. This is easily demon-
strated, because of the decreasing functiog(x) (see Fig. 7.1), from the fact that
tr (0) < tr (2xs): The e ect on a triangular pulse is shown in Fig. 7.3 (right). t has
to be noted though, that in order for the e ect to be visible inthe plot, the time

time span of the pulse had to be chosen as very long. Anothereet that can be
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Figure 7.3: Left: Example of a triangular pulse withxs = 100 and A = 50. Right:
Example of relativistic e ects on a triangular pulse. The blie curve is the emitted
pulse, while the purple one is the observed pulse. Values dretaxes are in arbitrary

units, but both pulses have been scaled in the same amount.

recognized is the fact that both rise and decay time in the laframe will appear
shorter than in the comoving frame. This is exactly what one @uld expect because
of Eq. 7.1. The same e ect can be seen in the superposition ofiltiple symmetrical

pulses (cf. Fig. 7.4).
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Figure 7.4: Left:
of the three individual pulses.Right:
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Example of superposition of triangular pulses. In black theum

Observed pulses (emitted assumed to be the

ones shown in the left gure). The green curve represents treiperposition of the

three observed pulses, while in black is overplotted the segposition of the emitted

symmetrical pulses for comparison.
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7.1.2 Example: PKS 2155-304

The HBL (High Peak BL Lac object) PKS 2155-304 underwent a sptacular out-

burst in July 2006, reaching a signi cance of 170 in three runs. Thanks to this
exceptional photon statistic, the H.E.S.S. collaboratiorould extract a minute-scale
lightcurve in which is possible to recognize ve bursts (seeig. 7.5). The lightcurve

of PKS 2155-304 is given in (Aharonian et al., 2007). There stated:

\The generalized Gaussian shape from Norris et al. (1996) issed to characterize
these bursts, where the burst intensity is described by:

I (t) = Aexp[ (jt tmaxj= .q) |;

wheretma IS the time of the bursts maximum intensity (A); , and 4 are the rise
(t <t max) and decay ( >t nax ) time constants, respectively; and is a measure of
the bursts sharpness. The rise and decay times, from half toaximum amplitude,

are g =[In2]* 4. A peak nding tool, using a Markov chain algorithm (Morhac

2000), selected ve signi cant bursts. The corresponding gsitions initialized the

tmax Of @ 2 t of a superposition of an identical number of bursts plus a @nstant

signal to the data, where all parameters are left free."
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Figure 7.5: PKS 2155-304 lightcurveLeft: Integral ux above 200 GeV vs time.
The data are binned in 1 minute intervals. Data points and cwe as given in
(Aharonian et al., 2007).Right: Decomposition of the lightcure in ve bursts from

parameters in Table 7.1 and their sum (black solid curve).
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tmax A r d

[min] | [10 ®cm ?s 1] [s] [s]

41.0 2.7 0.2 173 28 | 610 129| 1.07 0.20
58.8 2.1 09 116 53 | 178 146| 1.43 0.83
71.3 3.1 0.3 404 219|269 158| 1.59 0.42
79.5 2.0 0.8 178 55 | 657 268| 2.01 0.87
88.3 15 0.5 67 44 | 620 75 | 2.44 041

Table 7.1: The results of the best ? t of the superposition of ve bursts and
a constant to the data shown in Figure 7.5. The constant termsiG27 0:03
10 °cm 2s 1 (1.1 lcrap)-

The analysis on the variability timescale constrains the se of the emission region
downto 10 ?Rs, whereRs 3 10% cm is the Schwarzschild radius of the black
hole Mgy  10°M ) in PKS 2155-304 (Aharonian et al., 2007). One characterist
of the lightcurve of the are is that all the bursts show a devation from symmetry.
As quanti ed in Table 7.1, the decay time scale in every pulsis longer than the rise
time scale. This asymmetry resembles the skewing of the tngular pulse described
in previous section. Therefore, the same exercise of the yioIs section is repeated
on the functions that describe the pulses. The aim is to uncew the relativistic
e ects, if present. The bursts will be now described by:

()= Aexp g *(Djt tmaxj= q (7.3)

This will have the e ect of decreasing both rise and decay tie but the decay time
will be more a ected (remember the decreasing behavior gft)). This goes in the
direction of a more symmetrical pulse in the frame of the blglbut still the decay
time will be longer than the rise time. However, when the mawrium energy of the
particles is constrained by the energy loss time scale, onewd expect symmetrical
pulses with equal rise and decay time scale. The reconstradtemitted pulses and
their sum are shown in Fig. 7.6 and Fig. 7.7.

