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Abstract

Blazars are the principal extragalactic sources of very leigergy gamma-ray emission
in the Universe. These objects constitute a sub-class af&&Galactic Nuclei whose
emission is dominated by Doppler boosted non-thermal tiadidrom plasma outflow-
ing at relativistic speeds from the central engine. Thismia outflow happens in the
form of large-scale collimated structures called jets,chtgan extend for Mpc in length
and transport energy from the central engine of the galaxigeddarger scale intergalac-
tic medium. Over thirty such sources have been discoverathte by ground-based
gamma-ray telescopes such as H.E.S.S., and PKS 2155-3@&4psatotypical southern-
hemisphere representative of this population of objects.

In this thesis we have studied in detail some aspects of thpdeal variability of the
jet emission from PKS 2155-304, combining coordinated nlzg®ns across the electro-
magnetic spectrum, from optical polarimetric measuresyemiX-ray and ground-based
gamma-ray data. The temporal properties of the datasetedlais to derive important
physical information about the structure and emission raeisms of the source and put
constraints to the location of the sites of VHE emission aadigle acceleration within
the jet. We have also derived a sensitive statistical measafled Kolmogorov distance,
which we applied to the large outburst observed from PKS 23®&56in July 2006, to de-
rive the most stringent constraints to date on limits fontiodation of Lorentz invariance

induced by quantum-gravityfiects from AGN measurements.
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Chapter 1

The VHE y-Ray Universe

1.1 Introduction

This chapter introduces the high-energy sky, concengaimits GeV-TeV gamma-ray
aspects and its fundamental link with the most extreme pisyisical sources known. The
high-energy Universe is dominated by non-thermal sour€eadiation which act as ef-
ficient particle accelerators. Very-high energy (VHE;> 100 GeV) gamma-ray sources
are therefore the primary candidates for cosmic ray geioerdn fact, one of the princi-
pal goals of, and perhaps the original motivation for, ganmayeastronomy was the quest
for understanding the origin of the cosmic rays. Becausetuteleration mechanisms
in these sources are closely linked with the presence of etagfields in the systems,
VHE gamma-rays are among the most interesting ways to pretbepdysical magnetic
fields and relativistic dynamics such as shocks in high gnelasmas. Furthermore, un-
like with cosmic rays, which are deflected from a straighhgat magnetic field lines as
they travel towards the Earth, the celestial sources of gairays can be directly traced
from the observations. As will be shown later, with obseorat of TeV gamma-rays, and
assuming the standard synchrotron and inverse-Comptas&mimechanisms, electron
populations of energies up to #@&V — and in principle proton populations of up t0*10
eV (see Chapter 3) — or so can be probed.

Recent developments in the field of gamma-ray astronomy tesealed a Universe
that is rich in high-energy nonthermal processes and inlwbamma-ray production is

a common phenomenon to manyfdrent objects. In this work we are concerned with a

1
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very specific class of TeV emitters of extragalactic natneemely the blazars, a sub-class
of active galactic nuclei (AGN) whose radiative output at&/keinergies is favoured by the
relativistic expansion and outflow of particles within a magsed plasma. These sources
constitute the most extrerhamong the VHE emitters and some of the recent discoveries
of the field (as revealing as they were) have come as a challengnderstanding their
inner workings and the details of their nature. The role pthlyy gamma-ray observations
in the study of these sources is far from secondary, giverthie& radiative output above
1 GeV is comparable and can sometimes (during extreme emisttes) dominate over
the power emitted in the rest of the EM spectrum. The extenal#id structures of active
galaxies (which can extend for several Mpc) have also bepothgsised in the past as
potential reservoirs of high-energy particles and as trssipée (and most likely) sites of
ultra-high energy cosmic rays, with energies of up t& &Y and beyond, but their role as
extreme accelerators is still inconclusive (Auger Coliabion 2007 [287] and Gorbunov
etal. 2008 [179]).

This work is concerned with a particular branch on the asiysjts of blazars, viz.
the study of their time variability. In fact, the VHE emissifrom blazars has revealed
itself to be the most variable of all their spectrum, whicheexis from the metre radio
waves to TeV gamma-rays, with episodic variations as shsadi(400s) being registered
from two of the prototypical TeV blazars, PKS 2155-304 [26{aMkn 501 [39]. Part of
this work will focus on timing studies of the extremely rapa@riability from PKS 2155-
304, which was also the most energetic, short duration AGNwst ever observed at any
wavelength, with a peak luminosity above 200 Ge\kdf5 Crab, o~ 10° erg s, and a
total VHE luminosity of the order of fergs, spread over a time of little over an hour.

Such extreme variability episodes have the potential towideothe most stringent
constraints that can be put on the radiation mechanisms layglgal processes in rela-
tivistic jets, being also excellent tracersinfsitu particle acceleration. In this work, they
will also be used to test predictions of new physics such aschang for quantum grav-
ity effects and Lorentz invariance violation in the free propagatf y-ray photons in

vacuum (see Chapter 4). The preoccupation with the use oftrendearch for ficient

lwith typical radiative luminosities of 10°¢ erg s, or ~ 10''L, and a total lifetime outpus 10°°
ergs.
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statistical methods for time series analysis was centréhisywork, and the variability
studies are centered on the application and developmemtacohéw methods: namely,
the Bayesian blocks algorithm to search for change poingsbinned high-energy light
curves (Scargle 1998 [311]), and the Kolmogorov distancasue for the detection of
spectral-dependent delays in unbinned high-energy timessé@arres de Almeida &
Daniel 2010 [66] — see Chapter 5).

Further to that, the fundamental role played by magnetiddiah particle accelera-
tion within extragalactic relativistic jets led us to starproject focused on the study of
correlated optical polarimetrid@eV emission. This project is the first systematic attempt
to study the two types of emission together and some of itsrésailts will be presented
here, also in relation to the VHE blazar PKS 2155-304 (Bade#Imeida et al. [65] —
see Chapter 6). This multiwavelength approach will allovtauput better constraints on
the source structure and consequently better locate #eedfitVHE emission and particle

acceleration within the blazar jets.

1.2 Cosmic Radiation

Very-high energyy-ray photons are produced by very energetic charged pastighen
they undergo some sort of interaction with the ambient nraditherefore, cosmic ray
sources are also bound topeay emitters at some level. Typically, the maximum energy
fraction that can be converted from these particles into BMation via the canonical
astrophysical channels is around 10%. If the relativistittiples in question are elec-
trons, the available mechanisms rely on the interactioh wiagnetic (e.g. synchrotron
radiation) or lower energy photon fields (e.g. inverse-Cmmpadiation); in the case of
hadrons, the mostfiecient way to generate high-energy photons will be via irdeoa
with interestellar target material (i.e. meson-produttjalthough proton-synchrotron
and inverse-Compton processes can also play a relevardtrolere extreme conditions
(i.e. higher particle energies and stronger magnetic ficldi these processes are dis-
cussed in more detail in Chapter 3. This being said, it isr¢lest the astrophysical VHE
sources are to be multi-TeV patrticle accelerators, or aselg environments capable of

acting as reservoirs of relativistic particles. In bothesas relatively powerful source of
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Figure 1.1:A photograph of Victor F. Hess before one of the balloon fegivhich led to the
discovery of the cosmic rays. Credits: A. Weber, Fordhanvelsity Archives.

charged particles ay more or less intense ambient magnetic fields will constithe

fundamental ingredients necessary to producays.

1.2.1 Observations of Cosmic Rays

Cosmic rays are energetic charged particles (electrongms,a-particles and other nu-
clear fragments) that reach the Earth from extraterréstoarces. Their discovery hap-
pened essentially simultaneously to the unveiling of tlvenat structure and its elemen-
tary constituents, and came as an answer to the questioa ofitfin of the natural radia-
tion responsible for the ionisation of gas-chambers andipasharging of electroscopes
as observed in experiments by Rutherford and others at theofuthe XX" century.
Initially, the discovery of the radioactive properties betperiodic elements suggested
that the free charges had a terrestrial origin, and in fast Higpothesis was in accord
with preliminary measurements of a decrease of the ratenasfation with altitude. Nev-

ertheless, in 1912, Victor Hess performed high altitudéobal flights (see Figure 1.1)
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Figure 1.2:The energy spectrum of cosmic rays. From a compilation byn®r@y.

which showed that this trend was reversed and that the fluxeef ibnising charges in
the atmosphere increased abovd.5 km [192]. After that, the study of cosmic radia-
tion progressed at great pace, delving into questions ssitieaenergy, composition and
nature of the progenitor sources of the radiation.

Cosmic rays are a fundamental constituent of the Galaxy, antenergy density that
is comparable to that of the photon and magnetic fields, sioggethat these three con-
stitutents live in a situation of quasi-equilibrium. In theerstellar gas clouds, near-
equipartition is also frequently verified between the epatgnsity of cosmic rays and
the kinetic energy of the turbulent gas motions, an indicathat interstellar material is
efficiently heated by the isotropic cosmic ray flux.

As for their composition, cosmic rays are mostly made up otqns (about 90%
— of which 70% are believed to be of an elemental origin andrés¢ the product of
spallation of higher nuclei). Seen from Earth they appearoime as an isotropic flux,

and this has to do with their “irregular” trajectories aldhg Galactic magnetic field lines
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(which have an average intensityB§ ~ 10° G). The spectrum of cosmic rays consists
of a power law in energy with index in the range -2.5 to -2.7ui-$eV energies and
extends through 20 decades (Figure 1.2). Except for ersehgiw 16214 eV (those
whose parent sources can often be probed indirectly\ri@y measurements), the flux
of particles is so low< 1 particle n72 yr!) that large, several-kfrground-based arrays
are necessary to obtain the required statistics for stuaigh &rrays benefit from the fact
that these highly energetic cosmic rays interact with the@on entering the atmosphere
to give origin to the so-called extensive cosmic-ray shewarphenomenon discovered
by Auger et al. in 1939 [55], and which is also exploited inrd-based gamma-ray
astronomy.

Despite its remarkably smooth power law character, whitéstd to the universal-
ity of the acceleration mechanism that produces thesecfegtithe cosmic ray spectrum
presents certain features that may be associated with geharnhe origin of the parti-
cles [140]. The “knee”, at about ¥0eV, where the spectrum fars a kink and softens
to an index of~ —3, is believed to be the region where the transition happetwsden a
Galactic to an extraglactic origin for the cosmic-rays.slisibecause at these energies the
particles are already too energetic to be confined withirGGakxy during their accelera-
tion process (i.e. their Larmor radius is larger than theldhess of the Galactic disc) and
they are therefore expected tdfdse away into the inter-galactic magnetic field. In fact,
according to the celebrated Hillas formula [194], the ctindifor acceleration of cosmic
ray particles of charg€eto a given energ¥ can be related to the confinement capacity
of the acceleration sitE < ZecBR and so scale with the magnetic field intendstyand
the linear sizeR of the accelerator, meaning that large structures suchdas galaxy
lobes are expected to be necessary for very- and ultra-nigitgg cosmic ray production.

Below the “knee”, cosmic rays are believed to originate ipesnovae remnants,
where Fermi acceleration processes are at work in shocketejaween supersonically
expanding winds [197]. Gamma-ray observations are keystingesome of the models
proposed for the origin of the cosmic-ray particles in Gatagystems, as revealed by a
series of recent observations by the H.E.S.S. Collaborédéa., [14]).

At still higher energiesi ~ 10'° eV) another break, the so-called “ankle”, is present

in the energy spectrum of CR particles. At these ultra-higargies (UHE), cosmic-
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ray protons, which must be extragalactic in origin due todbefinement considerations
mentioned before, are expected tdfeulittle deflection by the intergalactic magnetic
field and attempts have been made to trace back their origatébe directly their accel-
eration sites. Until now, the low statistics of UHE partgl@s many as 81 events above
10'8 eV [289] as of 2008) allows little correlation with partiemlsources, and although
it can be argued (at the 99% confidence level) that the spdisaibution of UHECR

IS anisotropic, more integration time seems necessaryettifg particular objects with
which to associate their production [348].

The high expectations towards some correlation being teetdretween nearby astro-
physical sources and UHECR is strengthened by the recesttaet by the Pierre Auger
observatory of the Greisen-Zatsepin-Kuz’min ciit{@88F. In any case, the fliculty
of pin-pointing these sources of extreme particle acce@@raontinue to strengthen the
relations with ground-based gamma-ray astronomy, which fisndamental tool in the
search for the sites of generation of cosmic radiation.

Conversely, cosmic-ray physics can also provide cruci@rmation for studies of
the astrophysical sources of gamma-rays. The detectionotdis of extreme energies
proves that cosmic accelerators cdficeently produce highly energetic hadrons. If the
extragalactic sources of VHE and UHE cosmic-rays are indetde galaxies as expected
from energetic considerations [297], then the role hadroadiation processes play in
these sources and to what extent they contribute to the gamraynamission from AGN
is still to be understood. Comprehensive, recent revievesiatihe status of the highest
energy cosmic ray physics can be found in Torres & Anchord2q04 [334] and Beatty
& Westerhdt 2009 [68].

°The so-called GZK cut4is a suppression on the arriving flux of UHECR resulting frémait inter-
action with cosmic microwave background photons as prajpragan intergalactic space. The existence of
the efect was independently suggest by Greisen [182] and Zatgepimz'min in 1966 [356], soon after
the discoveries of Penzias & Wilson in 1965 [284] concerriimyCMB. It anticipates a sharp (due to the
steepness of the high-frequency tail of the Planck didfidb)y and catastrophic (a suppression factor of
several hundreds in the observed flux) ctithtothe energy spectrum characterising the UHECR proton flux
around 6x 10'° eV due to photo-pion production on the CMB photons. The pdakeinteraction cross
section is achieved for CR of 10?° eV and photons at the peak of the CMB energy distribution,thad
resulting mean-free-path of interaction is~o6 Mpc [163]. The energy loss per interactiomig/E ~ 0.22
at its peak resonance value and the characteristic timenfgg losses by the proton is much less than the
Hubble time (of the order of 28's), and so the process was expected to reflect in observations
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1.2.2 Cosmic-ray Electron Spectrum

Since the most favoured models for production-@fys in many cosmic environments are
of leptonic nature, gamma-ray astronomy is in a particul@bourable position to study
the electronic (& component of the cosmic-ray spectrum. In addition to thract
probes mentioned above, both the satellite and groundilggsama-ray experiments can
be used adirect and dficient electron detectors, with large collecting areas. ihterest

in studying the electron spectrum of cosmic rays comes filoarfdct that, due to strong
energy losses via synchrotron and inverse-Compton emiskiong propagation, their
lifetime is considerably shorter than that of the hadromimponent (see Chapter 3), and
S0 sources of cosmic-ray electrons must be local in nature Kpc distance). In 2008,
the ATIC collaboration reported the measurement of an exitethe electron spectrum
between 300-800 GeV [103] (present as a deviation from thieaye energy power law
trend of E~32 with a sharp cut-fi at 620 GeV) which could be either interpreted as a dark
matter signature or the indication for a nearby source aindtosay electrons.

Following this result, H.E.S.S. performed measurementhefenergy spectrum of
the cosmic ray electrons above 300 GeV and found a steepehihg spectrum above
600 GeV (as expected from energy losses), followed by aficutdhe power law dis-
tribution at~ 2 TeV. This result was argued to be compatible with the emctsteof a
local source of cosmic rays within thel kpc local Galaxy environment [29]. Neverthe-
less, a pronounced excess~-ab00 GeV such as suggested by ATIC is excluded by the
H.E.S.S. measurements. These results favour the origineopeak in the specturm as
due to a nearby astrophysical source of electrons whichnibating to the electron flux
at high-energies, rather than it being a dark matter degmakiwhich would result in a
sharper excess peak [36]. The H.E.S.S. results have beamtlseconfirmed by th&ermi
collaboration (see [144] and [152]), which recorded a sin@piectrum withE~308:005
presenting only a slight hardening around 100 GeV, followgd softening above 500
GeV, compatible with energy propagation losses. The coetbifata seems to agree with
the scenario where a local component of cosmic ray elecaxpigins the spectral excess,
but as discussed by Grasso et al. 2009 [180], a definitivecehai this hypothesis over
dark matter decay signature needs a measure of electrastrapig specially in view of

PAMELA's detection of anomalous positron abundances in ER/ben 1.5-100 GeV [8].
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1.2.3 The Environment of the Cosmic-Ray Sources

VHE y-rays are produced in the interactions of accelerated eldgygrticles — either lep-
tons or hadrons — with ambient matter or radiation fields, r@gerdless of the process,
the flux of y-rays reflects the densities of particles in the productitess high-energy
gamma-rays are therefore direct tracers of the populatbhgh energy particles in as-
trophysical sources and of their dynamical evolution. Beesof their close association
with the CR particlesy-ray sources will share the morphological and spectral gntogs
of the sites of cosmic ray production or of the target makerndth which CR interact
(such as gases in Molecular Clouds or the ISM), as well andertE magnetised regions
(e.g., the lobes of FR-II radio galaxies [297]) which actesarvoirs of charged particles.
Therefore, despite the fact that many of the astrophysigelots that can dissipate grav-
itational energy in order to accelerate particl@&ently are compact objects, extended
regions ofy-ray emission will be produced when cosmic rayfudie away from their
production zones.

In the absence of bulk motions, such as strong winds or thecemaent of a rela-
tivistic jet, the transport of cosmic-rays is governed bijudiion in the ambient magnetic
field [199]. For typical interstellar magnetic field intetiss O(uG), the mean-free path
(~ gyro-radius) of a TeV CR particle of massand energyErey is Ry ~ 1073(m/mp)Erey
pc, wherem, is the proton mass. Recalling that thefdsive propagation is described
by (r?y = 2Dt, whereD « (6B/B) ?Ryc, andt is the difusion time ¢ source’s age) and
(6B/B) is the relative degree of turbulence in the local magnegid fiwe can write the
typical size of a gamma-ray source@® ~ E%3 °°t,,; the exponent on the energy reflects
the particular magnetic field structure andfasion regime (this case the Bohm regime)
adopted for the CR propagation model [199]. An interestingde of this evolving and
extended character of cosmic ray sources was provided bySEEEin a spatially and
spectrally resolved image of the pulsar-wind nebula RX 51827 [25]. Radiation losses
are another important way in which the morphology of the sesiwill be influenced, but

this will be discussed in Chapter 3.
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Figure 1.3:Fermi-LAT one-year all sky map showing the dominance @die gamma-ray emis-
sion in the Galaxy. Credits: FerfbAT Collaboration.

1.2.4 Dffuse Gamma-ray Emission

As is apparent from Figure 1.3, the most prominent featuteergamma-ray sky at GeV
energies is the fliuse emission fom the Milky Way. Theftlise gamma-ray flux reflects
the difusive nature of the cosmic ray distribution and propagaiiaime Galaxy, which
will interact with the molecular clouds present in the Gétaplane and produce gamma-
rays by proton-nucleon interactions (see Section 3.3)adm the detailed study of this
extended emission component is important to constraindemic ray spectrum in distant
parts of the Galaxy and near the sources, since the spechsemed at Earth $iers from
propagation and éliusion-related energy losses, which are believed to exfdadileast in
part) the diterence between the predicted energy spectrum from shoeleaatton theory
(energy index- —2 — see Chapter 3) and the observed spectrum, with indeX 7.
BeforeFermi, theEGRETinstrument onboard theompton Gamma-ray Observatory
(CGRO) had measured an excess gamma-ray flux at 1 GeV, fohwkaty explanations
included a non-uniform cosmic-ray spectrum in the Galaxgantribution from nearby
high-energy electrons [27]. At TeV energies, the gammasigyis dominated by indi-

vidual sources, except for the Cygnus region in the galaksic, between = 30° — 907,
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Figure 1.4.The VHE gamma-ray sky as of 2009, indicating some of the nmegbitant Galactic
and extragalactic sources and with coded information osdlece categories (see Table 1.1 for a
complete census of VHE source cathegories. From [199]

where theMilagro experiment [268] has measured the presence of soffuséiemission
at a level (68 + 1.5 + 2.2) x 10 *'cm2s1sr?, shown to be compatible with aftiren-
tial spectral index from GeV-TeV of.@1 + 0.03 in energy. The H.E.S.S. Galactic plane
survey has also detected point source emission near theoposf the Galactic centre
source Sagittarius A23], accompanied by a filuse extension, which seems correlated
with that of the molecular clouds (MC) in the region, corradtong the hypothesis made
earlier of the interaction of relativistic particles withetinterstellar medium as the origin

of the difuse VHEy-rays.

1.3 Sources of VHE gamma-rays

In the last decade, thanks to the activities of the new géneraf imaging Cherenkov

experiments, astronomy in VHE gamma-rays has greatly elgzhim its breadth and sci-
entific impact, solidly establishing itself as a branch ofelvational astrophysics and
revealing a universe which is abundant in environmentslilape accelerating particles

to extreme energies. The study of the sky at VHE energiesnigacognised to be funda-
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Category | Number First Exemplar Year of first discovery  Discoverer
Blazars 31 Mkn 421 1992 Whipple
PWN 28 Crab 1989 Whipple
SNR 13 SN 1006 1998 CANGAROO
X-ray bin. 04 LS 5039 2005 H.E.S.S.
Quasars 03 3C279 2008 MAGIC
Wolf-Rayets 03 Westerlund 2 2007 H.E.S.S.
Radio Galaxy| 02 M87 2003 HEGRA
Starburst 02 NGC 253 2009 H.E.S.S.
Dark sources| 01 J1503-582 2008 H.E.S.S.
Unidentified 35 — — —

Table 1.1: Complete census of VHE sources as of Septembér Zita collected from
TeVCat (tevcat.uchicago.edu).

mental for the understanding of a wealth of sources, memifeasvide cross section of
different classes of astrophysical objects. Greater typaodicersity is found amongst
the Galactic population, where compact objects, binartesys and massive stars at late
evolutionary stages figure as the primary sites of VHE emmnssHowever, the current
(c. Sept. 2010 — see Table 1.1 and Figure 1.4) source lish@st® over 30 extragalactic
objects, almost all AGNs, of which the majority are blazamso recent additions to this
list are the starburst galaxies (NGC 253 [3] and M 82 [342§¢, ¢mission from which is
believed to originate from the combined activity of a largemiber of supernovae which
give rise to a large density of CR particles in their centegions ¢ 10°x the average
Milky Way density), making this an important result in cortien with the origin of
cosmic rays.

Relativistic outflows are the environment of extreme phypar excellencgbeing the
locus of the observed multi-TeV particle acceleration iuenber of the detected objects.
The rapidly populating TeV sky today (see an updated versidfifune’s plot in Figure
1.5) numbers over 100 detected soufce® contrast to the picture of the sky at GeV
energies, the TeV sky is dominated by individual sourceherathan difuse emission,
and this fact is most clearly seen by comparing the imageseo@alactic plane taken at

both these energies yermiand H.E.S.S. (Figures 1.3 and 1.6).

3A regularly updated and comprehensive catalogue of VHEssumaintained by S. Wakely And D.
Horan of the University of Chicago can be found at httpvcat.uchicago.eduWebsite last accessed in
September 10, 2010.
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Figure 1.5:Kifune’s plot: evolution of the number of sources detectedliiferent domains of
high-energy astrophysics showing the progress broughhéydiferent instruments in history.
Adapted from a plot by J. Hinton, 2007.

In fact, the Galactic plane scan performed by the H.E.S.Balwmaration (Aharonian
et al. 2005 [16] and Aharonian et al. 2006 [22]) stands as drtheomost important
results of the field, revealing a number of Galactic sourcesray which almost half of
the total of c. 60 objects have no clearly identified courddrim other energy domains. In
several cases, dedicated follow-ups at radio and X-raygesewere performed with no
successful identification of lower-energy counterparssnieg such objects the name of
“dark accelerators”. The lack of synchrotron counterparthiese unidentified sources is
a challenge for leptonic scenarios and suggests thatthg emission might be produced
by hadrons. This poses a further question on the nature s&thbjects, since other
Galactic sources with known counterparts all have theirém&rgy emission attributed
to leptonic synchrotron processes rather than protons. oGrfse, some of these “dark
sources” have in time had their counterparts identified,randt of these were shown to
belong to the classes of pulsar-wind-nebulae (PWN) or sigvarremnants (SNR), and
it is possible that some of the remaining unidentified systevill still be assigned to
these categories of objects. In fact, aged nebulae aralskdlto emity-rays via inverse-

Compton scattering of the background radiation but havera weak synchrotron flux
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due to their expanded character. Source confusion can &goap important role in
obscuring the immediate detection of counterparts.

Supernovae remnants, the favoured sources of Galactidcoays of energies up to
the knee of the CR spectrum and maybe beyoné(10GeV) are one of the most abun-
dant amongst the VHE Galactic sources, and part of the tagkrama-ray observations
(and one that has not yet been achieved) is to try to decigecketthe leptonjbadronic
origin of its emission. Given their kinetic energy (K.E.)tput of 13! erg s per explo-
sion and the estimated rate of 2-3 SN per 100 years, a coaneaie of 10% of K.E. is
enough to supply the energetics of the observed local camyispectrum. The detection
by H.E.S.S. of the SNR RXJ 1713.7-3946 [21] allowed for thst fapatial and energy
resolved map of any source in VHEs. In some of these sourceh @s W28 [30]),
interaction of the radiation from the SNR with the surroungdmolecular gas produces
TeV emission further away from the particle acceleratidessby pair-cascading. VHE
gamma-ray emission from extragalactic SNRs is believedaie lbeen detected in the
starburst galaxies M82 and NGC 253, as mentioned before.

Pulsar-wind nebulae (PWN) are the most numerous amongstetlestial emitters
of VHE gamma-rays. The intensity of emission of some of trexs@ces is attested by
the first detected VHE source in history, the Crab Nebulactviig also used as a stan-
dard candle throughout the gamma-ray energy range (seafitdJL46]) due to its high
and steady fluk The emission mechanism in the case of PWN is the interacfione
pulsar wind with the surrounding material, which createscklwaves capable of acceler-
ating particles to high energies, with a nonthermal poweardpectrum. One of the most
interesting recent results on the study of these objectseigliscovery by the MAGIC
telescope of the first pulsed emission above 25 GeV (from tiaé @ulsar [43]), show-

ing that the pulsar itself is able to generate emission, afgirg to distinguish between

“Note that a significant (at therconfidence level) enhancement on the MeV-GeV gamma-ray/itum f
the Crab Nebula of about 2:6was registered by th&GILE andFermisatellites between 18-22 September,
2010 (Atels 2855 and 2856). Phase-resolved analysis dfdéhmi signal showed the enhanced emission
to have no pulsed component (Atel 2893) and no indicatiomaharease in flux was registered on any
other wavebands. The Fermi flux was seen to return to its guevevel on the 23 September (Atel 2861).
Follow-up imaging by Chandra (Atel 2882) and HST (Atel 29B8)h noticed an increased emission about
3" East of the pulsar, with bright features seen presentatltioe wisps north-west of the pulsar. Given that
this event happened contemporaneously to the epoch of ssimmiof this work, no detailed information
or interpretation of the flaring emission was yet available.
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Figure 1.6:The H.E.S.S. Galactic plane scan. Credits: The H.E.S.&bmohtion [16] and [22].

competing models of-ray production from the pulsar's magnetosphere. Signais f
distant pulsars are also expected to be detectable at VHEganays: in the same way
that starburst galaxies represent a good environmenttiemse SN explosions, the large
demography of pulsars within (old) globular clusters makes a potential and interest-
ing source of VHE gamma-rays, as shown by H.E.S.S. [34]ramohi observations of 47
Tucanae [143].

LS 5039 [17] and PSR B1259-63 [18] are the only two variablag& TeV sources
detected by H.E.S.S. unambiguously associated with confypa&ry systems. Another
such source, LSH61° 303, was also detected by the MAGIC telescope [38], and tleeth
systems might dier in the nature of the compact object [64]. Whereas PSR B5359
known to be a “binary plerion”, LS+61° 303 is the first example of gray emitting mi-
croquasar. The case of LS 5039 is interesting, since it iatdéke if here it is a spinning
neutron star or a black hole that is orbiting the massive @mgm. These two possibili-
ties leave the interpretation open as to whether the TeVsomsesults from pulsar wind

interaction as in PSR B1259-63 or if it is the product of atiore and we are again seeing
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observational evidence of TeV emission from microquasador LSI+61° 303. In the

latter scenario, emission would come from relativistis jgft particles emanating from the
BH-accretion disc system in an analagous (albeit scalehilavay to what happens in
active galaxies, making the study of these objects a vegyasting parallel to the main

subject of this thesis [270].

In addition to Galactic sources, H.E.S.S. and other conteaneous VHE instru-
ments have produced a wealth of important results on exaei@sources, which will be
the main subject of this work and whose detailed discussitirbestherefore postponed
to Chapter 4. The application of VHE observations to thestfchew physical theories
such as violation of Lorentz invariance, quantum-gravitg aark matter models is an-
other active line of investigation in the field. Lorentz imaace violation (LIV) and tests

of quantum-gravity (QG) theories will be discussed in Ckeapt



Chapter 2

Observational Techniques

In this Chapter we will discuss the observational techrégugevant to this work. The

Chapter is divided into two main sections: the first dealintipwbservational techniques
in ground-based gamma-ray astronomy, and the second widr@espects related to po-
larisation of radiation and the analysis of polarimetrisetvations in optical astronomy.
In both parts all the principles necessary for the undedstgnof the data analysis steps
used in this work are discussed in detail, so that the readegrasp the significance and
meaning of the results obtained. We will nevertheless elechoom the discussion any
software-related reduction technicalities as well asresite presentation of the interme-
diary steps of the process of data analysis, the presemtatishich, when necessary, will

be deferred to later chapters

2.1 Observational Techniques I: VHE Gamma-ray
Astronomy

The first measurements of Cherenkov radiation from cosaycanuons were made in
the early 1950’s using a distilled water-detector at thewddirAtomic Energy Research
Establishment, in Berkshire, UK, by J.V. Jelley [212]. Comrently, observational activi-
ties had recently started at the Jodrell Bank observatdrgrevone of the main scientific
goals was the detection of radio signals from fast air-sliqagticles [349], sowing the

first seeds of a ground-based cosmic-ray and gamma-rayastso

17
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The development of high-energy astrophysics as an obsamahtscience first pro-
gressed, nevertheless, with a few rocket experiments ih966’s, which continued into
the 1970’s with the High Energy Astronomical Observatorfe&0) and in particular
HEAO-2 (a.k.a.Einstein Observatody which performed the first all-sky surveys in X-
rays. High-energy astronomy found a greater pace of advaemes in the 1990’s with
the first major gamma-ray all-sky survey instrument,@oenpton Gamma-Ray Observa-
tory (CGRO), launched in 1990 and operational for 10 years. Th&@Q@&as the first
to explore the gamma-ray sky at such high-energies, hawaddgdur instruments which
covered six orders of magnitude in energy: from 30 keV to 3V @édotal. In addition to
theBurst and Transient Source Experim¢BATSE), mainly oriented to the all-sky mon-
itoring for the search of gamma-ray bursts (GRBs), and whicived their extragalactic
origin, a work to which the Italian instrument BeppoSAX alp®atly contributed, the
Compton Observatory had other two “low energy” instrumé®SSE and COMPTEL),
and one high energy detector, operating between 30 MeV ai@&e30The latter, named
Energetic Gamma-ray Experiment Telesc@p&RET), was extremely important for the
development of high-energy extragalactic astrophysias the discovery of the power-
ful y-ray luminosity of blazars, having catalogued over 60 sumlrees plus detecting
GeV emission from the radio galaxy Centaurus A [97].

The Fermi satellite (Figure 2.1), launched in June 2008, is the sseSeV and
GRB gamma-ray mission to CGRO; operational in the band fronM&V to 300 GeV,
it gives continuity and further expansion into higher emesgf the activities of EGRET
and BATSE. Its high-energy capability well into the GeVgenalso has the advantage
of allowing some spectral overlap with the ground-basenlagions. Thd.arge Area
Telescop€LAT) operates between 20 MeV and 300 GeV, with a peffative detector
area of~ 8000 cn? at an energy of 1 GeV, and a FOW 2 sr. The detector is made
of segmented 20-cm Csl bars which work as calorimeters andraanged to give both
longitudinal and transverse information about the enegpodition of ay-ray penetrating
the scintillator detector.

After its first yearJFermihas produced an all-sky LAT catalogue [149] and a dedicated
catalogue of bright AGNs [150]. Dedicated variability [1%hd spectral [148] studies of
LAT blazars have also been published, with a special viewisfatigned AGNs [147].
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Figure 2.1:Schematic design of the Fermi gamma-ray satellite. CreNi#sSA Goddard Space
Flight Centre.

2.1.1 Electromagnetic Showers and Cherenkov Radiation irhe

Atmosphere

When we move further in energy scale, from the GeV to the TeMala, satellite-based
experiments such d&ermiare of no more use, due to the extremely low photon fluxes at
these energies, i.€(1011) photons per crper sec, which require large collection areas
— in contrast to the very limited detector sizes of satallita practice limited to- 1 n.

This difficulty is circumvented by the advent of ground-based insémnisy which use the
Earth’s atmosphere as a detection mediamd therefore can enjoy a very largéegtive
collection area of hundreds ofimThe ground-based detection of gamma-ray photons is
actually an indirect process, given that these highly estergphotons cannot penetrate

the atmosphere, but get absorbed by it. Fortuitiously, duaeir extreme energies, the

1In ground-based gamma-ray astronomy the atmosphere wssksitally as a calorimeter, where the
incident gamma-ray (or equivalently, a charged cosmic eayigle) deposits its energy through the interac-
tion with molecules of the air.
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Primary Y

Figure 2.2:Schematic development of an electromagentic shower intthesphere. From [278].

gamma-ray’s interaction with the atmosphere produces @adasof secondary particles
and radiation that can be detected from the ground and usefketo(not without much
ingenuity) the primary photon’s properties.

Upon entrance in the atmosphere, gamma-ray photéns @mec?) will interact in
the electric field of an atom to create @npair, which will in turn lose energy radiatively
via bremsstrahlung emission of secondary gamma-rays. fdm@cteristic distance scale
for these interactions is called the radiation lengghdependent on the composition of
the medium, and for the atmosphere equat 7.1 g/cn?) and is defined as the distance
over which the secondary electron’s energy falls te df its initial kinetic energy. The
altitude of first interaction in the atmosphere is governgdhis parameter, and varies
statistically. For a 0.1 TeV photon, the altitude of firstargction is typically~ 20 km
a.s.l. (see Figure 5in [27]). The radiation length is vemikr (to ~ 8 parts in 10) to
the mean free path for pair creation in the same mediunXyszan be thought of as the
“fundamental” interaction scale for the electromagnektiovger development. The term
“electromagnetic shower” arises because approximatédy ahchX, crossed by either

the electron or the photon one of the two processes happen:
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Figure 2.3:lllustration of the &ects of charged particles moving through a dielectric mmdiu
first with a velocityv slower than the phase velocity of ligtitn (left pane) and then withv > ¢/n
(right pane). Credits: [278].
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generating a cascade of energetic leptons and electrotmagaaiation which will prop-
agate and grow in multiplicity (see Figure 2.2) until enelagses are such that new pairs
can no longer be created [163]. The precise point when thppéras is when the cross
section for the ionization losses (which now becomes theidami interaction process)
exceeds that for bremsstrahlurglf(E)/E, whereE = ymec?), which in the atmosphere
happens for an energy 6{(GeV).

The secondary electrons and positrons composing the ecaschdbe very energetic
and will therefore propagate through the atmosphere aiwviskic speeds. If this speed
Vv is superior to the phase velocity of light in the mediapm, it will create an electro-
magnetic perturbation akin to a shock wave in the case ofrsap& motion in a material
medium [153] (see Figure 2.4), which will propagate awayrfrine shower and can be
detected at the ground. This radiation phenomenon is c@ltextenkov radiation, after
the physicist who explained thefect [104], and will be emitted as long as the Lorentz
factor of the particle iy > yo = n/ Vn? — 1.

The mechanism by which the electromagnetic shock wave dpselue to the su-

perluminal propagation of a particle in matter can be dbscdrin terms of the dielectric
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properties of the medium, and is illustrated in Figure 230[3 When a charged particle
traverses a dielectric medium of refractive indext disturbs the EM field of its con-
stitutent atoms, causing polarisation of the material abfwei particle’s trajectory. After
the particle’s passage, the medium relaxes by emission aoph, whose geometry is
described by the left panel of Figure 2.4. If the particle isving very rapidly, the geo-
metrical arrangement of the wavefronts of the EM pertudmatill have a conical shape
characteristic of shock fronts, where constructive itiece of the waves happens. The
emission formula of Cherenkov radiation is, according tanfkr& Tamm 1937 [157],
dd—ItE = gfsinzede wdw, (2.2)

where the analogy with the medium radiating as a dipole iarch®th from thee?-
dependency of the intensity and the angular distributiothefpower as sfrodd. The
final term wdw gives the spectral dependency of the radiation and reswits the 5-
distribution (in the time domain) of the radiation as seertlmy observer, which in the
frequency domain has a uniform function as its Fourier fiansation. It is important
to note that the Cherenkov radiation is emitted by nediumduring its relaxation, and
that the energy of an optical Cherenkov photon, comparek thié ~ MeV energies of
the particle is negligible, and therefore does not conteélas a significant energy-loss
channel during the shower’s development.

The dependence of the Cherenkov emitted power (Equationo?.2he refractive
index of the mediumn, means that there is a particular threshold of energy belbigtw
no radiation is emitted by the medium; for the airz 1.0003 and the limit on the Lorentz

factor for Cherenkov emissiopin = 1/ /1 — p2is:

1
Ymin ~ ﬁ ~ 50, (2.3)

which corresponds to the conditigh,, = 1/n and has a geometrical interpretation ac-
cording to Figure 2.4 in the expression for the half-anglaéhaf Chrenkov con® =
cos(1/8n). In energy terms, this threshold correspond&g = yminMeC® ~ 44 MeV
for an electron at 10 km above sea level [27], sinde a function of the altitude in the

atmosphere, and increases with depth. The spectrum of @tmreadiation is given by
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Figure 2.4:Propagation of wavefronts generated by a particle of viladin a material medium.
Forv > c/n, a shock wave will develop due to constructive interferepicte perturbations in the
medium, which will form a cone with apex at the source and-hatjled = cos™ 1/8n. Figure
adapted from [239].

the Frank-Tamm relation [157] and is strongly peaked attshiavelengths (UV-blue):

d°N  2ra .
dx di = 7S|n26’, (24)

wherea = 1/137 is the fine structure constant. Figure 2.5 shows the Gkevespectrum
given by Equation 2.4 for a single particle. Although it exds with ever lower intensity
towards longer-wavelengths, in the high energy side thetspa abruptly cuts at the
UV range because beyond it Frank-Tamm'’s formula cannottisfisd, viz. the refractive
index for the X-rays becomes less than unity and no radiagiemitted.

Because the UV light is absorbed during its propagation enatmosphere (atmo-
spheric attenuation follows the Rayleigh relation and i%/1%), Cherenkov light peaks
at the blue range of the visible spectrum, and can thereferddzlly detected with or-
dinary optics. Frank-Tamm’s equation also gives the nunobé&herenkov photons per
unit path-lengthdx. For small Cherenkov angles, #in- 6, and integratingl~?dA about
the peak emission (280nm to 640 nm), we arrivelldfdx ~ 780 ( — 1), which corre-
sponds tor 30 photongn [350]. Multiplying this number by théotal path lengthof the
shower particles, which is of the order-©f10° cm, we estimate that the total number of
Cherenkov photons detected at ground level over the emtéeeaf the shower of 10°-°

m?2 will be ~ 10'.
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Figure 2.5:Differential Cherenkov photon spectrum. Credits: E.O. Whitin¢adapted).

Cherenkov image of extensive air-showers

As for the Cherenkov images of extensive air-showers (Ea@)have first to consider
their duration This is a simple estimate to derive, and the main thing t@pniesis that
due to the low refractive index of air, the speed of the emifteotons will not difer
much from that of the energetic particles, and so all (nosedted) photons emitted by a

shower during its development will arrive at ground levethin a short pulse, of width:

At = g(n;l) ~ns (2.5)
cl n

whered is the total path-length over which photons are emitte® — 10 km [278]. It
is important to notice that the shape of the pulse front albwedightpool’s extent is not
plane parallel, but curved: in the centre, near the positiothe shower’s core, it is of
the order of ns, whereas at the borders it can spread wpli®0 ns, a dierence which
is relevant to the triggering conditions used in the obgeyaa. This is due to the lateral
spread and Cherenkov emission from particles distant fl@shower axis. The lateral
spread of the shower is determined by the multiple Coulonaltesings stfered by the
particles, which was described by Moliere. The lateratrifigtion for EM showers is
inversely proportional to the particle’s energy and scalgk a quantity known as the

Moliere radius, which at its maximum is 200 m and corresponds to the radius around
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Figure 2.6:lllustration of the focusing féect of the varying Cherenkov anghén) with altitude
on the lateral light pool density distribution. Credits: Millas [196].

the shower axis within which 90% of the secondary partictescancentrated.

Now, this lateral spread of the Cherenkov light pool can baratterised by the
Cherenkov angl®, which for a 0.3 TeV gamma-ray primary (or rather its seconda
pairs from first interaction, each with approximately hbk primary’s energy content), is
~ 1° [27]. Light generated at a given heightwith angled = +2(n — 1), will propagate
away from the shower axis where most particles are condedtraNoticing that the in-
dex of refraction of the atmosphere is a function of the hieagicording to an exponential
density profile [27]n = n, exp h/hy), we have that the distancdrom the axis at which

photons reach the ground is [213]:



2.1. Observational Techniques I: VHE Gamma-ray
Astronomy 26

r = h+/(n— 1) exp £h/hy). (2.6)

Herehy is the height at which the emission will contribute to the maxm radius
of the Cherenkov lightpool at ground level (see Figure 228 roughly coincident with
the height of maximum of the shower development (i.e. whexdave the greatest mul-
tiplicity of secondary particles in the shovierand is of the order of 6- 8 km. The
corresponding radius of the Cherenkov light pool at the gdoior maximum develop-
ment height (and ~ 1°) is thus~ 120 m [278], and the shape of the light pool is shown
in Figure 2.6. Observe the presence of a ring of maximum flax tiee outside border of
the pool, which is formed by a “fortuitious” focusingfect due to the gradual increase of
n towards lower altitudes in the atmosphere, as mentionedqu#ly; this focusing fect
for the emitted Cherenkov light is described according todgpn 2.6 [27].

The plateau emission closer to the shower axis is genergtdtelparticles nearer to
the ground, when the shower is already dying out. Beyonditige the radial distribution
of light falls as ¥r?, and is due to the few secondary electrons thiesilarge (multiple)
Coulomb deflections during their path, according to Mdigtheory. It is this relatively
large size of the Cherenkov pool of a few 100 m that will deiemthe typical spacing of

the arrays of Cherenkov telescopes used in stereoscopecients, such as H.E.S.S.

2.1.2 Imaging Atmospheric Cherenkov Telescopes
Brief history of Cherenkov observatories

Although the first search for Cherenkov radiation from the@phere was made in 1954
with a prototype telescope developed by Jelley & Galbrétty], the first serious theo-
retical proposal for the existence a$trophysical sourcesf TeV gamma-rays came with
Cocconi in 1959 [105], following P. Morrison’s suggestiohtogh-energy cosmic-ray
production in the Crab Nebula [274]. In fact, the first opEi@giTeV gamma-ray experi-

ment shortly followed, built in the Crimea by Chudakov antlataorators at the Lebedev

2Maximum shower development is reached at abe6t8 km a.s.l. for the range 0.1-10 TeV photon
energy (see Figure 4 and Equation 11 of [27]). The maximumbarrof secondary particles eventually
reached by the shower at its maximum developmenti€®, before decaying away due to energy losses.
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Instrument| Lat. Long. Altitude Tels. Area Pixels FOV Thresh. Sens.
(1 [ [m] [m?] [‘]  [TeV] [% Crab]
HESS -23 16 1800 4 428 960 5 0.1 0.7
MAGIC-Il | 29 18 2225 2 468 574 3.5 0.04 1
VERITAS | 32 -111 1275 4 424 499 3.5 0.1 1

Table 2.1: Properties of current-generation air-Cherertietescopes. Adapted from
[199]. Information on MAGIC-II is from [96] and sensitivitinformation is for 50 hrs
integration times.

Institute. The first successful purpose-built instrumaemtgamma-ray astronomy was
the Whipple observatory [98], consisting of a 10-m Cherertktescope, fitted originally
with a camera of only 7 photomultiplier tubes (now upgradae837) constructed in 1968,
and still in operation. The Whipple observatory was respmagor the first detection of
VHE gamma-rays from the Crab Nebula in 1989 [351]. The firstagyalactic object dis-
covered at VHE was the blazar Mkn 421, also using the Whighstope, in 1992 [294].

The second generation of instruments followed in the 90k w&lescopes responsible
for pioneering the technical developments which would avalty allow the field to reach
its maturity. The University of Durham Mark 6 telescope [98fcated in Narrabri, Aus-
tralia, could provide with three independent image sampleébe Cherenkov light, thus
allowing for a lower energy threshold to be attained. ThenElnecollaboratiorCherenkov
Array at Themig(CAT) operated a smalk 20 n¥ reflector, but with a 558-pixel cam-
era, thus providing the first high-resolution image of thm@pheric showers; the French
group was also responsible for pioneering the fast-elrtsocameras that are used to-
day in the field. At the same time, the collaboratidigh Energy Gamma-ray Astronomy
(HEGRA) took the stereoscopic technique (then recentheldgped) to its full potential,
by combining multiple telescopes at the Canary Islands.

The third and current generation of Cherenkov instrumeataline the advances
obtained with high-speed cameras, multiple pixels, larggomareas and stereoscopy,
and is represented by three major experiments, the maiadieaistics of which are given
in Table 2.1:

e High Energy Stereoscopic SystentH.E.S.S.): constituted of four 13-m diame-
ter imaging atmospheric Cherenkov telescopes (IACTs) amdiwis described in

detail in the next section;
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Figure 2.7:The H.E.S.S. telescopes. Credit: H.E.S.S. Collaboration.

e Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC): located in the
Canary Islands, operating two 17-m diameter telescopessavtarge sizes allow

for a very low energy threshold, 100 GeV,

e \ery Energetic Radiation Imaging Telescope Array SystenfVERITAS): located
in the desert of Arizona, is a successor to the Whipple Telgscconsisting of four

telescopes of similar diameter and properties to H.E.S.S.

H.E.S.S.

Most modern IACTs use multiple telescopes. This is so thmtCherenkov images of the
air shower can be made fromfiirent viewing angles so as to improve the reconstruction
of y-ray direction and rejection of the CR background (see 8e@il.3). The properties
of the IACT array are dictated by the properties of the Cheseright development and
shape of the pool at ground, which will provide the constsaimot only for the choice
of site (the optimal altitude a.s.k- 2000 m for energies around 1 TeV) but also for the
separation and arrangement of the array’s instruments.

The High Energy Stereoscopic System (H.E.S.S.) consistaiofl3 m diameter tele-
scopes which work together for simultaneous imaging of tiewers (i.e. stereoscopi-

cally). It is located in the Khomas Highlands of Namibia, bg tGamsberg plateau, at
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Figure 2.8:Structure of one of the individual H.E.S.S. telescopes.[80]

an altitude of 1800 m a.s.l. and geographical coordinate$s@B38” S and 183000” E
(Figure 2.7). The four telescopes which make up the arrapaséioned at the vertices
of a square with sides of 120 m and diagonals aligned with thehNSoutliEast-West
axes. The dimensions of the array are such as to optimiseetieetdrs’ response at an
energy threshold of 100 GeV.

Each individual telescope is built according to a Daviest@odesign [120], so as

to optimise the G-axis performance at the same time as maximising the fieldesf v
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Figure 2.9: The shapes of Cherenkov images of true air-shower eventbsesved with the
H.E.S.S. camera. Notice the marked disparity between time &b the event on the left, charac-
teristic of a hadron-initiated shower and the ellipticabimpe on the right, of a candidageinitiated
event. Credits: H.E.S.S. Collaboration.

(FOV), which is of~ 5° [80] (see Figure 2.8). The reflecting component is formed by
a 13-m tesselated mirror arrangement, consisting of 380d-déacets of 60 cm diameter
each, mounted onto a spherical dish structure with radiusuofature of 30 m. The
focal length of each individual mirror element is 15 m. Theital angular extent of

a Cherenkov shower image 4s 2 — 3° length and can be easily encompassed by each
individual camera; in terms of source size, thid®V is enough to grasp in their entirety
most nearby extended sources such as supernova remnants.

The telescopes are equipped with ultra-fast cameras, eanpased of 960 photo-
multiplier tubes (PMTSs); each pixel of the camera subtehdsefore~ 0.16° in the sky
plane, allowing for good image quality for the observatidthe Cherenkov images (see
Figure 2.9). The photomultiplier tubes are fitted with heoag Winston Cone$355],
which are reflective elements that focus light onto the PMIlise deadtime of the elec-
tronics readout is of 446s for ay-like event which succesfully triggers the entire afiay
which requires positive detection by at least two individeescopes over an integration
window of 80 ns.

The first level trigger of the system is tipéxel trigger, which requires a minimum

3This time is short compared to the times between events ficay; sub-Crab gamma-ray fluxes, with
photon rates under 1 Hz
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signal of typically 5-6 photoelectrons (p.e.) within a wavdof 1.3 ns, and is followed by
the second level trigger (treamera trigge). Individual camera trigger conditions require
that at least 3 out of a 64-adjacent pixel region registerrarmum p.e. signal before the
central trigger of the telescope system is activated. Bhine by requiring coincidence
signals of at least two telescopes in a window of abo80 ns to account for the fierent
paths of the shower front to reachfférent telescopes of the array. The details of the
trigger system are given by Funk et al. 2004 [161].

The dfective collecting area of the H.E.S.S. array varies as atifumof energy, and
knowledge ofA¢¢ is necessary in order to convert the observed ratelide events into
fiducial source flux units.A¢¢s can be calculated by simulating the detection\pfy-
ray events randomly distributed within a large afgaabout the array (e.g., a circle of

diameter> 500 m). We then have [118]:

Ndet( E)

Actt(E) = Ao N.(E)

2.7)

where Nge; is the total number of events passing the selection cuts réggeting the
system. The energy dependence on tliective area results from the influence of the
primary gamma-ray energy on the properties of the Chereligbt pool, as pointed
out before. The operational energy domain of the H.E.SI8sd¢epes is from 100 GeV
to 10+ TeV, and depends on the zenith angle of the observationghwhiil affect the
deposition of Cherenkov light at the ground due to varyingagpheric absorption with
airmass. This means that the weakest, low-energy showétsthe smallest footprints
at the ground, can only be seen at small zenith angles, anehtirgy threshold of the
observations will increase as a function of zenith angle. zéuith, A¢¢:(100GeV) ~
10* m?. Conversely, at highét ~ 60°, A¢;;(1TeV) will increase to- 10° m?, because the
projection of the light pool on the ground will spread ovegkaareas [198].

The H.E.S.S. instrument is now under expansion. H.E.S.&egsH is likely to start
operation in 2012 with addition of a larger, 20-m diametézgeope at the centre of the
present array, which will allow a decrease of the systenrssitold to~ 25 GeV, and

further improve its sensitivity by a factor of 1.5-2 at highergies [121].
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2.1.3 Imaging Atmospheric Cherenkov Technique

The relatively high degree of collimation of the electrometic air showers means that
the Cherenkov light pool will be compact. When viewed by tamera of an Atmospheric
Cherenkov Telescope (ACT), the shape of the light pool welldliptical, because the
shower is usually seerffeaxis. This geometrical property of the image is at the hefrt
the Imaging Atmopsheric Cherenkov Technique (IACT), whighnow describe.

The flux brightness of the Cherenkov light (about pBotons per shower, in a window
of a few 10 ns) is relatively strong when compared to the dagktnsky background
(NSB; ®nsg ~ 102 cm2 st srt —or~ 10° cm™2 srt in the ~ ns integration times
of IACTs) though the ratio can be worse for pixels where gjhtlenters the field of
view directly. For this reason, to use the fact that the pols€herenkov light is very
short (Equation 2.5) is the first ingredient in separating @nherenkov signal from the
background. This is achieved by applying very short integnawindows comparable
with the Cherenkov pulse width of the shower (in the case &.6L.S.~ few ns [161]),
inside which the brightness of the Cherenkov pulse dom#aieigger conditions of
> 5 p.e/pixel inside this window are usually enough to discrimirisie Cherenkov pulse
against the dark NSB [161], but as mentioned before, aduditjanulti-pixel and multi-
telescope conditions are also used.

From this minimum threshold condition necessary to detexevent as an air-shower
against NSB fluctuations comes the energy threshold of gteuiment, since the amount
of Cherenkov light produced is directly proportional to #reergy of the incideng-ray.

The amount of NSB noise is formally given by:

NNSBOC \/QA*ATE(DNSB (28)

whereQ is the solid angle subtended by the detecfdris the mirror collecting areayr
is the integration time anéis the quantumféciency of the detector. Writing the number
of Cherenkov photons detected lds, o« €A*, and noting that this number is E,, we

have the following signal-to-noise (SNR) relation:

Nen \ 7 QATO\s
E, minoc(NNSB) o ‘/T’ (2.9)
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Figure 2.10Schematic illustration of the development of a cosmic-rétjtated air-shower [247]

which can be improved by increasing the mirror area of thestmpes. The threshold
energy is then formally defined as the one which maximisesétaion E; Acf(E),
wherea ~ 2.2 is approximately the éierential spectral slope of gamma-rays for Galactic

synchrotron sources [272].

The hadronic background

Cosmic-ray initiated air-showers constitute the most irtgott source of background for
the IACT. Charged cosmic-ray particles (mostly protons alpha particles) also give
rise to atmospheric showers which outnumbentiray initiated ones by a factor of 1000.
Upon its entrance in the atmosphere, an energetic nuclelbmteract with the other
nuclei present in the atmosphere by means of the strong, fgeseerating a number of
secondary pions, as well as a smaller quantity of kaons agdnfented nuclei (see Figure
2.10). Because the interaction path length for CR is larigan that ofy-rays (about 80
g cnt2), the hadronic showers will be initiated further down in #itmosphere than their
electromagnetic counterparts.

In the first interaction, the CR loses approximately haleiergy which is chanelled

in roughly equal amounts betweeafi and #*, which will then proceed to generate fur-
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ther secondary hadrons, until the energy per nucleon has gelow 1 GeV, which is
the threshold energy for multiple pion production. Tis decay very rapidly €0 =

8 x 10°%s), producing two gamma-rays which proceed to develop relectgnetic sub-
showers. The charged pions survive for a longer time & 1.2 x 10°8s) before de-
caying into muons, in which time they can also interact agaimitiate new hadronic
sub-showers of their own. Muons have longer lifetime andspss low interaction cross
sections, which means they will mostly proceed unabatedegg@tound. Direct detection
of the muon content of the air-shower is therefore an unegaiMndicator of a hadronic-
initiated shower. Otherwise (especially at lower-enesgtbey can decay into electrons
and positrons which will also generate EM sub-showers.

The fact that hadronic interactions generate multiple auiiges means that these
can have a relatively large lateral momentum, which willumtmean that the shower
will spread sideways much more (and do so in a random way) itealectromagnetic
counterpart. In fact one could think of a hadronic shower agerup of a collection of
scattered mini EM showers. As expected, the image of theddkew lightpool of the
hadronic showers will be very fierent from that of showers produced by gamma-rays

and this will provide the means offtiérentiating between them (see Figure 2.11).

Gamma-Hadron separation

Given the small lateral extent of the electromagnetic shptlie Cherenkov image of a
gamma-ray initiated air shower formed in the camera is bestribed by an ellipse. The
general appearance of this ellipse will depend on the velatire location and the energy
of the shower. The width of the ellipse is related to the Etdevelopment of the shower,
whereas its length is also a function of the core positiomwaspect to the detector as
testified in Figure 2.12.

The major axis of the ellipse points towards the origin ofshewer and thus allows
the location of the source in the sky. When multiple imagethefsame shower are avail-
able (as for stereoscopy; see Figure 2.14) the precisioheoBource’s location in the
sky can be improved (see [200]). Today, the best sourceitwcaensitivity achieved is

of the order of< 0.1°, much superior to that possible for satellite-based erpanmis at



2.1. Observational Techniques I: VHE Gamma-ray
Astronomy 35

300 GeV gamma 1 TeV proton

| o)
=~

Elevation [km)|

[y moneaspg

10+ r 10

—300 0 300 300 0 300

Lateral extension in x [im] Lateral extension in x [m]
300 m 800 m
Cherenkov light pool at ground

300 GeV gamma 1 Tey proton

0m 800m Om 800 m

Figure 2.11:Comparison of a pure electromagnetic shower from a 300 Gewhggray and

a hadronic shower inititated by a 1 TeV proton. The bottomepamows the distribution of
Cherenkov light on the ground corresponding to these stoowResults are from Monte Carlo
simulations by S. Funk [27]

the GeV4. Apart from that, a thorough analysis of the ellipses’ getina properties
allow to distinguish each individual EM shower image frosihiadron-initiated counter-
part. This technique of gamma-hadron separation by meathe @nalysis of the shower
image was developed by M. Hillas in 1985 [195] and nowadalgval discrimination
between the two kinds of atmospheric showers with a pratisi®9%, dfectively solv-

ing the problem of background dominance and allowing fohfsgnsitivity gamma-ray

4In fact, for point sources the accuracy in the source looatén be much better, and for example the
Galactic Centre emission was located down to a precisio3bfkee Acero et al. 2010 [5].
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Figure 2.12:Model of the geometry of the gamma-ray shower ellipse as epy the detector
for different relative positions of the shower axis. In the top figuie schematically shown the
elliptical distribution of counts from a shower observefttaxis, for the diferent pixels of the
camera. The bottom figure shows the geometry by which thptiell shape is formed as we
move the shower-axis from the centre of the detector toffaaxis position. Credits: Fegan [138].

astronomy to be performed.
A complete geometrical characterisation of the shower enzm be given by spec-
ifying the momentsy of the count distribution. These are statistical paransedéithe

image given by the quantity

1 |
w| = NZpixi’ (2.10)

constructed from the spatial distribution (in terms of piedements relative to the centre
of the camera); (or y;) to the powei; N is a normalising factor corresponding to the

total number of pixel elements in the image. The texrgives the density (or number of
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Figure 2.13:The Hillas parameters [278].

counts) of each pixel, and to each ortlef the moments there will correspond a property
of the image (we thus speak of th¢h momentw,), be it the meanl(= 1, (x) and(y)),
the standard deviatiom € 2; 0% ando?), the skewnesd € 3), &c.

The Hillas parameters are functions of the image moments tifetsecond order only

(see Figure 2.13) and are listed below:

Distance= +(X)2 + (y)2, (2.112)

oy +ol+z
Length= — (2.12)
_ o+ oi-2
Width = | =——, (2.13)

20 xy( XXY) )

V4

Miss = \/%(u<x>2 + W(X)?) — ( (2.14)

Miss
Alpha = sin! | — , 2.15
pha=sin (Dlstancg ( )
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where the auxiliary quantities ate = 0% - 02, z = ,/d®+40%, u = 1+d/zand
v = 2—u. A detailed account of these parameters and the discrimmbétween gamma
and hadron-initated air showers is given in Fegan 1997 [1BBE anglex between the
long axis of the ellipse and the source position in the carsettae crucial parameter in
removing the cosmic-ray background for a point source. kénéi gamma-ray-initiated
air shower, which has its origin at a particular source pasiin the sky, the cosmic-
ray background is isotropically distributed, and thus hasraom distribution inv. The
gamma-rays from a point source can therefore be identifietherbasis that they will
concentrate at small angles from the source position indheeca.

Further discrimination between gammas and hadrons is dpmegnsingimage cuts
on the diterent parameters of the image, which consist of lower anéuppundaries to
their magnitudes. The values of the cuts can be determirzeluinte Carlo simulations

to createlookup tablesof parameters for dierent source properties and observational

conditions, such as spectrum, zenith angle of observatemesgy range, &c.

Stereoscopy and shower reconstruction

Stereoscopy is a variation of the imaging technique by whdltiple telescopes are used
to image an atmospheric shower simultaneously [9] (Figutd)2 The first advantage of
the technique is that local muons, which reach the grouna fitee shower and are an
important source of background (and the signatures of warehhard to separate from
the gamma-rays on an image basis alone), are eliminateddgetrcoincidence. Also,
viewing the shower by more than one telescope with such @id@nce trigger (see Funk
et al. 2004 [161]) improves the NSB background rejectiontand allows for a reduction
of the energy threshold of the observations. Furthermdre stereo image allows for
the three dimensional reconstruction of the air-showelicvipermits a more accurate
calculation of the image parameters, in particular the gimancidence angle, and from
it the core location and the altitude of the shower maximurthenatmosphere (see for
example [231] and [281]).

For analysis of stereoscopic data, the original approacheoHillas parameters can
be extended to derive weighted combinations of the widthlangth parameters. These

are called mean-scale-parameters, such as mean-redtadedasdth (MRSW) and mean-
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Figure 2.14: Reconstruction of the shower parameters from stereosaugservations of 4
IACTs. Credits: Aharonian & Konopelko [9].

reduced-scale-length (MRSL), and are defined as [27]:

Niel

_ 1 pi — (P
MRSP= = ; AT, 5227 (2.16)

wherep; is a given parameter (width or length) for telescoge;) its mean value and
sd(r.fim(Z, sizer)) the parameter’s standard deviation, both obtained Sonulations for
a given zenith angl&, image size, and impact distance

Data collected by multiple telescopes in this way have tiggiéred images later se-
lected as gamma-ray candidates based not only on MRSW and.MR&ording to image
cuts, but also in function of the square of the angular patamedefined in Figure 2.16.
For one-telescope data, the angle cuts were done in thedfdsis «, but with stereo-
scopic data, the position of the shower can be better rexmtst with the multi-telescope
information on the parameté¥f, viz. the square of the angular distance between the re-
constructed shower position and the source position (resssarily at the camera centre).
This will be a more appropriate variable for background s&fan in stereoscopic data

thana (see Figure 2.16).
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Figure 2.15: Example of simulated MRSW and MRSL distributions used fomge-hadron
discrimination in the H.E.S.S. telescopes. The trainingatédes are for energies between 0.5-1
TeV and a zenith angle range of 225°. Black curves are for gammas and red for hadrons. From
Ohm et al. 2009 [281].

Figure 2.15 gives an idea of how the cuts are produced baseiimanations that
give the expected parameter distribution for gammas antbhadnd how they are dis-
tinguished from each other. The background rejection pasvereasured by thguality
of the cuts, termed and defined as the ratio of the gamma-ray acceptafitzeacy
over the square root of cosmic-ray background post-cuesdance ficiency. Typically,
Qmrsw = 3, corresponding to a factor of 10 in CR background rejecéiod a gamma-
acceptancefciency of about 80%.

Finally, an extra cut can be put on the image selection themitee improved angular
resolution that is obtained with stereoscopy. If the afrdieection of the gamma-rays
is restricted to lie within a certain solid angik,,ce then the sensitivity of rejection is
improved by selecting the arrival direction of the eventsoadingly by a factoQang =
VQrov/Qsource In the case of a point source (and a typical PSE d.1°) one gets a
Q-factor of~ 10° when all shape cuts are included.

In fact, the H.E.S.S. collaboration has developed a pdaticget of cuts for its use
which are optimise@ priori with Monte Carloy-ray simulations to yield the maximum
expected significance. The main parameters on which theelddi cuts depends are
the source spectrum and brightness. A seftahdard cutsexists however to be applied
when searching for new sources whose properties are unkaoamnherefore avoiding

having to correct for statistical trials resulting from &rsés with different sets of cuts.
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Configuration| MRSL MRSL MRSW MRSW 6° Image Amp. Distance
min. max. min. max. [degrég [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
Loose -2.0 2.0 -2.0 1.2 0.04 40 2.0
Extended -2.0 2.0 -2.0 0.9 0.16 80 2.0

Table 2.2: Optmised gamma-ray selection cuts for a pointcsoanalysis. For a definition
of the main cut parameters MRSL, MRSW afifdsee text. For acceptance of the event
a minimum of two successfully triggered telescopes muss plas image cuts. From
Aharonian et al. 2006 [19].

Thestandard cutsre optimised for a source with flux of 0.1 Crab and power-laatpn
indexI' ~ —2.6. The other two types of cuts are thard cuts optimised for a harder
spectrum withl' ~ 2. and flux~ 0.01 Crab, and theoft cuts appropriate for a source
with flux comparable to the Crab and of indEx~ —3.2. [19] and [78]. A summary of
these diferent types of image cuts according to sitendard H.E.S.S. analygpsocedures
is given in Aharonian et al. 2006 [19] and presented in Talf?e 2

As discussed by Benbow 2005 [78], the usbaid cutshas the &ect of increasing the
energy threshold of the observations, but the events wtash puts tend to have a better
(~ 20%) angular resolution, with fewer systematics issuesstimating the background.
Theloose cutson the other hand, are recomended for the spectral studygbitisources,
such as the case of the blazar PKS 2155-304 in this work, wahbrgher acceptance of
background events is not an issue for the analysis. In factthie data on PKS 2155-
304 presented in this thesis, a set of loose cuts was use@ntiie cut of which was
62,; = 0.2°, corresponding to a relatively low energy threshold of 1#V@ the case of

the large flare of MJID 53944 presented in Chapter 4.

2.1.4 H.E.S.S. Data Analysis

Details of the standard H.E.S.S. analysis technique amngiv Aharonian et al. 2006
[19]; a brief account of some advanced analysis methodsvenddy de Naurois 2006
[122]. H.E.S.S. data are taken as a seriesuof corresponding to a period of 28-min
continuous observation of the source. The first step in the al@alysis process is there-

fore the selection of good runs, when for example bad weathguences are discarded
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Figure 2.16:Geometric construction showing the meaning and mode ofilzdlon of the param-
eterd for image discrimination in the stereoscopic techniquentAharonian et al. 2006 [19].

from the analysis. This choice is undertaken at the raw-diateessing stage, when runs
are classified according to their quality.

Event reconstruction, which allows the selection of thedidate gamma-ray events,
is done as described in Section 2.1.3, where the arrivattireof the shower is recovered
to produce a sky-map. In the process of event reconstrydtierenergy of the primary
particle is also estimated by comparison to Monte Carloegeted energiookup tables
The energy reconstruction is the most uncertain aspecttafitacessing due to intrinsic
statistical uncertainties on the nature of the shower dgveént, and each reconstructed
event carries an energy uncertainty on average of 15%.

The typical triggering frequency of the H.E.S.S. telessofoe observations near the
zenith is of~ 200 Hz of which the majority of events are hadron-initateghial strong
sources, such as the Crab Nebula, which is used to calibratsystem, have in com-
parison ay-ray trigger rate of~ 0.8 Hz at zenith. Hadronic background rejection is
performed in the post-data-processing analysis, for wtiioke independent analysis en-
vironments exist within the H.E.S.S. collaboratiamobble chainParisAnalysisand the
HESS Analysis PackagBlAP), an integrated analysis system jointly developedanEe
and Germany and supplied in England with a light-curve ma&atine, theDurham-

LightcurveMake|f123]. The analysis in this work was done using HAP and itseissed
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Durham extension.

Today there exist many filerent methods for event reconstruction, but in this work,
where we will analyse exclusively data from the bright seuP&S 2155-304 with abun-
dant counts (the peak-gamma rate for the large flare of MJ[A438@&s of~ 1 Hz and
more than 10,000 events were registered in total duringthnes), there is no need to go
beyond the traditional Hillas method described in Sectidn3 given that the use of such
advanced methods is very computationally expensive.

The first step in the Hillas method consists of image clegnimgrder to reduce the
sky background. This is done by choosing the threshold levetharge in each pixel —in
units of photo-electrons (p.e.) — which will dictate thosests whose information will be
retained for image analysis. After image cleaning, the mumef the Cherenkov images
can be taken and analysed for performing background rejedbtllowing the description

for treatment of steresoscopic data given in the precedintis.

Signal determination

Once hadronic background rejection is done, it is neceseayaluate the level of resid-
ual background signal of the sky, which is basically made fugamma-like cosmic ray
events which were accepted through the image cuts. The kg estimation is done
in a way pretty much similar to that of CCD astronomy, by estimg the flux levels out-
side the source region. In ground-based gamma-ray astgponognmust nevertheless be
very attentive to two factors which will bear great influeraethe result of this proce-
dure. First, there are variations in the camera acceptarress the field of view (FOV);
secondly, the fact that the background cosmic ray flux is déget on the zenithal dis-
tance, will imply that across the field of view and during thredspan of an observation
run, energy-dependent variations on the background trigge will happen that may be
significant.

Ground-based gamma-ray observations are usually cordiimcidnat is calledvobble
mode that is, the source is moved around the FOV and relativestoehtre of the camera
during the observations, by an angle of typically°0.bhis is done so that part of the FOV
containing the source can be usedsimultaneouslestimate the hadronic background,

without the necessity of intercalating dedicatettsmurce observations for calibration
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Figure 2.17:Scheme of the dierent methods of background estimation for H.E.S.S. aisalys
Adapted from [239].

purposes. Thavobble modeguarantees that the issues raised in the preceding panagrap
are automatically accounted for during the observatiocgulares [79].

The situation is illustrated on panel (a) of Figure 2.17. ibgobservations, the source
is located at one side of the FOV (ON region), whereas a didra8ly opposed region of
same size (OFF region) is used for background estimatiodoilmy so, one assumes that
the radial acceptance of the camera is isotropic, and th# snia difference in zenithal
distance between the two regions should rt#c the accuracy of the background deter-
mination.

The number of excess events,.esswhich will in turn define the magnitude of the

source signal are then estimated by the expression:

Nexcess= Non — @Norr (2-17)
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whereNon andNorr are the number of counts in the ON and OFF regions respegctivel
anda is a normalisation factor between the two regions. This ddp@n the integration
times for the two regions and on the angular sizes of eachamkis necessary to correct
for any imbalance between them.

To determine the significance level of the detection, we rknetv the statistical dis-
tribution which governs the background, so that the sigrdaVviation relative to the back-
ground,S, can be estimated. In ground-based gamma-ray astronomyistgiven by
the so-called Li & Ma statistics, after the astronomers whst fnade this estimation in
1983 [242], during a research stay at the University of Dorhd@he Li & Ma estimator
converges to a Gaussian distribution for large numbersydit to ay? distribution, and

is given by [242]:

N 1/2
S= \/E{NONln + Nogeln (l+a)(L)]} . (2.18)

Non + Norr

l+a ( Non )
a Non + Norr

It is conventional in ground-based gamma-ray astromy, #ogdeall good statistical
practice, to require that the significance of a signal be hvodansideration only if it is
above the threshold level ob5(i.e. false-alarm probability < 5x 10°7), below which
the hypothesis of it originating in background fluctuatishsuld not be dismissed.

Figure 2.17 shows a number of possible configurations fokdracind estimation,
which are discussed in detail in [19] and [79]. In this ansys PKS 2155-304 the
so-calledreflected-regiorbackground model is used (panel b in figure 2.17), developed
specially for application witlwobble mod@bservations. Here, for a given source posi-
tion, a ring of multiple OFF regions with equal shapes andsip the ON region, and
positioned at an equakliset to the centre of the camera is used. Other background esti
mation methods includeing backgroundpanel c), which is centered at the ON-source
position and is good for performing surveys and for the olagtésn of extended sources,
and thetemplate background/hich uses background events displaced in image shape pa-
rameter space rather than angular (camera view) spaceTi8}egion backgrounds a
“free” variant of the methods (b) and (c), to account for gatarities of the FOV, like the

presence of other nearby sources/andxtended emission.
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It is worth noticing that in all of the background configuaats but theregion back-
ground the symmetry (either about the centre of the camera or thiéiquo of the source)
on the choice of the OFF regions is carefully maintained vmdathe issues with vary-
ing radial acceptance already discussed. In the preserate@fsources in the FOV one
should take care that the OFF regions are well clear from anyaeination, sometimes
at the expense of the ideal symmetry choice. For obsensatbmoint sources, such
as PKS 2155-304, the employment of a ring background (pahéh the figure) is also
usual [79].

Spectral analysis: forward folding

The method of spectral reconstruction usually used in gichased gamma-ray astron-
omy and applyed within H.E.S.S. is the so-calfedvard foldingprinciple (as opposed
to the “unfolding principle”, which uses Monte Carlo infoation to deconvolve the data
from the “instrumental matrix”), common also to other fielsfshigh-energy astronomy
such as X-rays and in GeV gamma-rays. In this approach ttalispectral shape of the
source is unknowia priori, and the method aims at finding the “true” spectral distribu-
tion by maximising the posterior probability of the dataggithe Monte Carlo expectation
p(dataMC, I). Here, the data carry the convolved information of thetspectrum+ the
detector’s response function. The method is described nmestetail by for example
Aharonian et al. 1999 [10].

A range of reasonble prior forms on the distribution of thecdpum are then tested and
selected according to a best-fit criteria; a power-law fiomcis one of such best-guesses:

E

O(E) = d)o(E—O)_ , (2.19)

wherek, is a reference point in the energy scdles the photon index and, a normali-
sation factor for the flux, in units of crAs™ Tev-1.

Other functional forms, such as a broken power law, are aissiple and have phys-
ical basis for being chosen — such as the expected fastangaufl the highest energy

particles:
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£\ E\1/03 0.3(11-T?2)
O(E) = g — 1+(— 2.2
® O(EB) ( +(EB) ) ’ (2.20)
whereEg is the break energy aridf andI’, photons indexes above and below the break

energy, respectively. A power-law with exponential cétis also commonly used:

®(E) = (IDO(EEO)_ exp(BE), (2.21)

where the cut-fi energy is given by 5.

The instrumental response function enters the process thieemodelling has to be
performed. Thefective area or acceptance of the canf&ra(E, Z, d) must be known for
every relevant energy range and observation parametallysia Monte Carlo simula-
tion of lookup tableslt is also necessary to credt®kup tablegor the energy resolution
function of the instrumenR(E, E’, Z, d), which takes into consideration the error in the
measured enerdy’ in relation to the true enerdy of the reconstructed event. With these
functions known, the model(s) can be tested for thfeedent range of parametety, I,

Eg, &c. aiming at minimising thg? distance between the data and the Monte Carlo
predictions.

Flux estimates for a given energy rang€,[E/, ,] are derived as follows:

d NexcesiEi,, Z, d)
dE dE dt

= U(E)) (©(E) * Aes((E. Z.d) « R(E, E", Z.d)), (2.22)

whereU(E/) is a correction function that allows thefidirential flux of photons at energy
E to be computed from the number of excess events registetbe range /, E/,,]. A
comprehensive description of the process of energy estimand spectral measurements

with the Cherenkov imaging technique is given by Mohantyl.e1898 [272].

2.2 Observational Techniques II: Optical Polarimetry

This section provides a brief description of the formalismd basic physical concepts nec-
essary for understanding the phenomenon of astronomitaigation. We will also dis-
cuss, in brief, the fundamental techniques involved in tedyssis of optical polarisation

data. More specialised information can be obtained in tfexeaces [224], [238], [332]
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and [106]. An introduction to polarimetric techniques bydebrand et al. 2000 [193]

also dfers a good view on the subject.

2.2.1 A Primer on Optical Polarimetry

The polarised nature of light derives directly from the favfrthe wave equation in elec-
tromagnetism:
1 9%E(r, 1)

V2E(r,t) = = ,
(r.9 (o |

(2.23)

whereE(r,t) = EX+ EY is the electric-field vector at positianand timet, decomposable
in two orthogonal components in the plane perpendiculanéadirection of the propaga-

tion A. The plane-wave solution to these equations can be wriien a

E(r,t) = XExcos wt — ko + ¢) + YE, cos wt — kot + ¢y), (2.24)

wherew is the angular frequency of the waue, = 2r/1 is the wavenumber ang,,
indicate the absolute phases of both components. Therexgstraediterence in phase
between the two orthogonal components of the wave ¢, — ¢,. Depending on the
relative intensity of the amplitudeS, and Ey, and ong¢, the light will be said to be of
different polarisations.

To have a graphical visualisation of this, we can proceeditargate the propagator
term wt — kor from the previous equation, to obtain the equation of apsdliin the

instantaneous — y plane:

B0 + B0 _ 25 9E(Y COSS = Sirt s, (2.25)
Eox Eoy EoxEoy

which is represented in Figure 2.18. From the figure one carthse the light will appear
to belinearly polarisedif, as it propagates, the resultant field directeis Constant in the
plane (I, kn). If this direction changes in time, bl andE, have equal amplitudes, then
the light will be circularly polarised and forgy # E, we will fall in the generic case of
elliptically polarised light Notice that a monochromatic wave caeverbe unpolarised,

since superposition of two coherent beams of ellipticatiiapsed light will give another
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elliptically polarised beam. Unpolarised light is the résif incoherent polychromatic
waves (that is, the propagatait — kor cannot be simplified out of the wave-equation)
with different relativeE, andE, magnitudes and phase

The fundamental parameters of the polarisation ellipsébeanritten as a function of

the wave quantitieg andg:

tanZ&( = ﬁ coss, O <xy<nm (226)
0x Oy
2EqxEoy SiNS
singg="— 2"~ |Bl<x/s (2.27)
B+ EOy

From Figure 2.18 it is clear that the polarisation direci®given (least to an ambi-
guity of nr) by thepolarisation angley. Now, the other quantity of direct astrophysical
interest, thgolarisation degree pf the radiation, is defined as a function of the minimum
and maximum intensities in orthogonal directidfg.x = E2 cof 8 andEp, = E2sirf 3,

where in the figuré&, = a. Thus:

_ Emax— Emin

= = CO0S 4. 2.28
Emax+ Emin 23 ( )

Stokes parameters

In general, light can be assumed to be patrtially ellipticpblarised. The quantities dis-
cussed until now, though of physical interest, are not prakin experimentation because
they are not easily directly measurable. A very general aretilly measurable quantity
that completely describes mathematically the polarisadiblight (and is also free from
the angle ambiguities of the polarisation ellipse) is thek&¢ 4-vectoSf, introduced for
astronomical use by Chandrasekhar in 1946 [102]. The coergerof the Stokes vector
I,U,Q,V are four quantities derived by Sir George Stokes in 1852][828ompletely
describe the state of polarised light by decomposing themaé&nergy into its dierent

componentS. They are therefore measures of spectral energy flux dersity,are all

51t is important to keep in mind that the Stokes 4-vector is aoeal vector and it does not form an
orthogonal basis of independent components, with somedatjans for its algebra.
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IxXn

direction of

Figure 2.18:The polarisation ellipse. From [332].

quoted in the same units of ergtdHzt cm2

To derive the Stokes parameters, let us consider that irawliatintegrated for a certain
time T over which the polarisation vectors arriving at the detewtitl have rotated, and
consequently information of thastantaneougpolarisation state of the light would have
been lost (smeared out or averaged over). If we make the measnt time very small,

then we recover this instantaneous information and camewrit

.
(Ex(r,)Ey(r, 1)) = ITiLnO% j; Ex(r, )Ey(r, t) dt. (2.29)

Evaluating this time average over the equation of the pgdéion ellipse 2.25 gives us
the following decomposition? = Q? + U2 + V2, where the terms define the matrix of the

Stokes vector:

I ng"'E(Z)y
E2 — E2
s=| Q|| BBy | (2.30)
U 2E0XE0yCOS(5
V 2E0XEQySin5

In terms of the polarisation ellipse parameters:
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a2
a?cos B cos
S = Poosx (2.31)
a?cos Bsin 2y

a’sin2s

All quantities are as before® = E3 is concerned with the intensity of the radiation,
the angley, also called the “polarisation angle”, indicates the aaéion of the polari-
sation ellipse in the plane of the sky or of the detector (gbv@easured from the North
Celestial Pole, towards the Celestial East; see Figure),2ati8l is a quantity related
to the axial ratio of the ellipse, witA = 0 indicating the case of linearly polarised ra-
diation, whereas tgh = 1 is for light completely circularly polarised. The indiudl
Stokes parameters describe therefore the total intehsityO of the radiation, as well
as its components for the linearly polaris€gl @ndU) and circularly polarised parts of
the wave V). Note thatQ, U andV can assume both positive and negative values, and
the sign carries information on the orientation of the pektron. The components of the
four-vector therefore obey the following relativh > Q? + U? + V2, where equality in
the previous expression means that the light is 100% peléris

The polarisation quantities of astrophysical intergsind y, can then be directly

derived from the Stokes parameters as:

—VQZ-'_UZ (2.32)

p= I

X = % arctar(%) (2.33)

Alternatively, one can use the so-calleglative Stokes parameters, defined qs-
Q/l = pcosZ andu = U/l = psin 2y without any change of meaning or requirement to
alter the definitions above. The quantit@sandU are very useful for the representation
of polarimetric data, since they represent the Cartesianmpoments of thdrue vector
(@, 2y). The Q-U plane, or Stokes plane, is the equatorial disc @fbincaré sphere
defined in Figure 2.19, and provides a direct means of visaiidin of all the polarisation

information from an astrophysical source. The true vectagidm in this plane is called
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~

linear along | =

lefi circular

Figure 2.19:The Poincaré sphere. The equatorial plane has @xis andU/I is the area of
partial linear polarisation. A vector diagram in this plasealled a “Stokes plot”. From [332].

a “Stokes plot” and provides a convenient representatiotheftemporal evolution of
the source’s polarisation. In this plane, the length of theter from the data point to
the origin representp, and the angle between the vector and@haxis represents the
contours of constant polarisation are circles in@heU plane, while contours of constant
position angle are radii (see discussions in Impey et al.21284] and 1984 [205] and

Moore et al. 1982 [273]).

Mueller algebra

The great advantage of the Stokes parameters is that theplewty characterise the
radiation’s polarisation state and they are additive. Theans that thefiect of any
polarising media through which the radiation happens t® gescluding instrumental
polarisation &ects) can be taken into account by means of direct algelm@atnient
of the Stokes parameters. This is callddeller algebra[275] and it describes the set

of linear transformations obeyed by the Stokes paranfetefge 4x4 transformation

6An extensive discussion of Mueller calculus is given in Erden 2005 [332]
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Figure 2.20:The “Pico dos Dias” observatory of the National Astrophgdiaboratory of Brazil,
where the optical polarimetric data for this thesis wasiobth Credits: LNA

matrix which encodes thefect of the medium in the polarisation of radiation is called
the Mueller matrix M. So, the fect of the passage of polarised radiation through a

polarised medium can be mathematically expressed as e firansformation:

$' =M:-S, (2.34)

wherem; € R andmy; > O, because it transforms the Stokes-I parameter, whiclvesyal
positive.

We shall not enter into much detail on the discussion of Muedilgebra, but the
key to it is to know the correct form of the Mueller matrix fasah particular operation
one wants to perform in the light. These are given for exarmpl@able 4.1 of [332].

Whenever necessary in the next section, the use of the ualaull be made explicitly.
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2.2.2 Measurement Techniques: the IAGPOL

The optical polarimetric observations presented here per@rmed with IAGPOL, the
high-precision CCD imaging polarimeter of the UniversifyS&o Paulo [250], mounted
on the 1.6 m Perkin-Elmer telescope at Pico dos Dias Obseywand operated by the
National Astrophysics Laboratory (LNA) of BraZil

The design of a polarimeter consists of the addition of aertgtical elements in
the telescope converging beam to the CCD camera which asbleapf resolving the
polarisation parameters of the incident radiation, befbre measured by the imaging
detector. Depending on th&ect they have on the polarisation, the optical elements have
particular names. The simplest of them is th&ator, whose function is simply to rotate

the polarisation ellipse without changing its ellipticitis Mueller matrix form is thus:

1 0 0 0
0 cos®d sin® 0
MROT: . (2.35)
0 —-sin2 cos?d O
0 0 0 0

The polariseris another important element and its function is to changer¢hative
amplitudes of polarisation components of the radiatiortefms of Mueller matrices, the

ideal linear polariseM, |y can be expressed as:

Linear+Q Polariser LineaxU Polariser

1 +1 0 O 1 0 +£1 O
+1 1 0 O O 0 0 O
, (2.36)
0O 0 OO +1 0 1 O
0 0 OO O 0 0 O

"For the reader more acquainted with the techniques of dmtaarimetry it might be of some use to
know that this instrument is very similar in design to theidan Polarimeter (VATPOL), described in detail
in Magalh&es et al. 1984 [249], one of the maiffetiences between them being the incorporation of CCD
photometry which significantly improves the sensitivitytioé equipment.

8A detailed description of IAGPOL and its operation and datduction procedures can be found in
Pereyra et al. 2000 [285] and hitvww.astro.iag.usp.prantoniggavetadefault.htm — Date of Access
Sept 6, 2010.
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for a+Q and a+=U polariser, respectively.

Thepolarimetric drawerof the IAGPOL consists of a modulator, a fixed analyser and
a filter, which are inserted in the optical axis of the systewhare capable of dealing with
both linear and circular polarisation, depending on théi@aar configuration chosen for
the instrument. The IAG polarimetric drawer has a very hifjiciency, being capable of
measuring the linear polarisation parameters of a pointcgowith photometry-limited
accuracy.

The first optical element of the polarimeter is thedulator The use of a modulator is
fundamental because it circumvents many sources of errimhwiould otherwise hinder
an accurate measurement of the degree of polarisation. fEsenqce of a modulator
means that dierential measurements of the polarised flux are made, asgsthchieved
by changing between two orthogonal states of polarisathnaeasuring the ratio of the
signals. This ratio is directly proportional to the norraalil Stokes parametel®/l and
U/I, and by doing so one is able to measure small signals agastsbrag, irrelevant
background of unpolarised light. Also, because we are mgggtelative quantities, any
sources of photometric error are automatically compeddaie In the linear mode, the
modulator of the IAGPOL consists of a half-wave achromattarder plate. Theféect of
the retarder is to introduce a phaséeliencep between the ordinary and extra-ordinary
rays. For the half-wave plate, = 7. In the most general case, the Mueller maihikyp

for the retarder is:

10 O 0
01 O 0
Mwp = (2.37)
0 0 cosp -—sing
0 O sing cosy

A half-wave retarders described as a diagonal mattMywpe of det(Muywp) = 1
representing a reversion in the ellipticity and orientamgles of the polarisation ellipse

(that is, a sign inversion of thg or V components):
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10 0 O 1 0 0 O
01 0 O 0 -1 0 O
or (2.38)
00-1 0 1 0
00 0 -1 0 -1

for component orientationg = 0° or 90 andn = +45° respectively, © denoting the
principal component of the modulator. In the case of IAGP@I, retarder consists of a
plane-parallel plate with the optical axis parallel to itdes, which is rotated to modulate
the polarisation of the light which will be registered by tihetector. The half-wave re-
tarder modulates the incoming polarisation with a freqydaar times that of its physical
rotation, meaning that a minimum of four positions of therder plate (and higher mul-
tiples of this fraction) are required to cover an entire matian cycle. Since the Stokes
pseudevectors have an intrinsic directional ambiguity, posis®0 apart are equivalent.

Figure 2.21 describes graphically the workings of a moaulftr linear polarisation.
In our observations we took images at eigtftetient positions of the retarder, since the
measurement errors scale with\In, wheren is the number of positions of the plate. The
different positions of the retarder lead to a sine wave in theyaeabutput, the phase of
which corresponds to the polarisation angle of the incomaigation. Its degree of polar-
isation results from the ratio of the intensity of the orainand extra-ordinary rays to the
total intensityl incident on the detector and measured at eafferént position. Again,
the greatest benefit of the technique of modulation is thatites the measurement of the
normalised Stokes paramete€d/( andU/I) insensitive to most sources of error. These
ratios are insensitive to any externéfleets — such as gain-variations or atmospheric scin-
tillation — which equally &ect the two orthogonal states of polarisation and the agerag
signal. Thus the fractional error in the degree of polaiagais in practice limited by that
of the total intensityt (called photometric error).

Due to the finite (and relatively large) integration timegueed by the CCD de-
tector at each position of the retarder — for PKS 2155-304c&fpntegration times of
~ 150 s per position of the modulator were necessary — extisenaill be introduced

in the measurement process which can be eliminated by thefasgvo-beam analyser
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Figure 2.21:Scheme of a modulator for linear polarisation of halfwavatar plate. The funda-
mental element of the modular is component 2, which is tredet plate. Component 4 is called
the analyser and consists of a polariser that splits the imaveo orthogonal rays for simultaneous
measurement in the CCD. Component 4 can be for example at$aigmn or a polaroid. Compo-
nent 1 is not relevant for linear polarisation and compodms simply the function of correcting
the phase of the modulated output signal. Figure from [332].

such as a calcite Savart prism [332], which splits the ougpuhe modulator into two
orthogonally-polarised images that are simultaneousgied in the field of the CCD. In
this way, observation under non-photometric conditiongassible and sky polarisation
is automatically compensated for without the need for flialifigy. The dfect of thefixed
analyseris to single out a specific polarisation of the incident lightt to split it into its

orthogonal components, in the case of a two-beam systesngff@ct can therefore be
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described by the Mueller matrices for a linear polarigét,q or M.y, such as given by

Equations 2.36.

To conclude, a full description of the observational prageccan be given in a com-
pact form using Mueller calculus. 8, is the Stokes-vector representation of the incom-

ing radiation andS, represents the final measured quantities, we have, for dgamp

1
o= 5 M- My Sin (2.39)

1
Sout= 5 Mg Mo~ Sin (2.40)

for an arrangement with two sequential half-wave retardigiepositions at Oand 45
and an analyser with optical axys= 0° giving ordinary and extra-ordinary rays at th@
positions, respectively. The factof2 indicates that only half of the total intensityof
the partially polarised light goes to each orthogonal imafgdne ideal polariser. For the

specific case of interest to us of a rotated half-wave plagehave:

1 0 0 0
0 +tcosd sin®¥ O
Muwe(6) = . > (2.41)
0 sind =Fcosd O
0 0 0 -1

where the first sign i or F is for component orientations= 0° or 9¢° and the second
sign forn = +£45°. To get the final form ofS,, for the two orthogonal beams, we just

multiply by the specific polariser matrices of interest (&tgjon 2.36).

2.2.3 Principles of Reduction of Polarimetric Data

An in-depth description of the IAG polarimeter (IAGPOL) ye&d what has been given
in the previous sections, can be found in Pereyra 2000 [ZB%¢. IRAF-based software

(PCCDPACK) and data analysis procedures are describedatnsime document and
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are also available on the webWe now summarise the main steps of the data reduction
procedure. Details of the observations in this thesis agegnted in Chapter 6.

First of all, a sequence of eight images are taken for thecbbjanterest (in our case
the blazar PKS 2155-304), each one for fiedent position of the retarder plate, which
differ therefore byr/8 on the optical angle; each of these images is a double imiage o
the object due to the Savart prism, which splits the ray itd@ithogonal polarisations.
To each of these images corrections lfwas flatfieldingand overscanare made, after
which coordinates are assigned to the objects of the fieldade images can be com-
bineda posteriori these procedures are all done using standard IRAF reductidines.
Background subtraction is done within this process in thaddrd way as for any optical
photometric measurement, and are carried out individdailgach field.

This being done, the photometric reduction package PCCBHR85] is used to cal-
culate the magnitude of the object of interest in th@edent fields. With the sequence
of photometric information, a fit to the “sinusoidal” modtitan of the intensity is done
to derive the object’s polarisation, such as schematighillgtrated in the bottom dia-
gram of Figure 2.21. Thus, measuring the level and angle lairisation is equivalent
to determining the amplitude and phase of a sinusoidal kigrthe presence of noise.
Comparison stars are used to calibrate these photometasuraments and the fits to the
intensity modulation. Since we have two orthogonal imageséch field with a given po-
sition of the retarder plate, the only component of the skgenthat will contribute to the
measurements and needs to be accounted for in the reductioesg is thghotometric
one, since errors in the polarimetric measurement due toakgtions are automatically
compensated for (i.e. theytact both in the same way) when the orthogonal images are
combined.

At this point of the analysis we have a sequence of reducetbpteiric data for each
position of the half-wave retarder plagg notice that a rotation of the half-wave plate by
Bi will correspond to the polarisation plane of the incomingjiaion rotating by 2. So,

the modulation of the intensity3;) in the detector will be

httpy/www.das.inpe.pr claudia.rodriguggolarimetrigreducao-pol.html. Access date: September,
2010.
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161
%)

with ¢ is a phase angle depending on the orientation of the wavehenskiy angle and

= Pcos (2fi — 9)) + Sn, (2.42)

instrumental axis. The polarisation angle will Big.x = § = y for which(y) = Imax. The
guantity sy is a gaussian random noise component associated to the neveasu. For
each simultaneous measurement of the two orthogonal coenpgrthe signab can be

calculated from thé, andl as:

S(ﬁ):('“") . (2.43)

IJ_+I”ﬁ

Now, the form in Equation 2.42 can be decomposed into twagdhal components:

s(B) = (q+Qgn) cos B — (uU+ uy)SinB, (2.44)

whereq = Q/I = pcos @ andu = U/l = psin 2 are the normalised Stokes parameters.
The valuesgy and uy are noise components in phase with c@sw®hich are the final
guantities desired from the measurement process.

Any residual instrumentat foreground polarisation can be discounted by calculating
(in the way described above) the polarisation parametestaofiardinpolarisedstars of
the field. The principles used to derive the individual Stogarameters and their corre-
spondent errors from these images are standard practibe iiretd but lengthy to treat
properly and so will be omitted here. A comprehensive dption of these procedures

can be found, for example, in [193] and [241].



Chapter 3

Radiation Processes in Blazars

In this chapter we deal with the main processes of radiateisgon that contribute to the
high-energy flux observed from blazars and their relaiwists. We start in Section 3.1
with an account of Fermi acceleration mechanisms, thougbeétthe responsible for the
creation of the high-energy particles which will emit thentftermal radiation observed
from the jets. We then follow in Section 3.2 with a brief dission of the aspects of the
bulk flow of the jet plasma and theiffect on the observational properties of the source.
The Chapter is concluded in Section 3.3 with a detailed dsion of the two dominant

radiation process in the jet: synchrotron radiation andiisg-Compton scattering.