Obviously, the conclusion drawn from this study are to be viged as a preliminary

step. Indeed, this was only meant as an exploratory study omé relativistic e ects
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Figure 7.6: Left: Colored pulses as in Fig. 7.5. In black the reconstructed etbeid

pulse from Eq. 7.3.Right: Reconstructed emitted pulses and their sum (in red).
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Figure 7.7: Comparison of the observed lightcurve of PKS23804 (in black) and
the reconstructed one (in red).

on the geometry of the pulses. Moreover, the approach presssh here considers
either a single blob moving, or more blobs moving at the sam@eed. Therefore

it would be interesting to study the parameter space of velitees, amplitudes and
peak times.
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7.2 Thesis Conclusions

In this work a search for signal in the VHE domain from passivgalactic nuclei has
been presented. Throughout the thesis, data obtained withhe H.E.S.S. array of
Cherenkov Telescopes are used.

This research is motivated by the fact that acceleration of grticles up to UHE
is possible in the vicinity of supermassive black holes andN emission is expected
to be associated with those objects. Acceleration models camadiation losses in
the vicinity of SMBH were summarized in Chapter 2. From sim@ assumptions
(for details refer to Section 3.1), the VHE ux is expected tcexceed the sensitivity
threshold of the present generation of Cherenkov telescapeH.E.S.S. is the most
sensitive of the present generation of Cherenkov telescepgor details see Chapter
1). The main focus of observations is on a class of galacticatei that are underlu-
minous at low photon energies. The underluminosity faciittes the produced VHE

emission to escape the source without being absorbed by imtal photon elds.

In order to search for VHE emission, observations of the ndar giant elliptical
galaxy NGC 1399 were conducted with the H.E.S.S. array. No @etion arises
from the 20 hours of collected data, but it was nonetheless possible tlerive
constraints on the strength of the magnetic eld in the vicirty of the SMBH and
on the maximum energy that the accelerated particles can refla Assuming that
the SMBH of Mgy = 10°M in NGC 1399 is maximally spinning and that the
power from the potential drop supplied by the black hole candconverted in VHE
luminosity, a limit on the magnetic eld, B < 74 Gauss, can be obtained. This is
the tightest empirical constraint on the strength of the magetic eld of a SMBH.
These results were presented in Chapter 3.

Because of the non-detection of the best candidate NGC 13%hother analysis
approach has to be used. The sensitivity of the H.E.S.S. ayracales with the square
of the observational time, therefore a substantial increnmg in the observational live-
time would be required in order to probe lower uxes. This is ot easily achievable
with the current generation of Cherenkov Telescopes. In oed to ful ll the time

requirement, data already obtained with the H.E.S.S. telespes in the framework
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of other projects were used.

The H.E.S.S. array observed the central eld of the Virgo clster in order to
study the VHE emission from the giant radiogalaxy M87. In addion, also the
central region of the Coma cluster was observed with the H&.S. array in order
to investigate VHE emission from cluster cores. Both the Vo cluster and the
Coma cluster are rich in large ellipticals that are commonlpelieved to host SMBH.
Therefore a stacking analysis was pursued exploiting the @acollected in these
two elds along with the data collected on the Fornax cluster(in the framework of
observations of NGC 1399). Objects similar to NGC 1399 werelscted in the three
clusters and the signal from their position was stacked. Umiftunately no detection
was obtained by means of the stacking approach, leading to apper limit on the
ux of the stacked sample. This results in an upper limit on tke luminosity of the
typical object, L 1:41 10* (D=50Mpc)y erg s 1: These results were presented
in Chapter 4.