3.1 Particle Acceleration

Active galactic nuclei produce the majority of their radiatoutput in the form of non-
thermal emission. Having already introduced in Chapteelnhin conditions which can
lead to the production of gamma-ray emission, we will nowacstrate on the details of
the synchrotron and inverse-Compton processes which dievée to power the AGN
spectrum and the emission from extragalactic jets, andddyme the GeV-TeV gamma-
ray fluxes we observe from active galaxies. The non-thermiirga-ray emission from
jets requires the presence of very energetic particlespefgees up to 10 TeV or so;
studying of the processes through which such particlesa@eerated is therefore a pre-
requisite to understanding the origin of the GeV-TeV gammmgs. In fact, given the large

energies involved and the rapid energy-loss times of thiatiad particles, gamma-rays

61
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acceleration in strong shock waves
randomly distributed magnetic mirrors (supernova ejecta, RG hot spots...)
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Figure 3.1:Schematic representation of the first (left panel) and sttooder (right panel) Fermi
particle acceleration mechanisms.

can be thought of in this context as the ideal tracers of etiergarticle populations and

of particle acceleration sites in jets.

3.1.1 Fermi Processes

Electric fields area priori the only way in which charged particles can be accelerated,
since the Lorentz force of magnetic fieldés x B) is always perpendicular to the mo-
mentum of the particle and so does not do work. Static etefitrids cannot nevertheless
be maintained in astrophysical situations due to the higidaotivity of astrophysical
plasmas. But if the particle is in relative motion, then thduced electric field in the
particle’s reference framg = —9B/at will be able to do the necessary work to produce
acceleration.

Diffusive shock acceleration is believed to be the main mecmattisough which
particles are accelerated within the relativistic jets &M The main theory behind this
mode of particle acceleration are the so-called Fermi magaeceleration mechanisms,
proposed by E. Fermi in 1949 [140], in which particles arecterated by means of en-
ergy transfer from moving magnetised plasma clouds. Feroniginal intuition was that
in an environment where the plasma density (and therefaean@ignetic field density)

are variable, a charged particle (e.g., an electron or apyatill eventually “collide”
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with randomly moving “magnetic mirrors” and be reflectedyglyaining or losing kinetic
energy in the process. In the most likely case of a net enexiyyadter a series of such col-
lisions, particles escape the system having been acaasddogtan amouniE = (V/c)? E
per collision, where E is the initial energy of the particéad V/c the velocity of the
scattering cloud or “magnetic mirror”.

The probability of gaining or losing energy in the collisismproportional to the prob-
ability of head-on versus overtaking collisions with thatsering surfaces. Since these
scale with the magnitude of the relative velocitigs+(V andv — V, respectively), it is
easy to see that there is a (slightly, since V) higher probability of head-on collisions
and therefore a net energy gain in the process. Formalbyadl for all random angles

of collisions possible, the particle’s energy balance pdrston would be:

E' 1+2VBcosy+V?
E 1¥ V2 ’

(3.1)

whereV is the cloud velocitysc the particle’s velocity;? the collision angle, and the
upper sign int or F is for head-on and overtaking collisions, respectivelye Tésult for

the average of many collisions is:

(In(E’/E)) = 4V? — 2V?32 cos 9. (3.2)

After N such collisions (in some of which the particle will stocheally lose energy
to the scattering wall) the particle would have attainedrsergyE = Mc? exp(V2N/c?),
where M is the (very large) mass of the scattering cloud. Ttuatson is illustrated in
Figure 3.1, and this original mechanism is calléd @der process because the energy
gain scales with\{/c)?. The great attractiveness of this mechanism is its predi¢hat,
if the age distribution of particles in the system followsexponential distribution, then
the integratedféect of these collisions over time is to generate an energstspa for the
whole population which obeys an inverse power law in eneagy,egularly observed in

the cosmic rays.
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Diffusive shock acceleration

There exists another, moréieient way to accelerate particles by scatterififmagnetic
mirrors”; this is the dominant mode infélisive shock acceleration, which is thought to be
operative inside the jets. The basic theory was developdsktiyin 1978 [76] and [77].
The main ingredient of this mechanism is the same as befoag|d, the presence of a
highly magnetised scattering surface, which here is pexvioy the compressed plasma
at a shock front, as illustrated in Figure 3.1. The greaaetiveness of this model comes
from the ubiquity of shocks in (quasi-) relativistic asthygical environments and the
fact that this mechanism can produce power law particleibigions with a spectral
index in energy of about -2.5, close to what is observed irmiosays and deduced
from synchrotron emission spectra. It thus responds to éressity of finding a likely
acceleration mechanism that is universal.

In the present case, the shock front works as a “convergiaigesing region”, which
guarantees the process will be of the first ordeMfv). Bell's treatment assumes that the
particles enter the system already with relatively highrgneso that the upstream flow
can catch up with the shock. Furthermore, since the shookigoelatively thin compared
to the gyroradius of the particles, once they reach the skioek can cross it without
difficulty. The dfect of crossing the shock is that the flow will become turbubsm
the bulk kinetic energy will be converted into random motiaacelerating the particles.
When the particles cross to the downstream side of the slibek, will be faster than
the Alfvén speed of the plasma. This will generate Alfvées [44] which will prevent
the particles from escaping by isotropising their vel@sitand scattering them back to
roughly the Alfvén speed downstream of the shock, and tbetfwill catch up with
them again. As a result, Bell observed that energetic pestiwill cross the shock front
many times, between the turbulent wake upstream and Alfvaares downstream of the
scattering surface, gaining energy from the head-on aamtisswith the shock at each time.

Mathematically, we can equate the parameters of tifagiing particle by observing
that when it crosses from one side to the other of the shacknigrgyin the rest frame of

the scattering centres given by the following Lorentz transformation:

E’ = yv(E + B cosd), (3.3)
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wherev is the particle’s spee@ = V/c is the relative speed between the upstream and
downstream plasmas, aBtAndE’ are the particle’s energies before and after the crossing
respectively; herg = /(1 —V2/c?) is the Lorentz factor of the particle. In the reference
frame of the shock = Vg (k — 1)/«, wherex is the compression factor of the shock. As
pointed out before, the particles will go through a seriesuwh crossings. This crossing
rate was calculated by Bell, who observed that the rate digescrossing and recrossing
the shock is 14nv, wheren is the number density of particles anthe particle’s velocity.
Because the particle’s energy isotropises after evergurgssome of the particles will be
lost upstream of the shock, at a rate proportional to the adtihe shock and the particle’s
velocity V/v ~ V/c. So the escape probability is-1(V/c), and after k crossings we will
haveN = NoP¥, whereN; is the initial (injected) number of particles.

For such a particle, which has crossed the sHoekl times, the total energy gain in

the (k + 1)th crossing will be:

1+vk1Vcosﬁ/c2), (3.4)

E..1=E
kel = =k ( 1+ ViV cosd/c?

where the indices 1 and 2 refer to crossings from downstremhupstream, respectively.

Thus the total energy gain aftek crossings is:

|n(EEk;1) = g(k + 1)k - 1)%, (3.5)
where the factoE, is the injection energy of the particle and the fact@ #sults from the
average of all possible angles of scattering betweem/f], multiplied by 2 to account
for the round trip.

The final power-law energy spectrum of the particles can adikgobtained by com-
bining the escape probability with Equation 3.5 writtentie formE = EyS¥, to obtain

the ratio InP/InB = In(N/Np)/ In(E/Ey), which gives:

aN= (5 - 1nelg) (3.6

For a strong shock and a completely ionised gas, correspgnali = 4, we recover a
distributionN(E) o«« E2, which is close to, but a bit harder than, the universallyeobsd

value of~ —2.5. Finally, we mention that this mechanism is a suitableaxglion for the



3.1. Particle Acceleration 66

origin of TeV gamma-rays, since the maximum energy attanyeaccelerated particles in

the first order Fermi process can easily surpass the requatads of 10 TeV or so [247].

3.1.2 Acceleration timescale and particle energies

An important quantity in the analysis of our observation€hapters 5 and 6 is the con-
cept of acceleration timescales. The acceleration tinessaefined as the time needed
for the particle energy to roughly double. In the case of ttst firder Fermi-acceleration,
this occurs approximately at every crossing-crossing of the shock front, so the accel-
eration timescale i ~ teyce, Which in turn is the sum of theesidence timeapstream
and downstream of the shock frapg + tqown [164]. Since the crossing from upstream is
due to magnetic field deflection, the upstream time is inle@®portional to the shock’s

Lorentz factol’s and the particle’s gyrofrequencyg:

(3.7)

wherev, is the electrons’ Lorentz factom. the electron’s rest-mass and q its charge.
The termIs is the Lorentz factor of the shock and B the downstream (umpcessed)
magnetic field intensity. Now, the downstream re-crossivtych is due to scatteringfio
the Alfven waves, will have a timescale dictated by theipk's diffusion time, which in
the case of Bohm diusion is simply inversely proportional to the gyrofrequgit the
particle:

1  yemec

t [
dn w% QB'

: (3.8)

where the primes are to distinguish downstream from upstiditions.

From the Rankine-Hugoniot jump conditions (see for exanmip&]), we know that
the shock compression of the magnetic field will be giverBby I'sB, and saty, ~ tgn;
thustacc 2 2tup. Now, it will be explicitly discussed in Chapter 6 that, whepectral
variations are observed accompanying flux variability emgburce, this is a signature that
the cooling times of the particles are shorter or of the oodi¢he acceleration timescales,
teool S tace Therefore observations of particle cooling can be usedit@pnstraints on

the magnetic field intensities and Lorentz factor of the &soc
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These final considerations on the acceleration timescateslso be used to estimate
the maximum energy attainable by the particles in shockla®n. In the abscence
of other energy loss mechanisms, the acceleration timestgalcan be estimated (by an
analogous reasoning to the one above) to be shorter thaigéhef éhe system, which is
associated for example with the adiabatic expansion ofythees and its correspondent
loss-times. Now, the latter has as an upper limit, the lgbssing time of the regioR/c,

so that:

gBl'sR

e (3.9)

Yemax ¥

Observe that this is greater, by a factoil'gfthan an estimate that simply requires the
gyroradius of the particle to be bounded witltn But this is the appropriate relativistic
expression, since in fact the particle will typically exeeonly 1/T'5 of its Larmor orbit

before crossing the shock [164].

3.1.3 Shocks in Jets

A concrete realisation of the presence of shocks in jets easekn in the form of inho-
mogeneities that are observed in the images of extragajatsithroughout the spectrum,
from radio to X-rays. In fact,the great majority of jets shimgalised patches of high-
intensity emission, called “knots” (or hot spots when theincide with external shocks
at the jet termination point) along their length. M.J. Re@s the first to identify, in 1978,
the knots in the jet of M 87 with internal shocks which devethpe to irregularities in
the flow speed [301]. In simple terms, he noted that if the fl@logity v; changes by a
factorAv;/v; 2 Mj‘ll"j‘2 on a timescalat, whereM; is the flow’s Mach number ang; its
bulk Lorentz factor, than the faster material will be ableabch up with the slower flow
ahead of it in a time- v;At/Av;, creating a strong shock traveling with a speed. The
fraction of kinetic energy which gets dissipated by thenethie process was predicted by
Rees to be- FJ? (Avj /vj)z, and so to be proportional to the jet’s bulk Lorentz factor.
Another piece of observational evidence in favour of shestisting all the way along
the flow is the requirement fon situ particle acceleration, which is necessary to sustain

the synchrotron emission throughout the jet, given thdiudhafast cooling times of the



3.1. Particle Acceleration 68

radiating particles in the presence of strong magneticdi¢ee next Section). Simi-
larly, the idea of “knots” as relativistically propagatisgocks is in accordance with the
“Doppler favouritism” which accounts for the high jebunter-jet surface brightness ra-
tios of the knots [46].

Another way of producing such brightness enhancementsodingetrnal shocks is by
the development of large-amplitude instabilities in the [evidence for the existence of
instability-driven shocks can be sought for example in #gutar spacing of the “knots”
in the inner kpc-scale jet of M 87 and other objects, whictoissistent, for example, with
the development of the fastest-growing large-scale mofiésloin-Helmholtz instability
[73].

3.1.4 Interlude: The Bulk Flow

Following on the simple ideas for shock-in-jet models frdma previous section, we could
consider that an injection of plasma in the jet will staff with low bulk speeds and
will propagate and accelerate along the jet collimationaegsee Section 4.5) to a final
Lorentz factol” ~ AI'. If I' ~ I'tey, the minimum Lorentz factor necessary for gamma-
ray emission from the radiation Doppler boosting requiretaé¢see Section 4.5.2), then
a fundamental constraint can be put (analogous to the oneilverasent in the context

of our work in Chapter 6) to the site of gamma-ray emissior}:[99

2

R=R, > rgﬁ, (3.10)
where R is a distance measured from the base of theyjed,the gravitational radius of
the SMBH, which defines a fundamental scale for the systeohz athe redshift of the
source. The above mentioned expression means that as ajaense of the relativistic
expansion of the source, any variation at the central engingmescalesgy/c will be
manifested in the flow as variability with a timescal&?r,, and that gamma-ray emission
will only happen after a certain distance has been crosseghich the flow has been
suficiently accelerated, typically at a linear scalg10? — 10%)rq [75]. Observe that to
such fundamental size constraints one should add thoskimgsuom the discussion of

internal source opacity, which will be presented in Sectigh
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Figure 3.2:Geometry for the calculation of synchrotron emission.

3.2 Radiation Mechanisms in Blazars

3.2.1 Synchrotron Emission

Synchrotron radiation is the main mechanism responsihighe production of non-
thermal emission in relativistic, high-energy sourcese Teory of synchrotron radiation
was developed in the early 50’s to mid-60's and was revieweitsimore-or-less con-
temporary format by Ginzburg & Syrovatskii in two works inG8[175] and 1969 [176].
Below we present only the main aspects of the theory negessanderstand the contents
treated in this work.

Synchrotron radiation is emitted by electrons and chargetgbes accelerated in a
magnetic fieldB. In the classical limit, the power radiated by the electrenrivially

given by Larmor’s theorem [236]:

2 & .,

PZé@p,

(3.11)

where, e is the elementary chargej is the electron mass amlis the momentum of
the electron. The emitted radiation is monochromatic, efjfiency equal to the Larmor
frequencyeB/2mgC.

The extension of the theory to relativistic speeds can be thgrusing the Lorentz in-

variant form of Equation 3.11 as originally derived by Schger in 1949 [316]. This can
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be accomplished in a simple formal procedure, by considgdhe time derivative with
respect to the proper timér = ydt, and accordingly replacing the momentum deriva-
tive p? by the relativistic invariant quantity’® — (1/c?)E’2. Here, the primed quantities
represent derivatives with respect to the proper tane Thus, the expression for the

relativistic-invariant Larmor formula is:

i e

If an electron is moving in an uniform field (see Figure 3.3)tiajectory will be a

circular path about the field line, and we retrieve ble¢atronformula [236]:

2 &4 EN
=58 ) -

whereg = v/c, wg = e€B,/ymecis the cyclic (or Larmor) frequency arrd= ymecv/eB,
is the Larmor radius of the motion. HeB2 = Bsin#, whered} is the pitch angle of the
electron, that is the constant angle between the electrocityeeand the magnetic field
direction.

Equation 3.13 above is for the total intensity of radiatioriegrated over all solid
angles, and is therefore independent of the particular gagrof the emission (see Equa-
tion 1.42 in [316]). The spectral distribution of the radaat, P(v), on the other hand,
will depend on the emission geometry, and will reflect the'aton dfects of relativistic
motion, departing therefore from the monochromatic apipnation. In this respect, two
further properties of the synchrotron radiation must beught into the discussion: the

anisotropy of the emission and its consequent frequendsitaison.

Radiation anisotropy and spectral distribution

To see how the synchrotron radiation is anisotropic, carshte curreng(R, t) = ecs(t) 6(R-
r(t)) and charge(R,t) = e 6(R — r(t)) densities of an isolated electron, whéres the

Dirac delta function. The corresponding retarded vectdrsoalar potentials are [283]:
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¥
R(1-8"-Rp)

___ &
Ro(1 -5~ RY)

AR, 1) = (3.14)

#(R, 1) = (3.15)

From these, the fields due to the moving charge can be comgutsetly by using
the Lienard-Wiechert potentials above, calculated in theeover’s reference frame. The

fields at infinity are:

e Ryx[(Ry—B) x 1]

= 3.16
R ol-f Ry’ (519
H =Ry XxE, (3.17)
from which we get the spatial distribution of the radiati@83]:
CCop €8 2Ry-BYB-B)  (RyBD
Py = 47TE R: = Iolgat T + aps | (3.18)

where¥ = (1-4' - Ry). Itis clear from this expression that the power will not ineitted
isotropically in all direction£2, but will be highly concentrated towards the solid angles
for which ¥ is small.

If the particle is highly relativistic{ ~ 1), we can expand the dot produgts R in
powers of the angle to the instantaneous direction of motion{& cosy) ~ 1—p+¢?/2.
We readily deduce, from the fact that this expression wilob&(1 — ) only for ¢ ~
\/m, that most of the power will be concentrated within a coneualthe direction
of motion of aperture> ~ 1/y. This result is consistent with what is expected from the
simple transformation of solid angles due to relativisbemation in the forward direction
of motion.

The general trajectory for a charged particle moving wittneanitial velocity about
a uniform field is that of a helix around the field lines, as shawFigure 3.3. Given the
anisotropic character of the radiation derived from Equra8.18, an observer watching
the particle’s movement will see the radiation as a serigsutges which are apparent

when the instantaneous direction of motion crosses thedlirsght, with a periodl' =
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(e

Figure 3.3:Pulsed synchrotron emission from an electron gyrating showniform magnetic
field line.

21t/ wg(1 — BSirt 9).

The narrowness of the radiation cone naturally impliesleag high frequencies are
emitted. This result can be obtained mathematically, ¥alhg the reasoning presented
in Ginzburg & Syrovatskii 1965 [175]. The radiation speatreonstructed from this
sequence of pulses will consist of harmonics of the frequenc The frequency carrying
the maximum power is defined by the width of the pulse For a cone of half-aperture
¢ ~ 1/y ~ E/mc& andg ~ 1, we haveAr ~ rp/yc = mg/eB, (m&/E)?, where the term
1/y in the first equality is to convert from the proper time of thecgron to the observer's
time. Thus, the frequency of the emission where most of thetsptron power is radiated
is:

1 _eB (E)Z = Y2ws. (3.19)

Now, to calculate the exact power distribution, observé tha series of EM pulses
can be represented as a Fourier series of monochromatiswéfrequencyn(wg/sir’?)

mentioned before [283]:

E(t) = ?&[i = exp(—i

sir? ﬂnt))’ (3.20)
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where the amplitudeis, are

2 sin? 9

_ WH “B . wp
En= 27rsinzﬂfo‘ E(t) exp(l Sinzﬁnt)dt. (3.21)

To obtain the spectral distribution of the radiation, westhave to use the expression
for the field given by 3.16 in Equation 3.21 above, and theoutate the power as done
before in Equation 3.18 &3, = (c/27)|E.?R2. The calculations are straightforward but
lenghty and require algebraic care; they are presented oiefiail both in [316] and [353].

The final result is:

P() = \/C_%f( E )4vc

nt(mg) % | Kastidn (3:22)
whereK are Bessel functions of the second kind which govern theesbéghe energy
distribution in frequency (see Figure 7 in [175]). The cali frequency is defined as
3/4r vy. A corollary of the concentration of the power arounglis that for a given
magnetic field intensity, all synchrotron photons of a giesrergy can be regarded as
produced by electrons with approximately the same Loreadtofy. In this way we have
an important one-to-one correspondence between the @osspectrum and the energy
of the emitting particles that allow us to map the energedidbe source.

Integrating Equation 3.22 over all frequencies we have ot energy loss rate by

the electron due to synchrotron radiation:

dE 4 ecB? 4
—— = | Pdv==——""E2=—g%2;cU 3.23
dt f "~ 3Br(mecd)* 3 v oTels (3.23)

which is proportional to the square of the electron’s Lozefaictor and the magnetic
field densityUg = B?/8r, whereor = (€2/me?)? is the Thomson cross section, and
B ~ 1. The appearance of the Thomson cross section here uregettie quantum nature
of the synchrotron radiation as the scattering of electaghshe virtual photons of the
electromagnetic field. Using the electron energy in GeV &edhagnetic field intensity
in Gauss, we have that the loss rate is giver-t§/dt = 1.5x 107> BZEZ,, erg s*. From
this, we obtain the lifetime of an electron in a magnetic figlido called the synchrotron

cooling time), defined as:
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E 3 (mc??

Tene = == ~ 6.2 x 10°B=°E-L 3.24
= GE/dt | 42yce@B? X 1956 Eaev S (3-24)

which shows that high-energy electrons cool faster. This ¥all be responsible for
introducing curvature in the spectrum and will be a sigreatfraged particle populations
in steep-spectrum sources, as for example in the SEDs & kogle regions of active

galaxies.

Radiation from an ensemble of Electrons

We saw in Section 3.1.1 thatftlisive shock acceleration will give rise to a population

N(y) of particles with exponential distribution of energiegc?y:

N(y)dy = Noy Pdy, (3.25)

where the exponentp can be derived from the shock parameters as in 3.6, and has a
typical value of~ —-2.5. The synchrotron spectrum of a source will then be the inte-
grated emission of this population of particles, which igegi by thesynchrotron volume

emissivity

piy = f " PLOING)y. (3.26)

Ymin
One way to calculatgj, is simply to insert the expression fé,(y) obtained from
Equation 3.22 withiN(y)dy and proceed with the algebra. Another approach due to Shu
1991 [320] is to recall a result from the previous sectionjohtshowed that most of
the power emitted by an electron with a given Lorentz fagtes radiated at a particular
frequencyvy, = 4n/3v. = y*eB/mc = y?wg. We can then re-write Equation 3.22 in the

form:

P = 2E8, ). (3.27)

where theg,(y) is a formal term which absorbs all the dependency on theuéegy
distribution, as a function of the electron Lorentz facforWe then replace,(y) by a

delta function centered on the maximum emitting frequengy: y2we, that is: ¢,(y) =
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Figure 3.4:Wide-band power-law spectrum of a synchrotron source shasahe superposition
of a sequence of mono-energetic synchrotron spectra.

8(v — Y?wg). The idea behind this approximation is indicated in Figdu4, where it is
shown how the superposition of the synchrotron spectrunmaif’idual electrons gives
rise to a wide-band power law spectrum characteristic of AGNSs result is obtained
mathematically by integrating Equation 3.26 over gammad whe approximation 3.27,

to obtain the synchrotron emissivity [320]:

. V3 B (v P2
Pl = 7N me (V_) . (3.28)
c

This expression is accurate to a factor of order unity. Thectpl index for the syn-
chrotron spectrum of a population of nonthermal partickethena = (p — 1)/2 and
pj, ~ v~ is a pure power-law.

There are two additional factors which will modify the apgaae of the synchrotron
spectrum from a population of particles. The first one is tat that since particles of
higher energy cool faster, aged populations will not haveexgponent that is constant
over all ranges of electron Lorentz factorsAfter a time of the order of the synchrotron
cooling timeTsyndy1), particles originally injected with energies 2 y; will have lost
most of their energy and the spectrum will show a break in thvego law at a frequency
Voreak = 3/4(m02/eBTsync(yl)). In thevF, plot, this break frequency will roughly coincide
with the peak of the emission spectrwhsynchrotron radiation, and this fact will be used
in Chapter 5 to calculate parameters for the acceleratidgheobulk flow in the blazar
PKS 2155-304 from energy-dependent time-delay measutsm&he second factor is

synchrotron self-absoprtion, which reflects the compastioé the source.
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Figure 3.5:Spectrum of a compact synchrotron source showing fiezteof synchrotron self-
absorption.

Compactness of sources: synchrotron self-absoprtion

Radiation emissigiabsorption in a system of particles can be thought of as a dwarko-
cess, i.e. it is a memoryless stochastic process, in whiepaist and future states of the
system are independent of the present state. This meanis tmast obey the principle
of detailed balance, which states thiat thermodynamic equilibrium, every elementary
process is statistically balanced by its exact reverf&20], which is an equivalent to
Kirchhoft’s well-known thermodynamic statement from which tilackbody limitis de-
rived, namely that the emissivity of a medium equals its giitsmn capacity. In fact, the
power in Equation 3.28 diverges beyond the blackbody liontiéw frequencies, which
is physically impossible by the law of energy conservation.

For a synchrotron source of spectryfy « v, a “brightness temperature” can be
formally defined ag, = pj,c?/2kv?, wherek is the Boltzmann constant. The brightness
temperature is thus proportionaltd?*®, and defines the regime in which the radiation
and the particles are ilermal equilibriumthat isymec? ~ 3/2KT (v). This will happen
for the lowest frequency photons of the systemx( v(y*)), for which the kinetic tem-

perature of the electrons can then be writterTas= y*m.c?/3k = Tp. Recalling that
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y* = (v/wg)¥?, we have:

KT 2m o, 2

Plviyy = —% = =712V < 4miz (3.29)
C 3‘“5/ B/

And the turnover frequency marking the passage betweenghetequency optically
thin and low-frequency optically thick cases/(y*) ~ wsg.

These few results are all we need to understand the maingathgfiects of the syn-
chrotron self-absorption. Detailed expressions for theogltion coéicient of the source
k,, which allow a more formal derivation of the source functigp/p«, can be found, for
example, in Rybicki & Lightman 2004 [305].

Polarisation of Synchrotron Radiation and Magnetic Field Sructure

There is one last topic of synchrotron radiation to be tiatehich is fundamental for
the understanding the physics of extragalactic jets: itargation. Whereas the radiation
of a non-relativistic particle is circularly polarised,rhrotron radiation from a single
relativistically moving particle will be elliptically parised. The result of this is that (by
superposition) the emission of a system with some anisptiroggs geometry will have
a certain direction that is favoured over the others, andrdldetion from the particle
distribution will be linearly polarised, which is a distiie observational property of
nonthermal emission in AGN and an important diagnostic efdburce structure.

The basic reason for the elliptical character of the paddiios is again of a geomet-
rical character. In the passage from the non-relativistithe relativistic case, we have
seen that the dipole radiation of the accelerated partet®imes beamed in the forward
direction of motion into a cone of half-opening angle- 1/y. This means that now the
parallel field component (when the electron is moving towdhe observer in its circular
or spiral orbit) has a dierent time dependence within each pulse in relation to thegpe
dicular one. When deriving Equation 3.22 we implicitly igad this vectorial character
of the emission, expressed in the cross products in the esiprefor the electric field in
Equation 3.16.

To recover this information, let us go back to Equation 3122,the spectral syn-

chrotron power, and recall the following recurrence relafor the Bessel functiols,s(n)
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[316]:

2d

d_nK2/3(77) = Ks3(17) + Ky/a(n). (3.30)

SincekK, carries the angular information that was implicitly intetgd out in Equation
3.22 [353], by inserting this relation in Equation 3.22 wea cacover the two integral
equations foiP, (v) andPy(v), the power perpendicular and parallel to the instantasieou
direction of motion, respectively. In fact, integratingethelation 3.30 and calling (as
Longair 1994 [247] does it):

F(X) = xfoo Ks;3(2dz and  G(x)= x Ky/3(X), (3.32)

where the variable transformation= v/v. took place, we retrieve the powers:

P.v = wgj.(v) = cons[F(x)+ G(X)] (3.32)

P”V = CL)Bj”(V) = ConS[F(X)— G(X)], (333)

where it is easy to see that the total power is obtained sitmplgddition ofP, andP ,
sinceP(v) = cons(x). Itis also simple to see that the degree of polamisalf synchrotron
radiation (for a single electron) will be given, accordingdtie definition from the previous

chapter, by:

_P.0)-Pi0) G

M) =5+ Pe) ~ F°

(3.34)

which is simply the ratio of the Bessel functions in Equasidh32. The asymptotic
behaviour of bothF(x) and G(x) for large and smalk is given in Equations 3.40 of
Pacholczyk 1970 [283], and imply that the polarisation carvéry high — in fact for its
maximum value at ~ v./2, we havdl ~ 75%.

Now, for a non-thermal particle population as in EquatioP53.the integral of the

population emissivity in Equation 3.28 will givelimear polarisation degree of [247]:

fooo G()v(P-32dy
fo F(v)v(P-3)2dy

(3.35)
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whose solution for a uniform magnetic field is presented indair 1994 [247] and equal

to:

3 p+1
 p+7/3

o (3.36)

For alternative geometrical configurations of the magrfetid, this value will change
and we will have a net polarisatdh< I1 < 0.75 [235]. Other &ects such as a broken or
curved power-law spectrum (see [279] and [309]) as well astiperposition of dierent
particle populations will fiect the appearance of the source’s polarisation, introduci
also the important phenomenon of spectral dependent patemn which will be discussed
in Chapter 6. Aberration due to bulk relativistic motion bétplasma can alsamplifythe
source’s polarisation by changing (compressing) the gégroéthe magnetic field in the
direction of motion in the observer’s reference frame [8&]t these are very extensive
topics to discuss in detail here, and the aspects necessahys work will be pointed out

in the context of Chapter 6.

3.2.2 Inverse-Compton Emission

In a region of space where energetic charged particles asept, together with a high
soft-photon field density, the inverse-Compton process lwappen, whereby the high
energy particles will scatterfiothe soft photons, boosting them to higher energies by
transfer of momentum. This kind of scattering is the exaatise of Compton scattering,
because here the electrons are more energetic than thenphdtioerefore the condition
for inverse-Compton scattering to happen in astrophysigsiems is that the magnetic
fields present in the region be of moderate magnitude — otkertlue charged particles
will cool catastrophically via synchrotron radiation am tphoton up-scattering will be
ineffective.

The elementary theory was developed by Compton in 1923 [A®93]quantum exten-
sion of J.J. Thomson's classical theory of X-ray scatteriRgdiation scattering can be
fully characterised by the ratio of the amount of energyatatl by the scattering system

in a given direction to the energy flux density of the incidexttiation [236]:
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Figure 3.6:Diagrammatic representation of inverse-Compton scateri

_dS

d
o S

(3.37)

where(dS) is the average radiated energy per solid angle&tite Poynting flux of the
incident ray;do is called the total scattering cross-section of the process

For the non-relativistic cas€dS) is given by the dipole radiation formuldS =
(e*/4rm?c®) (E x n)? dQ, wheren’ gives the scattering direction, ai®l= c/4r En

is the Poynting vector. From this we recover Thomson'’s soaty formula:

2
dor = (mic?) sif 6 dQ = r2sirf 6 dQ, (3.38)

with dQ = sinfdfd¢, andé is therefore the angle between the incident and the saadteri
directions and € [0, 2x] the angle around the polar axis. As befarés the gyroradius
of the electron.

Quantum corrections will alter this cross-section, bdbideecause of the momentum
of the photorhy/c which will induce a recoil of the electron: the scatterindiwo longer

be elastic. Conservation of energy and momentum thus givéhé photon:

3 hy
S 1+ 21— cos®)’

hy/ (3.39)

where co® = cosf cost’ + sind sing’ cosg — ¢’) is calculated in the rest-frame of the
electron. For ultrarelativistic electrons, relativiseiberration will imply that collisions

will be effectively head-on and will give the energy of the photon indéetre of momen-
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tum frame to béhv ~ y hv/(1 — co9’). This means anfiective boost in the energy of
the electron for the inverse-Compton scatteringi, the secong factor coming in the
expression when we change the reference frame back to tleevebs frame. It can be
readily seen that in the presence of very energetic elexttbe energy boost is going to
be large and very high energy photons will result from thepss. This is the mechanism
by which gamma-rays are produced from soft optical-to-)Xphotons in blazars, giving
rise to the double-bump SED seem in Figure 4.4.

The total scattering cross-section formula for unpolarissdiation consistent with

Dirac’s electrodynamics is the so-called Klein-Nishinass section [225]:

dO'KN:— +

r’hv?2{hy hv
2 hv2\hv hy

— sir? 9) dQ. (3.40)
One can see that thetect of the term in brackets is to reduce the cross section from
its classical value for large photon energies. Observe #slved away from the classical
regime hy’ > hy, we can say that the energy loss due to scattering will betratzhic, as

will be shown further ahead (Equation 3.48), meaning thlabphysical sources cannot
be sustained in this regime. When the scattering entersltitzeralativistic v > m.c?)

regime, the result is that the total cross section will sifgpb [305]:

.3 MeC? hy 1

Conversely, if the photons involved in the sattering hiave< m.c? then we retrieve

the Thomson regimer = o1(1 — 2 hy/mc?).

Inverse-Compton Power and Spectrum

Here we follow the approch of Blumenthal & Gould 1970 [87]t us first defines = hy
the energy of the photon in the lab frame, anthe equivalent quantity in the CM frame
of the scattering. A relativistic electron of Lorentz facjomoving through a radiation
bath will see an energy flux, in its own rest frame,y86(1 — 5 cosH)U,ag = y>c(1 —

Bcosh)e /dn', wherel,.q is the radiation density of the bathWe can then write the

IHere the term (+ B cosd) is the angle dependence of the Doppler shift equation dtieetscattering
geometry, as shown in the previous section.
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energy loss-rate of the electrén

E
_E = fG'TCE,drf = O'TC(L[,rad. (342)

Observing thatdn/e is a relativistic invariant, we can recall the expressiorthaf
preceding paragraph for the radiative energy fli,, = »? f (1 - B cosh)?e dn, so that
we have the expression for the power due to a single scajt@danthe dficient scattering

regimehy < mec?):

4
I:)Comp = §G'T Cﬁz'yZ(urad, (3.43)

from which we readily recall the IC-cooling time as:

Ece 3 mc
Te=—="—2" 3.44
CTE T 4oy Uag (3.44)

Notice the striking resemblance between these last twoessmns and their syn-
chrotron equivalents 3.23 and 3.24 (when written in terms-pfand observing that the
energy density of the magnetic fieldd& = B?/8r). This is not without a very good rea-
son and shows the physical similarity of the two phenomem@:stattering of electrons
on the photons of the radiation field and that between thegehand the virtual photons
of the electromagnetic field, in the case of the synchrotrarsgion. So, in both cases,
the total radiative power is simply a function of the densifythe radiation field (either
real or virtual), and the ratio of Comptohd) to synchrotronl(s) luminosities for a given

volume is given by:

E — 7/{rad
Ls Us’

(3.45)

Now, recalling that the bulk of the synchrotron power comatsnear the peak defined
by the frequency, we haveiLs ~ v,F, 4xr2. The synchrotron photons thus generated
in a source of siz&ks will have a densityl.q ~ Ls/47R:c, so that in a volume that

is emitting both synchrotron radiation and up-scatterimgse photons via the inverse-

2This equivalence is obtained by realising that the enerdh@Btcattered photon in the observer frame
is much larger than its energy before scattering [8-dE./dt = de/dt
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Compton process:

- (3.46)

wherefs is the angular size of the synchrotron source.

If we write this expression in terms of the brightness terapgeT, of the source in
the mode indicated in Section 3.2.1, we arrivdafLs ~ Tglz(vm)vaHz, whereTy, is
measured in units of £0K andvy, is given in GHz. This calculation shows that Compton
losses become dominant in a source once the synchrotrdmtieigs temperature reaches
~ 10% K, and then rises into the regime where catastrophic inv€mapton cooling
takes place. This fact is known as the “compactness probtémadio sources, whereby
very luminous and compact (as inferred from variability ésoales) extragalactic radio
sources would be expected toffaun catastrophic IC cooling, contrary to observations.
This problem was solved by M.J. Rees with the hypothesis jpéduminal expansion of
the extragalactic radio sources, as will be discussed later

Now, to conclude this section, let us briefly discuss the pet of the inverse-
Compton emission for a single scattering particle; as feiphwer, we will not discuss the
Klein-Nishina regime, since due to its strong suppressiahe cross section it will not
contribute appreciably to the source’s flux (this fact wil immportant in interpreting the
data of multiwavelength observations of PKS 2155-304 whietwill present in Chapter
6). Furthermore, all the calculations for the Klein-Nishiegime follow exactly the same
procedure, only changingr for okn.

Let us then assume a mono-energetic radiation bath in whechrergetic electron of
energye = yme is immersed. The radiation energy flux &l drydQ)s(e — ). The

scattering cross-section in the CM frame will be [87]:

do = %rz(l +co20)d(e — &) de dOY'. (3.47)

This expression can then be used to calculate the energipdigin of scattered pho-
tons in the observer frame by integratidigc do- over all angles and energies. The result
is given by Blumenthal and Gould 1970 [87], wherés the initial Lorentz factor of the

electron,e the energy of the incident photod, the energy of the scattered photon, and



3.2. Radiation Mechanisms in Blazars 84

€ = € /4ey? is the scattering energy in terms of its maximum value:

dN,, .

— 2 2
e 8rrec n(e)de f(é). (3.48)

Here, f(€) = 2¢ Iné + € + 1 — 2¢2, which is a broad distribution in energy, has a
maximum at low energies of the scattered electrgr(see Figure 3 in [87]). The upper
limit for the scattered energy in Equation 3.48¢/,., = 4€y?, corresponds to a head-on
transfer of the electron’s energy to the photon.

In the Klein-Nishina regime, as we have mentioned before sttatterings are catas-
trophic. In fact most of the electron’s energy is lost to thefon in the first few scatter-
ings. This can be seen by noticing that in the ultra-relstigiregime, the energy depen-
dency of the scattering is given by:

1 (Fe@)”

fon(@) = 20I 0+ (14 20(1-0) + 53

1-0), (3.49)

wherel's = 4ey/mc is proportional to the ratio of the photon to the electronrgpen
the observer’s frame, argl= €/I'¢(1 — €). The ratiol's will determine the domain of the
scattering: classical fdf, < 1 and ultrarelativistic foe ~ ymc. For this last casdy(€)
will peak for large values of X T'e/(1 +T'e) (see Figure 4 in [87]). In the Thomson limit,
multiple succesive scatterings will happen, and the ratearéase in the photon energy is
given by solving the Kompaneets equation [228], which islatsmn of the Focker-Planck

equation for photons scatterinff @ non-relativistic thermal electron distribution:

€(t) = eexp(f:—;tc), (3.50)

wheret;, = (NeorO)t is the time between scatterings for a medium with electranbrer

density equal tdN.. The energy increase of the photon is therefore exponential

The IC spectrum from a power law electron ditribution

Since we know from Section 3.1.1 that in extragalactic jep@waer-law distribution of
energies is expected for the electron population (Equéi@s), let us consider the IC
spectrum resulting from scattering by such a patrticle istion of an arbitrary photon

distribution. This can be achieved by calculating the tG@apton power by integrating
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the produciN(y)Pcom(y)dy using the expression given in Equation 3.43 [267]:

K

Ymax 4 _
P|C = f PComp(')’)N('}’)d'y = §G'TC(L[rad3—p7§1aF>)o (351)
1 —

which shows that the cooling, for largg.x > 1, will have a power law dependence on
the particle energy of the electron population, as expecidwe shape of the IC bump
will therefore be very similar to that of the synchrotron iedbn, albeit slightly more
spread due to the? factor in the radiation boost. Rybicki & Lightman [305] gie
comprehensive discussion of the IC spectra obtained fraattesong df a number of
different particle population distributions, as well as thiea of multiple scattering in the

formation of the IC spectra, and the reader is referred réference for more details.

The polarisation of inverse-Compton emission

Finally, and in order to conclude our presentation on théatad processes relevant for
jet emission from blazars, let us briefly discuss the paddios of the inverse-Compton
radiation. Observationally, this topic is still in its imfey due to great technicalfficulties,
and polarimetry aj-rays has not properly started yet. The only gamma-ray {salhon
signal detected until now comes from the strong Crab neladiace, at 200 keV, with
measurements NTEGRAIMBIS [154] althought there are promising projects for new
ballon-borne instruments for soft-gamma-ray polarimetgh as PoGOlite, which are
expected to be able to detect 10% polarisation level f@ih00 mCrab) flux sources
[221]. Gamma- and X-ray polarimetry have nevertheless édum the “Astronomy and
Astrophysics 2010 Decadal Survey” and are expected to see significant development
in the coming years [260].

X-ray polarimetry also has its equivalent polarimetry naasproposed for the next
generation of satellite-based instruments: POLARIX [1b0} although X-ray polarime-
try started much earlier with the measurement by Weisskiogif én 1978 of a significant
~ 20% polarisation signal from the Crab Nebula [352], only & fearginal source de-
tections followed in the past decades, including obseyaatiattempts of Cygnus A and
Scorpius X-1 — for a brief technical and historical accowd $inbergen 2005 [332] and
Matt 2010 [257].



Chapter 4

Blazars & Extragalactic Jets

Extragalactic jets provide the principal physical and obsional link between super-
massive black holes (SMBHSs) and their cosmic environmentstlidy their properties
in greater detail is therefore a pre-requisite to undedstanthe BHs themselves and the
evolution of their host galaxies. The prospects for advariicextragalactic jet physics
are increasingly promising, largely due to technical angdeobational developments in
the field of gamma-ray astronomy. The relativistic jets divecgalaxies are now under-
stood to be the sites of the gamma-ray emission that waswdiset from a number of
such sources in recent years (see [345], [240], [239]). tctbe argued that it is now be-
coming possible to give a more definitive answer to the qoestbout the location of the
sites of variable non-thermal emission in active galaaticiei (AGN) and in so doing de-
rive a more comprehensive picture of the jet’s kinematitraicsure, as well as answering
long-standing questions about the dominant emission pseseand the jet composition
in the inner regions of the these objects.

The surprisingly large luminosities detected from actiatagies in the TeV band have
made this last observational window into the extragalastiwerse a fundamental one.
The extreme properties of AGN as seen at these energied eevezalth of astrophysi-
cal information unknown to the other observational bandszave forced a revision of
many aspects of the physics of extragalactic jets. Our aitiisgchapter is to give a brief
introduction to active galaxies and their associated ixesdiC jets. It will be organised
therefore in the following way: Section 4.1 will give a gealegpresentation of AGN and

their unification scenario; in Section 4.2 we return to thiejsct of the radiation mecha-
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nisms, now applied to the specific framework of blazars. iBeet.3 will discuss blazar
phenomenology in more detail, concentrating on their olaggmal properties as seen in
the gamma-rays. Section 4.4 will discuss the subject of gasray opacity in blazars
which is important to understand their spectra and somedimeatal constraints to the
escaping of TeV photons from these sources. We then movegiino® 4.5 to a brief dis-
cussion of the extragalactic jets and conclude, in Secti6rvith a specific discussion of
the object of interest to this thesis, the BL Lac object PKS32304, the observations of
which revealed many new important aspects of the physickaaébs and their associated

relativistic outflows.

4.1 Active Galactic Nuclei

The realisation that bright and variable compact radio agsiwere extragalactic objects
whose emission was dominated by non-thermal radiation fiedativistically outflowing
plasma was gradually achieved after their first discovergr &0 years ago. Curtis’s
observation in 1918 of a “ray” emanating from the centre of M[817] was in fact the
first, albeit early, clue towards the existence of a compaatce of energy in the centre of
galaxies, at a time during which the debate on the natureedfhiral nebulae” as “island
universes” was still taking place. Another indication otlaar activity in some galaxies
was the detection of emission lines from the bright (stes)licentral regions of a few
nearby sources by Seyfert in 1943 [317], whose propertiegh as width and intensity
of the Hydrogen lines — correlated with the absolute mageitof the nucleus and the
ratio of nuclear-to-total galaxy luminosity.

The subsequent development of radio astronomy in the pa8tiyears rapidly led to
the discovery of the first extragalactic radio sources, atwiCygnus A, with a peculiar
double-lobe structure [211], was the first to have its opttcainterpart found, thanks to
observations by Baade & Minkowski [56]. The radio galaxy M&&s another object to
have its radio-to-optical emission studied in the earlysdafyradio astronomy [58]. In this

case, the highly polarised nature of the optical emissid@i\[provided a strong case for

Polarisation degrees of the order of 30% were detected bgeéBfram the jet, extending all the way
from the centre of the galaxy to the jet extremity.
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the identification of the broadband emission as synchratadration, which at the time
had been succesfully used by Oort and Walraven to explaindhethermal continuum
observed from the Crab Nebula [282]. Burbidge’s [93] deth&nalysis of the energetics
of the synchrotron emission from M 87 led to the conclusioat throdigious energies
and powers were involved in the generation of the observeihlosity from the nucleus
and jet. In fact, the bolometric luminosities of the AGNs amdremely high, ranging
from Lpg ~ 10*® — 10*8 erg s*. This synchrotron luminosity implied a total energy of
10°8 to 10°° ergs in the form of particles and magnetic fieldepending on the source and
on the particular assumptions made. Burbidge readily @ksehese values to be superior
to the total energy in the form of cosmic radiation and maigrietld in the Galaxy, having

a mass-equivalent of 100-1004,. Furthermore, the estimates for the energy content of
the radio lobes, of up to £Dergs, imply the processing of a mass-equivalent in energy of
10®M,, at moderate conversiofffigiencies of about 10%, with the large “residual” mass
left to be collected at the bottom of a growing gravitatiopalential welf.

The growing observational evidence in favour of the gataaticlei being the engines
of powerful radio sources, and the manyfidulties on finding reasonable mechanisms
(such as supernovae explosions) which could explain theestalease of such amounts
of energy over long periods (of at least the order of i@ars as inferred from the linear
scales of the jets, if we assume that the plasma is movingegtspclose to the velocity
of light), led Hoyle & Fowler to postulate in 1963 [202] th&ktbest way to power these
sources was through gravitational contraction of matteuiad a densely packed stellar
nucleus with mass up to &®l,. This mechanism would release gravitational potential
energy,Uy ~ GM?/R (which for 1M is of the order ofUy > 10* erg forR ~ 10"
cm and thus not far from the required values), which couldtbeed in magnetic fields
toroidally wound during the accretion process by consemaif angular momentufrand

then released when these fields “explode”. The compactrigbese stellar-like nuclei

°The value of 18° erg was obtained in the case of equipartition between p@stand magnetic field,
an approximation assumed in many theoretical studies dpedlafterwards, but which is now understood
not to be valid throughout the jet, which has an evolvingctree.

3A result of this observation, that the accumulated accretass will lead to a growth of the SMBH, is
that the AGN will evolve in time, depending mainly on the dahility of accreting material. AGN evolution
is an important topic for understanding the physics of adgjalaxies, but will not be discussed here. For an
early introduction and further references, see [73].

4Thus providing a means for the production of relativistictizées by electromagnetic acceleration.
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was fully realised after the discovery by Schmidt, in 1963he first quasi-stellar object
(the quasar 3C 273 [315]), and the following detection ofalality from it, which greatly
constrained its size by means of light travel-time argumemthe scales of #6cm (< 0.1
pc) already quoted, and thus no bigger than that of the Sgktes [244].

It was Lynden-Bell who in 1969 advanced a final argument td&ne powering of
guasars and extragalactic radio sources by means of treseetd gravitational energy
from a deep potential well [248]. Henoticed that accretion of matter onto a compact
object was the mostfiicient mechanism of mass-energy conversion, with faniency
of up to 40% for a maximally rotating Kerr black hole, in strig contrast with the 0.7%
obtainable through nuclear reactiénd hese theoretical developments constituted a de-
cisive point towards the establishment and rise of the snassive black hole paradigm
in AGNSs, which followed on to find further support from a wéwetif additional observa-
tional evidence over the years.

Among these additional lines of evidence, the most intergsine is perhaps the link
established between the existence of the relativisticgats the deep gravitational po-
tentials provided by SMBHs. The very existence of theserggsiires such deep wells
as anchors to grant the gyroscopic stability necessarydtaisutheir directionality over
the long ages and across the large (Mpc) scales over whigtettiend, and to explain
secular variability phenomena associated with the ocougef torques at the base of the
jet-accretion disc system, such as precession [95]. A metagldd account of the physics

of extragalactic jets will be given in following sections.

The current AGN paradigm thus states that the nuclear ciwiproduced by in-
falling material onto a super-massive compact object viaametion disc, and had all its
essential ingredients set by the early 70’s. This SMBH-etaan disc system releases a
large fraction of its gravitational energy in the form of iatbn, via heating of the ac-
creting material (the standard model for which was propdse8hakura & Sunyaev in
1973 [318]), and relativistic particles, which are accated by the release of some of the

energy stored in magnetic fields during the accretion pytegive rise to the launching

5See also Salpeter 1964 [307] and Zel'Dovich & Novikov 19657B
6See sections 7.7 and 7.8 in Frank et al. 2002 [158] for an extediscussion of the topic.
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Figure 4.1:Unification scheme of AGN showing how theffdirent classes of sources result from
the relative orientation between observer and jet-aanratisk geometry. The scheme also show
the divide between radio-quite and radio-loud sources hatlietween FRI (and BL Lac) and
FRIlI (and FSRQ) radio-galaxies, which are thought to be tirisic origin as discussed in the

text. The image was adapted from Urry & Padovani 1995 [336]
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of the extragalactic jets. This basic scheme, which istilaied in Figure 4.1, developed
as a combination of ingenious multi-wavelength observatand theoretical insight, and
is today the best-accepted model to explain the nature mkeagalaxies. A lot of its suc-
cess rests not only in explaining the AGN phenomenon [308]rbaorrectly predicting
the existence of passive SMBH in the centre of other, noivagalaxies (e.g., [319]),

and specially the Milky Way [266].

4.1.1 AGN Classification and Unification

Figure 4.1 shows a diagram with the basic ingredients of thedard model of active
galaxies and how it connects thefdrent types of objects that are observed in the sky.
From this image, the rich typological diversity of AGN canreadily understood if one
notices that due to its complex morphology and axis-symuoatgeometry (as opposed
to isotropy), the observer’s view of the central source ritlically depend on the relative
point of observation. A sideways view, blocked by the dustys, will impede for ex-
ample the observation of most of the central engine, andiodiyect radiation reflected
from the clouds in the narrow and broad-line region will b&egeed, resulting in narrow
line radio galaxies (NLRG) and Seyfert 2 objects (Sy 2). Asabserver’s line-of-sight
moves away from the torus, he gains a vantage point for difes¢rvation of the accre-
tion disc and the observed properties change radically —'Qi®0ad line radio galaxies
(BLRG), Seyfert 1 (Sy 1) are now seen. This happens until e-tatview of the jet is
attained and its non-thermal, featureless continuum éomssarts to dominate the entire
source’s spectrum due to the strong boosting of the resdibally expanding emitting

plasma: here blazars and flat spectrum radio quasars (FSBQbserved.

The basic ingredients of the standard AGN model

It is important to stress that this picture of the centralisagwith all of its diferent
constituent regions arranged in a particular geometrypisiimectly accessible to obser-

vations. The compactness of the source and its complexignni@at our view of the

"Which we can subdivide into flat-spectrum radio quasars (FS&hd steep spectrum radio quasars
(SSRQ), depending on their radio spectral in@gxx v=¢, for @ < 0.5 and> 0.5 respectively, which is
ultimately a function of the angle to the line-of-sight.
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Figure 4.2: Simple taxonomic diagram for AGN, showing the mairfelient populations of
radio-loud and radio-quiet objects

AGN came about as a synthesis of many observational factuhvwogether (and taking
into consideration the relevant physics) allowed the plethof sources to be explained
with a minimum of resources. The jets are in fact the onlyédgents in Figure 4.1 that
were intially directly observed, whereas the rise of thedilipsis for a SMBH at the heart
of the AGN was described in detail in the previous section aataral implication of the
demanding energetics of the system and the compactnessroéso

The existence of a large quantity of gas in the vicinity of¢katral engine is inferred
from its essential role in the fuelling of the SMBH, but thisatear gas is arranged in
different regular structures. Dynamically, the most imporitatite material infalling into
the SMBH from the surrounding medium which, due to radiat@eling, tends to lose
its vertical support and organises itself as a disc whosalrattucture is maintained by
conservation of angular momentum. The material in the #ocrelisk will rotate difer-
entially, with radial-dependent azimuthal velocitiesg @mergy dissipation via “friction”
will be one of the main elements governing the gas dynamessf@m example [267]).

Accretion-disc theory is a subject on its own right and wae'textensively discussed
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here. We just wish to emphasise that the infalling materiahie disc will radiate by
liberation of potential energlyaq = dUg/dt = (1/2)GMMdR/R2, where the factor 22 is

to satisfy Virial’'s theorem. Additionally, assuming théseenough time for thermalisation
to happen, the disc will radiate as a blackbody and we wilkltdy.q = o T*dA, according

to Stefan-Boltzman’s law, andA = 47rRdR The temperature of the disc can thus be

solved as [127]:

GMm

4 _
TR = 8noR3’

(4.1)

where the radial dependence indicates that the spectrune ali$c can be seen as a sum
of blackbodies for dterentdR with a peak aR;,, the internal radius of the disc. At this
extreme of high temperatures the spectrum will obey Wieavis FVe" oc v3 exp—hv/kKT
The outer disc, which is cool, will follow a Rayleigh spectrwvith F, o v2. In between

we will have:

F, o« Vl/3f " 3expn — 1dn, (4.2)
0

wheren = hv/kT R,(R/Rn)"%%. Observationally, the disc will therefore manifest itsaf

a hot blackbody continuum extending from blu¥ (the so-called blue-bump) to X-ray
wavelengths, the latter from its most internal regions.a}-variability will therefore be
associated with the size scales of the central engine, vétiale with black hole mass as
shown for example from X-ray quasi-periodic variabilityQ) measurements in blazars
[174]. Further out from the central engine, a thick torud vatliate thermally at infrared
wavelengths by heating of the dust and reprocessing of theadMtion from the disc. In
bright blazars, these thermal sources of emission areynaielvant for the SED since the
spectrum is dominated by boosted, non-thermal emission the jet as will be detailed
in the following sections.

The emission line properties observed from active galguieside the fundamental
clues to distinguish their emission regions as twibedlent zones. These are all heated
by radiation from the accretion disc, and there are in fatdlypes of emission lines
which can be singled out in the observations: narrow (wigtl1000 kms) and broad

(width ~ 10,000 kmy's) permittedlines as well as narroorbiddenlines. These lines
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also present dlierent ratios indicative of varying optical depths withie ystem. These
different physical properties were later associated with thiudce of the line emission
region from the central engine, which will govern, amongeotthings, the radiative flux
they receive from the active nucleus.

The region deeper inside the gravitational well, the gashutivis hotter and experi-
ences greater Keplerian velocities which imply a large deméng of the emission lines,
is known as broad line region (BLR); due to its higher tempees which increase the
rate of collisional de-excitation of the atoms, this gassdoet produce forbidden lines.
Due to the strong proximity of these regions to the centrate® these lines tend to be
very luminous, being sustained by an intense flux of UV raolefrom the AGN (hence
the observed correlations between the line luminositiestha continuum flux). Con-
versely, the narrow lines come from an outer region of the AG&led the narrow-line
region. The velocities of the BLR ghare so high that if due to thermal motions alone,
the derived temperature of the gas would-b&0® K. This suggests that the widths of the
emission lines from AGN must result fromftérential Doppler shifts due to motions of
individual clouds, thus proposing a view that the gas is @yii233]. The presence of
nuclear “clouds”, i.e. that the media surrounding the cdr@®N is clumpy, has been
also inferred from mm-wave free-free absorption [1].

For its obscuration role, the dusty torus is another fundaaténgredient in the unifi-
cation paradigm. The existence of the dusty torus, or f@prpose of any geometrical
form of opaque material existing around the central engiame about as an artifice to ex-
plain the lack of some emission features (particularly theeace of broad high-ionisation
lines in the spectra) in Type 2 AGN [336]. The idea of obsdareof the central source
and the BLR was strenghened by Antonnucci’s [51] obseraahat in some Sy 2s these
high-ionisation lines could actually be seen at low fluxepatarised light, indicating the
presence of a “hidden quasar” within Type 2 sources, whiciidconly be detected as re-
flected light that is able to circumvent the dust obscuratioriact, IR observations were
able to penetrate some of this obscuration, partly revgdlia infrared high-velocity gas

emission, which is completely obscured in the optical. raates from IR observations

8And for that matter those of the narrow line region as well!
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set the optical depth of this obscuring torus to an incredigh visual extinction, in the
range 25-50 mag (but in some cases much higher than that)[33ir¢ct imaging of the
dusty torus was first obtained at optical wavelenghts in 189&n HST image of the
galaxy NGC 4261 [209].

From what has been said, one can readily see that ultimdtelyroperties of the
nuclear emission will depend primarily on the mass supplg k4 and the mass of the
SMBH, M.. Flows with smallM or towards largéM, will tend to have a low optical depth
and will radiate gravitational potential energy fheiently, thus producing powerful jets
(kinetically speaking) which are optically weak. At the itnof small accretion rate,
much of the gravitational energy can be extracted electgmetgcally from the BH spin
and generate jets that are Poynting-flux dominated wherm#ierial is accelerated and
collimated. Quasars and Seyfert galaxies, on the other, lziset in the case whev is
large orM, is small (as in spiral galaxies), and their flow tends to beatack: we then
have weak jets but bright optical nucleus. For more detailth@s simple one-parameter
model of AGN see [73].

Unification

Observationally, a number of properties distinguish thiedent kinds of AGN throughout
the electromagnetic spectrum: e.g., the radio and opticaiHosities, the radio morphol-
ogy, the presence or not of emission lines and their relatidéh. After radio galaxies,
guasars were the first objects to be added to the zoology of,AGSNery luminous star-
like objects that were systematically identified as theagpitounterparts of radio-survey
sources. However, not all quasars are radio-Idirdfact, 90% are radio-quiet), as can be
seen in Figure 4.2, but many were identified in optical susvay their blue continuum
colours (the spectral “blue bump” that has its origin in thertnal radiation from the ac-
cretion disc) and their characteristic broad emissiorslipg /1 ~ 0.03). From an optical
standpoint, quasars can be thought of as high-luminosiffeBegalaxies. The Seyferts,

which are characterised by high-ionization emission lieas themselves be separated

®Radio-loudness is defined in terms of the ratio of the 5 GHiorfalx to the B-band optical flux of the
source, and includes objects wil cy,/Fg = 10
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into two types depending on the width of these IffesSeyfert 1s are observed at low
angles and the broad-line clouds are visible (FWHMO0* km s1), whereas the less lu-
minous Seyfert 2s are seen at high inclination angle, arsldhly the narrow-line clouds
(FWHM < 10° km s1), more distant from the central engine, can be detéttéthese
radio-quiet AGNs constitute the vast majority of activeagés and are hosted in spiral
galaxies, with the exception of the radio-quiet quasardgchviare hosted by ellipticals
undergoing accretion at higher rates.

For the radio-loud AGN (see [336] for a detailed discussitthe unification of radio-
loud AGN), the same distinction applies and the NLRG (and ER$; low-ionization
nuclear-emission-line regions) and BLRG are the loud cempatrts of Sy 2 and Sy 1
galaxies, respectively. The absence of emission linesighlaracteristic of blazars and
FSRQ, which are also defined for their strong variabilitygexies, which in optical
gives the name to the class of optical violently variable @Vs), with typically sub-
hour variability timescales. The main observational digion between radio-galaxies
and radio-loud quasars (FSRQ or SSRQ) is the optical bragistra band at which radio-
galaxies appear as underluminous objebts ¢ —23).

The diagram of Figure 4.1 also shows two clear divides, whighindicated by the
dashed lines and are not related to geometry, but believatitioate in the intrinsic phys-
ical properties of the AGN. These dichotomies were estadtiarly on and contributed
to the rise of the unified scheme of AGN. The first one to be ifledtwas related to the
distinction between high and low-luminosity radio sourcésnardt and Riley (FR) in
1974 found the positions of low and high brightness regionsxtragalactic radio-loud
sources to be correlated with their luminosity [137]. Thad to the distinction between
FR | sources, which are less luminous and have peak radibthegs in the nucleus, and
FR 1l, more luminous and possessing bright lobes which dateithe radio flux. Today,
this difference is understood to go beyond the radio appearance sdtinees, to encom-

pass the nature of the accretion mechanism at the centrialeeaugd to be directly related

10These line widths are commonly interpreted as the resuliopidler broadening due to bulk motion of
the emitting gas clouds about the central object

1There exists in fact a continuum of intermediate Seyferesyphich are known today and provide
strong observational support for the geometrical conoadbetween these objects. The observation of
strongly polarised, weak broad lines in some Sy 2 is anotieeef evidence in favour of the geometrical
unification, since it most likely orignates as reflected ainis from the obscured BLR. (see [52])
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to the total kinetic power in the jet [358]. The FR Is in thiseavould have jets with a
higher ratio of bulk kinetic energy to radiant energy, wiasréR 1ls have a lower fraction
of their accretion energy funneled into jet bulk kinetic eyye[67], in accordance with
Rees’ interpretation of radio galaxies as “starved qua$agz].

In this model, the dferent radio morphology is then linked to the intrinsic jedjper-
ties which result from the two accretion modes and may leatkteleration in the inner
kpc region (FR 1) or not (FR 1) [67]. The mechanism by whichdgeceleration happens
in FR | galaxies is still to be understood, but if the bulk Kineenergy of the material is
dissipated radiatively at the inner jet by means of shock8]#hen the emission of TeV
gamma-rays by these objects (and their aligned countsrphg blazars) could be one
defining factor for the morphology [165].

The optical and UV emission-line spectra and IR to soft X-captinuum of most
radio-loud and radio-quiet AGN are very similar and musteifiee be produced in simi-
lar ways. The inclusion of radio-quiet sources — that sid#nefplot in Figure 4.1 which
lacks a strong radio jet and is populated by the Seyfert gedaand radio-quiet QSOs —
in the unification scheme was nevertheless first realisedrigrucci in 1983 [51]. He
hypothesised that in the same way as the optical polarrsatigles in radio-galaxies were
either perpendicular or parallel to the large-scale rattiacture, reflecting the geometry
of the scattering material, in Seyfert galaxies th@edent alignments of the polarisation
angles seen in Types 1 and 2 could be interpreted as beingpduditerent scattering
geometry, and thus a function of the observing angle. Thie alver would thus remain
as the main fundamental physicaftdrence between the sources. The physical cause of
the radio loudquiet dichotomy is still a major source of debate and compiekut it is
now apparent that it is not linked to the host galaxy type aedhought, but rather to

properties of the central engine such as BH mass and spiih [264

It is not proposed to go any further into the details of thiedent ingredients of the
standard AGN model. The TeV emission from blazars, with Whie are concerned in
this work, is completely dominated by the processes goingitmin the jet, and for this
reason we will now focus on this particular structure, digtgiits general properties and

the emission mechanisms by which gamma-ray emission isipeat]
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4.2 Emission Models for Blazars

As mentioned before, the bulk of the radiative flux of blazgmsd all the GeV-TeV
gamma-ray emission) is thought to originate inside thegadesjets of these objects. The
models ofy-ray production can be classified in relation to the main gbuator to the
emission: hadronic models when the accelerated partielgsonsible for the emission
are protons, or leptonic models, if the jet is dominated lBciebns (and positrons). In
fact, discriminating between the emission mechanismsraogpin the jets (hadronic vs.
leptonic) is the key tool on deciding about the jet compositi

Leptonic models are presently favoured, and this preferencf a phenomenological
character, that is, based mainly on the modelling of the @sIISED, regardless @t
priori arguments concerning the origin and type of the particlasacbmpose the flow or
the particularities of the particle acceleration mechasisit play. The reasons to favour
leptonic models are basically three-fold [27]: (i) to preduVHE y-rays via inverse-
Compton scattering of either self-synchrotron or exteptadton fields, electrons have
to be accelerated to energiespf10s TeV, which can be easily achieved in the models
of shock acceleration discussed in Section 3.1.1; (ii) ttpeeted particle and magnetic
field densities in the jets, plus radiation-enhancementlawasting mechanisms (such
as relativistic outflows) can easily produce the synchroaind inverse-Compton fluxes
necessary to explain the observations; (iii) and finallg,dbrrelated character of the SED
emission and its double hump structure is (with the caveatfetv “unexplained” events
such as the TeV orphan flares [119]) well-fitted within thedpcBons of leptonic emission
models.

In reality, events like the orphan flare or the extreme flar@k§ 2155-304 and the
Compton-dominance observed from the BL Lac 3C 279 (see@e4dtB.2) attest to the
fact that such a black-and-white distinction between haidrand leptonic models is most
likely an idealised simplification of the source, and in itgddoth types of processes (and
specially diferent kinds of hadronic and leptonic mechanisms) might lppé@ing to-
gether, and perhapes dominating the source’s emissioffatattit moments and infer-

ent source states.
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Figure 4.3:The blazar sequence: averaged SEDs for a complete blazptesapmbined accord-
ing to radio luminosity. The fitted curves are analytic csrabtained in the framework of the
SSC model, i.e. (1) assuming that the ratio of synchrotrdtpeak frequencies is constant and
(2) that the amplitude of the inverse-Compton peak is pitigrual to the radio luminosity. Figure
from Fossati et al. 1998 [156].

4.2.1 Synchrotron Self-Compton Models

The basic ingredient of the leptonic blazar models is thadthray (of synchrotron origin)
and the gamma-ray emissions (of inverse-Compton origajiad to thesamepopulation

of relativistic particles in the jet. This is an attractivedel, because the necessary energy
for the radiating electrons (tens of TeVs) can be readilyeaad through the shock accel-
eration mechanisms discussed in Section 3.1.1, and bosemichannels (synchrotron
and IC) are very fiicient radiatively, that is, their cooling times are coméeao the
dynamic times of these sources, inferred from the lighssirg timesR/c < hour. In
fact, in the gamma-ray range, the cooling titkex E_?, whereas the energy boost due to
the Compton upscatteringdsy?2, so that in terms of the photon energy the characteristic
time goes withE; %, which means that the TeV gamma-rays will vary more rapitignt
the GeV gamma-rays and should correlate with the behavidheonost energetic X-ray

photons, generated by this same population of high eneegyrehs.
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In the consideration of the possible leptonic models, theraé question is that of
the origin of the target photons for the inverse-Comptoitedag. The synchrotron self-
Compton mechanism arises when the population of soft psasoprovided by the syn-
chrotron emission of the same population of particles pi@dting in the IC up-scattering,
and was first considered by Jones et al. 1974 [215].

In the SSC model, the fact that the synchrotron emissivigedes linearly on the
electron distribution (see Chapter 3) means that the IGesaag will depend quadratically
on the electron density: once due to the synchrotron entiggiependence and the second
time because it is scattering radiation already producedrding to this dependence.
This property will mean that if an increase in the source hwsity is registered due to
electron injection, the variability of the IC bump will beggier than that of the synchrotron
one by a factolN — so that, if the injection of energetic particles is vergkara Compton
dominance of the source can eventually be seen such as leabdPKS 2155-304 during
the large flare of 2006 [112] and [32]. Observe that the irszed the magnetic field will
have the oppositeffect of decreasing the ratlg: /Ls (L. « B™Y2 wheread s « B), while
shifting the peak of the two distributions by equal amouatgards higher energies — see
for example [70].

Observe as well that, as given by [206], there exists a baseatic condition for the
IC scattering within the SSC mechanism, which for a giverchyotron photon energy
€s and electron Lorentz factor, restricts the range of allowed energies of the Compton

photonec:

degy

(1 + degy)’ (4.3)

€s < €1c < Ve

This rule is useful in deriving basic predictions from simm@stimates about the syn-
chrotron spectrum and the parent particle population.

Another characteristic property of the SSC mechanism isdimge the synchrotron
emission generates photons with energies 3, the energy of the IC photons will be
€ o y4, and so the spread in energy of the IC bump will be twice thahefsynchrotron
one, whereas the slope of the energy distributions, as wars&@hkapter 3, will be the
same as long as the scattering happens in the Thomson limit.

Mathematically, we can recall the results 3.45 and 3.46 tivel¢he relation between
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the Compton and synchrotron luminosities in the SSC scenari

212

sync
RZB2C’

which evidence the proportionalityic o L.

Lic = (4.4)

When we go to higher energies, an abrupt suppression of theimd@ will be seen,
marking the entrance of the scattering in the Klein-Nisliggime. All these basic ingre-

dients of the SSC emission can be seen in Figure 4.3.

4.2.2 External Compton Models

This alternative model, in which the origin of the seed sbfbjons is radiation fields ex-
ternal to the emitting region was initially proposed by Blegen & Sikora in 1987 [74].
The attraction of this method is that it can, by invoking ex& sources of radiation, sup-
ply an explanation for the high-energy bump when it does beydhe strict correlations
stated in the previous section which are demanded by the 8&@so. It is important
to observe that, except for a certain amount of self-abswrphat might &ect the syn-
chrotron and IC emissivity of the compact emitting regidrs hard to avoid that part of
the radiation be emitted via the SSC channel, so it is guilithat even when the EC
mechanism is present, the SSC mechanism will contributeraédevel to the emission.
In blazars, because of the dominance of the boosted jet iemjsisis hard to directly
observe other radiation fields, but from the knowledge oG& environment in general,
we can devise the following possible sources of external peetons: (i) emission from
the accretion disc, most prominent in the UV [321]; (ii) mepessed emission from the
accretion disc by the BLR, which will largely fall in the opél band [271]; (iii) the host
galaxy red stellar continuum [325]; (iv) and of course, tbhemic microwave background.
An interesting variant of the EC model has been recently gsed by Ghisellini &
Tavecchio 2008 [169] to try and explain the extreme VHE fldrEKS 2155-304. In this
“needle in jet” scenario, the particles responsible fordjechrotron flux form a distinct
population with the jet, travelling with enhanced Doppleetbrs, and they EC-scatter the
radiation produced by the surrounding jet. This scenalp@ses an interesting superpo-

sition of SSG-EC emission that is capable of explaining both the quiesstté of the
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source as well as the extreme flaring activity (see Figure[268]).

4.2.3 Hadronic Models

The main dificulty with hadronic models, which usually disfavours thexative to their
leptonic counterparts, is that for affieient hadronic emission of VHE gamma-rays, ca-
pable of explaining the observed SED fluxes — and given the $asic “environmental”
conditions within the jets as for the leptonic models — hadroeed to be accelerated to
energies of up to 1 eV!2. Several diferent hadronic processes can contribute to the
emission from blazar jets, but in general, they all ssumettieay-ray emission is basi-
cally the final product of the interaction of the accelergbedtons with either ambient
matter (in so-callednatter-loadednodels), photon-fields (via photo-pion production) or
magnetic fields (in proton-synchrotron models), so heretheophysical characteristics
of the jet can be inferred from modelling of the emission. Riee of these models can
be found in Bottcher 2007 [90], but for the sake of completsna brief account of these

three radiative mechanisms is given below.

Photo-pion production

If the development of the jet is such that a significant fiattof its kinetic power is
converted into the acceleration of protons, beyond theshuie level for py pion pro-
duction, then electromagnetic pair-cascades can devatbpwhe jet that will give rise

to gammaray production. This threshold is given by ~ 0.03E;3 eV, for a photo-pion
cross-section ofop, f) ~ 1072 cm™ [12]. The provenance of the target photons can
either be the relativistic jet itself or external radiatifields such as from the accretion

disc. The main reaction channels are [90]:

p+y— p+7r0
p+y—>n+nat (4.5)

p+y—> p+e +e

2In this sense, the verification that hadronic mechanismtharactual responsible fgrray productions
in blazars would represent a fundamental step in assogieximagalactic jets with potential sites of UHECR
production.
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The first two reactions will later give rise torays from EM-cascades in two ways:
n°-decay into 2, andr*-decay g* — u* — €t). The main constraint for such reactions
is that they require protons to be accelerated to extremgieseexceeding eV, and
the dficiency of acceleration of protons to such extreme energie®mpact regions is
possible only in the presence of extreme magnetic fiBlds 1 G. [12]. Differentiation
between the dilerent reaction channels can be based on the fact that thecasmades
generate featureless spectra, in contrast to p-synchrotisecades which are expected
to produce double-bumpedray spectra, the low-energy one contributing to the primar
synchrotron emission from electrons, whereasythay spectra would be fully dominated
by the hadronic channel, given that the extreme magnetisfa not favour up-scattering

of the lower-energy radiation [90].

Matter-loaded models

As the name suggests, if the jet is dense in hadrons, pratmospinteraction cross-
sections can be large enough so that the rate of p-p pion gtiodun the system becomes
sizeable. The minimum energy threshold for each proton @s\8V, and so the advan-
tage of this scenario over photo-pion production is thatiglaracceleration to extreme
energies is not required. Nevertheless this model has Haeldantage that observations
seem to favour a plasma in the jet that is of relatively lowsignand therefore thefie-
ciency of this mechanism is likely to be too low to explain tieserved time-variability
and the highy-ray fluxes observed in blazars [12]. It is important nevelghs to observe
that while a low-proton density jet would disfavour such imeaism, it is still a likely
scenario when part of the proton targets comes from extemates such as in the event
of a collision of the jet with a dense cloud on its path and thresequenéntrainmenf

the material.

Proton-synchrotron models

Proton-synchrotron radiation becomes dfeeive mechanism for the production of
rays, with high enough fluxes and characteristic coolingesihi@ s, as necessary to fit
the observational data, only for very energetic prot@hs (L0*° eV) and strong magnetic

fields ~ 100 G. If the particles are in a regime dominated by syncbrotosses (i.e.
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tacc = tsy), than the spectral shape of the Doppler-boosteadiation is given by the self-
regulated synchrotron cutfaat E¢; ~ 3571610 TeV. For a maximum particle acceleration
efficiency ¢ ~ 1) and typical jet Doppler factors &f > 10, the proton-synchrotron
spectrum is expected to extend all the way to the TeV range [12

The conditions for proton-sychrotron emission are veryilsirmo those required for
effectivey-radiation via photo-pion production. Because of thahéf $ystem achieves the
necessary conditions to radiate via the photon-pion meshmiit will also have the nec-
essary conditions for the protons tfiieiently radiatively cool by synchrotron emission;
it actually turns out to be the case that this last procedshéh dominate, meaning that
efficienty-ray emission in a hadronic scenario is a likely indicatiofiavour of proton-
synchrotron process and a sign of tbe gficiencyof the photon-pion mechanism. Only
with protons with energy well below 1deV would the photon-pion mechanism dominate
over the proton-synchrotron one [12].

In any case, both the particle energies involved and theegabfiB are so high (ex-
pected to exist only in the innermost regions of the jets) ithia challenging to explain
how emission via this mechanism can be realised in pra@ie®) if phenomenologically
hadronic models can successfully fit some of the key featarése SEDs of blazars (e.g
Mannheim 1993 [251]).

Interlude: curvature radiation

To conclude, there exists a last mechanism that can cotgribuhe proton radiation of
gamma-raysCurvature radiationis produced when a charged patrticle follows a curved
path along a magnetic field line. It isftBrent from synchrotron radiation inasmuch as
here the magnetic field lines are not straight, but themsetueved, and as the patrticle
experiences acceleration by following the curved trajgctd the line, electromagnetic
radiation is given out. In this sense, curvature radiatim loe treated as a generalization
of magnetobremsstrahlung as discussed by Aharonian @2 [21]. The radiative loss
rate for curvature radiation is given by:
2,9

Ecurv = 5’}/6@0 =nqBc, (4.6)
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whereRis the radius of curvature of the field line and all other quee# are as defined
previously. The quantity = 2/3(q/R)?y*, which should be compared to its synchrotron
equivalent 23(g/mc)?y?, is termed “radiative ficiency” and defined in general terms
in [11] ase = ngBc wherenB = Eg;, the dfective equivalent electric field responsible for
the acceleration. By comparing both the synchroton and dineature radiation expres-
sions, one sees that the curvature radiation losses aréesthan those for synchrotron
radiation, as long as the energy of the particle satisfiesahditionE < qRB and thus
provides a favourable emission mechanfisrithe latter limit on the energy of the particle
is that above which the particle’s gyroradius is greaten i radius of curvature of the
field line and so it makes no sense to speak about “curvatdratian” any longer.
Observe that this last condition is met with particular alitity when we speak of
extremely strong magnetic fields. Such curved magnetic fiegs of extreme inten-
sity can exist in AGN environments in the vicinity of the cetrotating supermassive
black hole, creating an environment where curvature reshavould putatively domi-
nate over synchrotron emission. For magnetic fietd40 G, curvature radiation could
produce photons ot TeV energies, with the advantage that the emitting regibemsg
constrained by the sizes of< R, would be very compact, thus providing an instance
for extremely fast variability (as observed in PKS 2155384he vicinity of the central
engine. As in synchrotron radiation, given the intensiti€the magnetic fields at play,
electron energy losses would be catastrophic, and onlyppsadre expected to provide

relevant contributions for the fluxes at TeV energies.

4.3 Blazars and TeV Emission

Active galaxies represent one third of the known VHE gammasources, with the vast
majority of the detected objects belonging to the BL Lac (azhr) class. The number of
known extragalactic TeV sources has increased by a fact@trlefst 4« since 2003, just

before the current generation of Cherenkov observatogeare active. The distance of

13This can be expressed in an alternative way, as given in filiioting that the photon energy emitted
by curvature radiation relates to that of synchrotron réaiieby ecn/esync = /R, wherer, as before, is the
gyro-radius of the particle.
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Figure 4.4:Spectral energy distribution (SED) of the TeV blazar PKS&322, the most re-
cently discovered VHE AGN. The typical SED of blazars is d¢itated of two dominant peaks
which are interpreted as synchrotron and inverse-Comptoissgon from a population of en-
ergetic electrons. Notice the presence of an emission pelkvarequencies, of non-thermal
origin and corresponding to the underlying galaxy emissieer which the jet's double-humped
synchrotron-IC SED is superposed. Figure adapted from [37]

the known sources has also increased considerably: wialértt confirmed TeV AGN
were “local” objects £ < 0.05, e.g. Mkn 421 and Mkn 501) the most distant object
known to date, the FSRQ 3C 279 [41], is located at a redshif0.53, much beyond the
initial expectations for the detectability of the TeV saesavith the current generation of
instruments.

As mentioned before, blazars are radio-loud AGN which peseaativistic jets point-
ing close to the line of sight, and are therefore chara@drizy a dominant, featureless
non-thermal continuum emission. As shown in Figure 4.4strextral energy distribution
(SED) of blazars, which is seen extending from the radio éoT#&V bands, presents two
broad components in thé-, plane, that in the case of the TeV sources peak in the X-rays

and the GeV-TeV band respectively. The positions of suckgaee variable, depending

14This was the first extragalactic TeV source discovered,ofiedewith the Whipple telescope in 1992
[294].
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on the state of the soureand can sometimes accompany the short-timescale vatyabili
that is characteristically observed from these soudfces

In itself, the existence of VHE gamma-ray emission from ¢éhssurces, which is
variable on extreme (short) temporal scales, is importacabse it provides independent
and unsurmountable evidence in favour of strong relato/istaming being operational
in the jets. As we will see later, becauseye§ pair creation opacity, the VHE emission
provides severe constraints on the location of the siteBeo{kinetic) energy dissipation
zones which characterise their jets (their parent popaniasi that of the FR Is).

The bimodal SED of blazars is not the same for all sources,jrafatt, the blazars
themselves are subdivided in several categories, whiah farmulti-band continuum
of spectral properties as evidenced by Fossati ei al 1998][15 simple terms, the
sources range from low-frequency-peaked (or radio-ssti@@&L Lacs (LBLs), more lu-
minous (in bolometric terms) and whose synchrotron pedg falthe optical bands, to
high-frequency-peaked (or X-ray selected) BL Lacs (HBLsdh synchrotron peak emis-
sion that lies in the keV range, reflecting therefore an eotrelation between the syn-
chrotron peak of the emissiofi"™and the corresponding energy density at this frequency
vE, (2% It is this last class that composes the majority of Te\édtd blazar sources,
with very few exceptions such as the FSRQ 3C 279 [41], the LBLLBCc [40] and the
IBL (intermediate class between LBLs and HBLs) W Comae [Blisbasic phenomeno-
logical scheme has been succesfully explained in its mosrgéterms within the widely
accepted synchrotron-self-Compton and external-Comptodels (see Section 4.2 for
details on these models) in which the SED sequence refle@saution of the physical
properties that characterise the emission region, narniedyjet power and the intensity
of the dffuse radiation field surrounding it and which serves as tgsgetons for the
Compton up-scattering.

Costamante & Ghisellini 2002 [111] have analysed in defi@lliroadband SED prop-

151n extreme active states these peaks can move dramatioatlyds higher-energies, with the inverse-
Compton component falling well within the TeV band [232]. €lthrelative intensities can also vary by
large amounts, an in some cases the bulk of the radiativaibatghe source is seen from the gamma-ray
bands [32].

BNevertheless, it is important to notice that this is not gisvéhe case with these objects, and in the
most extreme varibility episode observed from PKS 2155i8@006 [26], flux varibaility of~ 100x were
registered without spectral variability, pointing to a quex and maybe not unique variability mechanism
in operation in these sources.
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erties of a number of blazars and the position of the souhasiad been detected to that
date in the TeV band to establish criteria for the search of other TeV-emittirig IBac
objects. This procedure, which was based on the preseneegef K-ray and radio lu-
minosities, has been very successful in guiding the seansitl the current generation
of ground-based instruments. The physics behind thesziarivas in line with the main
ideas behind the blazar sequence of Fossati (Figure 48k #he X-ray luminosity was
tracing the density of seed photons and the strong radioslwere an indicator of the
total power in the jets. The detection rate based on thipedtas been extremely high in

the past few years, and in fact all the objects detected snwhy were HBLS.

4.3.1 The blazar sequence rationale

As mentioned above the blazar sequence is a phenomendloigissification of sources
based on SED properties. Physically (see Section 4.5) hbereed luminosity of blazars
is enhanced by beaming accordingstop wheres is the bulk Doppler factor of the flow,
§ = [I(1 - Bcosh)] ™, for a jet viewing angled. Not only the luminosity, but also the
frequency of the emitted photons is boosted by the same misthax § — that is to
say, naively the expectation would be that both emissioosease, whereas the trend
evidenced in the blazar sequence is of an anti-correlation.

In the leptonic scenario discussed in the previous secti@nplazar sequence cor-
responds to a decrease in the energy of electrons emittititgge8ED peaks whilst the
energy density of the seed soft photons for IC scatteringsaundce power grows [100].
Within this scenario, Ghisellini et al. 1998 [167] found aredation between:**for the
electrons emitting at the peak of the distribution &idd= Ug + U,,q, the total energy
density of the jet. By observing that the radiative cooliatgris given byye o« Uy?Z, they
concluded that this had to do with cooling of the electromglying a “universal” cooling
rate at the peak for all sources.

In the case of continuous particle injection and radiatiweling dominating at all

peak
e

will be ~ yMn the minimum Lorentz factor of the

energies (the case of the LBLy),

injected particle population. Whereas for HBL, where rédecooling is less strong

"Namely, Mkn 421 and Mkn 501, both detected by Whipple, 1E1850, 1ES 1426428 (detected
by HEGRA), 1ES 234451 (Whipple) and PKS 2155-304 (Durham)
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becausel{ is smaller, adiabatic losses will dominate ayfd®™ o 7241, explaining the
reversed trend.

Today, with the large amount of knowledge gained in the ustdading of blazars
from multiwavelength, but specially gamma-ray studieis, simplified view of the blazar
sequence is being challenged (see for example [170]), éargh phenomenologically
it still holds strong. The details of the problem are rathmcfic to be discussed here, but
it should stfice to say that a one-parameter model based on the bolometrindsity
seems no longer sustainable and the physical propertiég @aentral engine, such as the
black hole mas#$/, and the accretion raté (or disc luminosityLgsc) must be taken into
consideration. In fact, some of the key points of this newppsal have been recently
confirmed in a study of the properties of the brightest deteEermi blazars, in which
a positive correlation was found between jet power and @ocrélisc luminosity [171],

suggesting an important physical link between the acargirocess and the jets.

4.3.2 The gamma-ray view of blazars

The majority of AGN detected by EGRET belong to the blazarybaipon [276] (the ex-
ception being the radio galaxy Centaurus A). The main coutoirs to the EGRET blazar
population are the FSRQ, which are more luminous and lessipet than BL Lacs, and
tend to be more distant objects. The EGRET blazars showeabiléy on timescales of
months, but the minimum timescales are clearly limited ygampling of the observa-
tions and the observatory’s limited sensitivity B> 1GeV) ~ 2 x 107! ergcnrs for
the one year sky-survey typical integration times. Newess, short flares on timescales
of less than 10 hrs were detected from bright objects suclCa&73 [276]. Regarding
their spectral properties, EGRET blazars are well-desdrly a simple power law over
the energy range 30 MeV to 10 GeV, with photon indilex —2.2 and no evidence of ap-
parent cut-€fs. These spectral properties are remarkably similar fazatbjover 3 orders
of magnitude dterent in luminosity. No correlation was found in the EGREMmpé& be-
tween the photon indices and the redshift of sources, deamtrong luminosity-redshift
correlation being found, which could be due to selectiffaats.

Of the over 100 AGN sources detectedd®rmjLAT in its first year of operation [150]

the vast majority belongs to the blazar class. The new LAR danhfirms, with larger
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statistics, the EGRET results that the majority of the krigaV BL Lacs are FSRQ with
somewhat softer spectra than the HBLs detected in the samdke which typically present
I' < —1. Not only this spectral dichotomy is confirmed by the new Ldsita, but also the
expected trend between the GeV gamma-ray luminosity anspibetral slope, which isin
the sense of “bright when harder”. The recEatmiobservations were important also to
constrain the peak of the IC emission in a number of souraess $ypically the frequency
of maximum IC-emission falls between the LAE (< 100 GeV) and the ground-based
bands E > 50 GeV) [148].

There is neverheless a population of BL Lacs, charcatebgeeery hard GeV-TeV
spectra, that are not easily detectable by the gamma-ralfitest In fact, perhaps the
most interesting trait of EGRET or LAT objects for us is tHagy form a complementary
sample to that of TeV sources, meaning that GeV-bright Ioéaaee tendentially weak
TeV emitters, and pertaining to the sample of raolical-selected rather than X-ray se-
lected blazars. The GeV-TeV anti-correlation is assodiatih the high density of soft
IR/optical photons in quasars, which provide dfeetive environment for IC production
of gamma-rays, but also limit the maximum energy of the ugierzd radiation, as mani-
fested in the “redder as brighter” relation shown in Figu& #inally, GeV blazars tend
to have superluminal parsec-scale jets, in contrast taubhdisninal propagations that are
seen from the TeV objects, most likely due to the jet decat@ranentioned earlier in this
work. Apart from these intrinsicfiects, the intergalactic absorption of TeV gamma-rays
from distant sources will contribute tofterent spectral properties of both populations of
sources.

The general observational properties of the populationedf Blazars are now being
studied systematically, since a minimum statistics foiséhebjects has been reached.
These first synoptic studies have been conducted by Wagi0& [3@5] and Lenain et
al. 2010 [240], and have confirmed the expected correlabehseen X-ray and gamma-
ray luminosities, resulting from the synchrotron self-Gion (SSC; see Section 3.2)
model used to describe the broad SED features. The sourcesse shown to follow a
harder-when-brighter spectral behaviour at energies 100 GeV. More interestingly, a
possible correlation between black hole mass and gammennession has been detected,

suggesting the existence of a possible threshold blackrhaks for the onset of strong
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jet activity, in gamma-rays as well as in radio [345]. Leneiral. observed that a simple
SSC model is indeed successful in reproducing the majofitigeo(time-averaged) SED
of VHE AGN, and in particular HBLs, whereas other classeslatérs and FSRQs need
a parameter space for modelling which is slightlffelient. According to Lenain et al.,
this is most probably down to the microphysics governingabeeleration mechanisms
in these sources, as detailed in Section 3.1.

It is important to bear in mind that all these analyses arelgoted with the sources
most probably in a high-state. Given the relatively limigsehsitivity of the ground-based
Cherenkov telescopes, TeV blazars are usually observed fidreng, and except for one
case which will be discussed later (namely, PKS 2155-304)oimother objects are we
sure to have detected the object’s low emission (or quig¢sséate. For this reason, an
intrinsic bias might exist in the aforementioned studiesciviprevents more definitive

conclusions on the physics of the blazar jets being advanced

4.4 Gamma-ray Opacity: Pair Production

The most important mechanism by which GeV-TeV gamma-ragsbsorbed is photon-
photon pair production, whereby the incident gamma-ragratts with a softer photon
to annihilate and produce an electron-positron pair+ y, — € + €". The energy
threshold of this interaction must of courselife; + v,)(1 - co®) > 1.02MeV = 2m.c?,
corresponding to a thresholl, rey = 0.26/Erey. Since the incident gamma-ray carries
most of the momentum before the reaction, the created efegisitron pair is highly
beamed in the direction of motion of the gamma-ray, genggahe potential of creating
gamma-pair cascades in space [12].

The optical depth for absorption of a gamma-ayn a soft-photon bath with number

densityn(e, r) is:

7(v) = ffoaw(v, e)n(e,r) de dr, 4.7)

where the cross sectian, (v, €) bares some resemblance with the functional form of
the Compton scattering cross section, and an approximate ifogiven by Aharonian
2004 [12]:
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_ 307 [(S+ oo 1, i)m(sl/z + (s 1Y) (s+ . i)(l— 1)1/2 . (48

Trr = o2 2 6 2s s

Heres = hve/mPc® indicates that the cross section depends only on the esesfjlmoth
photons. Notice that whes — 1, the cross section for pair production approaches
(1/2)or(s - 1)*? ~ 0. Otherwise, whers is very high,o,, — (2/3)or(In(s)/9), thus
decreasing for even higher The cross section has therefore a spectrum which is very
sharp and relatively narrow, peaking fer~ 3 — 5 (see Figure 5 in Coppi & Blandford
1990 [108]) with a value o 0.20r. This means that a very-high-energy gamma-ray in
the range 0.1-10 TeV will be absorbed by a narrow band of I&Rzapsoft photons: the
peak in terms of soft-photon energy i&; rev = 0.9/Erey. Finally the optical depth to

gamma-rays propagation is [108]:

7,,(€)  0.20re (e, 1)r. (4.9)

4.4.1 Emission Site Constraints from Internal Source Opady

The presence of soft photon fields from the central enginetlaadbroad line region or
the startlight of the host galaxy will have implications e tescaping of gamma-rays pro-
duced in the near vicinities from the source centre, as thikp&a source of interngt—y
opacity. The presence of such sources of absorption wile@yant for putting physical
constraints to the sites of gamma-ray emission. ¥hey opacity from such external
radiation fields in blazars has been considered for exampl@dbotti et al. 1998 [99].
They observe that in order to estimate the physical comsranposed by these external
fields on the sites of gamma-ray emission, it is necessargrisider their compactness
over diferent size scales in the source.

Because of the relativistic bulk flow experienced by the gngtplasma, the opacity
constraints can be fomulated in terms of minimum values &oflibw’s Lorentz factor
I', which alleviate the intrinsic constraints to the escapmihghe observed gamma-ray
radiation. For a given size scale of the emitting regipr I'?cAt,,, and for a soft photon

flux (e.g. IR photonskq,{vir), We have [99]:
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I > 1.2x 10*°FY3(y )22, (4.10)

obs var

This expression signifies that the gamma-radiation is predwt typical distance’, ~
4 x 10°Fpdvir)t,E cm. If we require nevertheless that the plasma propagatemdte
modest and typical Lorentz factars~ 10, severe constraints can in turn be putin the IR
photon field of the source (e.g. such as that from a putatiggydarus around the central
engine). Celotti etal. 1998 [99] used this reversed argutoezstimate a more reasonable
constraint for the site of TeV emission in the blazar Mkn 42Rp> 3 x 10*%t,,12 cm.
Another important intrinsic source of opacity will arisetiin the synchrotron self-
Compton framework, which results from the opadigidethe emitting zone itself (i.e.
within the blob). In the SSC model, a soft photon field will kengrated by synchrotron
emission co-spatially to the particle population which patentialy absorb the Compton
upscattered gamma-ray photons. Again, the size of theiaqittob can be derived by
means of the variability timescale to be < ct,d(1 + 21, Taking into account the
relevant Doppler transformations for the observed gamema;ithis will mean that for a
~ TeV photon ¢rev = 1.2 x 10?° Hz) the soft photon field that will mostly contribute to
the absorption will have a frequeney,; ~ vir = 1.2 x 10751 6% Hz. So, for a given

flux Fopdvir), the internal constraint on the Doppler factor will be [99]

5m(5@§99yw, (4.11)

tyar

which impliesé ~ 10-15 for the typically observed non-thermal IR fluxes inziaie.

Observe as well that due to the shape of the SED of blazarstdiog to which most
of the synchrotron flux is emitted below, (this parameter is defined in Chapter 3), a
lower limit on § which puts the frequency of the absorbing soft photegg > v, will
guarantee that the blob is essentially intrinsically tp@ment to high-energy gamma-rays.
Such considerations are discussed in detail for exampledgelfhan et al. 2008 [75]
in the context of the large flare of PKS 2155-304, for whichrexteI” = 50 are shown
to be required. Internal gamma-ray absorption might alag plfundamental role in the
“artificial” hardening of the observed intrinsic blazar sppam, as discussed by Aharonian
et al. 2008 [31].
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4.4.2 Propagation Through the EBL

Early in this section we arrived at the conclusion that adfihoton field would strongly
absorb photons of TeV energies; in fact, because of the sharp peak in the ceu$i®s
shown in Equation 4.8, there is practically a one-to-onepirapof the gamma-ray photon
energy and the absorbing radiation [198}.ey ~ 0.74,,. The local universe is immersed
in a broad-band radiation bath called the extragalactikdratind light (EBL; see Hauser
& Dwek 2001 [190]) made up of a number of distinct componefti fierent astrophys-
ical origins. Among them, the presence of an intense, aibe#curately determined, IR
component due to integrated and redshifted starlight ginpand reprocessed radiation
by dust (100-20@m) will influence observations at the VHE bands by stronglymseps-
ing flux in a diferential manner along the gamma-ray spectrum of extraiyakaurces.
In fact, the accurate measurement of the EBL is one of the itapbconstributions that
very-high energy gamma-ray astronomy can give to cosmo&gythis can be done basi-
cally by comparing the observed spectrum of gamma-ray tdagih the expected blazar
models to estimate the amount of absorptiofiesed during propagation [199].