The same three cluster elds were analyzed in order to searébr VHE emis-
sion from di erent classes of AGN. Indeed, in several type &GN e cient particle
acceleration regions are present, such as relativistic geand their hot spots. Unfor-
tunately this search led to no detection. It has to be noted tat the samples in each
class are not extensive, as the analysis has been focusinty @m an average of 15
objects for each sample. Therefore this has to regarded to agreliminary search.
The data are presented in Chapter 6.

With the stacking analysis on passive galactic nuclei beinghnsuccessful in detect-
ing a VHE signal, it is interesting to see what one can expeatdm the observational
facilities of next generation. In Chapter 5 a detailed modelg of the expected ux
and spectrum of the emission was carried out. The aim was toetk the behavior
of the emission in the case of realistic particle distribubins. It is shown that in the
case of curvature losses dominating, the expected signalcisse to the sensitivity
threshold of the forthcoming CTA observatory.

It is interesting to see which kind of investigations one mig carry out, if a
detection is obtained. The angular resolution of Cherenkaelescopes cannot resolve

the emitting region. Indeed, for most of the extragalactic YAIE sources one can
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derive the extension of the VHE emitting region from variabity arguments, but
not its location. If the emitting region is located in the vidnity of the SMBH,
the best way to prove this is to detect a signature of relatigtic e ects due to the
SMBH gravitational potential. A simple analysis of the georatrical e ects on pulse
shape is presented in Section 7.1.

Although no new class of VHE emitters was established by theesearch pre-
sented in this thesis, important constraints on the physidgparameters of the inves-
tigated sources could already be obtained. Moreover, thetdéed predictions given
in Chapter 5 are promising for the detection of passive SMBHith the forthcoming

generation of Cherenkov arrays (e.g. CTA).
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thanks! | think about you as my big sister now. You always gavene support, a



shoulder to cry on and a cow to eat (meaning the ice cream of a¢ea). Giu! you
accepted me as a friend from the moment | arrived and you ennied my life here.
Heidelberg is not the same without you girls, but luckily thetons of mails do their
job. Thanks to Isabel: | am so lucky to call you friend, becagsyou value friendship
so much. Thanks to Viviana that is always super busy, but alwas nds time for me.
We'll go to Berlin sooner or later! Thanks to Matteo for his beng always always
so nice and for being always at ease in every situation. Thasko Viv and Olga
for the girls-night and for sharing so much. Thanks to all thgpeople that in these
years made it worth getting out of the couch every once in wigl(and you know how
lazy | am!): Brian, Massimo, Baybars (Barabba), Giovanni, Ae, Sara, Jamie ...and
many more! My lovely atmates! Thanks to Gisella for being oa of the sweetest
person | ever met and make me feel so good when | am at home (andsale!)
and thanks to Teresa for standing my geekiness and lazynedhanks to my dear
friend Farid for everything I've learned of myself through gu. Thanks to Marcello
and Ros, for always having a smile for me and thanks to Chris d@h always nds
a attering word to improve my mood. Thanks to Lisa that managd to make my
stay in Namibia really nice (I am not at my best there ...). Thaks to Bagmeet for
being such a nice colleague, but also a friend that can standerduring conferences,
and thanks for bringing Swapna in our lives too. Thanks guyof all the travels we
shared. Thanks to all the IMPRS of all sizes and ages (old, newini, micro, the
ghost ones ...). | could try to list all the people | have met irHeidelberg in these
3++ years, but I'll end up forgetting many. | just want to say t hat somehow all of
you helped me in being happy here.

Thanks to all my friends back in Italy for being my safe shelte It's really good
to know that every time | go back | will see so many friendly faes. Especially my
lovely "astronze\: Laura, source of endless energy, Nicodhdidn't forget me even
though | write so little, and all the other ladies.

Finally a big thanks to my family. Mamma e babbo, mio fratelloGermano e
la sua Monia. Che dire? Mi avete sempre lasciato fare quellbecpu mi aggrada,
dandovi di me senza riserve. E in questi tre anni mi avete caolato senza ne ogni
volta che mettevo piede a casa. Dai, diciamo che un po' me lo e ;), peo grazie
un bel po'!!!!