The optical depth of the EBLzeg (E; 2) is described by Equation 4.9, and will mod-
ify the intrinsic spectra of gamma-ray sour@s<(E) = ®;(E)e =& A fundamental
consequence of an intense level of EBL is that an extragalgatnma-ray horizon will
exist, beyond which the Universe becomes opaque to obgamsait TeV energies. The
recent observations of gamma-rays from increasingly wiidtéazars and extragalactic
sources has nevertheless contributed to refine the preasdior the EBL energy density
from near-IR to optical wavelengths, and the revisions Haveured the lowest theoreti-
cal estimates. In terms of the appearance of the sourceraptitt expected peak in the
shape of the EBL in the near-IR @ 3 um) means that the 1 TeV photons will fier
more attenuation than softer, 0.2 TeV photons, and so thetrsipe of distant blazars will
be steepened in a manner which is proportional to the redshihe source [20]. The
diverse spectra of nearby sources can then be used as ancef@aint for limits on the
hardness of the VHE blazar spectra which can then be usedttth&editferent predicted
levels of EBL density by trying to reconstruct the intring@mma-ray spectra of distant
objects [20]

More recently, Mazin & Raue 2007 [259] have collected s@ahformation on all
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Figure 4.5: Series of radio images of the quasar 3C 345 at 10.7 GHz ovesghe of five
years showing evidence for expansion of jet features witihénjet at apparent relativistic speeds
exceeding 7c. Credits: J. Biretta

gamma-ray blazars observed to that date and used basicgswsmegarding the physics
of gamma-ray blazar emission to derive independent canstri@r the EBL in the range
~ 1-80 um, which approximated very well to the lowest-limit from ploenenological
EBL models. The most distant TeV source known to date, the@rSR 279, at redshift
z = 0.54, pushes the VHE gamma-ray horizon to larger distanceswioalld have been
expected few years ago, corroborating the growing evideowards a “transparent” Uni-
verse for gamma-rays [41]. In all these studies, tfiects of the intrinsic source-opacity
are an important and often unknown factor, which complithéeproblem but must be

taken into consideration [329].

4.5 Extragalactic Jets

45.1 Geometrical Structure and Superluminal Motion

The observation of superluminal motion in the jet of exttaggc radio sources came
as the demonstration of J. Terrell 1964 [330] and M.J. Rg&agdictions in 1966 [299]
that the non-thermal emission from compact extragalaciicces originated in plasma
experiencing relativistic expansion which would boosemsission and thus alleviate the
energetic dficulties and constraints implied by short-timescale valitgb The effect is

based on the fact that if a portion of radiating plasma (ble)itted from a stationary



4.5. Extragalactic Jets 116

blob on jet
~———— vt cos) —f%)

vt sind

l D to Observer

-

Figure 4.6:Geomtry of superluminal motion. Credits: G. Smooth lectunees (UC Berkeley).

central source at distance D, moves away from the core wiglacity v3c on an angle
0 to the line of sight, then the photons which are emitted ater lamet. will cover a
distanceD — vt cosd rather tharD (see Figure 4.6).

This geometrical configuration has the direct consequdratehe intervaht,,swhich
the observer measures between two poisitions of the sosigtertened by a factor @A
B cosH) over the corresponding time interval in the blob’s frame.aesult, the apparent

speed of the moving jet features projected at the plane afkhevill be:

v _vtesine_C Bsing
PP Atgrs 1 —pBsing

(4.12)

In this geometrical configuration, the apparent projecpeaav,y, can be greater than
1 when the denominator becomes small, that is, for relditivipeeds®3 ~ 1 and when
the blob motion is in close alignment to the line of sight @es1. With these limits into

account we can re-write:

(4.13)

wherel’ = 1/+/1- 2 is the Lorentz factor of the blob, and the approximatigns:
1-1/2r? and co® ~ 1 - 6?/2 have been used [256]. For the case of blazars or closely-
aligned sources, where the jet is viewed almost face-on,1/€ < § < 1, we have

Bapp = 26071 > 1 and large superluminal motions can be registered suchoagdor the
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quasar 3C 345 on Figure 4.5.

4.5.2 Relativistic Boosting

An important consequence of this relativistic expansioa il revisit this topic in Chap-
ter 6 in the context of our own work) is the Doppler boostingraf emission; in fact, this
was the main reason, related to the energetics of the sdardbge prediction of the rela-
tivistic expansion in extragalactic sources. Again, ifsberce of emission is moving with
v = Bcat an anglé@ to the line of sight, the intrinsic emission parameters balmodified
when registered by the observer according to the laws divistc aberration [245].

For an optically thin source of sizeat a distance, the synchrotron flux can be
written asS, = fjvsdQ =D f j,dV, wherej,sis the synchrotron emissivity given in
Chapter 3 andiV the volume of the emitting source. The flux boost due to nakitc
motion is therefore related to the transformation law ofahmessivity from the rest frame

J;, to the observer’s frame:

dw

= e gtdndy” (4.14)

v
wheren, is the electron density. Let us define the Doppler fadterI'1(1 — g cosd) ™.

Thus, the diferent components of Equation 4.14 above will transform &6][2see also
[304]):

e frequency: & = 6dv’
power: dW= sdW
time: dt=I'dt
number density: & I'n’
solid angle: @ = 6-2dQY’

All these together will implyj, = 627, and so the flux from a power law distribtuion
in frequency with spectral index will experience a Doppler boosting due to relativistic

motion of:



4.6. The VHE Blazar PKS 2155-304 118

3+a
5.0) =57 [ v, (4.15)

which implies, for an spherical source that the boost in hosity will be of L = §%L".

Because the Doppler factor is a very sensitivie functionhef viewing angle (e.g., for
blazarst < I''t — ¢ ~ I' and otherwis® > 1 — § ~ I'"!), Equation 6.27 will introduce
a large diference between sources depending on geometrical factors, @s we said in

the discussion that openened this chapter.

4.6 The VHE Blazar PKS 2155-304

At a redshiftz = 0.117, PKS 2155-304 is the prototypical southern-hemisgehew-
emitting BL Lac object. First discovered in the X-rays in 89184] by theHEAO 1
because of its synchrotron emission which peaks in the soétyXand, this HBL is one
of the brightest gamma-ray sources in the sky. Because witésse emission and vari-
ability properties the source has been extensively stadoeg) the years, specially in the
context of comprehensive MWL campaings (see for examplg Brral. 1997 [337]).
In radio its spectral properties are typical of compactaaiurces, with a flat spectrum
characteristic of the superposition of a series of compat,absorbed synchrotron com-
ponents (see Chapter 3). In gamma-rays the source was fiestteld by theEGRET
instrument onboar@GRQ between 30 MeV and 10 GeV [344], and its photon index at
this high-energy band is harfi £ 1.71+ 0.24) indicating that the IC component peaks in
the MeV gamma-ray region.

PKS 2155-304 was the third extragalactic source to be deseoMn the TeVs, by the
Durham Mark VI telescope, in 1997 [101]. The Durham resuksenater confirmed by
observations with the H.E.S.S. telescopes still beforeetimepletion of the full array, in
2003, at a strong detection level of@$15]. Since then, this source has been regularly
observed by H.E.S.S. at a number dfelient intensities and spectral states. In fact, due
to its strong emission, PKS 2155-304 is the only extragalatiE.S.S. source which is
detectable at any moment in which it is observed, after natiggn times of~ 1 hour when
in the lowest state.

PKS 2155-304 was the subject of several multiwavelengthpeggns involving TeV
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observations along the past decade. The first one was caudbgtH.E.S.S. in 2003
along withRXTE the optical telescope ROTSE and in radio with the Nancagrara [15],
when the source was seen to be at a low state throught theostexinetic spectrum,
with VHE fluxes~ 0.2 Crab. The photon index observed by H.E.S.S. at low states is
extremely soff” = 3.37 + 0.07sa = 0.10sys. The SED of PKS 2155-304 was modeled
by a number of dferent leptonic and hadronic models, but frequently SSC isdie
well the time-averaged SED at low states. As will be discdssehapter 6, this simple
modelling approach fails when time-dependent informaisancluded and in Chapter 5
we will present data from extreme high states which cannaéxpained by one-zone
SSC models.

In fact, during the summer of 2006, PKS 2155-304 exhibitgutecedented flux leves
accompanied by strong variability [26] at minute timessal@ detailed analysis of the
temporal properties of PKS 2155-304 at VHE energies is ptesein [2]. Further dis-
cussion of the source and previous observations, in péatieudetailed presentation of

its optical polarimetric properties, will be given in Chap®.



Chapter 5

Time Variability and Spectral

Dispersion in Blazars

Blazars are usually detected in the gamma-ray band when ighastate. These high
states are dominated by strong and burst-like flaring epsdldat are characterised by
very short variability timescales due to the fast coolimyes of the~ 10 TeV electrons
Furthermore, the limited photon statistics that are assediwith these objects at VHE
energies mean that the information on the time variabilitsnes oftentimes in the form
of poorly or under-sampled light-curves. The use of unbshmethods, which are capa-
ble of utilising all the information content of the time-tp&d event lists recorded by the
telescopes, without recourse to binning, is thereforéfjedt It also provides the best sta-
tistical tools for the study of short variability events.this chapter the statistical aspects
of this work will be presented.

These were initially developed with the intent of finding gtimal method to detect
short flares within limited photon samples. The studies twarved to the development of
a new method, called the Kolmogorov distance method, trsggesially designed to look
for energy-dependent time variability signatures in lgdiphoton data at high energies.
After discussing in detail this new method, which proved &vénexcellent performance
for the proposed task, we will apply it to the data on the ldtgee of PKS 2155-304

observed in 2006, to study twoftérent d€fects. First, to test for quantum gravity sig-

1A detailed study on the characteristics of the gamma-raipldity in blazars can be found in Giebels
& Degrange 2009 [173] and Abramowski et al. [2].

120
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natures in the energy dependent propagation of photonsalisaton of the so-called
time-of-flight experiments) and second, to put some comgg®n the internal acceler-
ation mechanisms in extragalactic jets, which lead to tleglpetion of gamma-rays of
very high energy. The analysis of the H.E.S.S. data relativbis Chapter was already
discussed in Chapter 2.

Some of the theoretical background work related to this whapas presented in
the 4" Heidelberg Symposium in High-Energy Gamma-ray Astrono@grima 2008)
[62]. The initial work on the statistical algorithm for eggrdependent dispersion was
presented at the Slinternational Cosmic Ray Conference (ICRC) in 2009 [63] ama
number of talks at National conferences. A paper on the egipdin of the method to the

TeV blazar PKS 2155-304 is being submitted shortly to Asartple Physics.

5.1 Bayesian Studies of Time Variability: Unbinned Sta-
tistical Methods

5.1.1 Fundamentals of Bayesian statistics

The laws of probability inference were shown by Cox [114] soderivable from two

fundamental axioms, obeying the rules of Boolean logic:

Axiom 1: The probability of an inference (X) on given evidence (Ied®ines the prob-

ability of its contradictory K) on the same evidence.
prob(X|l) + probX|l) = 1 (5.1)

Axiom 2: The probability on given evidence (I) that both of two infexes (X and Y)
are true is determined by their separate probabilities, onghe given evidence, the other

on this evidence with the additional assumption that the ifaference is true.
prob(X Y|l) = prob(XY, 1) x prob(Yl) (5.2)

Bayes’ Theoremfollows trivially from Axiom 2 by exchanging propositions &nd
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Y in Equation 5.2 and noticing that- Y =Y - X:

prob(XY, 1) x prob(Y]l) = prob(Y|X, I) x prob(X]), (5.3)

from which follows:

prob(Xprob(Y|X,I)
prob(¥|l)

In logical terms, Bayes’ Theorem states that every projmws(iX or Y) implied by

prob(XY,I) =

(5.4)

a given hypothesis (1) is irrelevant under that hypothesisviery other proposition. In
purely statistical terms we can think of X as a propositiamfodel) and Y as an observa-
tion (or piece of data), where | is some knowledge or inforaraébout the system under
study, for example that it is governed by a certain probgfdlistribution. Bayes’ theorem
is therefore telling us that at every new observation of §stesn (when new data Y is
accumulated) our opinion prob[¥X, I) on a given assertion about it, X, is updated accord-
ing to what we already knew (or believed) about it, projbXand the likelihood that this
previous idea X (together with the information I) explaie thew data taken, prob(X, I)
(derived from model fitting or regression). Observe her¢ ttha term prob(Y) is irrel-
evant for any assertions about X (by Axiom 2). This analysecess described in the
Bayesian theorem is sometimes called “learning procesgbgrcal inference”.

Following this explanation, the individual terms of thedhem have particular names,
which highlight their meaning in the inference process [188b(X]Y, I) is the posterior
probability of X; prob(XI) is the prior probability of the hypothesis X; prob, I) is the
likelihood function of X, that is the probability of obtaimg the data Y if the hypothesis
X and the prior information | are true; and proll)Yis simply a normalisation factor,
which being independent of the hypothesis under test X, uslsirrelevant for model

comparison. This last term can be written (by Axiom 2) as:

prob(Y]l) = Z prob(X|1) prob(Y|X;, 1), (5.5)

and is simply the probability foY|l integrated over the entire set of parametgref the
model under study. This last operation 5.5 in Bayesian jargoeferred to amarginali-

sation because all the nuisance parameters of the model (i.etenesting for the infer-
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ence process in question) are eliminated by integration.
Because prob(Y) is always the same for all X, this term is unimportant fongmaring
the odds ratioZ;; between two modelX; and X;. The odds ratio can be written as the

ratio of the posterior probabilities for each model:

__ prob(X|Y,l) _ prob(Xll)
U prob(X|Y, 1) ~ prob(%() T

where the first factor is called th@rior odds ratioand %;; is the Bayes factorwhich

(5.6)

is simply the ratio of the two likelihood functions fo§ andX;, usually obtained from
fitting the model to the data.

In the case that the prior's odds are equal for both models Gne does not have a
stronga priori preference for any of the models — the modeller is an uninéorsubject
and the prior is said to beniformin the model's parameter space), only the Bayes factor
(the mathematical incarnation of Occam’s razor) is relef@ndentifying the best model
to fit the data. In such cases the inference problem can beedda anaximum likelihood
approach, in which the solution as to whichX¢v;) or X(6;) better corresponds to the
observed reality is obtained by maximising the likelihoaddtion £(6) = prob(Y}6, 1) to
find the best-fit vector of parametets

It is this maximum likelihood approach which will be used iretBayesian blocks
model for searching flares in high-energy light-curves;alssed in the following section,
whereas our own method to find the energy-dependent dispepsirameters in these
same light-curves will draw from another approach, namedigttics minimisation”. This
approach is appropriate only if one is working in a prob&psipace with well-defined

metrics, so that distances between probability distrdmgican be specified.

5.1.2 Change-point detection of gamma-ray flares

As astronomical observations move into the highest eneliggaws, such as GeV and
TeV gamma-rays, it becomes increasingly clear that an wmebirdata analysis is pre-
ferred. The application of unbinned methods to high-ené@a analysis is often justi-
fied on the basis that binning can overcome the problem of slueity of the data, but

by its very nature this practice inevitably results in logsndormation and can greatly
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limit the temporal resolution and potential of the analysecially in the regime of low
counts found in high-energy astronomy. Moreover, unbinagdrithms, which do not
rely on any kind of smoothing or representation of the datadmtinuous functions, are
usually well suited for the analysis of local and aperiodiht-curve features, such as
bursts or flares in AGN or GRB observations. In the case of garay datasets, where
the counting rates can be very limited and the data consasefies of time- and energy-
tagged events, unbinned methods naturally constituteréfenped choice of tools for the
analysis.

Change point algorithms are an optimal approach for stdgperiodic or stochastic
variability episodes such as those commonly present in-tghves from blazars. The
change-point problem is defined as the identification of tisaint in a given Poisson
sequence where the process’s rate changes; usually thewnkrarameters in the prob-
lem are the prior and posterior rates, the location of thegbaoint, and the number of
change points in the sequence. The object of inferencerieftire how best to model the
event sequence by a step-function with an arbitrary numbeieces.

Let us thus formulate the change-point problem in Bayesamg, following the de-
scription presented in Green 1995 [181]. Suppose we havargaiole collection of can-
didate partition models (or piecewise step functiqmgl, k € K}. Model M is described
by a vecto® of unknown parameters, such as listed above; the numbecbfggaram-
eters determines trdimensiorof the modeh,. Call Y the dataset. The joint distribution

(k, 69, Y) is expressed by the Bayes theorem in the form:

p(k, 6%, Y) = p(k) p(e“Ik) p(Ylk, 6%), (5.7)

which is simply the product of the model probability, thegoron the model and the
likelihood. Thus for example, i¥¥ is a Poisson sequence of lengthl[f} the range of
modelsMy with k € K = {0, 1, 2,...} indicates that there are exacklychange-points in
the sequence. To parameterise the resulting step funet®ngeed to specify the position
of each change-point and the value of the step-functiondohef its pieces, and st

is a vector of lengtm, = 2k + 1. In practice, if all we desire is to detect the presence of
flaring events, we need only be concerned with the chang#&-position, and can treat

the other parameters of the model as nuisance parametéigethategrated out in the
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writing of the likelihood function. The Bayes factor for theodel choice is thus given by
the ratiop(k:|Y)/p(kolY) = p(ki)/p(ko), which Green observes to be independent of the

prior p(Y), as we have seen before in Section 5.1.1.

Bayesian Blocks

With the problem formally defined, we now present an optinealreh algorithm, called
Bayesian Blocksdue to Scargle 2001 [311] and Jackson et al. 2004 [207], wisi@an
ideal method for flare detection in high-energy light-cistve

The “Bayesian blocks” algorithm which we will use here tond#y individual burst
episodes in the large flare of PKS 2155-304 in 2006 [26] wapgsed as a method for
detectingocal structures in a photon sequence and characterising ityesmsiations of
a stochastic quality in a time series. The optimal searcbrilgn developed by Jackson
et al. is the preferred method for implementing this sealittis dynamic algorithm has
a computational cost that goes wifi{N?) and is always guaranteed to find the optimal
partition for a given choice of prior. It is also shown by Sgiaret al. [313], in a more
detailed study of the method, that this approach is relgtivesensitive to the particular
value of the prior within a broad range of “sensible choiégahd this is a very desirable
property of the method. In the following few sections | witlgsent the theoretical back-
ground associated with this method, including my own exterssto it, before proceeding
to an application to the large flare of PKS 2155-304.

As already mentioned, the algorithm is based on the fittingie€ewise constant
models to the data, each piece (block) being of constans@oisite and yielding a step-
function representation of the signal. Each block indisdlerefore a dierent “state of
emission” of the source. The properties of the bursts arercheed in a non-parametric
fashion from the width and amplitude of the blocks, indepatily of any pulse-shape

model, which can be fitted to the light-cureeposteriori using the non-parametric in-

2The method has now been implemented as part dféinei standard analysis software [61] and aC
version of the algorithm has been jointly implemented fax Burham version of the H.E.S.S. analysis
software by H. Dickinson and myself. Relevant, non-puldiimaterial about the method and further
developments can be found at: astrophysics.arc.naggetfoey/. Date of last access Augy®010.

3This sensible choice has been heuristically quantified bi}ttak (private communication) and states
that the optimum prior for block segmentatignjs given approximately by the logarithm of the number of
data points in the serieg,~ In N.
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formation obtained in the way described here. The particstt@ngth of the model is in
its local character, which renders itective in identifying bursts in large and complex
datasets and in its direct applicability to time-taggedwdata, i.e. datasets composed of
the individual photon time-stamps, as usually recordedgh-energy astronomy exper-
iments. This allows for the best use of the total informatiwailable in the light-curve
and to the search of short timescale variability. We now @edcto the exposition of the

algorithm.

Block fitness: evidence for a constant Poisson rate model.Let us first derive the
likelihood function for the constant rate model describthg block. For that we use
the fact that the elementary event of photon detection obealiscrete Poisson counting
process (PCP) and the distribution of the number of conmisan intervalst is described
as:

ANe A
n

P(kiPCRA) = (5.8)

whereA = A 6t is the (constant) count rate in the given interval, and O is the count
rate per unit time [3]; k indicates the block (or change-poiit)The elementary interval
ot is identified with the temporal resolution of the observasida “tick” of the detector’s

clock).

0-1 event data mode: The strength of the proposed method is fully exploited witd t
use oftime-tagged event dai@ TE)*, where the raw light curve is described in terms of
the detection times (“ticks”) of individual photons and daprobed down to the shortest
timescales. In addition, such a treatment frees us from amyjrig anomalies that can be
very relevant in our case, where the low count rates tendrtefthe bin sizes to be of
comparable width to the relevant temporal scales of vdiialuf the source. The time

series can then be parameterised as a S€tgifoton arrival times:

Drre:{t,, n=1, 2,3 ..., N}, (59)

4This is diferent from binned data in the sense that no duplicated tags-dre allowed and usually the
intervalsst are much smaller than the astrophysical timescales ofster
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wheren represents each individual count alNds the total number of photons detected
in the observation. Introducing an integer time indexso thatt,, = mét, for m =
1,2, 3,...,M, M > N, we can reconstruct the light curve as a sequence of detguaiio-

detection 0-1 events:

Drre:{m, n=1, 2,3, ..., N}, (510)

meaning that the photamis detected at timen,6t and the duration of the whole interval
is given byT = M ét. Let us call such a 0-1 evedt,. Now, we associate with the
non-detection a probabiliti?{ X, = 0/A} = po = e, and with the detection a probability
P{Xm = 1]JA} = p1 = 1 - po. Since the detections of individual photons are indepen-
dent processes, and no correlations exist between the mafpleotons in two dterent,
non-overlapping intervals, the block likelihood is givepnthe product of the likelihood
functions for the individual intervals that compose it. Th@t probability distribution

for all eventsX, is thus given by:

M
POrreM(A,T)) = | | POIA) = (2 — p)™ ", (5.12)

m=1
corresponding tdN detections (1s) antM — N null events (0s) in the interval. Since
Equation 5.11 is independent af we can change the description of the problem so that
p: is the new model parameter. In this representation the umiftormalised prior is

simply:

1 if0<p<1
P(piM) = ' (5.12)
0 otherwise

To evaluate the global likelihood, we follow Bayes’ theorehe product of the prior

and the likelihood in Equation 5.11 gives:

f P(DrrelM(py) P(pulM) dpy =

1
= f PN - p)MNdp = B(N+1,M-N +1), (5.13)
0
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whereB is the Beta function, which in the case of a single-rate moethlices to:

IIN+1)I(M-N+1)
(M +2) B
_ NI(M - N)!

(M +1)!

L(M|Dy1g) =

(5.14)

Binned event data mode: The light curve is composed of cells (bins) in which multiple
photons are stored, the distribution of the number of coimes bin following that of

Equation 5.8. We parameterise the light curve as:

DBIN . {nm,m: 12, 3,...Mk}, (515)

wheren,, is the number of counts in bim and My is the number of bins in block.
With this notation, we can re-write Equation 5.11 so thatlikedihood for the block is,

recalling the “memoryless” property of the Poisson process

Mg Nma—A
A"me
L= ]m_! o (5.16)
We defineN, = >; n; the total number of counts (or photons) in bldglso that:
ANke—AMk
P(DBIN|M(A)) =T s (5-17)
Ty Ni!

Notice that the denominatdi™, Ny! is the same irrespective of the details of the
interval partition and can thus be dropped for model congparipurposes; finally we

arrive at the following likelihood function for the constaate model of block in binned

data mode:

Ly = ANee Mk, (5.18)

A maximum likelihood analysis gives the following posterior the block:

N \ ™
Lmax:(mk) e_Nk- (5.19)
k

This result is useful because it shows exactly what the tparing model is doing
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when treating the data in a time-tagged event format: itauating the temporal density
of photon counts, represented by the dependence on theN‘gtld¥, according to the
Poisson process that governsitY'). In so doing it looks for regions where the variations
in density dffer significantly from those expected from simple statistfeactuations,

indicating a true rate change.

Sampling for exponential flares

The likelihood functions derived in the last two paragraplesfor piecewise constant rate
models. Due to the burst-like character of variability, shere good approximations to
fitting the light-curve, because the rate changes in higreggnflares tend to be dramatic
and to happen on very short timescales. For well-samplestdtinough (like the rare
case of the large flare of PKS 2155-304), where the profile Isnesolved and contains
many events (i.eN > 20 counts per block) this approach can lead to errors in the pa
tition because the algorithm will tend to subdivide a sirglest into two or more blocks
unless the prior for division is chosen to be very restretiks a possible solution to this
difficulty we propose to include some information on the bursfileran the likelihood
function. So, in this paragraph we derive the likelihooddiion for an exponentially-
varying Poisson rate, which we will apply to the search atfor in the application to
PKS 2155-304 in Section 5.1.4. The function will be deriveddnibinned event data.
This represents an extension to Scargle’s original work.

Let us start by stating the rate functian= A(t)st for a time-varying Poisson process:

Atle) = Aoy €, (5.20)

wherea € R and the baseline rat& is the same for alt within the blockk and can
be defined however is convenient; if we choose to ofmytinuity between the blocks,
Aok could be defined for example ag;_1(t*|a) = o1 €', wheret* is the end-time of
blockk — 1. As in the previous case#, is defined in relation to a finite data cefiand
for simplicity we takest to be equal for all cellsn. A given time in the series is thus
written as:t; = mét, whereas the entire interval of the light-curvelis= Mét, whereM

is the total number of data cells. Thus, the probability df @vents in a given datacet

is given by:
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Xm=0A) =po= e
p( m | ) Po (5.21)
P(Xm = 1JA) = py = 4 4
or more conveniently:
— A, €l if Xn=0
Inp= ° " (5.22)
|n/l() + (a/kti — Ao e“kti) if Xn=1

where we usey to designate that changes for each block in the partition. The passage
to the log-likelihood will simplify the algebra and is petteid because it is a monotonic
transformation.

For deriving the block likelihood, we follow the same proueslas before and write

the product of the likelihood for 0-1 events for each cell:

M N M-N
In %4 = Z Inpm = Z INn pym+ Z In pom. (5.23)
i=1 i=1 j=1

After some algebra, the log-likelihood reduces to:

N M
% =NIndo+ax ).t —/IO[Z eakti). (5.24)
=1 i=1

Recalling that; = m;ét, the second term in this expression can be writteNas and

given that the sum in the third term is over a continuous rarigells, it can be replaced

by:

Ao [ZM: e“k“] = —/lo( ft gt dt). (5.25)

i=1

We then arrive at the block log-likelihood function for arpexential flare profile:

Pl
In.% = NIn Ao + axNot — Z2(1 — &™), (5.26)
ax

which can be maximised on the parameters of interest as adwrteguation 5.19, pro-
vided nuisance parameters are eliminated, and used gliradthe dynamical algorithm

described below.
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5.1.3 Dynamical Algorithm

The algorithm discussed below solves the problem of findingfipie change-points op-
timally by partitioning an ordered sequence of discreta datls into a set of blocks char-
acterised and distinguished from their immediate neighbby the value of the Poisson
rate parameter. Let us first proceed with some useful defirsti

Thedata spacen our case is the time interval (not necessarily continjlousr which
observations have been made. It is composed of a set of Nethstata cell§,, = {X,, tn},
wherex, is the independent variable with which the time coordinaie associated. Data
cells are in univocal correspondence to the counts in theesex (or 0-1 events) and need
not be uniformly ditributed in time.

A blockis a set of adjacent cells and is writt&@n, m) = {C,, Cns1, ..., Cm}. The edges
of the block are marked by the change-points and are chaissrdeby discrete jumps on
the value of the rate variable. The fitness function of the/iddal block is the elementary
statistical problem solved in the last section. Thange-pointgcpt) define the location
and extension (width) of each block and are the sole paraseténe likelihood function
giving the posterior probability to be maximised in the fiaming process. Every block
starts with a change-point, so thaf,cs = Neps @and the first data cell is always a change-
point>

Finally, a partition of the interval is a set ofN non-overlapping blocks with change-

points whose union is equal to the whole interval:

@(I) = {Nbiocks, Cptk, k=123,.., Nbiocks} (5.27)

There exist 2-1 ways of partitioning the data cells into a set of Intg;s blocks, and
the algorithm does it at a coS(N?).

Salmenkivi & Mannila 2005 [306] propose a simple way in whiolieduce the com-
putational cost of the algorithm to only a fraction of thidue Their procedure, which
we incorporate in our algorithm, is to modify the code toallanly a subset of all events

to be a change point. The choice is made heuristically, byuatiag beforehand the

SNote that the change-points must always be drawn from thefgahe coordinates of the data cells,
i.e. must correspond to an event.
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“likelihood” of occurrence of a change point at a given piositin the time series. For
this, a windoww is used around each evamf with extremed, = t(m) — t(m - w) and
t. = t(m+W) —t(m). Our heuristic function for the decision on the “suitatyiliof a given

pointm to be a change-point is defined as:

tr _tl

hm =1 /¢

(5.28)

Notice thath is simply a measure of the “variation on the photon densitynglthe
window”, and the higher this variation, the better a cantidar a change-pointn is.
The threshold value df, which will define the selected points in the sequence thkt wi
be tested for change-points during the partition procesbgest determined via simula-
tions, either of an arbitrarily chosen subset of the datasder study (via bootstrap for
example), or a Monte Carlo-generated independent reialisat the same dataset.

Finally, theoptimal partitionof the interval is the one that maximises tiiebal fitness
functionfor all blocks; if the blocks and data-cells are all indepemtgl the fitness is

additive over the blocks, and the global quantity to be maseahis:

Nplocks

F2I) = ), f(B), (5.29)

k=1

whereF(Z(X)) is the total fitness andl(By) is the fitness of each individual block. The
algorithm is generic and independent of the statisticsrd@ag the fitness function, but
the choice of prior for the number of blocks in the model muesatditive in the number
of blocks so that the algorithm can be applied. This exclidesxample that one uses
the interesting Poisson prior for the flares multiplicityigis because the factorials of the
number of bursts that will appear in the denominator of thermto not have an additive
property.

Before proceeding to a description of the code, two resutiskvare fundamental for

the implementation of the dynamic algorithm must be quo2&dT:

81t has been suggested to me by Dr. Peter Craig from the Matieshizepartment of Durham Univer-
sity, that the use of a Kalman filter might be the best way toiporate a Poisson prior without changing
the dynamical nature of the algorithm, but due to time retitms this line of research was not pursued
further.
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Lemma (Principle of Optimality): Let a subpartition??’(I') be composed of any sub-
set of adjacent block®’ of the optimal partition?(Z). Then any such subpartition

Z'(I) is also an optimal partition of the subset &f(7) that it covers.

Corollary: Removing the last block of an optimal partition leaves anrogl partition

of the remaining set of blocks.

The partitioning algorithm

The following description refers to our particular implemtegtion of the algorithm, which
is presented in the Appendix. The proof that this procediwesghe optimal partition
can be found inMrheorem 2f [207].

We start with the first data cell, adding a new cell at each stépe calculation until
the whole interval has been treated. At sRthe algorithm finds the optimal partition
of the interval comprised of data cell = {C1,C», ...,Cr}. The casdR = 1 is trivial for
there is only one partition possible; the fitness functiothid data cell is calculated by
the subroutindAKE BLOCKSand is stored in the first cell of the arraptimum which
stores the values of the fitness function of the optimal pantat each step. This array is
recursively used by the subroutiPARTITIONto re-calculate the best partition at each
new inclusion of a data cell.

Now suppose we have completed siejpaving obtained the optimal partitio# (I r);
for finding 22°P{(7w,1), we calculate the arrastblock which contains the fitness of alll
the putative last blocks starting mtand extending up to the end of the current interval,
R+ 1, withr ranging from 1 taQR + 1.

Using the block fithess additivity property (Equation 5,18k fithess ofZ7°PY(7g,)
consists of the fitness fa#®?°P{(7,_,) plus that of the arrajastblock(t R+ 1). The new
optimal partition has got a last change-paintstill to be determined. This new change-
point is given byr* = argmax fitnesgr)] and the arrayitnessis calculated at each step
as:fitnesgr) =lastblocKr)+optimungr —1). At each step, the locations of the last change-
point determined are stored in the ar@yinsmbins COMposed of the cell locations of the
change-point.

The last important thing to notice is in respect of the pria@tyability distribution for
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the number of blocks. Scargle 1998 [311] proposed a georn@tior both for algebraic
convenience and because it naturally favours minimumepetar models, by penalising
the partition of the interval into many blocks. The geontefrior assigns increasingly

smaller probabilities for the inclusion of newer blockshe tmodel [109]:

I:)(Nblocks) = PO')’_NMOCKS, 0 < Nblocks <N (5-30)

so that InP o« —NpjocksIn (y), since the normalisation constant is not important for elod
comparison. The prior is additive and so its inclusion inrtiedel is done simply by sub-
tracting In ) from the fitness function of each new block created. The tatatherefore
as a penalising factor (akin to Occam’s razor) for the sedatiem of the interval. Simu-
lated data by M. Nowaksuggests an optimal value for the priornof N, the number of
data cells, but, as always, a specific Monte Carlo study fdirfgnthe best value of for

each particular data set under consideration is suggested.

For the proof of a theorem which shows the applicability & Bayesian blocks algo-
rithm to Cherenkov telescope data, please see Barres daddraeal. 2008 [62]. This
proof will not be presented here for concisiveness, sintevery specific and slightly

off-topic.

5.1.4 Application to PKS 2155-304

The Bayesian blocks algorithm was used to detect the ingalidursts composing the
large flare event observed by H.E.S.S. from PKS 2155-304@nitiht of 28" July, 2006

(MJD 53944) [26]. The VHE data were analysed to extract thetimes and energy-tags
of individual photons, using the DurhamLightCurve routofethe H.E.S.S. software,
developed by H. Dickinson [123]. Data reduction proceedsmbaling to the standard
H.E.S.S. analysis as described in Aharonian et al. 2006 h#l] Benbow 2005 [78],
and outlined in Chapter 2. Events were selected using “stancuts” with an energy
threshold of 170 GeV throughout the night (mean zenith argle®). A total of 5,364

post-cut events were retrieved from the three 28-min olaservruns (mean rate 1 Hz),

www.space.mit.ediCXC/analysigSITAR/, last accessed in 2008.
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Figure 5.1: Light curve of PKS 2155-304 big flare event of MX&®%4 [?], for photons
above 170 GeV. The data (crosses) are binned in one mingevahd, and the time is
counted from the first event. The grey shades mark the latand extent of the five ma-
jor bursts (BF 1-5) on which we conducted the dispersionyaigl These were selected
using the Bayesian blocks algorithm with a variable Poisst®, as described in Section
5.1.2. Note that the positions of the change-points in tlreedata subsets(< 500 GeV
andE > 1 TeV) fall in very similar, consistent, positions.

which were all accepted as photons; the highest energy exemtded was 7.4 TeV. The
error in a single event energy reconstruction is dominayesi/stematic uncertainties and
is estimated to be of the order of 15% throughout the entieeggirange. As discussed in
the original analysis by the H.E.S.S. collaboration [26 source presented little or no
spectral variability during the night, and for simplicityewill adopt a simple power law
spectrunT” ~ —3.5 for all analysis in this chapter.

The results of the application of the Bayesian block algoni{using our exponential
flare likelihood function 5.26) to the data are shown in FegGr9. The optimal prior to
blocks division used was n= 8, close to Nowak’s rule. The fiierent blocks are marked

by the alternating white and shaded areas in the plot. Asusssd before, the prior
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Iny can be though of as a “sensitivity” parameter determiniry‘fimeness” with which
features in the light-curve can be distinguished. Givendige range of amplitudes we
are dealing with in this particular dataset, the choice ef phior was made so that we
could get the most uniform partitioning throughout the tisegies. The particular value
of Iny = 8 also reproduces the flares detected with H.E.S.S. andildbeddn the original
analysis paper [26] — in fact, the same partition is obtaifeedny in the range 5-8,
demonstrating the stability in the choice of the prior. Taetfthat this final partitioning
model reproduces the original H.E.S.S. analysis is coeveitiecause it will be used for
the study of the Kolmogorov distance method in the next sactivhich we can then
compare directly with other analysis of energy-depend&peaision performed by the

H.E.S.S. on this same dataset.

5.2 Energy-dependent dispersion in blazars

Having found and discussed an adequate method to detetikeifeatures in the light-
curve of high-energy sources, we now move to the discus$ianather kind of statistical
algorithm. This will be used to detect energy-dependemetson in lightcurves of high-
energy sources and will allow a more in-depth view of the pts/sf the source’s emission

and of radiation propagation over cosmological distaneelse Universe.

5.2.1 Unbinned Methods: Motivation

The search for temporal lags between emission frofieidint energy bands is common
practice in astronomy. Methods are traditionally basedroeszcorrelation of the binned
time-series, and sometimes rely on a particular paransatesn of the light-curve, for
example by modeling the data according to a pre-determihette for the light-curve
profile. The research into methods for the study of energpeddent dispersion in the
light-curves of gamma-ray sources has gone through a grpéfiiod in recent years, mo-
tivated by the prospects of testing for signatures of viotabf local Lorentz invariance.
Astrophysical observations provide one of the most prjygkinstances for searches
of quantum-gravity (QG)féects to be conducted. One of the possible experiments, based

on the measurement of the time-of-flight for photons difedlent energies, was first sug-
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gested by Amelino-Camelia et al. (1998) [47] and is basecherstarch for an energy-
dependent speed of light in a vacuum from GeV-TeV photonpgiyating over cosmo-
logical distances. Because of the very-high energies atwQiG dfects are expected to
become manifest (around the Planck scBlg; ~ Ep =~ 10" GeV) and the consequently
small magnitudes of its signatures observable at astrogdilysaccessible energies (for
E, ~ 1 TeV, the correction to the speed of light due to quantumityrévof about 10*°c),
the searches require extremely sensitive measurementghé&mnmportant aspect of time-
of-flight experiments is that since thé&ects on the variations of the speed of light man-
ifest as integrated time-delays over the distance traydiljethe photons, observations
of distant (and therefore weak) sources are necessaryctntéafirst order, the magni-
tude of the delays expected from QG variations in the spedigiufis 6t «« E,/Eqc ~
10 9TeV.Gpc. This means that the searches have to be conduated@mvespondingly
narrow variable features in the light-curve (thus disfauag binning) and in order to be
sensitive to small spectral dispersions within very lidinoton lists.

The use of high-energy photons for performing the measumésrie a requirement
due to the form of the energy-dependence of the perturbatiaine photon momentum
due to QG, which is given bg?p? = EX[1 + éE,/Eqc + O(EZ/EZJ)] [47]. In other
astrophysically relevant situations, such as for exantpesearch for energy-dependent
time delay signatures from ongoing particle acceleratiotha source, studies at high
energies are also to be preferred, and therefore the samtations regarding the photon

statistics apply.

5.2.2 Dispersion Cancellation Algorithm

A number of diferent approaches exist that are specifically designed ésetkinds of
tests, such as likelihood methods [255] and modified crosselation functions applied to
the individual photon events [243]. A particularly attigetand simple algorithm to solve
the problem of detecting energy-dependent time lags imsstatlly limited photon lists
was independently proposed by Scargle et al. (2008) [31@diis et al. (2008) [133],
the former being derived originally to search for QG signesufrom neutrino propaga-
tion. The algorithm works directly on the time- and energgged events and tests for the

presence of energy-dependent lags by searching for a morpaeametetr* [s/TeV] that
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optimally cancels any spectral dispersion present in tjiiedcurve. An advantage of this
approach is that it makes reopriori assumption on the statistical nature of the dataset
(i.e. itis a non-parametric test), being therefore of ggeaterality.

The search for thdispersion cancellatidhparameter* is done by assuming a partic-
ular functional dependency between the relative tempaggitlbetween two photons and
their energy dierenceAE,. In general, if the dispersion is small compared to other rel
evant variability timescales of the astrophysical systemeu study, the exact functional
form of the dispersion is of little importance, as the demsmay can be treated perturba-
tively and expressed as the first-order terms of a seriesnsiqrg without the necessity

of an exact physical description of the process being availaVe thus have:

ot = —7E® (5.31)

Here, a defines the dominant term on the series for the energy depeynd¢ the
time lag, usually taken to be = 1. Thedispersion cancellatioalgorithm simply cycles
through a range of possible values fotooking for ther* that extremises an appropriately
chosen cost function, so as to quantify as well as possiblaltscence of spectral lags.

The energy dependence of the arrival times of photons caioadly only be detected
in the presence of transient features or bursts, which dbothe identification of energy-
dependent structures in the light-curve. A number @ifedeéntcost functionsave been
tested for this purpose. They all use some kind of measuréarpaess of the burst
profile as the value to be maximised in the search for the cboancellation parameter
(see examples in [133], [42] and [312]). The principle behihe maximum sharpness
choice is that an energy-dependent dispersion will alwageduce additional width to
the light-curve, broadening the burst profile as a resulteAeargy-dependent dispersion
(that is, photons of diierent energies being systematically delayed or sped upyéy/a
an asymmetricféect, and the maximally sharp burst configuration will beiesd when
the temporal sequence of events is again randomised inygwergesponding to the exact

cancellation of the dispersion. Observe that this apprealtalways give a unique so-

8This name was coined by Scargle et al. (1998) in the contetktenf particular version of the test, but
| will adopt it here with greater generality.
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lution for each given dispersion model, because in the chaader- or over-corrections
of the dispersion (as given by the magnituderpfthe asymmetricféect will either still
be left present or be re-introduced in the opposite diractamd the burst will remain
broadened in respect to its original width.

In the following section | present an alternative measureost function for the deter-
mination of the optimal cancellation parameter, based erkKilimogorov metric. Unlike
the maximum sharpnesseasures mentioned above, this approach concentrate® on th
effect that the asymmetric photon dispersion will have on trepslof profile,viz. it
will provide a non-parametric measure for the relative gikess of the profile at ffierent

energy ranges which will scale witgr.

5.2.3 The Kolmogorov distance method

Given two random variableX andY in R, a simple measure of theftkrence between
their respective probability distributions is ti@Imogorov distance P, introduced by
Kolmogorov as a metric for random variables in probabilipase [227]. FoFx(X) =
prob(X < x) andFy(x) = prob(Y < x), the cumulative distribution functions (CDFs) Xf
andY, the Kolmogorov metric is defined as the maximum verticalasise between the

two distributions:

Dk = sup|Fx(X) — Fy(X)| (5.32)

xeR

The situation is illustrated in Figure 5.2. Sinég andFy are probability distributions,
Dk is bound to the interval [0,1]. It is well known from the prapes of the Kolmogorov-
Smirnov test that the Kolmogorov distance is insensitivhtotails of the distributions,
where the CDFs converge on the values of 0 and 1, and whichiblegbe probability
of extreme events [293]. In facDk will tend to fall around the central regions of the
CDF, therefore near to the peaks of the profiles, where tleeinraulated discrepancy is
maximum. This is a useful property because it means that dasuore naturally attributes
a greater weight to the most transient parts of the lighteur

For a stificiently rich event list (this concept will be properly quéied in the next

section) the light-curve can be separated in low- and higgrgy bands, forming two
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Figure 5.2:Cartoon of the fect of the energy-dependent dispersion on the shape ofwhé)o
and high (H) energy profiles. Observe that the systematft aghihe high-energy curve relative
to the low-energy one is accompanied by a smearing out andirgleof the burst. Notice in
particular the dispersionfiect around the peak of the profile, suggesting the most ganpart of
the burst is the best region to search for dispersion. Thelpémthe right show the correspondent
discrepancy of the CDF, after normalisation to compensaiteghfe diferent intensities at both
energies. The maximum vertical distance is indicated . esponding to the Kolmogorov measure
Dk.

independent datasets. In the absence of any spectral simpethe basic assumption
that the temporal sequence of events is randomised in eséayd hold and the pro-
files (apart from some arbitrary intensity scaling that carliminated by normalisation)
should superpose. If, however, spectral dispersion ieptethe profiles will look skewed
relative to each other and theiumulativediscrepancy can be measured by the distance
between the two CDFs as defined in Equation 5.32.

In the context of the dispersion cancellation algorithng tperation described by
Equation 5.31 is applied simultaneously to all events irmmbfiles for a range of pa-

rametersr. The dispersion parametet, retrieved as the one which minimises the Kol-
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mogorov distanc®y between the the two CDFs, will be the measure sought for:

7 Dg(r*) = min sup|F.(t) - Fu(b)l, (5.33)

n
T€T teR

wheret are the event times arldandH refer to low and high-energy photons, respec-
tively, and7" is the set of all parameterstested.

The applicability of the&Kolmogorov metri@as an appropriate cost-function is based on
the fact that a random distribution of events in energy — ameple in a Poisson process
whose rate function is independent of energy — will give tséndistinguishable time
profiles when two sub-samples in energy are considered. iSk@gactly equivalent to
saying that a random distribution of events in energy wddéo a maximally sharp burst,
and therefore the choice as to which measure is the mostauefor a given problem

should be investigated in each case, and preferably bemeidby Monte Carlo studies.

Light Curve Representation

We now have to define how to construct the CDFs from the origiment sequences, so
that the algorithm can be applied. Given that the Kolmogor®tric is a measure for
probability distributions, the event sequence must firshdwemalised. Since the dataset
is composed of timenergy-tagged events, the cancellation will be applied/ényepho-
ton individually so that none of the available informatianléft unused. The simplest
choice for representing the data is to then construct eoghiG@DFs for both the low- and
high-energy profiles as step functions from the originahéwequence, according to the

following rule:

CDF: F(t) =i/N, (5.34)

wheret; is the time of the'f event in the sequence, ahdis the total number of events
in the sequence. In this construction, the height of eaghisteonstant and equal t*
(the CDF is normalised to fall between 0 and 1), and the leng#ach step equals the
waiting time between events in the sequence, and is therefmable. All the timing
information of the temporal sequence is thus explicitlysprged in this representation.

A different representation for the dataset was proposed by 8ergl. (2008) [312],
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Figure 5.3: Choice of light-curve representation. The panels on thesleéw the cell density
representation for the low- and high-energy componentsacé BBF1 of PKS 2155-304. The right
panels show the correspondent CDFs for the two light-cuepeaesentations discussed (full line
for the low-energy and dashed line for high-energy). No& ttheraw eventsepresentation shows
considerably less “ragged” CDFs that tbell densityone, and is therefore more appropriate for
using to calculate the Kolmogorov distance cost-function.

and can be used as an alternative way of constructing the I@Biis representation, the
dataset is tesselated so that the photon sequence is r@pckbg a series of cells of width
dt; constructed around each evenA cell density is then defined by the ruke= 1/dt,

which can be interpreted as the instantaneous rate of tikegg@t timé, and normalised

into a discrete probability distribution; = X;/ 3, x,. The CDF in this case will be:

CDF: F(t)= > p,

t <t

(5.35)

For the application of the Kolmogorov distance metric, itagnd that the first repre-
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sentation in Equation 5.34 is more appropriate. This is iieedhe magnitude of the cell
density’s representation can be dominated by spikes negditom very small inter-event
times in some cells, that will introduce excessive “raggsdiin the CDF representation.
This can be seen in the right panel of Figure 5.3 which congaelow- and high-energy
CDFs from a real burst profile, extracted from a VHE flare of PXI$5-304 observed
with H.E.S.S.. In this case, both profiles superpose, but@ibe seen the cell density
representation results in additional fluctuations in thestacted CDFs. A way to cir-
cumvent this problem within the cell representation is togd logarithm scale for the

density — for example; = log(1/dt) — which recovers better the shape of the profile.

5.2.4 Monte Carlo Studies

To study the performance of the algorithm on recovering thpatsion parameter, a series
of Monte Carlo simulations was performed to cover the emaemeter space likely to
affect the detection of spectral lags. For each set of paramtsied — e.g. number of
events, burst symmetry, width, energy resolution — 10,008tb were generated, each
containing 500 events, to which the algorithm was appliedb&bility distributions were
built from the recovered dispersions, from which the meamstructed value and its
empirical RMS were estimated. All simulations were perfedwith a relative step of
0.01r, covering a range ofr > 7, which was usually of the order of, or larger than, the

burst width itself.

Burst simulation

Individual bursts were simulated using the generaliseds&ian shape from Norris et

al. [280], apropriate for describing the pulse shapes elserom AGNSs [26]:

MK] (5.36)

I(t) = Imaxexp[—
O, d

wheret is the time into the flareay is the time of maximum fluxay, o andoy are the

signal rise (fort < tnay and decay (fot > tyay) times respectively. The “peakiness” of

the profile is given by the parameter 0, a low value of which means we have a sharply

peaked pulse, and= 2 corresponds to the pulse shape of a Gaussian.
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The event times are generated by random draws from a distnitdescribed by Equa-
tion 5.36. To each event time, an energy tag is then randottrip@ed withE, > 200
GeV, this being the energy threshold of the current germraif ground-based gamma-
ray telescopes. The energy tags used in this section werraed following a photon
indexI" = —2.5, typical of extragalactic sources in the VHE range. Thersiinulate the
energy dependent dispersion, a systematic delaypplied to each photon.

The dispersion algorithm is subsequently applied in ordeetrieve the introduced
dispersion. There is considerable uncertainty in the rettoated energy of the gamma-
ray photons as observed by the IAC telescopes. To simulsteffbct, after introducing
the dispersiorr to the true energies, but before applying the algorithm tdenee it,
the observed energy of each detected photon is re-drawn dr@aussian distribution
with mean equal to the true energy of the photon anelqual to the energy resolution
of the observations (in general between-1@0%). Another important caveat in the
simulations is that if one is simulating a non-isolated buten it is necessary to allow
for “confusion” during the cancellation process. This isxddy allowing events from
outside the burst being investigated to enter the windowl is&onstruct the CDFs for
the Kolmogorov test, or conversely by allowing events toséethe burst window when

the dispersion correction is applied.

Performance of the Method

We now test the analysis performance of the method by disayise four main factors
that are expected tdtact the sensitivity for the detection of energy-dependameatsion:
burst width, energy resolution, burst intensity and asytmm&\Ve will consider here only
the case of an isolated Gaussian burst. The superpositioalaple bursts or burst shapes
different from Gaussian will be discussed when the method iseapfu real data from
PKS 2155-304, in the next section.

The first parameter analysed is called the “sensitivitydddid7], and is defined as
the ratio of the expected lag magnitudeto the width of the transient featurg over
which the search is conducted:

ot

= — 5.37
n=5 (5.37)
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Figure 5.4:Sensitivity of the Kolmogorov distance algorithm in retatito the ratio lagburst
width for 0% (open circle), 10% (open square), and 20% (opandle) energy error. The results
are from sets of 10,000 MC simulations of Gaussian profilegatning 500 events, for an energy
threshold of 0.2 TeV and spectral indEx= —2.5. The low and high-energy bins were defined
such that the energyfiierence between the two4isl TeV in average.

This ratio is the main measure which quantifies the shorégstiat can be probed
by the method, for a given burst width. To quantify the seéwigjtof the Kolmogorov
metric approach we follow the simulation procedures descriin the previous section:
10,000 Gaussian burst profiles of 500 events each, with aelwevgy threshold of 200
GeV and spectral inddx = —2.5. We also included in our analysis thiezt of the energy
resolution, which is a great limiting factor in ground-bdsgamma-ray measurements.
This uncertainty will directly ffect the dispersion correction and will limit the sensifvit
of the method (see Section 5.2.4).

The results of the Monte Carlo simulations are shown in FEdgu#4, where the error
bars correspond to the RMS of the distribution of recoverr@dmeters. One can see that
the result of a lower sensitivity factgris an increase in the uncertainty of the reconstruc-
tion of the true dispersion parameter, which grows sligimtiyne presence of errors on the

photon energy. For the Gaussian model tested, the methoe:caver the dispersed lag
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Figure 5.5:Sensitivity of the method in relation to the width of the lwasd the number of events
in it. The labels in the key define respectively the rise afidifaes of the profile, in seconds. The
results are from MC simulations of 10,000 bursts generateoh fa generalised Gaussian shape
(see Section 5.2.4) with maximum event rate of 1-10 per skcon

with significance aboved down ton ~ 0.2, corresponding to a lag of 25% of the burst
width.

The energy resolution does not change this detection lignthbbch. The main fect
of the energy resolution is to introduce a systematic ursfienation of the value of the
recovered dispersion parameter. The under-estimatiopemgpbecause an uncertainty
in the energy of the photon introduces additional “raggedheo the CDF, making it
difficult to distinguish one CDF from another, and a plateau imtimemum value oDy
will be achieved earlier in the cancellation process, wttiketwo profiles are still some
distance apart in the parameter space. dthese results are likely to be dependent on the
particular light-curve shape, and special simulationsukhbe done for each particular
dataset to be tested in order to estimate the RMS approlriate

The burst intensity is another factor that wilfect the sensitivity of the algorithm,
since it will limit the photon statistics available to constt the CDFs. This is shown in
Figure 5.5 and was tested by simulating sets of 10,000 Gaugsofiles with diferent

number of events, between 50-3000, for &etient burst widths with rigdecay times
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between 10-120 s, correspondingrtin the range  10. For a given burst width, the
effect of increasing the number of events in the light curve isethuce the RMS of the
recovered dispersion parameter; from a certain numberasftewnwards, and depending
on the width of the burst, the distribution tends towardsatgau and little inprovement
in the RMS is obtained by further increasing the event numBarnoticed before, the
sharper the burst, the earlier this plateau is reached. lI;inee have also tested for
effects of profile asymmetry by maintaining the total burst Widhd varying the ratio of
risg/decay time of the flare. The results plotted in Figure 5.5 shihwat the method is not
affeted by burst asymmetry, but only to those parameters thatrdme its overall width
(or sharpness).

When analysing transient events within a real light-cutrigimportant to consider the
effects of under-sampling the burst. Until now we have treatethted, simulated bursts,
for which we were confident that all events were included enahalysis. However, if the
burst is not isolated but is adjacent to a lightcurve with e@tnucture it might be dlicult
to define with precision its start and end times. This becoimg®rtant in the present
analysis because the existence of energy-dependent |dgsply that the most-lagged
events might fall outside the analysis windoweating the reconstruction. Also, if the
burst is on the edge of an observation run, and thus data asengifor part of the flare,
this loss of information is also likely tofect the performance of the reconstruction.

To test for theseféects and assess if a proper reconstruction of the laggeddighies
is still possible in these circumstances, we performed tete ef simulations, using as
before a Gaussian burst with 500 events and spectral ifidex2.5 above 200 GeV; an
energy resolution of 20% was applied to mimic the real oket@mal situation. For the
first set, represented in Figure 5.6, the analysis congideseries of windows around the
peak position of the burst of widths equal to 1, 2, 3 and %o simulate diferent degrees
of under-sampling. In this case a “transparent window” heenbapplied, meaning that
though the CDFs are built only with the events that at eaclkrgivme fall within its
boundaries, for each filerent value ofr applied in the cancellation process events are
allowed to pass thourgh the window’s boundary.

The result is that a strong under-sampling of the bufi&cts the accuracy of the

reconstruction, increasing the RMS by up to 20%, when orgycéntral 1o- around the
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Figure 5.6:Sensitivity of the Kolmogorov distance method in relatiorthe size of the “trans-
parent” window used to construct the CDFs from the burst lgrofThe labels in the key define
different data sets with filerent sensitivity factors = 0.5, 0.2, 0.1. Notice that too narrow a win-
dow (1-2r) around the peak of the flare has tHteet of degrading the RMS of the reconstructed
lag even further. For windows as wide as3c0- around the flare peak, littleffect is noticed in
the worsening of the reconstructed RMS. The results are Wnsimulations of 10,000 bursts
generated from a generalised Gaussian shape (see Se@id)) &nd an associated energy error
for each event of 20%.

burst peak is used to build the CDF. This degradifiga can be understood by observing
that a very narrow window will mean a strong undersamplinthefhigh energy profile
and a consequently ill-defined shape for the CDF. Tiieceis present for all the range
of sensitivity factors tested, being more pronounced foalnn. The results suggest
therefore that one should attempt to include as much of thst las possible into the
analysis, i.e. an arbitrary choice of a narrower subsectidine burst to artificially reduce
n does not improve the results due to a corresponding lossarhmation about the shape.
CDFs.

Similar results are obtained when, as shown in Figure 5.7nelede an “opaque win-
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Figure 5.7:Sensitivity of the Kolmogorov distance method in relatiortte size of the “opaque” window
used to construct the CDFs from the burst profile. Theedint datasets 1, 2 and 3 correspong te
0.1, 0.2, 0.5 respectively, and it is apparent from the plot that the Eapnstruction is mostfected by
the presence of a “hard” window in the case when the sertgitfactor is small, because in this case
more information is lost in the higher number of high energgras that fall outside the window. The
numbers 1-5 within each dataset are for windows ofdt-Bespectively. Apart form the degradation ot the
RMS, the presence of an “opaque” window al$teets the absolute value of the reconstructed lag, which
didn’t happen with the transparent window. This is becabsephotons which fell outside the window
after dispersion are not recovered during the cancell@ioness. Notice that too narrow a window (&)2
around the peak of the flare has tikeet of degrading the RMS of the reconstructed lag even furfgain,

for windows as wide as 30 around the flare peak, littleffiect is noticed in the RMS or the value of the
reconstructed dispersion parameter. The results are fr@sikhulations of 10,000 bursts generated from
a generalised Gaussian shape (see Section 5.2.4), ancbaiatess energy error to each evento20%.

dow” instead. By this we intend to simulate a burst that isarrghmpled at the detection
level, rather than in the analysis procedure, for examplenndbservation is interrupted
before the full event is registered. In this case, the faat e lose more high energy
events means that not only will the RMS be worsened, but thevih be reconstructed
wrongly. The three dierent datasets represented in Figure 5.7 are for sengitagtors

n equal to 0.5 (1), 0.2 (2) and 0.1 (3), so notice that the casa@lern is the most
affected, simply because in this case most high-energy evenfseamanently lost from
the burst window. Within each dataset, points 1-5 indidagesize of the window in units

of o.
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Figure 5.8: Comparison of the sensitivity for detecting a lag betwees rtiinimum distance
Kolmogorov method [63] and the maximum sharpness methodi$3&, [42] and [312], for a
range of sensitivity factors. The solid lines are for the case of no energy reconstruetioor and
the dotted lines correspond to energy uncertainties of 20%.

In the same way that events pertaining to the burst can betedleut of the analy-
sis window, events not pertaining to the burst can also coini@e the analysis during
the cancellation procedure. This is expected to producedhee kinds of fects as the
case treated in Figure 5.6 and has to be taken into consmierato conclude, a last
plot (Figure 5.8) compares the performance of the Kolmogalistance method to the
maximum sharpness approaches discussed in previousrsgaind shows the excellent
performance of this new approach, which justifies its ch&am now on.

In the next section we will apply the method to a large flarehef TeV blazar PKS
2155-304. Given the many factors presented in this sectidrshown to influence the re-

constructed RMS, a Monte Carlo study of the particular ddtsbe studied is necessary.

5.3 Application to PKS 2155-304

The dispersion algorithm was applied to each of the majostideatures in the dataset,
BF 1-5, generating five sets of independent measuremegisted®.9 shows the complete
flare light curve, with the time windows as derived from they8sian block analysis

of Section 5.1.4 indicated by the grey shades. The widthe@kearch windows were
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Figure 5.9:Modeled light curve of the PKS 2155-304 big flare event of MEI%4, for photons
above 170 GeV. The grey shades mark the location and extahedive major bursts (BF 1-
5) on which we conducted the dispersion analysis. These s&deeted following the Bayesian
blocks light-curve analysis presented in Section 5.1.4aaded by the H.E.S.S. collaboration.
The black curves show the model fits for BF 1-5 using a gersg@liGaussian profile with the
parameters presented on Table 1 of [26], which were usedeirMbnte Carlo simulations to
derive the confidence intervals for our dispersion analysis

derived from the rise and decay times of each event accotditige generalised Gaussian
fit function 5.36, following the parameterisation in [26]nd profiles of the curves fitted
to each burst are represented by the dark lines superimposbd data and they were
used to generate sets of simulated flares from which to deorédence intervals for the
dispersion parameter via Monte Carlo simulations, exadlgecribed in Section 5.2.4.
Before proceeding with the generation of the profile’s CDd-the application of the
method, a few things need to be decided upon. The first is thieelof the window that
will define the temporal boundaries of the burst. From thdistiof the dependence on the
sensitivity factor;, which is the most important parameter in determining thgmitade
of the RMS and therefore the sensitivity of the method, weelrs®en that the smaller the

ratio of lag to burst width, the better the reconstructiothaf dispersion parameter. This
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Flare| thax Max. Rate o, oy K

[s] [Hz] [s] [s]

BF1 | 2460 1.33 173 610 1.07
BF2 | 3528 1.04 116 178 1.43
BF3 | 4278 1.53 404 269 1.59
BF4 | 4770 0.99 178 657 2.01
BF5 | 5298 0.74 67 620 2.44

Table 5.1:Parameters used for the generalised Gaussian fit to the PE%Sf2te simulations.
The third column (Max Rate) refers to the maximum count r&&ach burst, corresponding to its
peak flux at timdmax. The parameters, ando s are the rise and decay times of each burstand
a measure of its “peakiness” (see text).

readily excludes the use of the entire light curve (as doneXample in [28]) on the basis
that this would be equivalent to perfoming the analysis in&tof equivalent width equal

to the total duration of the time series [63]. The separatdyars of the three individual
runs that compose that night's observation is also disgmatd@or the same reason — we
would again be (somewhat arbitrarily) increasing the wlftkhe features to be studied.
On this point it is important to remark that the fact that thare gaps in the data between
the runs is not a problem in itself, because tffea of the interruption of data taking in
the middle of a given burtan be taken into consideration for the estimation of the RMS
by using a “hard window”, which mimics the permanent lossndbrmation due to loss

of photons.

Also, the sensitivity curves in Figures 5.6 and 5.7 show ghatndow as short ass3
around the peak of the flare gives an RMS close to the optimume vevhile concentrat-
ing the most around the peak of the burst, which is desirdbieiwant to minise any
contaminations due to overlapping flares. We therefored@eidio place the limits around
each burst (whose parameters are given in Table 5.1y-at/A3l windows used for the
analysis were “transparent windows”, except for those marthe end of run 1 (the right
window of BF-2) and run 2 (the right window of BF-5). This saset up was used not
only for the data analysis, but also in the Monte Carlo simore, so that the estimated

RMSs are all consistent.

9Such as BF-2 and BF-5, which extend beyond their respectivéimes, as can be seen for example in
Figure 5.9, where at the end of BF-2 there follows a bin wittozmunts near he mark of 2000s and at the
end of BF-5 there follows one bin with near-zero counts 8600 s.
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Figure 5.10:Effect of the choice of the energy cut for the high energy bancheratcuracy of
the determined dispersion measure based on Monte Carldéesioms of the burst profiles BF1-5.

The second point to consider is regarding the choice of wieepdace the low- and
high-energy boundaries that will define the two CDFs to bepan®d during the cancella-
tion process. This choice is made so that tifeedence in the mean energy between them
is maximised (this will increase the average lag we will kstitey and will thus improve
n), while keeping good photon statistics in both bins for thalgsis. We have verified
that due to the steeply-falling spectral index of the phatistribution, the analysis is less
sensitive to the choice of the low-energy boundary, pravitfat this is set comfortably
above the threshold energy of the observations. Again,dende intervals should always
be derived for the specific dataset with which one is workgither from Monte Carlo
simulations or bootstrapping. We thus searched for an @btiigh-energy cut. For this
Monte Carlo events were generated from the distributiond R Table 5.1).

Figure 5.10 shows the results of our analysis on fifiece of the choice of the high-
energy cut on the RMS of the re-constructed dispersion patern The curves show
the presence of an optimal plateau around and above 1 TeWieAbw-energy end, the
RMS shows a steep rise because the average energy of thenphottihe high-energy
bins difers little from those of the low-energy one and it becomécdit to distinguish

between the two CDFs. For flares BF-2 and 5 (where the hardomimglpresent) we also
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see an increase of the RMS for cuts above 2 TeV, and this islsicapised by lack of

statistics due to information loss from the highest eneltgytpns.

Analysis Results

The search for spectral lags was performed for each of thebtivets with energy cuts
E: < 500 GeV andE, > 1 TeV. A linear relation between the lag and energy of the
photon ¢ = 1 in Equation 5.31) was adopted, which took into account Ipbiysical
models discussed below. The time windows used for the ingpewere determined
from the rise and decay times of each burst, from half to marimamplitude, as derived
by [26] usingt, 4 = (IN2)Y*o, 4. The corresponding number of events within each energy
band, and the mean energyfdrence< AE > between the low- and high-energy profiles,

are also presented in Table 5.2.

Flare| Window  events events< AE > lag
[s] <05TeV >Eq [TeV] [s/TeV]
BF1 556 376 43 1.48 -35
BF2 228 211 29 1.35 37
BF3 534 372 59 1.48 -4 6
BF4 695 344 62 1.34 188
BF5 591 217 48 1.34 &5

Table 5.2: Temporal window and low- and high-energy bouiedansed for the con-
struction of the CDFs for each burst from PKS 2155-3@4AE > is the mean energy
difference between the low-and high-energy CDF. The last coligtsrthe optimal can-
cellation parameter* retrieved from the analysis. The errors are the 66% confelenc
interval around the mean value, determined from MC simaotegti

The errors in the reconstructed lags (jie/) were determined from Monte Carlo
simulations performed for each individual burst. Figurgélsshows an example of the
MC analysis for the flare BF2, here simulated in the absenspedtral lags. The upper
panel shows the distribution of the recovered dipersioampeters for the 10,000 simu-
lated bursts, from which confidence intervals were derivEide lower panel shows the
histogrammed values of the Kolmogorov distabgefor each diferent dispersion param-
eterr tested. The presence of a minimum near the true value=0D is clearly visible.
Here we have used a value of= 0 to exemplify the derivation of our confidence inter-

vals, but Figure 5.12 shows that the algorithm has a linesggarese on the accuracy of the
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Figure 5.11: Simulation of 10,000 events for the profile oRBWwith no dispersion intro-
duced. The top panel shows the distribution of the best fitvhereas the bottom panel
shows the histogrammed Kolmogorov distance calculateddoh value of the dispersion
tested.

recovered dispersion parameter over a large range in ptgaspace. For energyftir-
ences> 1 TeV between the profiles, the method is sensitive (abov@dhkevel) to lags
as short as 30—75 gTeV, depending on the particular feature considered, spaeding
to average dispersions gf 10% of the width of the burst. The curves representing the
results of the searches for energy-dependent disperstoreath burst are presented in
Figure 5.13.

In none of the flares was a significant spectral dispersiondawithin the probed
time-windows. In the next two sections we deriverdimits for the quantum gravity
energy scale and the acceleration timescilg$or particles in the jet of PKS 2155-304,

discussing the implications of these results.
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Figure 5.12:The accuracy to which the method can recover a fixed dispepaoameter in-
troduced into the light-curves representing the PKS 21®5{Bares. Each point is the average
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recovered dispersion measure. Values correspondingferatit flares areftset slightly on the
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Figure 5.13:Kolmogorov distance profiles for the search of energy-ddpendispersion in the
bursts BF1-5 of PKS 2155-304. The analyses were performstps of 1 AleV.
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5.4 Application I: Quantum Gravity

Lorentz invariance is one of the principles behind relaticifield theories such as electro-
magnetism and general relativity [236]. Historically fartated as the transformation that
maintained the invariance of Maxwell's equations, with tleeelopment of special rela-
tivity, it came to be understood as a fundamental symmetnatire, on which depends
the validity of the postulates of relativity [128]. It is agperty also known to be main-
tained in quantum field theory (QFT) once it was shown by Joedal Pauliin 1928 [219]
that commutators in quantum mechanics conform with the htargroup. Attempts to a
guantisation of gravity have nevertheless been faced witddmental theoretical fii-
culties due to the way in which the gravitational field dgstton in general relativity
radically difers from that of QFT and many approaches to quantum gravi) (€
not maintain Lorentz covariance as a fundamental symmet§][ Before discussing
something about searches for QG signatures in Lorentzianae volation (LIV), | will
briefly present two “classical” results that give some “itian” to the rather complex and

abstract issue of LIV.

Gravity and the uncertainty principle

The first example is derived from Adler & Santiago 1999 [7}d @noposes to give an intu-
itive understanding regarding the nature of space-timet small scales from heuristic
arguments. Let us first observe that the fundamental caisstanaturec, 2 andG, define,

among themselves, a natural scale (called the Planck 292§ [ defined by dimensional

analysis in the following manner:

[Gh
Lp = = = 1.6x10%m (5.38)
hc 9
Ep = 3= 1.2 x 10"° GeV (5.39)
L Gh
Tp = ?" _ —5 = 05x 10*%s (5.40)

called the Planck length, energy and time, respectively.

From its construction, the Planck scale is suggestive abdremephysical scale at
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which quantum, relativistic and gravitationafexts are all relevant to the description
of the system: therefore we are in the domain where gendadlvistic and quantum
mechanical ffects are “unified”, i.e. a theory of quantum gravity is neaegsObserve
that this scale involves extremely high energies, and assauld apply to the very early
universe or in collisions of highly energetic elementarytiokes. This is also the domain
of very small scales, and is relevant for example for the migtsen of the cloud of virtual
particles that surround any real particle and can haverarpienergy, due the Heisenberg
uncertainty principle.

In fact, if we consider thefects of the gravitational field at the quantum scale, it
is possible to derive a modified uncertainty principle fromietr a minimum, absolute,
position uncertainty arises in the measurement processvaiah is of the order of the
Planck length. Originally, Heisenberg’s uncertainty piote results from considering
the process of measurement of the position of an electroichwl done by scattering
an electromagnetic wave of wavelengtloff the particle. The precision of the position
measurement is thusx ~ A. In addition, the photon momentum will impart an uncer-
tainty in the electron’s momentum during the scatteringhefadrder of the photon’s own

momentum\p ~ p = h/A. The position-momentum uncertainty relation is thus otadi

h
AXAp = /l(z) ~h (5.41)
Let us now consider thefiect of the gravitational field. The field equations of general
relativity are given by Einstein’s equations [129]:

T

=) (5.42)

S

Following the proposal of [7], we can write the metric ten€yr ~ 6g,,/L?, where
59,, represents the deviation of the metric from flatness due eogtavitational field
andL? is a factor for correct the dimensionality of the expressiand represents the
characteristic size of the interaction region of the pheattactron scattering (equivalent
to 4 in Heisenberg’s original derivation). Similarly, from déansional considerations, the

field tensofT,, can be written as:
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8nG 8rG\ E Gp

T, ==~ =— 4

(c“)“y (04)L3 c3L3’ (5-43)
recalling that the energy 8 = pc, the estimate for the metric deviation is:

Gp

e (5.44)

OQuy ~

Adler & Santiago observe that since this is a deviation ofrttedric, it corresponds
to a fractional uncertainty in all position measurementhiniL, which can be identified
with a position uncertainty:

AX Gp

— X 00y X —%.

L 0%~ 3
Now, for, Ap ~ p, we can writeAp ~ Ep/Cc = 4/hc3/G, and so, using 5.45, we arrive

(5.45)

at Ax ~ Lp, from which we conclude that the minimum absolute uncetyaim which a
particle can be located in space is the Planck scale.

This observation is a heuristic way of realising Wheeledaaept of quantum foam
[354], according to which at very small scales the metricspafce-time are expected to be
affected by the variable energy content within a small regispate that arises as a result
of the quantum fluctuations of the vacuum. Particles (e.@t@is) propagating through
this “foamy spacetime” will notice thesdtects, which will in turn &ect their path and
propagation through space. In the next example we will saetths deviation of the
metric can be understood by another classical analogy ag leguivalent to the arising
of a non-trivial spectral index for the vacuum. Since theod®fation of the metric will
depend on the energy content of the space at each pointydaatdm spectral index” will
be energy-dependent, and therefore one would in this cgseethe photon propagation

to be energy-dependent as well.

Equations of electrodynamics in the presence of a gravitadinal field

To see how the aforementioned non-trivial spectral indexe® about, let us consider
an example from Landau & Lifshitz’€lassical Theory of Fieldg236], which was later
re-interpreted by Ellis et al. 2000 [130]. For this consithex perturbed metric of the last

section:
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—00oo 0001 0Jo2 6Q03
0 1 0 0

G, = (5.46)

0 0 1 0

0 0 0 1

which represents a deviation from the flat spacetime{dia@;;}. The perturbation is
of the form Gy = 6go and is proportional to the momentum recoil due to gravity and
therefore a function of the photon’s energy, by Equatiort5.4andau’s exercise is to
look at the ect of this non-diagonal metric for the solution of Maxwelquations. The
electromagnetic field tensor in special relativity is vaitias:

oM _ OAy

—X (5.47)

k= T9x Xk

whereA s the electromagnetic potential. The covariant form of Mal's equations then
follows [236]:

oFi  OFy oFy

I + pv + I (5.48)
. 1 o , 47

Flk — — Flk - _ 1 .4
K = Gog IX< ( V—=Y%00 ) r J (5.49)

From the fact that the above pair of equations for the soujcesntains the term
V=Y%00 ~ V—yddoo # 1, Landau observes that there exists a formal analogy batwee
the form of these equations with those describing the els@gnetic fields in a material
medium. Now, the solutions for the fields also follow an agglevith the fields in a
medium with non-trivial magnetic and electric permeabpilisee Feynman 1963 [153]
and Ellis et al. 2008 [134]):

1 0
vh 4 E\ 4rn
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wheres = Qdx*/dt anddggg = h, to unify notations with [236].

The modified dispersion relation that results from thesavisrgby [130] to be:

k? — w? — 2h(E)kw = 0, (5.52)

from which the energy-dependent speed of light results:

¢(E) = ¢(1 - h(E)) + O(h?), (5.53)

andh(E) = O(E/Ep), from 5.44. One can therefore write the spectral index far t
vacuum as\, — 1 ~ E/Ep, whereE is the photon’s energy.

The importance of searching for LIV signatures for testingutum gravity models
is that this seems to be a fundamental phenomenolodiieiteof the theory, the basis
of which is rooted in the fundamental principles of a quantheory of gravity. From
the experimentalist’s point of view, this result is very apfing, because the energy-
dependent propagation of photons provides with one of tihe fesv instances in which

QG theories could be directly tested.

5.4.1 Energy-dependent propagation: time-of-flight expements

Even if breaking of Lorentz symmetry in QG happens only atesre energies, and
therefore deviations from a constant speed of lightx E/Ep are expected to be very
small (of the order of 1@°c for a photon of 1 TeV), astrophysical observations of high-
energy gamma-ray photons propagating over cosmologistdmties (from sources such
as AGNs or GRBs) can prove adequate to probe thffsets, because the accumulated
delay in the propagation can become noticeable [47]. Algiotlne calculations of the
preceeding section give a justification to the expectedm#dgecy of the speed of light on
the energy of the photon, they do not provide an exact exjpregs the dispersion rela-
tion, and diferent approaches to quantum gravity can actually predi@rdint analytical
forms for this dependency [258].

This deficiency of the theory does not represent a problerthéoperformance of our
tests. Since we are working with photons of eneEjx< Ep, the exact form of the

dispersion relation is not important, but only its domintartns, which can be obtained
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from the first order factors in a series expansion about E [47]

§Ep
This corresponds to energy-dependent velocties c(1 — ¢£(E/Ep)). Here,& ~ 1is

E? — ?p? ~ —p?c? [i] . (5.54)

the dimensionless parameter to be probed by the experinvemish sets the QG energy
scale in relation tcEp. As already mentioned, and pointed out by Amelino-Camelia,
the propagation of signals of féierent energies over large distandesvill introduce a
measurable relative laf in the arrival time of the photons:

AEL

In the absence of other sources of dispersion, the measat@fg non-zero spectral
lag would therefore be a direct signature of vacuum disparsObserve that the mag-
nitude of the lag is directly proportional to the size of thmeergy diferenceAE and the
source’s distancke. The expression above is only valid for nearby sources. ¢sEmolog-
ical sources the expansion of the universe must be takemauount and so the delayed
paths must be calculated with reference to the particlasawng trajectory. The pho-
ton’s path in the comoving trajectory can be calculated hying the Hamiltonian for the

comoving momentum [208]:

,_9H _d _asan[EY
c = dp_dp[E(1+z)\/1 1+2 (pr)} (5.56)

The comoving path for the photon is given &, p) = fotv(E)dt’, so that in terms of

the redshift we can write [208]:

c [ 1+n{ Ep\" . dz
X(2.Eo) = H_ofo‘ (1_ 2 (éﬁ) (+2) ) \/Qm(1+z')3+QA’ (5:57)

wherek, is the redshifted particle energy measured at presenQanf,andH, are the
cosmological parameters measured today.
The comoving distances for the two photons dfatient energies are equal, but ob-

serve that the proper distanceffeli, because during the delay of the most energetic pho-
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tons, the expansion of the universe will progress and thisafiect the proper distance.
Jacob & Piran 2008 [208] estimate that thiteet is of the same order of magnitude of
the delay due to the energyfifirence and so itis very relevant. The time delay consistent

with cosmological propagation is therefore:

Az 1 E, \" (7 1+ Z)"dz
Atz A2 _ +”(_0)f (1+2) . (5.58)
Ho  2Ho \éEp) Jo O, (1+72)3+Q,

The magnitude of this delay is of the order of JUe.Gpc, or about 4s in the case of

PKS 2155-304, fo£ ~ 1 andn ~ 1, corresponding to first ordeffects.

Searches for LIV with gamma-ray observations

Despite no positive identification of QG-related dispens#iects exist to date, the sensi-
tivity of time-of-flight measurements has increased cossiily due to the improvements
in both satellite and ground-based gamma-ray detectiogitsgties, and the constraints
and limits on LIV have become increasingly stringent. Intf@axperiments are now ap-
proaching the critical energy range of the Planck scale §48] recenfFermi measure-
ments of two distant gamma-ray bursts (GRB 080916C [141]@R& 090510 [142])
were the first to have tested LIV to this scale.

Before discussing our results, let us take a brief look athiktory of the search for
LIV signatures with gamma-ray observations. Schaefer,9@91[314], was the first to
apply the idea put forth by Amelino-Camelia et al. [47] to gaairay observations, and
using an extremely short (200 ms) flare of GRB 930131 obsdsyy@&@ATSEandEGRET
(20 keV - 200 MeV), derived a limit of 8x 10'® GeV on the energy scale for a frequency-
dependent speed of light, a value which was neverthelegsciub considerable uncer-
tainty given the lack of a redshift measurement for the GRBn¥the very beginning,
it was understood that, despite providing constraintglistubased on individual objects
could not provide a definitive evidence for Q&ezxts because it would not be possible to
disentangle the propagation delays from possible intilagjs with origin at the source’s
emission mechanism or geometry (see [338] for a discusdiorirmsic spectral lags in
GRBS).

Posterior searches have therefore concentrated mostlpserang populations of
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GRBs at diterent distances, looking for an evolution of the delays watshift that would
be compatible with the propagatioffect described by Equation 5.58. The success of
this type of study has been directly linked to the energyesofthe observations. Studies
using wavelets to select transient peaks by Bolmont et @6 289] using 0.5-400 keV
data from HETE-2, excluded energies below 20" GeV from the possible range of
Eqs. Two studies by Ellis et al. (see [130] and [131]), used ke\Mt@V BATSEand
OSSEobservations of a sample of GRBs with known redshifts to ltakz-correlated
delays, and derive more rigorous limits fBeg > 6.9 x 10" GeV from a regression
analysis. Later on, similar analysis by the same group ir63002], including a larger
sample fronSwiftobservations, obtained a statistically robust limit ¢&f @ 10*® GeV to
the scale of validity of Lorentz invariance. The most caaisiing limits until the launch
of Fermiin June 2008 came from observations of a bright and very ditorhs feature
from GRB 021206 ~ 0.3), observed byRHESSIin 2004 [88], where the abscence of
a dispersion in the peak position of the flare between 1-17 MeMo a lower bound of
1.8 x 10'7 GeV for the QG energy scale.

The most stringent limits ofEqs to date come fronfermi observations of single
gamma-ray burst events, whereby evaluating the tinferéince between the arrival of
the most energetic photon in the datasetZ23 [2 GeV for GRB 080916C [141] and 31
GeV for GRB 090510 [142]) and the start time of the burst, fif Eqg > 1.3 x 10'8
GeV/c? (for GRB 080916C) ané o > 1.45x 10 GeV (for GRB 090510) were derived.
The first of these limits is within 10% of the Planck scale, aras$ obtained by assuming
the maximum possible delay for the arrival of the 13.2 GeVtphdAt = 16.54 s) was
due to QG dispersion, which is a very conservative approdohact, it seems to be
the case that the high-energy emission from GRBs with a LA&a®n (e.g., 080825C,
081024B [48]) all have a delayed onset to the start of the VHiission, the origin of
which is still unclear [188]. In the case of GRB 080916C, tle¢agl in the onset of the
LAT emission could be as large as4.5 s, which would imply a significant revision of
the limits onEqg.

More important was the result of May 2009 on GRB 090510 [1##]which, under
similar premises for the analysis, a delay on the arrival &laGeV photon of only

0.829s puts a limit oEqs of ~ 1.2Ep, therefore beyond the expected energy scale for
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the manifestation of thesdfects. This result stronglgisfavoursany QG models which
predict a spectral variation on the speed of light due to thetum nature of space-time
(at least for first-orderféects, i.e.n = 1 in Equation 5.58). Despite this important result,
additional limits of the same order, population studies am@hsurements with fierent
kinds of objects are desirable. As a matter of fact, a redediyf the precursors @wift
short gamma-ray bursts by Troja et al. 2010 [335] has looktmithis; the authors have
concluded that 8 — 10% of short GRBs display early emission episodes, withsiase
early as 13 s before the GRB in the case of GRB 090510. Theyalstucted a detailed
analysis of the spectral delays in GRB 090510 based on tlessémdings and concluded
that knowledge of the 13 s-advanced precursor significaetiyces the constraints put
before toEqs > 0.09Mp, leaving the quest for an unequivocal counter-evidencé fdr
open. Other possibldiects testable with astrophysical measurements are didl toade;

examples are givenin e.g., [226].

VHE Observations: Very high energy observations with ground-based atmospher
Cherenkov telescopes (ACTs) have great potential to dan&ito these investigations.
Even if the ground-based gamma-ray detection of GRBs iffiauli task with the current
generation of ACTs, the higher energy range of the obsemsifby 3-4 orders of mag-
nitude) mean that VHE AGN observations can essentially @@ to similar scales as
satellite observations of GRBs [346].

The first limit to the energy scale of QG from ground-based \WiServations was
derived in 1999 by the Whipple collaboration. The abscefficelays in the registered ar-
rival times of photons of 2 TeV relative to the low-energy ones from Mkn 421 was used
to derive a limit of 4x 10*® GeV [71]. The most constraining AGN limits are from recent
observations with the MAGIC and H.E.S.S. telescopes of M&h &1d PKS 2155-304
respectively ( [42] and [28]), which extended the scale lierlinear term of QG-induced
dispersion to @x10'8 GeV in the case of the MAGIC measurement artka0*® GeV for
the H.E.S.S. measurement. In fact, it is relevant to noteNt#GIC measured aactual
lag from Mkn 501 for events with energy 1 TeV, of 0030+ 0.012 $GeV. Nevertheless,
the inconclusive association of this systematic delay Wi@®induced dispersion forced

the interpretation of the results as an lower-limitBgs. Potential spurious sources of
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Flare | < AE > T95% EQG
[TeV] [s/TeV] [x10%¥GeV]
BF1 1.42 44 1.09
BF2 1.23 30 1.60
BF3 | 1.40 36 1.33
BF4 | 1.25 50 0.96
BF5 1.29 48 1.00

Table 5.3:Quantum Gravity energy scale limits derived using the fivestsufrom the PKS 2155-
304 large flare. The parametegsy, corresponds to the shortest lag that the method can probe
with a 95% significance for each individual burst, as detagdifrom MC simulations. The last
column shows the correspondent lower limits for the QG gnsogle.

dispersion which can interfere with a direct measuremeQ@®@feftects in time-of-flight
experiments in the gamma-ray regime include both exteawbfs, such as the cascad-
ing of photons due to interaction with the extragalactickgaound light (EBL) in the
presence of weak intergalactic magnetic fields [277], a$ agelintrinsic delays on the
production and escaping of high energy photons from thecgoufhe association of a
measured dispersion with LIV must therefore be able to miystish between these ef-
fects, most probably via consistent measurements from @lsashsources over a range

of redshifts, and taking into account the known source syates.

5.4.2 Results from the Kolmogorov distance method

We now use the results presented in Table 5.2 of Section S8riee new limits for the
guantum-gravity energy scale from the large TeV flare of PKS52304. As can be seen
from the results for*, in none of the five individual bursts BF1-5 have we seen aifsign
icant (> 30) lag of the high energy photons. The non-detection allowsavertheless to
put a lower limit to the QG scale by quoting the valueEyjs which corresponds to the
shortest lag for each burst to which the method is sensititte %% significancegsg)
confidence. These values can be estimated from the RMS vdére®d from Monte
Carlo simulations in Section 5.3 (as shown for example iuféd.10), and then convert-
ing them in terms o 'Ep according to Equation 5.58. The results are presented ile Tab
5.3.

Since the tests on all bursts BF 1-5 represent independexgurements, this analysis

provides 5 independent limits for the QG-scale. The mossitaming limit comes (as
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expected) from the shortest of the flares observed, BF-bwel by BF-3, which is the
mostintense. The results for BF 4 and 5 are the worst bechese flares are considerably
broader than the other ones. In considering therefore avataé for the new limits on
Eqc, we need not combine these individual results. The mogicgge limit is given by
the best of the five measurements, which corresponés'E > 1.6 x 10'8 GeV.

This value is of course no match for the most recent Fermi areagent,but are still
the most constraining limits t&qc derived from blazar measurments, by a factor of 2,
obtained by H.E.S.S. from this same dataset. All these fagoint to the power of the
Kolmogorov method which we developed in detecting spedisgersion in high-energy
astrophysical data.

As a final note to this section, one should keep in mind a fevectslated to these
kinds of measurements and their consequences to QG modwistir3t of them is that
the negative results reported here and their correspotalgat limits onEqg do not in
any way disprove the existence dfexts of LIV. Their implication is only that of exclud-
ing a certain range from the energy scale where QG might béfeséed. One important
aspect of the QG models is that, though unknown, the enerdy far its manifestation is
expected to be of the order Bfanck; N this sense, an energy limit as measured by Fermi
of 1.2 Epjanck represents a real challenge (albeit not a definitive onejhese models.
Nevertheless, such limits are always qualitativilffelient from a “true” non-detection of
the dfect. This is because the possible influence of other unatedu fiiects to the delay
of photons and uncertainties about the source emissioregsaan potentially mask the
results. A genuine measurement or disproof of LIV from colsmical photon propaga-
tion needs therefore to rely on repeated and consistenturezasnts from a number of
sources, preferentially within a broad range of redsh@estainly, a claim of detection of
such dfects will require a clear measurement of the lag’s redskiftethdency law, given
by 5.58. Finally, the disproof of any manifestation of LIVtae Planck scale, far from
being an trivial result, is a fundamental and important comdtion of the validity of the
postulates of relativity up to extreme scales (akin to thelsieh existed in the very early

universe), for which there are no convincing theoreticatifications to date.
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5.5 Application II: in situacceleration

In the final section of this chapter we use the same resultsidly &nother fect: that the
dispersion be of intrinsic origin. Relaxing the constraiom the required statistical signif-
icance of the detection, we derive some parameters for tedeaation of the flow in the

jet of PKS 2155-304. These kinds of studies in blazars aresam more promising appli-
cation for the Kolmogorov method than QG searches, becaesexpected magnitude of
the lags are higher for thes&ects. The higher expected lags are also the reason why we
allow ourselves to relax the constraints on the significahoeshold for lag detection to

1o only in the following analysis (which we admitedly do in a Roonservative way).

5.5.1 Size and physical nature of the emitting region

Very fast variability such as observed here for PKS 21550ds us valuable informa-
tion about the properties of the high-energy emission sideawing from the discussions
of relativistic bulk motions in Chapters 3 and 4, and base@wdence of superluminal
expansions such as measured with VLBI (see [290] and [29&])ch imply moderate
Doppler factors for the pc-scale jet gf 10, upper limits to size of the emission zones
can be derived from causality arguments linked to the minmaariability timescales,,

taking into consideration the cosmological redshift of sberce z

Clyard
R<i+2

(5.59)

From the smallest variability timescales observed in tlisriy event of MJD 53944,
tyar = 173+28 s, the size of the emitting region is constraineBdo" < 4.5x10%cm = 0.3
AU, or for 6 ~ 10, Ryg ~ 3 AU. As discussed in Chapter 4, the jets of blazars are pre-
sumably powered by accretion onto a SMBH, whose charattesige (or Schwarszchild
radius,Ry = 2GM/c?) dictates the natural dynamic scales of the system [86]icRdhat
these scales are “fixed” for the system, since the centraheng at rest, irrespective of
the bulk outflows of the regions in the jet. For a mass of the $MB PKS 2155-304
M ~ (1-2)x 10°M,, [82], we have:
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R Cgtvard —2
— < ——— ~0.8-2%x107, 5.60
R, = 2GM(1+2) X (5-60)

which in order to satisfy the dynamical constraints impadsgdhe central engine would
require outflows with Doppler factos> 50, much above what is typically expected for
blazars and at least 5 times superior to the Doppler factiotfseopc-scale jet, implying
strong deceleration of the flow in the passage from the inméné pc-scale jet. These
very fast timescales are abjectiveobservational fact and, as presented in Chapter 4,
represent a dynamical problem to the jet models only as féhexsariable regions re-
main dynamically attached to the scale of the central endima is, if these timescales
are for an entire cross-section of the jet. A quick respoosiis problem was drawn
by Begelman et al. 2008 [75] and Ghisellini & Tavecchio 20@89], who dissociate
the gamma-ray emitting zones from the dynamical conssahthe central engine by
suggesting they develop within the flow as energetic regigtisenhanced Doppler fac-
tors. The arguments were given at the end of Chapter 4, andsiig@realisation of this
scenario will be presented in the final section of ChaptemGany case, this discussion
allows us to develop a picture of the emitting region (or cantgemitting blob) which

can be used for the study of the implications of the energyeddent delays.

5.5.2 Energy dependent time-delays:

Let us return to Table 5.2, where for the first three bursts Bnb lag was found, but for
BF 4-5 marginal ar-threshold delays between thel TeV and< 500 GeV events were
seen. If we are to grant these measurements some relevanteg Sake of the exercise
at least, then we could test the hypothesis of an intrinsgirgrfor which these lags are a
signature of gradual particle acceleration in the jet. Time tdelays between the peaks of

the flares are thereforergps ~ 14+ 9 s andArges ~ 11+ 6 S.

In the first scenario [39], let us consider that the delay is ttuthe diference be-
tween the acceleration times of electrons to the energigsssary to emit 0.5 and 1 TeV

photons:
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OATBE = T1Tev — T05TeVs (5.61)

whereé is to correct for the referential transformation of the tsvandr refers to the
acceleration times of the electrons. Assuming that thelaateon time is of the order of
the cooling time in an SSC model, we have [39]:

AETeV

fATBF = 018—52, (562)

whereB is the magnetic field at the emitting regi@t,TeV/G] is a measure of acceleration
efficiency, andAErey is the diference in energy between the flares, given in Table 5.2 as
(E). In terms of the unknown parameterands, and assuming a typical magnetic field

B < 0.5 G [252] we have

1AETeV
Atgp

62 =02¢ (5.63)

which imply 63, = 0.0267* and 3., = 0.02%. For the typical Doppler factors for
blazarss > 10, we have acceleratiorfigienciest ~ 1074 G/TeV, which are of similar
magnitudes to the values derived for Mkn 501 [39] and a fat@dower than required
to explain the gamma-ray flux of the Crab Nebula, implying¢fere indficient particle

acceleration is taking place.

To develop a second and final scenario for our analysis, lebasider the accelerat-
ing blob model of Bednarek & Wagner 2008 [69]. Again here ag &&ission model is
assumed. The fference of this scenario in relation to the previous one islibee we
suppose that the macroscopic acceleration of the flow (tehéte blob within the flow),
and not the microscopic acceleration of the electrons, usiog the energy-dependent
time delays. We can imagine that this acceleration is happefior example, in the
innermost jet, where a twisted magnetic field configurationld work for a gradual ac-
celeration of the flow, such as proposed by Marscher et al8 2284]. In this scenario,
the blob accelerates from a Lorentz fack@y, to I'max @and it is this that causes the time
delay between the low and high energy flares.

Now, let us recall that in Chapter 3 we showed that the IC powas related to the
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synchrotron power bP,c « Uaqy2Ne, Where the radiation density in the case of SSC
emission is that of the synchrotron fld¥/syn, andNe is the number density of particles.
Including the &ect of the Doppler boost of the flosv= y(1 — 5 cosh)~* =~ 2y (see [69]),
we have:Pic = 4y*UsynyiNe.

Now, recall (also from Chapter 3) that the energy of the syoicbn photon can be
approximated as originating from the electrons at the spkebteak of the population’s
energy distribution. From the considerations above, thet@xce of such characteristic
energy for the parent particle’s energy will also be validtfee IC photons, and we can
assume that when the blob accelerates fiGg to I'nax the maximum energy of the
gamma-ray photons will also go froff, min to E, max, according tce, =~ meyel [69].

Since a distancgc will be covered in the timalt necessary for this aceleration to
happen, wherg = j(t) is the velocity of the blob, it is possible, given certais@sptions
about the dynamics of the jet and the structure of the magfietd (see Bednarek &
Wagner [69]) to use the low to high energy time-deday to estimate the distance crossed

by the blob during its acceleration:

Xace = CAT(2I minl max — 1) (5.64)

Now, I'min can be assumed, based on lower-limit values measured fdtothevia
VLBI, to be ~ 10. Sticking to the dynamical considerations of Bednarek &wér 2008
[69], which were formulated for the case of a rapid flare oftaeoblazar, namely Mkn
501, very similar to PKS 2155-304, we have the additionaldtteom thatl'ay/Tmin ~
10?3, and sd max ~ 50. With these values and usinggrs ~ Atgrs ~ 15 s, as before, we
haveXa.. > 10" cm ~ 1072 pc for the size of the acceleration zone traversed by the blob

This value is surprisingly small, and in particular of thengaorder of magnitude as
the Schwarszchild radius of the central SMBH, meaning thatinciple the acceleration
region responsible for the production of gamma-rays coeldolsated right at the base
of the jet, very close to the central engine. Given that ofaetors such as opacity due
to soft photons might impose more restrictive conditionth®escaping of high-energy
photons from these regions, this is not likely to be the caBas result would imply,
nevertheless, that once the opacity conditions are sakisfikile still within the jet ac-

celeration and collimation zone (for example as suggesteéde model of Marscher et
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Figure 5.14 Pictorial model for the inner jet structure of blazars. GiedA. Marscher (adapted).

al. 2008 [254] presented in Figure 5.14) the blob would gyigain the necessary flow
speeds for gamma-ray emission to happen. This means thaxtns f the location of
the emission sites, the opacity conditions are likely (is grarticular case at least) to put
stronger constraints on its proximity to the central engimen the values derived here
from acceleration considerations.

In Marscher’s BL Lac model, the size implied for this accatem zone can be re-
garded as an upper limit. In their calculations, they havated the acceleration time
directly to the final 240 rotation of the blob crossing a twisted magnetic field ling, a
revealed by optical polarisation rotation measuremergs dssociation corresponds to a
size-scalev 0.025 mas~ 1072 pc, or < 10* cm (< 100R,), which in the context of the
previous discussion constrains the sizeXgf between few-10®,.

Marscher suggests, in the case of BL Lac, that once thisexat&n happens the ki-
netic energy of the flow becomes too large compared to the et@genergy density, so
that turbulence develops and the flow decelerates, medmngd more VHE gamma-ray
emission is possible from downstream of the standing-siadtke VLBI radio core. If
this is correct, than our very restrictive values ¥y.. would constrain the gamma-ray
emission to come from a region of a fé¥y upstream from the radio core, where the ac-

celeration of the flow is maximal due to continuous collimatand magnetic acceleration.

In conclusion, we have developed in this chapter a stagistiethod to study energy-

dependent time delays in ubinned light curves of high-gnelgservations which is sen-
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sitive enough to allow us to perform a series of tests abaubtbchanisms of generation
and propagation of gamma-ray radiation from extragaladiaces. The cases presented
here are examples of possible studies which can be doneatméthod, although the
analysis of the quantum gravity hypothesis provided itseffortant results, namely the

best-constraining limits to date on the violation of Lozemivariance from AGNSs.



Chapter 6

Multiwavelength Polarimetric

Campaign on PKS 2155-304

In this chapter the analysis and results of a coordinatedisl/Imultiwvavelength campaign
on the VHE blazar PKS 2155-304 are presented. The campagducted in the Sum-
mer of 2008 between MJD 54704-54715, was jointly organisethembers of thédigh
Energy Stereoscopic Syst¢bhE.S.S.) and thEermi Large Area Telescog€&ermjLAT)
collaborations, in what constituted the first coordinatedesvations of this object ever
to cover its spectral energy distribution (SED) from ogticathe GeV-TeV gamma-ray
bands. In particular, the gamma-ray observations provilledirst simultaneous GeV-
TeV SED coverage of any BL Lac object, permitting a complete direct view of the
shape and temporal behaviour of the full inverse Comptoin ¢tnponent of the emis-
sion. Another unique feature of this campaign is that we seded in obtaining — for
the first time for any BL Lac — optical polarimetric measurensecontemporaneous with
VHE observations. The object was found to be in a low stat#é spactral bands covered,
which allowed the placing of strong constraints on the origfi the quiescent emission
of this prototypical VHE source. The optical polarimetrizservations proved extremely
useful in providing complementary information that wasalmable for an in-depth mod-
elling of the source structure. The accompanying X-ray nlad®ns were performed
with the Rossi X-ray Timing Observato((RXTE) Proportionl Counter Array (PCA) in-
strument and th8wfifXRT telescope.

The chapter will be organised in the following way. In Secttl we will give a brief

174
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description of the campaign. Since we already discussedtaildhe observational tech-
niques relevant for this work and have also given a detaitedant of the high-energy
view of blazars, we will proceed on Section 6.2 to a detailedcdption of the polari-
metric view of PKS 2155-304. The high-energy multiwavekbngnalysis and results
are presented in Section 6.3 and data analysis and resw#ioél polarimetry results
are shown in Section 6.4. We conclude in Section 6.5 with eudsion of the quiescent
state of PKS 2155-304 and the implications of our work to usi@ading the physics and
modelling of the source and a discussion of the prospectsi®kind of work on TeV
Blazars. The worked presented here is published in two papBarres de Almeida et al.
2010 [65] and Aharonian et al. 2009 [35] — and the polarirogtdrt is inserted within a
large project for the optical polarimetric monitoring oM &lazars and other AGN. Sec-
tion 6.6 is an epilogue, attempting to model the optical psédion variability by means
of geometric arguments instead of a inhomogeneous symohrsburce, as discussed in

the main papers.

6.1 Description of the Campaign

This work constitutes the third multiwavelength campaignfermed with the H.E.S.S.
experiment on the prototypical TeV blazar PKS 215543@4hd was organised as a joint
venture by members of the H.E.S.S. and the F&rATi collaborations in the months
preceding the launch of tieermi Gamma-ray Space Telescope on th& Qine, 2008.
The observations were therefore motivated by the possilfifinally putting definitive
constraints on the ffierent SED models of high-energy BL Lacs, by accurately maagu
for the first time and simultaneously the entire inverse-@tum peak in the 100 MeV-10
TeV range. Since the H.E.S.S. experiment detects the sauicéow state within~ 1
hr, significant daily detections are always guaranteed tla@gdource was targeted for an
11-day multiwavelength campaign. A summary of the obsematis presented in Table
6.1

The H.E.S.S. observations of PKS 2155-304 took place dumaD 54701-54715,

Previous multiwavelength campaigns with H.E.S.S. are @9222005 campaign [15] and simultaneous
multi-band observations of the second exceptional flarbiefabject in July 2006 [32].
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Table 6.1:Summary of 2008 observations of PKS 2155-304

Observatory Spectral Band MJD of Observations
H.E.S.S........... 0.2-10TeV 54701-715
Fermj/LAT..... 0.2 -300 GeV 54704-715
RXTE/PCA.......... 2-10keV 54704-713
SwWifyXRT............ 2—10 keV 54711-715
ATOM............ R,V,B 54704-715
LNA/Brazil..... I, R,V 54710-716

for a total of 42.2 hr. After applying the standard H.E.S.&adquality selection criteria,
an exposure of 32.9 hr live time remained (MJD 54704-5474t53, mean zenith angle
of 18°.3. The dataset were calibrated using the standard H.Ec8liBration method [13]
according to description in Chapter 2. PKS 2155-304 is orth@fprimary monitoring
targets for thd-ermilLarge Area Telescope (LAT [54]) and is continually obserigdhe
instrument in its normal survey mode. For this campaign resef dedicated pointing
observations was taken. LAT analyses was performed witféhei Science tools, now
publicly available from HEASARC and described in [61]. Adilihood analysis approach
was used. Only class-3 events, with the highest probaloiibeing photons, and coming
from zenith angles 105wvere selected for analysis. fise emission was excluded ac-
cording to standard models provided by the Fermi Collalamavhich are created based
on the Galactic cosmic-ray propagation code GALPROP. Tiragalactic difuse emis-
sion and residual instrumental background have been neatial an isotropic power-law
component which was added to the likelihood fit. Only photeitkin a 10 radius cen-
tered on the source coordinates were used in the analysigharfinal selected energy
range was between 0.2-300 GeV, therefore witi00 GeV overlap with the H.E.S.S.
data.

A total of 75 ks of exposure was taken with RXTE, spread oveddys coinciding
with the scheduled times of H.E.S.S. observations; the wata taken with the Propor-
tional Counter Array (PCA [210]) and were analysed accaydmstandard procedures
provided by HEASARE. An additional 6.4 ks exposure witBwift was also made to-
wards the end of the campaign, using the X-ray Telescope (8&]), and for this dataset

pre-processed standard products were used.

2RXTE data analysis proceudres are described at/fitg@sarc.gsfc.nasa.gdocgxte/.
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During the multiwavelength campaign, a total of 106 Bes3éRBilter observations
were taken with the 0.8 m ATOM optical telescope [191] lodave the H.E.S.S. site.
Integration times between 60 s and 200 s were used. Photoraeturacy was typically
between 0.01 mag and 0.02 mag. Automatically processedpiattic data provided by
the ATOM team were used as well.

Complementary optical polarimetric observations weredoated during the second
half of the campaign, between MJD 54710-54716, and cotestihe main highlight
of this work. The observations were made with the 1.6 m Pédgtiner telescope at
the Pico dos Dias Observatory of the National Laboratory strdphysics (OPR.NA,
Brazil), using the high-precision CCD imaging polarimet&&POL in linear polarisa-
tion mode [250]. A total of about 100 (non-strictly) simulous multiband images were
taken in the VRI filters, except for the last night of the caigpavhen only R-band mea-
surements were made. Data analysis was described in deGiildpter 2. The configu-
ration of the polarimeter provides simultaneous measunésrd the ordinary and extra-
ordinary rays, which allowed for observations under nagaldatmospheric conditions,
since any atmospheric contributions witfect both rays equally, and any sky contribu-
tion is expected to cancel out in the process. Standardipalan stars from Smith et al.
1991 [323] and Rector & Periman 2003 [298] were used for cafibn. Single polarisa-
tion images were integrated fronrx850 s exposures, each at déient position of the
polarimetric wheel; a precision better than 1% in the psktron degree was achieved.
The temporal resolution of consecutive measurements iR thend (which was the most
intensely monitored band since it provides the lowest irstiégn times) was of the order
of 15 min, whereas V and | images were taken at the beginnidgead of each night to
monitor the spectral evolution of the source’s polarisapooperties. Data reduction was

made with a specially developed package for LNA polarinetata, PCCDPACK [285].

6.2 The Polarimetric view of PKS 2155-304

The high-energy peaked BL Lac object (HBL) PKS 2155-304 hesnbthe target of
several polarimetric observations along the years, frafhoreo ultraviolet frequencies,

which accumulated a wealth of information on the polar@saproperties of the source.
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In fact, optical polarisation measurements of this objeetexfirst obtained by Gifiths
et al. [185], shortly after the discovery of the optical ctmrpart of theHEAO A-3X-ray
source H 2154-304 in 1978 [184]. The linear polarisationhef optical flux, together
with the variable emission and broadband featureless ptamecontinuum, helped the

rapid identification of the source as a new member of the BLdlass.

6.2.1 Optical Polarisation Properties

The first series of systematic studies of PKS 2155-304 inrjzald light were done with
the 3.8-m United Kingdom Infrared telescope (UKIRT) on Malfea, between 1979 and
1983, by Impey et al. ( [204], [205] and [201]). The source whserved in thd, H and
K infrared bands showing a relatively stable and mostly logrée of linear polarisation
of < 3% and an equally stable polarisation position angle betvi@&-13C¢. A strong
thermal excess was also identified superposed on the padare-thermal flux from the
two-colour IR plot [205].

The first simultaneous broadband polarisation measurenoémMKS 2155-304 were
performed by Brindle et al. [91] and Mead et al. [265] in IR aptical (fromK to U
bands) using the now defunct Mark | and Mark Il Hatfield due&in polarimeters [115],
mounted on the 3.9-m Anglo-Australian Telescope (AAT) amel WKIRT. The observa-
tions revealed the source to be in a relatively higher andervariable polarised state
than seen in previous campaigns, with the polarisationedegssuming values typically
between 3- 7% [333] and presenting variability on both intra and integht timescales.
These variations were accompanied by changes in flux andigaiian position angle
(P.A.) on all nights, with the P.A. varying within the entirenge of available angles,
but assuming preferential values betweeh &¥d 140 ( [324] and [333]). Dominici et
al. [126] investigated the existence of such preferentlies for the polarisation, us-
ing historical data from the literature, and identified aiafle component with a long
timescale trend in P.A. that has been systematically decrg@aluring the last decades,
possibly due to global geometric changes in the directiohef relativistic jet. No
episodes of large and continuous rotation of the poladeagingle (such as the 90r
180 swings observed in other BL Lacs) have ever been registerethis source, pre-

sumably due to indticient sampling. The presence of large amplitude varighilitthe
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polarisation degree seems to correlate with epochs of ligtometric fluxes but there ex-
ists no consistent connection between the magnitude of thesquantities, as discussed
for example by Smith et al. [324].

Before the measurements described here, the short-titegsaarisation variability
was probed by Tommasi et al. [333] and Andruchow et al. [S0jgithe Complejo Astro-
nomico El Leoncito (CASLEO, Argentina) 2.15 m telescopethva resolution of about
15 min. Generally, daily variations did not exceed a factiordl.2 in amplitude forP
and~ 20 in P.A., but extreme polarimetric flux variations (up to atéamf 2) and P.A.
rotations of 90 were registered during some of the intranight observatigr{833]. Vari-
ations in the polarisation degr&eand position angle P.A. do not necessarily correlate at
either intra or inter-night timescales.

A variable level of positivéfrequency dependent polarisation (FRRpg P/dlogv >
0) was also detected from the source during the highly m®drstatesH = 10%). FDP
was later also observed by Smith & Sitko [322], Smith et a24[Band Allen et al. [45],
extending up to the UV wavelengths, and always in the sendéogfP/dlogv > 0, with
a median oPy /P, ~ 1.2. TheHubble Space Telescopaint Object Spectrograph (FOS)
measurements of Allen et al. [45] between 1360-3300 A yibkteong evidence that the
UV polarised flux is produced by the same synchrotron meshamesponsible for the
optical polarisation; the greatest evidence for this waddbk of abrupt changes and
P.A. between the optical and ultraviolet frequencies. BriitSitko [322] used this fact
to constrain the contribution of an accretion-disc donedat’VV continuum to the BL Lac
emission, concluding that the FDP is intrinsic to the syotimn source rather than the
result of dilution by a non-thermal unpolarised componéxsimilar argument is valid
for the host galaxy’s contribution ( [136] and [81]), for whithe red stellar continuum
of an elliptical galaxy could explain the sense of the FDPrmitits time variability or
the presence of a frequency dependent position angle (FD#®Agct, marginal levels of
FDPA were also present in some of the data collected by [94[322], with maximum
rotations of about Sover the entire IR to UV spectrum. FDPA measurements present

no trend for a positive or negativa®¥/dv. Tommasi et al. [333] were the only people

3That s, in the sense of a higher polarisation degree tovthedsluest frequencies.
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Figure 6.1.VLA image of PKS 2155-304 at 15.4 GHz by Piner et al. [291]. Tible marks show
the magnitude of the polarised flux (with a scale of 0.2 mas®&nd the direction of the EVPA.
The colours show the fractional polarisation, with the eéatlicated to the right of the images.

to probe for circular polarisation in PKS 2155-304, with atge results, and they set
an upper limit of 0.2% at the 3 level. One should bear in mind, however, that the
absence of significant circular polarisation in homogesesyunchrotron source scenarios
is expected, since the degree of circular polarisationlshmeia factor ofy, less than the

linear, wherey, is the electrons’ Lorentz factor, typically 10° in blazars [309].

6.2.2 Radio Jet Observations

In radio frequencies, the parsec-scale jet of PKS 2155-3#imvaged twice at 15 GHz by
Piner et al. ([290] and [291]) using the Very Long Baselineadr(VLBA) with a linear
resolution of approximately 0.5 pc. The VLBI image shows tathat starts southwest
of the core at a position angle ef 150 in 2000, and by 2003 seems to have rotated
to the new position ok 160°. The only pc-scale polarisation image of this source to

date is the one made at 15 GHz by Piner et al. [291], presentEédjure 6.1, where a
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single jet component is resolved downstream from the raaoiie,anoving with a derived
bulk Lorentz factod” ~ 3. Polarised flux was detected coming from the core component
alone, as indicated by the coloured area, at a mean leved 862the polarisation vector

(at a P.A.~ 131°) was seen to be about 3fnis-aligned with the jet-projected position
angle.In the optically thin regime this is evidence for thegence of a dominant magnetic
field component roughly transverse to the flow. The best#é 8 the core component is
0.23 mas, corresponding to a linear size-dd.5 pc. The polarisation degree of the core

exhibited a spatial gradient between 3-8% that increas#teinpstream direction.

6.2.3 Implications for the source structure

The observational studies of PKS 2155-304 and BL Lacs ingéhave shown that the
linearly polarised near-IR to UV continuum is most easilplened by emission from
incoherent, optically thin synchrotron radiation [45]. igypical for X-ray selected BL
Lacs (XBLs or high-frequency peaked BL Lacs, HBLS) — as opda® radio-selected
BL Lacs (RBLs or low-frequency peaked BL Lacs, LBLs) — PKS 2134 presents a
relatively low polarisation degre®(< 10%). This fact alone could lead one to consider
the existence of a strong unpolarised component whichediltite more highly polarised
and variable emission. The presence of such a strong uigedacontinuum has never-
theless been disfavoured by the observations of Smith €982 [324]. They noted an
absence of any significant changes to the source’s speuti@t end FDP during a 0.8
mag increase in the optical brightness which suggestedattyatinpolarised background
contribution — from the host galaxy or other unpolarised AG\nponents such as the
“big blue bump” — must be negligible ( [322] and [45] ).

The observed variability timescales also suggest thabthleradiation cannot be the
source of the emission [324], and in fact the rapid changes sepolarisation attest to an
origin for the BL Lac continuum in compact zones, smallentkd. It-day across. Allen et
al. 1993 [45] also observe that the variability timescatgsia against scattering processes
being responsible for the polarised flux as well, since tiagtedng material could hardly
change its distribution about the continuum source so hapidhe polarisation properties
of the source thus seem to indicate an origin for the IR-UV filua compact synchrotron

source. The detailed properties of this non-thermal soneeel to be able to explain not
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only the presence of rapid variability in the polarisatiordahe presence of FDP, but
also the consistent lack of correlation between changesghtness and the polarisation

characteristics of the source.

Frequency Dependent Polarisation

An intrinsic origin for the FDP points to a picture of the etimgj region as an inho-
mogeneous synchrotron source, since a homogeneous {geedimagnetic field struc-
ture and uniform particle distribution) zone of magneterbsstrahlung radiation would
have frequency-independent properties [175]. Accordmdlordsieck 1976 [279] and
Bjornsson & Blumenthal 1982 [84] frequency-dependentpsation will appear if the
flux spectral distributionr steepens with frequency. However, Allen et al. 1993 [45]
observed that such a form for the frequency-depend&(ec (1 — a(v))/(5/3 — a(v))
greatly underestimates the amount of FDP that is seen fosdhece, given its weak
spectral curvature. An additional frequency dependendbeofiegree of ordering of the
magnetic field is thus necessary to explain the spectratipateon properties.

An alternative scenario to this picture would be a two-congra model such as pro-
posed by Ballard et al. 1990 [59]. A sharp high-energy spéctrtdf, as expected from
shock-accelerated electron distributions in the varipgblarised components, would then
naturally lead to FDP, but would also predict a maximum psédion at the cutl fre-
guencyv. that has never been observed for PKS 2155-304. Courvoisiér £995 [113]
measured the spectral index of the polarised componentketihe U-I bands and found
an unabsorbed spectrum, flatter than that of the unpoladseghonent, indicating that
such a spectral break for PKS 2155-304 would have to happérghér frequencies.
Another weakness of such a proposal is that these two compon®uld have to vary
together if little or no concurrent changesarare to be seen, as in the data of Ballard et
al. Two-component synchrotron models were also studiedrinydi et al. 1986 [91] to
explain the timing characteristics of the polarised emnissif PKS 2155-304. A model
where only one of the synchrotron components is polarisedaan considered by Smith
et al. 1992 [324], but they concluded that an unphysicaltieiabetween the bright-
ness and spectral indices of the two components would bessa&geto account for the

constancy of the FDP observed over a range fiécent photometric flux levels, thus dis-
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favouring such a scenario. Itis clear therefore that theld@ment of a model capable of
accounting for all the range of complex polarisation bebars observed from the source

is not an easy task.

Polarisation Time-Variability

Extreme variability events where the degree of linear peddion changes by a factor of
2 in one day while the P.A. rotates by°9@33] suggest the presence of two significantly
polarised components offéeérentP and P.A. Tommasi et al. 2001 [333] combined their
measurements with historical data to propose a model for ZK55-304 consisting of a
stable component endowed with a regular magnetic field,llysd@minant, responsible
for the preferred P.A. ok 115. Secondary components can then arise due to pertur-
bations in the jet, which change the general ordering of thgmetic field and induce
rotations in P.A. and variability in the polarised flux. Theeaall low level of polarisation

is explained by the presence of several of these “patchek&ijet, each with a size com-
parable to the coherence length of the magnetic field. Tla potarisation in this case is
given byP.,/ VN, wheren is the number of “patches” arfé},., the maximum theoretical
polarisation of each individual sub-region 70%). Ghisellini & Lazzati 1999 [168] en-
visaged that this ordered field component could be the ge@altesult of a jet observed
slightly off-axis.

An additional property of the polarised emission of BL Laleattstrongly constrains
the source models and should be taken into consideratitwe isgual lack of correlation
between the variations in polarised and photometric flugparticular, the relative ampli-
tude of the polarised flux variation over timescales of a fewsdtends to be much larger
than that of the total flux in the same band ( [324] and [113])e Tistinct behaviour of
the two light-curves means that it is not possible to accéanrthe total flux variations by
those of the polarised flux alone, and both components ofrtheséon must vary in time.
Conversely, the problem of the variation of the polarised iannot be reduced to that
of its dilution on a variable and unpolarised background gonent. Courvoisier et al.
1995 [113] note that the spectrum of the polarised compahaed not vary together with
its flux, and that this indicates that the flux variability cahbe dominated by changes in

the physical parameters of the emitting region, such ascpagpectrum or acceleration
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efficiency and magnetic field ordering. Rather, they favour a@ge where variations are
the result of changes in the beaming factor (either the baliehtz factor or orientation)

of the emitting region.

Relation to X-rays and Radio VLBI

In relation to the broadband SED of PKS 2155-304, Smith 1292 [324] studied their
results in the light of the inhomogeneous SSC model of Gimset al. 1985 [166]. They
noted that the rapid variations in the polarised flux are oialar time scale to those
seen in soft X-rays, which are predicted by Ghisellini et@aloriginate from synchrotron
rather than IC emission. Nevertheless, more detailed aisatgnducted by Courvoisier et
al. [113] using contemporaneous X-ray data showed that they>and optical polarised
emission are mostly likely not to be co-located.

Finally, note that the existence of a preferred position@ngoptical similar to that
of the mm-wave core favours the presence of a dominant cedscgle component with
a regular magnetic field which is associated with both emissi Furthermore, similar
values of the polarisation degree seen in both bands an@dtkeof polarised emission
from other parts of the jet in the VLBI images, suggest theesalved polarised optical
emission originates in the pc-scale radio core. This hygmthwill be adopted in the
subsequent analysis, motivated by recent studies whiahVWkBIl maps to compare the
optical polarisation properties of the jet with the radi@mes, and associating the variable

emission of blazars with the 43 GHz VLBI core (see [246], [R2062]).

6.3 Multiwavelength Campaign: analyses and results

Now we present the results of the multiwavelength campasgim ¢he first paper (Aha-
ronian et al. 2009 [35]) without the information on the optipolarimtery which will be

added to the discussion later on.

Multiwavelength light-curves

Figures 6.2 and 6.3 show the multiwavelength runwise anttlyigverage light-curve

data for all the measurements of the campaign. The averdg&5. integrated flux level
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Figure 6.2:Runwise light curves for the entire campaign on PKS 2155-Bédsenting H.E.S.S.
and RXTE data.

above 200 GeV is of (56+0.13a+ 1.1155)x 10 cm2s2, corresponding te 0.2 Crab
and about 50% higher than the historical minimum VHE flux leliging the quiescent
state of 2003 [15]. Characterisation of the source vaiigtilas done using the positive

excess variancexS? and fractional rms variabilit§,,, measures presented in [341]:

0'3(5 =82 O'Er, (6.1)
2 2
(oA
I:var = Tis s (6.2)

whereS? is the time series varianc&,are the individual flux valuesre, is the sample
variance and the bars over the letters indicate averagesth&d/HE data, we found
Fuarvie = 23%=+ 3%. These values should be compared with the results of tgetlErm
guiescent state constrained by H.E.S.S. with three yearedsons from 2005 to 2007,
which found a stable low-state flux level By vie = (4.32+ 0.09mstar+ 0.86,s) x 1071

cm2st and a corresponding rmg,vie = 0.9 x 107 cm2s7 [2], and the analysis of
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Figure 6.3:Light curves for the entire multiwavelength campaign detta¥heFermiand X-ray
(RXTE/PCA and SwiftXRT) panels also show the spectral index measurementsdjrfaeeach
night. The colour-coded ATOM datapoints are for B (blueleisg, V (green squares) and R (red
squares).

which suggests that this quiescent state has an intrinsigbiiity level associated with
it. This variability was studied by Giebels and Degrange &nhd to be compatible
with a lognormal process that they suggest governs thehibttyafrom jets in BL Lac
objects [173].

TheFermyLAT light-curves for the range 0.2—300 GeV were construtigdveraging

all the intranight points and their times are exactly simuodtous with the H.E.S.S. data
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points. A light curve fit to a constant findsyd probability of 0.95, therefore consistent
with a constant flux, and the same normalised excess varderadgsis gives an upper limit
for the variability of F,.cev20% at the 90% confidence level, according to the analysis
method detailed in [139].

X-ray light curves of RXTHPCA andSwiffXRT both show a higher degree of vari-
ability than the H.E.S.S. light curve and are consistert wéch other, with flux-doubling
episodes on timescales of days. The lowest flux level retjceing the campaign in the
2-10 keV band was 3 6 x 107! erg cnt?s™1, compatible with the sources low state ob-
served by [15]. The high fractional variability is nevefdss not compatible with that
seen at HE gamma-rays, Wi, kev = 35%+ 0.05%. If the two bands were connected
within a simple single-zone SSC model framework, then Valitg flux levels would be
expected to be very similar and related to changes in théespagticle population which
would reflect equally in the synchrotron and in the inversgn@ton radiation channels.
The fact that these do not match is already a sign that the S&l@lmight not be the most
appropriate description of the source’s quiescent SED paoaptions can be envisaged
to solve this problem: either there is a component of therse«£ompton emission which
is external-Compton in origin and the external soft-phdiefd is variable, or we need
to consider a multi-zone model by means of which two or morége populations are
responsible for producing the observed optical to gammapactrum. We will return to

this issue in the future, aided by the optical polarimetformation.

Spectral analyses

The H.E.S.S. time-averaged spectrum was derived usingthafd-folding method de-
scribed in Chapter 2. The VHE data is well-described by a pdesw of the form
dN/dE = 14(E/Ep)T, with a differential photon flux aEy, = 350 GeV ofl, = (104 +
0.245a1% 2.085y5) X 1071 cm2s71TeV-! and spectral indeK = 3.34+ 0.055+ 0.15ys The
VHE spectrum therefore shows no evidence of curvature, asual for the low state of
this source, but the spectral index here is significantigéathan the long-term quiescent
state properties derived by the H.E.S.S. Collaboratiorgrehy,es = 3.53 + 0.06 [2].
This is in good accord with the derived spectral trend of teoivhen brighter” that was

derived for this object from the long term data (see Figure [2]). After correction for
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EBL absorption using the model P0.45 given in [20], an irsigrphoton indeX’, ~ 2.5
was derived.

The time-averageBermispectrum also follows a simple power law wilth= (2.42+
0.33tat £ 0.16ys) X 107 cm?sMeV~t andl’ = 1.81 + 0.1+ 0.09%s;andEq = 943
MeV. This photon index is compatible with the EGRET measwetrof 171 + 0.24
during a GeV gamma-ray flare in 1995 [344], but is much hardan the 235 + 0.26
index quoted for the source in the “Third EGRET Catalogu&9jL

Finally, the 4-10 keV PCA and the 0.5-9 keV XRT data were camabiand fitted in
XSPEC, using a broken power-law model with a multiplicatesetor for each instrument
to account for cross-calibration uncertainties and nomsfeaneous observations. With
a fixed Galactic hydrogen column density; = 1.48 x 1072° cm2, the parameters ob-
tained wereI'; = 2.36 + 0.01, with Epeak = 4.44 + 0.48 keV, and a high-energy index
I, = 267 + 0.01, for a unabsorbed 2-10 keV flux Bfey = 4.99 x 10 %erg cnr?s™,

which is twice the value registered for the lowest state iD2[15].

Let us now turn to the presentation and discussion of thecalppiolarimetric data,
after which we shall return to the discussion of our resuitshe wider multi-wavelength

context of this campaign.

6.4 Polarimetric Observations of PKS 2155-304 in 2008

Figure 6.4 shows the R band light-curve for the total fluxapshtion fraction and electric
vector position angle (EVPA) for all six nights of the opli@ampaign. A complete

journal of the polarimetric observations can be found inl@ddh1l. The data presented
in this figure represent the directly observed quantities corrected for the unpolarised
contribution of the stellar continuum. For the remaindethd analysis, flux estimates
for the host galaxy of PKS 2155-304 as quoted in [125] (sezEdble 6.2) were used to
subtract the unpolarised contribution to the total emissieading to an estimate of the

intrinsic polarisation of the AGN light according to the egpsion [333]:

(6.3)

F
I:)int = Pmeas(l + hOSt)

I:AGN
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Table 6.2:Host galaxy contribution for PKS 2155-304.

Filter Flux References
(mJy)
B 15 Bertone et al. (2000) [81]
Vv 3.1 Falomo et al. (1991) [136]
R 4.8 Fukugita et al. (1995) [160]
I 7.6 Falomo et al. (1991) [136]
J 14.6 Kotilainen et al. (1998) [230]
H 22.5 Kaotilainen et al. (1998) [230]
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Figure 6.4:R-band optical light-curve for PKS 2155-304 from 01 to 07 t8egber 2008, showing
the total flux variability Gpper pané), fractional polarisation degreen{ddle panél and EVPA
rotation (ower pane). Each data point corresponds to an integration time of abdumin. The
flux points and polarisation degree are not corrected fohtist galaxy contribution. Error bars
are of the order of the size of the points.

The source was observed for three to six hours during eadit nigh a minimum
temporal resolution in the R band ef15 min, resulting in a week of well-sampled in-
tranight light-curves. The overall flux behaviour is quatiitely distinct from the changes
in the polarisation properties of the emission (partidyléine polarisation degree), as
noted before by Courvoisier et al. 1995 [113] and Tommasi.e@01 [333] for this

same object. Flux variability is dominated by intranightivaty, superimposed on a base-
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line level which increases towards the end of the campaignsam agreement with the

multi-band measurements from the ATOM telescope present@db].

Microvariability Analysis

A Lomb-Scargle power spectrum analysis [310] reveals tmattdtal and polarised flux
micro-variabilities in the R-band are describable as ramfloctuations. The power spec-
trum distributions (PSD) for the three quantities is weddribed by a red-noise (or Brow-
nian motion) power law followed by high-frequency Poissdmite/ noise. The respective
noise power levels showed that the variability timescatedimited by the temporal res-
olution of the measurements. To quantify the presence afamariability at each night
of the campaign, we used a standgfdest for variance in a normal population, as pro-
posed by [223] and discussed in a review by [124]. Accordmnthis criterion, giverN
observations over a certain period of time, the source sstflad as variable if the chance

probability of exceeding the value

N L 2
N Z @ (6.4)
i=1

|
is < 0.1%, wheree? is the standard error of thieth measurement an@) is the weighted

average of, defined by

Yi€?S
Yie?

If the measurement errors are random and follow a normatildigion, X? is y?-

(S)=

(6.5)

distributed withN — 1 degrees of freedom and the critical error for the test ismgivy
XSOOl n_p» presented in Table 6.3 along with the other parameters huselto quantify
the variability. These parameters give measures of botlartmgitude and timescale of
microvariability for the total flux and each of the Stokesgraeters for linear polarisation;
they include the fluctuations index the fractional variability indexV and the time
between extrema in the intranight light-curvets and are defined below, whewrg is the

standard deviation of the dataset:
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Table 6.3:Optical and polarimetric micro-variability analysis résu

Date
(2008)

[h]

N Atobs X[z\j_l

Flux

Stokes Q

Stokes U

U

%

FV

At

[h]

u

%

FV At
[h]

u
%

FV

At
[h]

01.Sep
02.Sep
03.Sep
04.Sep
05.Sep
06.Sep

13
21
19
14
8
7

4.25
6.75
6.25
4.50
3.00
1.75

34.5
46.8
43.8
36.1
26.1
24.3

2.86
2.13
8.05
1.42
6.88
1.68

0.06
0.05
0.14
0.02
0.10
0.02

3.49
2.07
2.21
1.98
0.96
1.21

4.26 0.08
4.24 0.09
6.01 0.09
1.64 0.03
4.40 0.08
20.3 0.26

4.39
1.50
2.20
2.01
0.96
1.29

110.
31.4
11.0
1.80
2.05
3.50

1.20r 2.5
048 2.2
0.1& 3.6
0.03 2.0
0.03 1.45
0.05 1.38

1=10028 9

FV =

(S)

— Smax_ Smin
Smax + Smin

At = |tmax_ tmin|

(6.6)

(6.7)
(6.8)

All quantities presented significant intranight varialyilthroughout the campaign,

with X* > y2 .., ;. Though the intranight variations dominated the behaviiuhe

total flux light-curve, both the Stokes Q and Stokes U pararseatlso showed very high

relative variability indices, sometimes higher than thetpmetric flux.

Figure 6.5 shows the variability track of the polarised flaxthe Q — U plane, as

indicated by the arrows following the chronological ordéthe variations. The general

appearance of these plots gives an important visual ingighthe chaotic nature of the

short-timescale variability, as first discussed by Moo .€1982 [273] for the case of BL

Lacertae. The intranight tracks of the linear Stokes patarseseem to follow a random

walk (as already indicated by the PSDs), with little excestsdisplacement from start to

finish of the observations relative to the typical amplitadi¢he excursions at each step.

Significant changes in th® andU fluxes happen at multiple timescales, showing that

there is no single characteristic scale for the intranigintations, as would be expected

from a turbulent origin for the rapid variability.
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Figure 6.5:The intranight polarimetric variability of PKS 2155-304the Stoke€Q— U plane for
each night of the LNA optical campaign. The points represanh individual flux measurement of
the linear polarisation quantities. The arrows indicatedhronological order in which variability
happens. Errors are of the order of the size of the points.

Description of Polarisation Quantities

Although presenting some intranight activity, the tempbedaviour of the polarised flux
was dominated by internight variations, over which the mandshorter-timescale fluctu-
ations are superimposed. The relative amplitude of therigelh flux variability is much

larger than that of the total photometric flux as evident freigure 6.4, varying by a

factor of 3 during the campaign. The host-galaxy-corre@eldrisation degree varied



6.4. Polarimetric Observations of PKS 2155-304 in 2008 193

9 ° )
5 L 0 @ 8
£ IN] @E%EJ m O go %E%?%D W o
[=2! i3
o Y i :
Q
9 b s

8
2

Pol. Flux (mJy)
6
&

) S
8 o . [ﬂ
S
g D Gehel
| : o -
a 8 6]
2 : 4 5 |
MJID-54710
ST o
T
: .. .
el o,
o | et cg%ﬁ
> %

&
X
i
$
beo
3

MJD-54710

Figure 6.6: Multiband optical lightcurves for PKS 2155-304 in opticalhe first three panels
show: the host-corrected photometric fl{imp), the total polarised fluxmiddle) and the unpo-
larised flux, corresponding to thefiirence between the two previous parmittom) The last
two panels show the EVP&op) and the residuals of the subtraction of a constant-ratdioota
trend of~ 7° per day to the overall position angle behavi@oottom) Observe that the deviations
from a constant trend are highly significant and do not foliow clear “sinusoidal” or oscillatory
behaviour around the mean. Black points correspond to R-begasurements, blue points to the
V-band and red points to the I-band.

smoothly between 3-11% along the six nights of observatwithin the range typically
registered for this source and similar to that seen for t®reore. A very similar “oscil-
latory” behaviour for the polarisation fraction can alsodeen in the optical light-curves
of Courvoiser et al. 1995 [113], but the behaviour of the psédion vector is very distinct
at both epochs.

Figure 6.6 presents a more detailed look into the photomatrd polarisation light-
curves of the source, now with all the quantities correctedtie host-galaxy contribu-
tion. As pointed out before, the polarised flux variabilisydominated by the long-term
changes in the polarisation degree. Subtraction of theigethcomponent of the photo-

metric flux shows that a significant fraction of the opticali&hility comes from changes
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in the polarised flux, but that this cannot entirely accoumtthe changes registered for
the source. This means that there is substantial evolufitimeounpolarised flux that is
contributing to the optical variability. Such changes cbir principle be either from
a completelyunpolarised component or result from variations in one orenpartially
polarised components, and its origin can only be clarifigtiwithe framework of a com-
prehensive model for the emission. It is nevertheless itapoto note that dilution of a
constant polarised component on a variable, unpolarisekigoaund cannot account for
the observed behaviour of the polarisation degree, whiahgés in an uncorrelated fash-
ion with respect to the total flux, specially when the dayd&y-variations are considered.
This fact alone argues against the presence of an unpaldrésskground dominating the
variability.

Finally, throughout our observations the EVPA underwentuasitlinear counter-
clockwise rotation of about 40at a rate ok 7° per day. The deviations of the EVPA
rotation from a strictly straight-line (see the bottom par@ Figure 6.6) are not com-
patible with a “sinusoidal” or regular oscillatory variati about the mean linear trend.
These oscillations also lack any clear correlation withftte or polarisation behaviour
(e.g., the “oscillations” seem in the polarisation degneé the EVPA are out of phase),
suggesting they are probably not linked to geometrical ghann the viewing angle of
the emitting region, which would imply corresponding fluxiaéions due to aberration
effects. The evident lack of correlation between the evolubioime polarisation param-
eters and the flux behaviour is a common property in many BLdlservations in the
optical bands [269], and must be explained if we are to atiaatisfactory model of the

source.

6.4.1 Modelling of the Polarised Emission

Given the structural complexity of BL Lacs, with extended amhomogeneous jets and
different possible regions contributing to the emission atcaptr near-optical wave-
lengths (such as accretion disc, BLR, etc.), the study ofatgability is greatly compli-
cated by the impossibility of spatially resolving théfdrent parts of the system. In fact
many diferent regions of the AGN are thought to be contributing tcsiherce’s emission

simultaneously. The temporal variability of the emissisrihius the best way in which
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Figure 6.7:Polarised versus total flux relation for the six nights of t¢ical campaign. The
straight lines are fits to the data used to derive the potais@roperties of the variable compo-
nent. Error bars are of the order of the size of the points amdiat apparent in this plot.

valuable information about the internal structure of therse can be extracted from the
observations, and a better picture of the objects can emklgiléwavelength data greatly

adds to such studies, and the presence of polarimetricwaion introduces an additional
layer of constraints on the distinction between multiplev@cemission sites.

As presented in Section 2.2.1, the state of the linearlyrisad radiation is fully de-
scribed by the Stokes parametér€ andU. Without loss of generality, we can decom-
pose the emission as the superposed contribution of a \@aald a constant component,
by writing | = lyar + lcons @S proposed by Hagen-Thorn and Marchenko 1999 [186]. From

this follows:

Q = Qvar + Qcons = lvar (pvar Cos a(var) + Qcons (69)
U = Uvar + Ucons = lvar (pvar Cos a(var) + Ucons (610)
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whereQgons = lcons PeonsCOS A cons @Nd Ucons = lcons PeonsCOS Xcons @re the non-variable
Stokes parameters of a constant emission component, whechauld think as emission
from the extended source. If the terms in parenthesis in bogeaexpressions are also
constant in time, and only the photometric fliyx varies, then these relations represent a
straight line in the Q-1 and U-I planes. Any temporal charigeéke polarisation degree are
in this case the result of variations on the flux of a polariselssion component, whose
polarisation properties are kept constant in time. In féet,terms in parenthesis corre-
spond to the normalised Stokes paremeters of the variabipa@oentpy, = Uy /lvar and
Qvar = Quar/Ivar, Which must naturally obey to the relatigg, + U2, < 1. Therefore, from
the linear fits to the variability data in the Q-I and U-I plan#&e polarisation properties
of the variable component can be directly and univocallyveet.

If the polarisation properties of this variable emissiourse were also time-dependent,
then the flux measurements would not obey a linear relatidghemQ-I and U-I planes,
unless there existed an inversely proportional dependeetvecen the flux and the po-
larisation degree of its emission. This relation, if rathaphysical for a single source,
could in principle be achieved by the superposition of twonare variable synchrotron
components, but not without a careful fine-tuning that resmdeimprobable. A linear
temporal relation between the Stokes parameferd and| can therefore be taken as
firm indication of the presence ofsingle variablesynchrotron component wittonstant
polarisation paremeters being responsible for all theabdity observed from the source,
within the correspondent time interval of the observations

As discussed by [186], this analysis is therefore a poweekti for understanding the
intrinsic source structure as it allows the separation efditerent components that to-
gether contribute to the emission, providing a hypothasitkeuwhich to construct a model
or scenario for the source. Figure 6.7 shows that althouglafiorementioned relation is
not obeyed by the entire dataset collectively, intranighatsurements taken individually
clearly follow a linear trend. This suggests that the flux novariability could be ei-
ther the result of a single variable component whose Sto&esneters evolve on longer
timescales than those of the intranight monitoring, oresent the manifestation of sev-
eral diferent components with fierent polarisation properties dominating the emission

on each night. The smoothness of the temporal evolutioneoptiarisation parameters
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Table 6.4:Polarisation parameters of the variable component.

M‘]D pVar evar Ivar
(%) ) (mJy)

54711 12513 84.9:56 2.3xz06
54712  1.0:0.6 70.0+120 2.0=0.2
54713  5.6t14 102.2+7.0 3.8x0.6
54714  7.5:14 120.1+64  1.8+0.8
54715  6.8:1.3 1236162 5.8+038
54716  3.4t19 1254465 7.5x10

seen in Figure 6.4 seems nevertheless to disfavour thenmeséa great number of com-
ponents, each active atfiirent times. In particular, the fact that the polarisaticoper-
ties of PKS 2155-304 change more slowly than the total fluw@sggainst the polarised
flux being the resultant contribution of a large number okjpeindent components.

From the fits to each set of intranight measurements preséantégure 6.7, relative
Stokes parameters were determined as the slopes of thealmethese were used to
model the polarisation properties for the variable compbng, andd,,,, presented in
Table 6.4. Although an appropriate physical descriptiartlitss variable component has
not yet been given, the observational motivation behinddgstification is to single out
a particular region of the source through whadhphoto-polarimetric variability can be
explained and to then test this hypothesis by means of a noomeaf modelling of the
emission.

The polarisation degree of the variable component as detechfrom Figure 6.7
varied in the range 1-13% during the campaign, reaching amaim on the second night,
when its intrinsic polarisation almost disappeared. Alifjo the temporal evolution of
Pvar and .o, broadly follows the same trend of the integrated sourcelarsation, it
does not match exactly the observed parameters in FigureTh#& mis-match in the
polarisation properties suggests the presence of anoti@niged component by which
this variable emission is “diluted”. This is particularlyident from the fact that the
EVPA derived for the variable component does not agree waghvialues measured for
the source’s polarisation angle at all epochs.

The interplay between eonstant polarisegéomponent, associated with the underly-
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ing jet, and avariable one due to the propagation of a relativistic shock insidejehe
has been proposed by a number of authors to explain a vafi@griability behaviours
in blazars (e.g., [201], [296], [92]). Given the scarcityrotilti-band data we will seek
here to model solely the data from the R-band. The polaosgiroperties of the su-
perposition of two optically thin synchrotron componenés de directly derived from

Equations 2.33, noticing the scalar additivity of the S®garameters:

2 Q>+ U2 _ (Quar + Qcong2
P="z = E
tan(2y) = E = UV&‘LUCO”S (6.12)

Q - Qvar + QCOHS

(6.11)

wherel = lgons+ lvar, andQ andU are defined a® = | psin(2y) andU = | pcos(g).
From this results [201]:

2 pgons"" p\z/ar I\%/C + 2 Peons Prar lv/c COS Z

(l + Iv/c)2
Peons SIN Beons+ Puar lvjc SIN Byar
Peons COS Deons+ Par lv/c COS Dyar

(6.13)

tan ® =

(6.14)

wheref = ycons—xvar @ndly ¢ is the ratio of fluxes of the variable and constant components
In order to determine the values for the parameters of thetaohcomponent and the
ratio of fluxesl,,c, a procedure similar to that of Qian 1993 [296] is followedvén the
uncertainties irnpysr and yvar, and the complex trigonometric relations in Equations 6.14
which prevent a straightforward analytical solution, theng process had to be done it-
eratively. The second night, where the contribution of tagable component was likely
to be the smallest, was chosen as the starting point, anddbelrabove was used to find
the best fitting values for the parametgrandy for both the variable and constant com-
ponents. This was done automatically, searching the gmdir@meter space and looking
into minimising the model residuals. This procedure gavestimate for the flux level of
the constant underlying jet componeht,s ~ 20 mJy. Its polarisation degrg®g,ns was
also estimated from the same dataset te- [8%6. The best fit value fop.ons COrrespond-

ing to these polarisation parameters was df20°. Analysis then proceeded by applying
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Figure 6.8:Results of the two-component synchrotron model fitted todpigcal polarimetric
observations of PKS 2155-304. Small points corresponddambservational data points and the
large filled circles are the model calculated values for gaght of the campaign, using the pa-
rameters of variable and constant component as presenbla &at and in the text. The model
points were obtained using the law of superposition of twiagieed components, described by
Equation 6.14. The smooth solid line is a spline interpofathrough the parameter values for the
variable component, and illustrate its temporal evoluti@rey shades represent the confidence
intervals, calculated according to the errors in Table Gdlextended according to a spline inter-
polation. Dashed lines represent the best-fit value for timstant component to each parameter.
The small plots below each of the main graphs are the resichfahe model fit to each night.
Notice that since the model fit is for the nightly averagess ihot intended to account for the
intranight variability in the polarisation parameters. €Tplot for the polarisation angle clearly
shows the gradual alignment of the variable component taliteetion of the constant compo-
nent. Observe as well that the start of this gradual aligriraeimcide with the increase in the
percentage polarisation of the variable component, whiolvg and then fades on the final night
of the campaign, and is responsible for the observed véitiabf the source’s polarised flux
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this set of values as a starting point to fit each individughti The parameters of the
constant component were allowed to vary within the same esrmye of those of the vari-
able component as quoted in Table 6.4, since they limit tobaracy to the model fitting.
The values of the variable component which minimise thedtesds while keeping these
pre-determined bounds, i.&ns ~ 18 — 22 MJY,Peons & 1 — 5% andycons ~ 110— 130°
were looked for in each night’s data.

A good indication of the appropriateness of this model ircdbsg the entire dataset
is that a reasonable fit for each night was obtained withcainded for the parameters
of the constant component to greatly depart from threetror bounds mentioned above,
which can be regarded as reflecting the accuracy of the nerasuts. Final confidence
intervals for the polarisation parameters of the constantppnent were estimated from
the night-to-night variations in its best-fit parameterg] are given bypcons = 4 + 2/10°.
They are therefore compatible with a set of constant parenme¢hroughout the cam-
paign within the observational errors. This best-fit modedhown in Figure 6.8. For all
nightsl,,. < 1, indicating that the background component dominatestib&metric flux
emission. The values df, derived for each individual night are presented in Table 1,
corresponding to 15-45%,,s, and the temporal evolution of both modelled components
is also shown in Figure 6.8.

The derived parameters for the constant component are faunthtch the regular
values of the polarisation parameters compiled in [333Pid6 2155-304, suggesting its
association with a persistent optical jet component. Tlyeakeof polarisatiom.onsis also
similar to the minimum values measured for this source atK3 énd in historical optical
data, and the corresponding position angle is well-alignid the radio-core EVPA as
determined by Piner et al. (2008) [291]. This coincidens® attests to the presence of
a field component in the jet which is common both to the radib @ptical wavelengths
and persistent in time, and whose direction is transversleetdlow, as expected from a
shock-compressed tangled field.

From the second night of the campaign onwards, the positigiesof the variable
component rotated continuously from°7@.e. approximately 90mis-aligned with the
jet-projected P.A.) to 120in close alignment with the direction of the persistentn-

ponent. The rotation gf., could be interpreted as the gradual alignment of the field of
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a new “blob” of material encountering a shock in the core teatrganises its field. The
maximum value observed for the source’s polarisation dgegoéncides with the epochs
of greatest alignment between the two fields, and the staheofotation iny,, marks
the onset of the increase on the baseline photometric flux sweards the end of the
campaign. Such a scenario, where both optical positioreaggl andy.onstend to align
with the direction of the radio EVPA when the observed psktion is high, was consid-
ered before by Valtaoja et al. 1991 [340] for the quasar 3Cdihg a radio-to-optical
flare. In such a scenario a correlation is expected betweengtical and polarised fluxes
which is marginally observed in our dataset, and more olasiens of more active states

are necessary to better establish the validity of the catiosl for this object.
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Figure 6.9:Optical spectra of PKS 2155-304 for the 5 days of the optieahmaign with V, R

and | multiband information. The two left hand side plotswitbe host-galaxy subtracted average
intrinsic spectrum of the sourctof) and the spectrum of the constant component associated with
the extended jet in the model of Section 6Btton). The remaining plots show the total intrin-
sic spectra for each dayof) and the spectra for the variable component aldoodténj. Notice

the presence of strong intranight spectral variabilitgoagated with the flux microvariability dis-
cussed in Section 6.4.2 and the evolution of the variablepoorant, which presents an increase in
flux towards the final days of the campaign, accompanied bypeease in the relative amount of
flux in the V band relative to the | band.
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6.4.2 Origin of the Flux Variability

As noted before, the observed flux variability happens on dvfierent timescales, its
amplitude being dominated by intranight variability, supgosed on a background level
that steadily increases towards the end of the campaignwarth we have associated
with the evolution of a variable (or shocked) component ia thodel of the previous

section.

Microvariability

To try to identify the physical origin of these variationgdan particular the nature of the
flux microvariability, we observed that the intranight fluxamges were accompanied by
changes in the spectral index. The daily evolution of thes®s spectra, as measured in
the V, R and | bands, can be seen on Figure 6.9. The sourcenpgdsmlour variations
both in intranight timescales and in the nightly averagdse ihtranight V — I) colours
varied in the range 0.12-0.27, with greatest amplitude entltird night of the campaign,
when the variability was the greatest. Colour variationsloalinked to radiative cooling
of electrons in a magnetised plasma, implying synchrotifetirnes of the order of the
intraday timescales of a few hours. The synchrotron lifetim the observer’s frame,
written in terms of the observed photon frequency in unit§biiz, vgy, is given by (see
Chapter 3):

1+z

1/2
hours 6.15
0 VGHz Bg) ( )

teync ~ 1.1 X 104(

Fortsync €qual to the timescale of intranight variations in the R hamdi using typical
Doppler factors for PKS 2155-304 of abaut 30 (e.g., as for the compact components
in Katarzyhski et al. 2008 [222]) we obtain a magnetic fiBl¢< 0.5 G for the variable
component. The fact that we see changes in the () colours simultaneously with
the intranight flux variations suggests that these can bentals a direct signature of
particle acceleration and cooling at the source, Wih< tsyne. An upper limit to the size
of the acceleration region, can be set using causality arguments which bauyrid the
variability timescald,,,. Taking into account relativistidkects due to the flow possessing

a Doppler factop = (' — VI'2 -1 cosd)™t, whererl is the Lorentz factor with which the
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emitting plasma is moving, at an anglevith respect to the line of sight, we have:

rs <8 tsyncC/(1+2) ~ 10" cm~5x 1072 pc. (6.16)

Marscher & Gear 1985 [252] considered the observationggntees of shock-induced
variability in relativistic jets. As indicated above, symotron losses will determine the
distance travelled by an energetic electron emitting duateraction with a magnetic
field of intensityB. In the optically thin regime the radiating frequency of &lectron
IS VeHz 2 v, the turn-over frequency of the synchrotron spectrum digelisabsorption.
The co-moving distancein which the electron radiates most of its energy is given by:

1/2

ﬁrel PG (6.17)

N _3/2. -1/2
X~ 0.4B Vory

1+2
wherep, is the velocity of the shock front in the frame of the shocked ¢ypically

~ 0.1, for a post-shock Lorentz factbg ~ 1.1). For such values, the co-moving distance
is very similar to the radiating distance in the observegsrfex,ps ~ I's X, and therefore
the minimum variability timescale (for a given observingduency) associated with the
synchrotron cooling is given by:
X(1+2

At ~ —
c

-1/2
~0.03 h—4(vl) days (6.18)

*

whereB ~ 0.5 G ands ~ 30 are adopted, for a redshift of 0.116. Hdney 0.72 [159]
is the Hubble parameter, introduce in the cosmological ilitetion in relation to the
luminosity distance of the object. Adopting a turn-overginency for PKS 2155-304
of v, < 15 GHz, corresponding to the longest-wavelength from wiaptically thin
radiation was observed by VLBI from the radio core (see [2884 [291]), we have
Atyar ~ 1 hour, in the R-band. This variability timescale correggpmto a shock thickness
of

4

-1/2
X~ 2X 1U4h‘5( ) ~5x10° pc (6.19)

Vi
This value, being of the same order of the estimates baseldeoR-band intranight

flux variations, points to an origin for the flux microvaribtyi as the result of particle
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acceleration taking place at a shock front, with high magrfetld due to plasma com-
pression. Magnetic fields of the order of the ones estimated 8 < 0.5 G) have also
been considered by Marscher & Gear 1985 [252] as typicahesgis for the field inten-
sity in blazar cores, and are of the same order of magnitudleosie recently found to
explain the low-activity state of FerphiAT-detected blazars [145]. In the SED model
of Katarzynski et al. 2008 [222] such values for the B-fietdl &oppler factor are also
associated with the variable shocked components, as oppotke extended jet which

had lower values for both parameters.

Internight Variations

In the model presented in Section 6.5, the long-term ineredabout 5 mJy in the “base-
line” flux level of the variable component towards the endchef tampaign was associated
with a flux increase of the variable component. The intrirfigst-corrected) average
nightly (V — 1) colours for the source varied between -0.17 to -0.01 madjwaare bluest
towards the end of the campaign, correlating with the irswezbserved in the baseline
photometric flux level. If we assume that the intrinsic cetoabserved for the second
night (when the source’s flux was the lowest; € 1)cons = —0.01) are representative of
the colours of the extended jet component, then we can exfiai changes in the av-
erage nightly colours as the superposition of a redderlestd®ctral component (due to
the jet) and a bluer one, variable on both intranight and gt timescales, and due to
the shock. In this case, the changes in colounBy — I) = —0.16 mag, associated with
the brightening of the source during the last nights of thamaign would be due to the
relative increase in the flux of the variable component, geeted from the evolution
of a growing shock. The scenario is clearly illustrated igufe 6.9 where the evolution
of the variable component is shown as presenting a brighgeni the total flux towards
the end of the campaign, accompanied by an increase of fluxeitvtband relative to
that of the | band. This evolutionary trend of the spectrurnampatible with the idea
of a shock growing in intensity towards the end of the campaige, for example, to the
increase of the magnetic field intensity or the particle dgnisoth factors that enhance

the synchrotron emissivity of the source.



6.4. Polarimetric Observations of PKS 2155-304 in 2008 206

6.4.3 Magnetic Field Structure

Synchrotron emission from an optically thin plasma will guce radiation that is natu-
rally linearly polarised, with a degree of polarisation eis dependent on the following
guantities, integrated within the resolved dimensionshef $ource: the amount of or-
dering of the magnetic field, its spatial orientation andgheh-angle distribution of the
radiating electrons, the latter assumed to be uniform,s=udsed in Chapter 3. In the op-
tically thin regime, the polarisation is a direct indicatdthe state of the magnetic fieBl
inside the emission volume. If the source is inhomogenetsushiservational properties
will result from the integrated characteristics of altfdrent emitting regions, and will
generally lead to a decrease of the net polarisation degnée kevealing the scale of any
large-scale anisotropy or symmetry in the structure of tiagmetic field [217]. Further-
more, any asymmetry in the physical properties of the sqgrgeh as a jet viewed slightly
off-axis, will naturally introduce a net polarisation due te tieometrical and projection
effects even if the source possesses an isotropically tangledstructure, for example
(see discussion in [327] and references therein). Wav#temgtime-dependent polari-
sation properties will result from inhomogeneities and barused to trace the internal
structure of the source. Turbulence in the flow is one suclsiplessource of inhomo-
geneities, fiecting the magnetic field structure and breaking its oveddierence beyond

some characteristic sizescé$q218].

Polarisation Variability

The absence of correlation between the variations of tharigation degree and photo-
metric flux and in particular the lack of counterparts in tlfwapisation degree for the
microvariability suggests that the timescales of evolutbthe magnetic field are decou-
pled from those of particle acceleration by the shock.

To investigate the magnetic field structure in our shocfetnscenario, we follow
a stochastic analysis proposed by Jones et al. 1985 [217]shBes that the spatial
scale of magnetic field disordés can be directly estimated from the intrinsic degree
of polarisation of the source after correcting for the contribution of any unpolarised
emission. Here we adopt the properties of the underlyingpmrant in the model of

Section 6.5 as representative of the underlying jet pararsietWe take the internight
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scatter in the polarisation degree to be of the order of treemainty in the parameter
Pecons that isép ~ 2%. We may then model the polarised flux at a given wavelength a
coming from statistically independent regions, distirsipeid by the coherence length of

the field. We can estimate the coherence length of the |largle-field as being

~2/3
KHO
lg =|—— | ~0.15]1 6.20
. (5p) , (6.20)

wherell, = 0.7 is the polarisation fraction of a perfectly ordered fielgiom, and is the
size of the emitting source. If the optical emission comesifa region with size of the

order of the VLBI radio core, theh~ 1 mas [291] andlz ~ 0.3 pc.

Geometry of propagation of relativistic shocks This linear scale can be compared
with shocked-jet models [252], in which variations are édkio the distance along the
jet travelled by the relativistic shock in the time between extrema of the light curve.
The geometry of the shock propagation was studied by Ree86i [300]. Suppose
that an observer sees a variable cosmological source ashifter] so that the measured
variability timescales are correspondingly dilated by etda (1 + z) from the intrinsic
variability scaleAt.

If the shock follows the material ejected isotropicallyrfréhe source with relativistic
speeds ~ 1, the direction of motion of each point in the expanding spelrelative to
the line of sight will introduce an aberration to the shapé¢hef surface occupied by the
ejecta which is proportional to the Doppler shift. The scefat timet will be given
byr = cpt/(1 - Bcosd). Note that, analogous to what is seen in the kinematics of
superluminal motion, the fastest apparent velocities areahgles to the line of sight
~ arccogs, and that these velocities, being equakfo— wherel' = (1 — v?/c?) Y2 is
the Lorentz factor of the flow — can greatly exceed/ariability events can therefore be
observed in the light-curves of relativistically propaggtemitters which are related to
intrinsic structures of the source that are larger than treesponding light-travel time
arguments would imply (see [331] and references thereim@.Idcus at time of material

ejected with a Doppler shift can then be written as [300]

(TR) - ((51F+C§’ (6.21)
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and so an observed variability timescaliecorresponds to a propagation distance in the

source:

s Ts C Bs At

AR=R, - Ry = i+

(6.22)

where the subscript refers to the shock parameters.

Interpretation of the polarisation lightcurve  Using values derived by [290] and [291]
for the shock spee@{ = 1—4), bulk Doppler factords ~ 3) and Lorentz factor(s ~ 3),
and takingAt = 2 days, the timescale between extrema in the polarisagibitclirve, we
obtainAR ~ 0.3 pc for the distance travelled by the shock. This distanemgaconsistent
with the field turbulence scalg, suggests a connection between the internight variations
observed in the polarisation degree and the spatial changies magnetic field, induced
by inhomogeneities in the jet. As pointed out by Qian et aB1195], if these inhomo-
geneous structures are “illuminated” by the shock througbldication of the magnetic
field and increased electron density, they will induce cleang the integrated polarisation
parameters. The timescales for these variations are thusesessarily associated with
the fast variations in flux observed due to particle accét@raand cooling at the shock
front. On the other hand, the increase in the total opticalttat is seen towards the final
nights of the campaign can still be associated with thesenmdgeneities since changes
in the electron density or in the strength of the shock asagpesses through regions of
evolving magnetic field properties can enhance the emigo¥ihe variable component.
In three recent papers (see [261], [262] and [263]), McKynperformed general-
relativistic MHD simulations of jets which show the devehognt of current-driven in-
stabilities beyond the Alfven surface €L@ravitational radiirg). His simulations show
that these instabilities can induce the formation of stired in the jet (which he called
“patches” — see Figure 6.10) characterised by an enhanceshizofactor and distinct
physical properties to the rest of the jet, such as magnetcdind particle density, which
can drive internal shocks. The typical sizes of these “pdtn the jet can be as large as
~ 10%r4, which in the case of PKS 2155-304 is equivalent to 0.1-0,2pd thus not very
different from the estimated coherence length of the field dgabeve. If such structures

indeed develop in the inner regions of AGN jets, they coulwlate the right scale of in-
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Figure 6.10:Schematic picture of AGN jet model and shock-heating raatia¢mission, as pro-
posed by J. McKinney (2005) [262]

homogeneities necessary to explain the variations in flakearimetric properties that
we observe as the timescale necessary for the shock togeavre of these “patches”.

In the picture presented here, particle acceleration aalingphappening at the shock
front are responsible for the fast flux variability. Var@ts in the polarisation degree are
associated with the propagation of this same shock thronghreomogeneous plasma,
compressing and re-ordering its otherwise tangled field][2Bhe longer timescales for
the change of the polarisation degree thus result from theksbncountering portions of
the jet which have dierent magnetic field properties, leading to a changing KGtior-
dered to chaotic magnetic field intensity, as derived froenititegrated source emission.
It is important to stress that this scenario can naturalplar the lack of correlation be-
tween the photometric and polarised fluxes whilst assogjdtie origin of both phenom-
ena with the same physical region, namely an evolving shibtie scenario proposed is
correct, than polarimetric properties can serve as impbdiagnostics of the structure of
the magnetic field in the source, on scales that are diresldyed to those of the variabil-
ity of the polarised flux and thus capable of providing tighgenstraints on the location

and nature of the emission sites.
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Figure 6.11:Frequency dependence of polarisation degree (F&¥Ppane), and frequency de-
pendence of polarisation angle (FDPRAght pane). Each sequence of points of the same type
is connected by a solid line and represents quasi-simutené R and V measurements of the
polarisation quantities. The annotations to the left of da¢a points indicate the dates of the
campaign corresponding to each set of measurements. Qefttipane] the vertical scale orders
the measurements according to total intensity of polacisaind show that FDP increasing with
frequency is present at high polarisation levels. Tight panelshows that FDPA is present only
in the first few nights, when the discrepancy between therigaldon angle of the constant and
variable component is greater. In the later dates of the agnpas the contribution of the variable
component to the polarised flux increases and becomes domiFiaPA vanishes.

6.4.4 Frequency Dependent Polarisation

Spectral dependence of the polarisation parameters is enoarfeature of blazars and
its study gives information about the structure of the syotbn source. To search
for the presence of FDP we use the | and V band measurememrts &khe begin-
ning and end of each night, within approximately 30 mins o$eations in the R-
band. Ginzburg & Syrovatskii 1965 [175] showed that the psédion of radiation from
a homogeneous synchrotron source with a power-law disitoibwf electron energies
is frequency-independent, and so the presence of FDP aitivk of inhomogeneities in
the particle distribution or magnetic field structure of foeirce (see also [83]). Curvature

in the spectrum of electrons or the superposition of two oremimdependent components
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with different spectral indices would also naturally lead to FDP {Niek 1976 [279]).
For technical details and theoretical demonstrations wiesof these facts, please refer to
Chapter 3.

FDP can be manifested in relation to both the polarisatigreteand the polarisa-
tion vector (FDPA), but our dataset contains little systéoiadication of the latter (see
Figure 6.11). An appreciable level of FDPg (— xv < 5°) is only seen during the first
and second nights of observations (please refer also t@ Baflin Appendix B.1), after
which it vanishes as the polarisation angle of the variabiession gradually aligns with
the direction of the extended component. At the end of thepeagn, the contribution of
the variable component to the polarised flux is dominans, bleing another factor which
contributes to the suppression of FDPA. The temporal emiudf the FDPA is there-
fore a sign of the relative (mis-)alignment of théfdrent synchrotron sources composing
the source and contributing to its non-thermal emissioniarah important indication
of the dynamical evolution of the plasma. Note that this tastervation implicitly as-
sumes that the two components must have intrinsicatfgi@int FDP so that FDPA can
be manifested, and that this will usually be the case if thRysical nature is dierent,
for example for any parameters relating to the age of the tamufations of radiating
electrons.

The polarisation degrep has nevertheless shown significant dependence on the ob-
serving frequency, and a trend of increasing polarisatih freqeuncy is apparent when
the source is at a high polarisation state (see again Figtidg.6The magnitude of the
observed FDP, measured g/ p,, varied from 0.8 at low polarisation levels to 1.1 when
the polarisation was the hightest. This trend in FDP has lobserved before for this
source and th@(v) — p dependency was discussed in detail by Holmes et al. 1984.[201
The authors note that this trend of increasing frequencgg@gnce with increasing po-
larisation is not valid only for individual sources but is anmemon feature for blazars,
the correlation being valid for the source populations ak. Vi&atistical studies by these
authors also showed that the dependence is stronger whet0%, and that there is a
tendency for inversion opy/p, from > 1 to < 1 when the source polarisation decreases
dramatically, i.e. below 5%.

No significant intranight variations in the FDP are obseruw@donnection with changes
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in the spectral index. This can be understood from the faadtttie flux of the extended
component, with roughly constant polarisation and spept@perties, is dominant, and
therefore masks the intranight changes which would be iediuic association with flux

microvariability. In fact, only for the third night, wher&e amplitude of the intranight
variations were largest, have we seen any significant sigadbr intranight changes in
the degree of FDP. On the other hand, when the longer-terraase in the photometric
flux of the source is combined with an increase on the intripsiarisation degree of the
variable component, as seen towards the final nights of thgpaign, the dependency
becomes noticeable.

It is important to stress that the data presented in Figuké ére corrected for the
host galaxy’s contribution according to [125], and it isasléhat a constant source of
unpolarised emission such as the red stellar continuumataatount for the observed
time-variability of the FDP (see [323] and [324]). A similargument can be invoked
to rule out contributions from thermal accretion disc emisswhose &ect would be to
dilute the observed blue trend [322]. These arguments poiatFDP which is intrinsic
to the synchrotron source.

In this case, a positive FDP, associated with an increageipalarisation degree and
optical flux, can be directly associated with the temporal@on of a growing shock in
the jet as discussed by Valtaoja et al. 1991 [339]. In theid@hoa shock is responsi-
ble for the production of highly polarised radiation with atfspectrum distribution that
will appear superposed on the low-level polarised emiskmmn the extended jet, which
has a steeper spectrum corresponding to an aged electrofapop (see Figure 6.12).
The newly-developed shock will therefore introduce an sgaaf high-frequency radi-
ation from freshly accelerated particles which, being muotarised than the extended
component, will lead to a strong FDP towards the blue, cdingi with a maximum in
both flux and polarisation degree (compare the scenari@ptred in Figure 6.12 to the
multiband source evolution as seen on Figures 6.9 and 6Ad }he shock-accelerated
electrons cool, the flux decreases and the spectrum of tleketit@omponent steepens,
causing the excess contribution of the highly polarisecckyotron component to shift
towards the red, supressing or changing the sign of the FBPtw is greater towards

the red. Figure 6.11 shows this trend very clearly, as wergb4eDP increasing towards
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Figure 6.12:Scenario for production of variable frequency-dependetarsation based on a
shock-in-jet model of Valtaoja et al. 1991 [339]. The uppartf the figure shows the radio
to optical spectrum of the jet componentéhed ling and the shock component duringtdrent
stages of its evolutionsplid lineg. The bottom panels show schematically the resulting FDP
corresponding to each of the four stages of the shock deaveoppresented. This figure should
be compared to Figures 6.9 and 6.11 for a clear view of thatiiios at the source.

the blue during the high states which inverts towards theardeen the polarised flux is

minimum.

6.4.5 Timescales of Magnetic Field Evolution

Bjornsson 1985 [85] suggests that multiple-component eteodan be regarded as an
approximation to what is in reality a more complex synchontsource whose properties
vary from one point to another, and in which one or more coreptdominate the
emission at given epochs. More insight into the structurthefsource’s magnetic field
structure can then be obtained following an argument by Kakov & Syrovatskii 1962
[229] which we outline below.

Changes in the degree of polarisatiprof a synchrotron source are directly related
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(+), day 4 &) and day 5 ¢). No multi-band observations are available for the lashhigf the
campaign.

to the evolution of the magnetic field structure in the emgtregion, which consists of
the superposition of an ordereBq( provided by the shock) plus a chaotic magnetic field
componentB;). Those authors show that the magntiudgait any given time depends
only on the spectral index of the emissier (y — 1)/2 and the amount of field ordering

B = Bp/Bc. At the limit of smallg, we have:

(y +3)(y +5)

— 2 _
p= (e = L7

I, B2. (6.23)

Here, f(y) is a slowly varying function of [309], andIly = (y + 1)/(y + 7/3) is the
polarisation degree of a perfectly uniform magnetic fielde Dbserved range of spectral
indices, resulting from the acceleration and cooling ofipkas in the variable shock com-

ponent, imply only a narrow range fdi(y) (= 0.5-0.8), which is in itself insfticient to
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explain the entire range of variations observeg.ifT his means that significant internight
changes of the degree of field ordering must also be presemictunt for the observed
polarisation variability, as also expected from the discus of an inhomogeneous jet in
the previous Sections.

The variation in the degree of ordering of the field is showrrigure 6.13, where
dashed lines correspond tdférent fraction oBy/B., calculated from the equation above.
During our observationg varied between 10-25%. Figure 6.13 also shows that values
for @ corresponding to the same night tend to align along the titirex of constang
indicating that changes in the spectral index happen onahiimescales than those of
the magnetic field and that therefore the timescales forgkatooling and acceleration
are decoupled from those of changesBin If the ordering of the field is provided by
shock compression, the relative amount of ordering can lageceto the shock strength
at a given instant. In this sense, one can notice that theaserin flux level seen towards

the end of the campaign correlates with the two nights witjinérB,/ Be.

6.5 Conclusion: The Quiescent State of PKS 2155-304

6.5.1 Analysis of the quiescent state SED

As we discussed in Chapter 3, the broadband SED of blazarssaally be described
by synchrotron self-Compton models, which seem to repreduell the characteristics
of their spectra. Implicit to these models, and a fundamenggedient to test their va-
lidity, is the correlation expected from the time variatyilin the diferent bands of the
emission across the electromagnetic spectrum. In paatictylpical jet parameters usu-
ally imply that the electrons responsible for the X-ray esius are usually associated
with the production of VHE emission via the synchrotron anderse-Compton mech-
anisms, respectively [60]. This single-zone SSC pictuereaently found diiculty in
explaining the observed variability pattern of BL Lacs inighhstate as revealed by si-
multaneous H.E.S.& handra observations of a second exceptional gamma-rayfritan
PKS 2155-304 [32].

Thanks to the completeness of the data coverage of this egmpath in the time

and the spectral domain, we were able to test this fact inldetathe quiescent state



6.5. Conclusion: The Quiescent State of PKS 2155-304 216

? 'I1_1T|—|’|TrnTr|—|’|TrI11T|—|’FFnTrr|—|’rrrrrrr|—|’l'le1] T ||||||1 T |||||||| T ||||"T|—|—|_|-|11Tr| T ||||"|] T |||||'|T| T ||||||1 T ||||||| T |||||||| T ||||"|] T IIIEH
o B i
E 1010 —
- é
g o N
S 10M =
= E 4 =
o i ] -
w ! 7
- 4 4 r*f-‘ 4 |

10% = '~ l —
108 = : '. =

10%10710%10° 10102102162 1 10 162 107 10" 10” 10% 10" 10°
E [MeV]

Figure 6.14:Spectral energy distribution of PKS 2155-304 during the M@éimpaign. The red
butterfly represents thieermi spectrum from MJD 54704-54715, while the black points ctiver
period MID54682-54743. ThHeermi-LAT spectral break is strongly constrained-at GeV. The
gray butterflies are archival data from EGRET. The solid i;ha one-zone SSC model fit to the
time-averaged data, whereas the dashed and dot-dashedréthe same model without electrons
above certain Lorentz factogg < v, (see text). Red squares are optical data from ATOM. Green
points areSwiffyXRT data and blue points RXTECA. Red circles are VHE data from H.E.S.S.
The P0.45 extragalactic absorption model used to recartidtra H.E.S.S. spectrum at source is
present at [20]. The SSC code and fits presented here wenmar¢3s].

as well. Figure 6.14 shows a SSC fit to the time-averaged deR&8 2155-304. The
model fit, which was performed by colleagues in the H.E.Si8.Feermi collaborations,
has parameters as indicated in the row “model” of Table 6t5es€& parameters, which
correspond to the “blue fit” in Figure 6.14 have very similatues to those of the steady
large jet component as described in the SSC fit of PKS 215580datarzynski et al.
2008 [222] and which represent the extended jet emissiopppesed to the compact
zones also present in their model, and which was resporfsitilee observed gamma-ray
flares during the high-state. Without including any timinfgprmation in our analysis, it
seems therefore that the extended jet emission can be loedoery well by the low-state

SED, whereas the high-states of the source such as obsegrve&s.S. in [26] and [32]
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Table 6.5: SSC model parameters for the SED of PKS 2155-304.

model p; Yy Ne R 0 B
(max) (cm) G
SSCfit 1.3,3.2,4.3 i3] 6.8x 10°t 15x 10 32 0.018
(v <v2) - 23x10° - - - -
(v <v1) - 14 x 10 - - - -

result from the presence of more energetic regions witheneghwhich emit via external-
Compton interaction with other parts of the jet, such as mlesd in the “jet-in-needle”
model of Ghisellini & Tavecchio 2008 [169] or the multi-blotodel of Katarzyhski et al.
2008 [222].

To probe the timing information, observe that although thecal, X-rays and VHE
data present a significant degree of variability (with thea¥s varying more than the VHE
emission by a factor of 35% vs. 20%), the GB®fmi data show no significant temporal
variation during the observations (the fractional valigbwas derived previously in this
Chapter with an upper limit of 20%).

The last two rows of Table 6.5 correspond to the two dottedesuin Figure 6.14, and
represent fits with the same physical parameters as the “madel” but with diterent
values ofynax for the electron population. Values ¢f> vy, represent the energy of the
electrons responsible for the X-ray synchrotron emissaon, it is clear from Figure 6.14
that the omission of these electrons from the SSC fit cautedit no variations in the IC
peak, showing that the X-ray emitting electrons are actuatire energetithan the VHE-
emitting ones. Furthermore, this lack of impact on the IC #fux clear indication of a fact
discussed in Chapter 8iz. that very high energy particles will not contribute to the IC
flux because the scattering will fall in the Klein-Nishingime which will suppress any
flux contribution to the TeV energies. This analysis of thergetics can readily explain
the lack of correlation between the X-ray and the VHE valighin this case. The fact
that we see spectral variations in the X-rays and none in éwsTs another sign of the
higher energy of the X-ray-emitting electron populatiohjet sufers a faster cooling.

In the absence of spectral variability, the mechanismsabatd produce the observed

flux variability in the VHE band are well constrained: theyimbbe driven either by parti-



6.5. Conclusion: The Quiescent State of PKS 2155-304 218

cle injection or escape from the emitting region, or by adiaddosses due to expansion of
the region. It could also be the case that changes in the $eddmpdensity are driving the
variability. This last possibility seems more favouralie tivo reasons: 1. the electrons
emitting at TeV are in the weak cooling regime € vy, = 2.3 x 10°), and 2. we register
a correlation between the VHE and the optical variabilitithveorrelation coeficients of
the order of~ 0.8 (see Figure 6.3).

The dfificulty with this simple picture is that any variations in thatioal band should
also be reflected in theermiLAT observations, which shows no significant flux changes.
This can be seen by the fact that if we exclude from our SED fiigiire 6.14 the elec-
trons withy > y; = 1.4x 10%, which are those responsible for the synchrotron emisgion a
optical bands and above, thanththe GeV and TeV fluxes are heavily suppressed. That
is, for the single-zone SSC model, the electrons that pmthe optical-soft X-ray emis-
sion also produce the bulk of the IC component. The fact tledfind no indication of this
in the temporal behaviour of the data suggests that theadgtnsission may be associated
to a separate population of electrons than those resperfsibthe gamma-ray fluxes. If
so, then they probably occupy a distinct region in the jet, with diferent physical pa-
rameters. In order to gather clues as to the solution of ilfi€dlty, we must turn to the
results of the polarimetric data in the previous sectiongciviallow us to disentangle the

internal source structure.

6.5.2 Source structure and emitting regions

Let us briefly revise the implications of the optical polagimic observations for the mul-
tiwavelength analysis of the source described above. Stgapby correlated optical and
radio VLBI polarisation properties, we have shown that thgaal synchrotron emission
from PKS 2155-304 is consistent with having an origin at #wdia core. The structure
of the quiescent state jet was then modelled as an inhomogsrg/nchrotron source
consisting of an underlying jet with tangled field which icddly ordered by a shock
compression of the flow, where particle acceleration takeasep
It is a common feature of BL Lacs that the flux and polarisatiariations show no
obvious temporal correlation. Our analysis of the posssblerces of variability within

a shock-in-jet model have concluded that the flux microvalits can be interpreted as
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direct signature of particle acceleration and cooling atghock front. This picture is
supported by observations of the spectral index on timesa#la few hours. The longer
timescales of the polarisation variability are neverthglassociated with the propagation
of the shock along a structured jet with changing physicapprties. This picture was
suggested to be linked with results of general-relatiwigiHD simulations by McKinney,
which predict the formation of instability-induced “pagdi in the jet at sub-parsec scales.

Now, concerning the discussion of the SED and the multivenggth time-variability,
our model for the optical emission shows that most of thecapfiux originates in the
weakly polarised, stable jet component, whereas the ppolarimetric variability results
from the development and propagation of a shock in the jeis frtulti-zone scenario
supports the picture advanced in the previous section thatteomogeneous model is
necessary to explain the temporal behaviour of this blawtra quiescent state. Whereas
most of the optical flux has its origin in the extended jet comgnt, the variable optical
emission seems to originate in a shock component, with hipbppler factors and mag-
netic field intensities than modelled by Katarzyhski e2&l08 [222] for the extended jet.
A consequence of this scenario is that the optical polarimetnission is potentially a
better tracer of the high-energy emission, revealing thgontance of optical polarimetric
monitoring in multiwavelength campaigns.

In fact, if the variable and polarised optical and TeV enussiare indeed associated,
then the radio core could be identified as the source of thesqant TeV flux, much in
the same way as Giebels et al. 2002 [172] propose that theampneX-ray flux originates
in the unresolved components of the pc-scale radio jet.drcétse this association holds,
the IC flux would be correlated rather with the behaviour & #ariable shock compo-
nent, responsible for the polarimetric variability, thae £xtended jet component. Before
concluding this chapter, let us briefly look into an alteivemodel for the polarisation

variability, based on relativistic aberratioffects of a geometric origin.
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Figure 6.15:Geometrical model for the changes in the polarisation degf®KS 2155-304 due

to relativistic aberration of a shock with changing anglé¢hte line-of-sight. The dferent curves
indicate diferent compression factoksfor the shock as indicated by the numerical labels. The
points are estimated measurements of the aberratientg from the observations assuming that
the hypothetical variations of the viewing angle are reflddn the oscillations about the linear
rotation trend observed for the EVPA in the R-band light eur7fhese points represent the nightly
averages and do not carry information regarding the micrabdity of p. The vertical dashed
line marks the jet angle to the line-of sightf4.2° as calculated from VLBI images [290] and
corrected for relativistic aberration according to Equaff.25.

6.6 Epilogue: Do geometric fects play a role in the po-

larimetric variability?

Theoretical calculations of an internal shock model fordhgin of the polarisation vari-
ability in extragalactic jets performed by Hughes et al. 3 §83] consider theféect of
aberration on the magnitude of the polarisation degreehdir tnodel, the degree of po-
larisation of a shocked component is dependent on the casiprefactor of the shocked

plasmak, the aberrated viewing angh and on the post-shock acceleration particle en-
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ergy distribution indexg, according to:

_a+l (1-K)cog¢
T a+7/32-(1-k)coge’

(6.24)

This expression is derived assumiag~ 3, which allowed for a simple analytical
solution, but Hughes et al. observe that the geometritates on the polarisation depend
only very weakly on this parameter and so the approximatmalid (see Figures 3 and 4
in [203]). The viewing angle of the shock in the observeried’, subject to relativistic

aberration due to a bulk Lorentz factioof the flow, is given by:

,  cost-p
cost = ———,
1-pcosh

(6.25)
wheres = (1-I'"?)Y/? is the relativistic velocity of propagation of the shockdalgma. The
bulk velocity of the flow can be inferred from the speeds ofj#tecomponents in VLBI
images, such as obtained by Piner et al. (see [290] and [2&1PKS 2155-304 at 15
GHz. These authors have studied the jet properties of a nuoibHE-emitting BL Lac
objects and concluded that at pc-scales the flows are ongilywglativisticl" ~ 2 — 4.
These observations refer to the movement of components siteam from the radio
core — thought in blazars to be severat-10° gravitational radii distant from the central
AGN — where the emission is optically thin and the flow has exiea stficiently for
these components to be resolved at the mas-scale, andpmrdet® the bulk jet flow e
(see[155]). Itis a caveat of this analysis that the afordmoead values do not necessarily
correspond to the speeds at the innermost regions of th&leise regions, responsible
for the extreme behaviour observed from BL Lacs from opticaleV energies (see the
models of Katarzynski et al. 2008 [222], and Ghisellini &&achio 2008 [169]) possess
high Doppler factors as deduced from variability measurgs@nd SED modelling. Even
at low states, the optical-to-X-ray emission of PKS 2158-8fquires shocked material
with Doppler factorss = 10 to fit the observations (e.g., [35] and [155]), meaningd tha
the shocks in these extreme emitters strongly decceleyatieettime they reach the pc-
scales, a few mas from the central engine, possibly due dogteficient transference
of the bulk kinetic energy of the plasma into particle acedien which is then radiated

away by emission of high-energy photons (see [177] and )178]
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In order to reproduce these minimum requirements on the [Rofactor required
by the emission models af ~ 10, and to remain consistent with the viewing angle
estimates for PKS 2155-304 6f = 4°, as estimated by Piner et al. 2004 [290] from

VLBI measurements, we have:

1

0= ,
Tjet(1 — B cosb)

(6.26)

which forI'ier ~ 3 givesp =~ 0.97. Observe that the correspondent Lorentz factors for
these innermost emitting zones is greater thigi and of the order of 5.

Figure 6.15 shows theffect on the polarisation fraction of a change in the viewing
angled as a function of the compression factor of the shdck,The changes in the
viewing angled were directly estimated from the oscillations seen in thé&Wbout the
straightline trend, as shown in Figure 6.6 and correspodtg 5°. In this it is assumed
that, whereas the linear trend is due to the evolution of Wweedomponent system, the
deviations from this trend are the result of changes in te/wig angle of the shock due
to inhomogeneities in the path of the flow, which we take to Qeadly probable and
therefore symmetric in all directions. Thus the changes©efEVPA in the plane of the
sky are a direct estimate of the deviations in relation tditieof-sight. As discussed by
Andruchow et al. 2003 [49], the dependencypodn Aé is potentially strong, and small
changes of the viewing angle can produce large variatiotiserdegree of polarisation.
As a combination of the relatively modest speed of the flowd #re fact that the jet is
viewed in close alignment to the line of sight, at an angleilaimo the magnitude of
the angle aberrations, the changes in the polarisatioredegmount to not more than
a few degrees in this case, and as can be seen from Figureh@ 1&ltues ofp favour

compression factors for the shokk- 1.

Geometrical modelling of the light-curve

Although this simple geometrical relativistic analysi®wis that in principle the magni-
tude of the day-to-day changes in the polarisation degrelel @ accommodated within a
geometrical model, a more detailed analysis is necessagmtirm that the entire photo-
polarimetric behaviour of the light-curve could be reproeld by this model in a manner

similar to the observations. For this | follow an analysisfpened by Haggen-Thorn et
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Figure 6.16: Reconstruction of the optical photo-polarimetric paraeretand light curve be-
haviour from the geometrical model.

al. 2008 for the blazar AO 0233.64 [187].
The first parameter one has to consider when modelling the éigrve is the ffect of
the aberration on the boosting of the optical flux F, whichasatibed by:

F = Fov @ §@)s@+), (6.27)

whereF, is the intrinsic flux,¢’ is the Doppler factor of the shocked plasma in the rest
frame of the shock front, assumed 1 and corresponding to a non-relativistic speed
vV <« ¢. The flow is assumed to have a constant bulk Lorentz fdcter3 which is the

Doppler factor of the shock front in the observer’s framew# assume, in accordance
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with the previous section, that the shock spged 0.97 is constant in time and that
the bulk Lorentz factor of the flow is also unchangiagyill be solely a function of the
viewing angled, according ta&5 = [I'(1 — 8 cosé)] 2.

The intrinsic fluxFq can likewise be estimated by inversion of Equation 6.27 with
the assumption (see [187]) thBp = Frax v* /65 ), whereF max is the maximum flux
observed in the R-band, adg ~ 11.5 is the Doppler factor corresponding to the maxi-
mum degree of polarisation of the source, obtained for thaherrated anglé) ~ 0.5°.
Using the daily average values for the shock compressioreaged from Figure 6.15
we can then use Equation 6.27 to derive the Doppler factorsgoh flux measurement,
which can then be used to calculate the viewing angle vanatand the correspondent
light-curve of the polarisation degree.

The results are shown in Figure 6.16. As it can be readily $®sn a comparison
with the original light-curve, the observational parametean be well reproduced by this
alternative model, once the total flux light-curve is taketoiaccount in the context of
the assumptions adopted in this section for the jet, in @alzoore with VLBI observations.
This shows that variations on the viewing angle of the shdaknty a few degrees, can
also be used to explain the polarisation properties anddeshpehaviour of the source.
This result suggests that both the inhomogeneous synohraotiodel and the geometri-
cal model have some degree of degeneracy, and this is indastrprising given that, as
pointed out by Bjornsson 1982 [83] many of thféeets of an inhomogeneous synchrotron
source are equivalent to those one would expect from redatvnotion aberration. Given
the limited span of our dataset and our somewhat restrictelysis due to lack of better-
sampled multi-band data, these two scenarios cannot begligthed. In principle, this
distinction should be possible with a better and longeespan data sampling and this is

certainly an area to look into in future analysis.

In conclusion, in this chapter we have presented the residtsnultiwavelength cam-
paing on the blazar PKS 2155-304 made when the source wa®w-state. This cam-
paign had two main novelties to it: first the useFafrmi data on the first campaign ever
to completely sample the IC-bump of a BL Lac object, strongystraining its SED

properties; secondly, the presence of optical polarimetata, for the first time taken
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simultaneously to VHE gamma-ray observations. The oppo#rimetric observations
allowed us to interpret the results of the SED modelling ireav ight and confirm its
results that a multi-zone or inhomogeneous synchrotrorceas necessary to explain the
time-dependent behaviour and structure of BL Lac objeotx) @/hen in quiescent state.
We were also able to constrain the optical polarimetric siois (and by consequence
the correlated gamma-ray emission) to probably originateimvor near the radio core
in the pc-scale jet, which is associated to the site of iatieshocks wheren situ particle
acceleration is taking place. This unigue MWL campaign eeitherefore as a model to
further studies of BL Lacs, stressing the importance of geeaf gamma-ray data to prop-
erly sample the IC-bump and the inclusion of unique infororabn the source structure
that can be provided only by polarisation measurements. [dfetp continue to use this

approach for the study of other BL Lac objects.



Chapter 7

Conclusions & Future Perspectives

In this work | have studied multiwavelength aspects of theadmlity of the prototypical
VHE-emitter BL Lac object PKS 2155-304, concentrating jgatarly on its gamma-ray
and polarimetric emission. In doing so, | have proposed a oleservational approach
to the study of extragalactic jets as an essential line oéstigation if one wishes to
disentangle the physical structure and location of thes eife/HE emissionyiz. the use
of contemporaneous optical or radio polarimetric data ghkenergy multiwavelength
campaigns. By applying this strategy | was able to produdiéun evidence towards the
fact that the quiescent state SED of BL Lac objects, and ihqudar of the source PKS
2155-304, requires a two-zone model for its time-depengenperties to be properly
modelled, even if a single-zone SSC model can fit well the gepeoperties of the time-
averaged low state. This fact was explained by the flux donu@af the extended jet
emission at low energies against the likely more compactaedgetic zones which seem
to be the origin of the high-energy flux. Likewise, this mutine picture put forth by the
optical polarimetric data was also able to explain someufeatof the multiwavelength
SED of PKS 2155-304, in particular the fact that at least phithe gamma-ray flux must
originate from external Compton emission of soft opticabfams from within the jet but
external to the compact zones where the energetic scatteleotrons are located.

The work presented here on PKS 2155-304 was the first in atknmg-project for
the optical polarimetric study of VHE-emitting blazars,ialinis being performed jointly
at the Laborat6rio Nacional de Astrofisica (LNA) and theush African Astronomical

Observatory (SAAO). More recently, we have extended thiggot to study the nearby
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Radio Galaxy M 87, for which optical polarimetric obsereats were taken in April0
with the RINGO-II polarimeter at the Liverpool Telescop2§3. The observations were
conducted during a historically high gamma-ray state, asckyart of a large MWL cam-
paign with H.E.S.SMAGIC/VERITAS, theFermiLAT instrument, RXTE and Chandra,
as well as VLBI, and represents a continuation of previouslVafforts on the study of
its jet [343].

More especifically in relation to the variability at VHE, IVveused the data on the
extremely large flare of PKS 2155-304 in July 2006 to studyiesic, energy-dependent
variability effects on the source’s light curve which allowed the best caimgs to date to
be put on Lorentz invariance from Blazars, disfavouringdprgéons of some QG models
for a non-constant, energy-dependent velocity of light tlueacuum fluctuations up to
~ 20% Eppancke For performing this study a new statistical method was lbgezl for the
measurement of spectral-depent delays, the Kolmogortardie method, whose broader
scope of application was illustrated by putting some camsts on the location of particle

acceleration sites within the jet of PKS 2155-304, usingstimae dataset from July 2006.

Prospects for H.E.S.S.-1l and the Cherenkov Telescope Ara

The second phase of the H.E.S.S. project will consist onribeliation of a fifth, 28-
m telescope at the centre of the H.E.S.S. array, with theategestart of operations at
the end of 2011 [121]. The main observational advantage Bf$iS.-II for extragalactic
gamma-ray astronomy will be the expansion of the energyearigpbservations down
to ~ 30 GeV [72], which will grant the observatory a larger spaicoverlap with the
Fermisatellite, and will also allow to observe directly the peékhe IC bump in HBLS,
which is a crucial parameter for determining the spectrapsiof the SED and therefore
constraining the mechanisms of emission and deciding legtieptonic and hadronic
scenarios.

Furthermore the construction of a large system of dozensheféhkov Telescopes
organised in two arrays is planned, one in the Northern hgmei® and one in the South,
to explore the sky in the energy range 10 GeV — 100 TeV [116]s Tdrge Cherenkov

Telescope Array (CTA) involves an international consaerntiwhich will combine the ex-
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Figure 7.1:Simulated sensitivity curve for CTA, in relation to othemgma-ray observatories.
Credits: CTA Consortium.

periences gained with the third generation instruments$H3E, MAGIC and VERITAS
to build the first major ground-based gamma-ray observdtorthe international astro-
nomical community. The main mark of this next-generaticstrimment is that the large
O(50) telescopes of the array will significantly increasegfasitivity of the observatory
in relation to what exists today in the field — see Figure 7urtlfermore, the existence of
two arrays (CTAs North and South) will allow for a completeremge of the sky, with
the Northern-hemisphere site being optimised for the stufdyxtragalactic sources, for
which the higher-energy photonsfier from EBL absorption, a lower energy threshold
being thus required. CTA will allow for a sound increase ia tatalogue of extragalac-
tic objects detected in gamma-rays, with an expe@€d?) new objects being added to
the current 30-odd list. The greater sensitivity will briwgh it much-improved photon
statistics so that timing studies of fast variability and{magnitude &ects such as LIV
and Dark Matter signals, as well as ongoing particle acagtar signatures in jets, will
greatly benefit.

Additionally, the large number of telescopes which will quuse the array will allow
for a number of dierent observation modes that will be able to operate simedtasly,

thus making this an excellent facility for coordinated nwitvelength observations. Fi-
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nally, for the case of the nearest objects such as the rathagiga Centaurus A and M
87, the improved b — 2x angular resolution of CTA (expected to bdew arcmin) will
allow a better (albeit restricted) mapping of the sourcd4#E\Vemission, from the central

areas to the outer lobes.

Figure 7.2:
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Appendix A

R Numerical Codes

A.1 Bayesian Blocks

A.1.1 Routine InputEventSequence

function(...)

{

#read data into timetag array
timetag<-scan(...)
timetag<-timetag-timetag[1]

N<-length(timetag)

#plot histogram for the event sequence

event.hist<-hist(timetag,breaks=N/10,plot=F)

event.hist$breaks<-event.hist$breaks[-length(event.hist$breaks)]

plot(event.hist$breaks, event.hist$counts, type="1",

xlim=c(event.hist$breaks[1],event.hist$breaks[length(event,hist$breaks)],

main="count

histogram", xlab="time(seconds)", ylab="counts", ylim=c(-2,20))

i<-1:N
sl<-array(-2,20)
s2<-array(0,N)

barcodel<-(timetag-50)

263
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barcode2<-(timetag-50)
segments(barcodel[i],s1[i],barcode2[i],s2[i],1wd=0.5)

return(timetag)?}

A.1.2 Routine DataCell

function(timetag,...)
{
#function input is the events time tags

N<-length(timetag)

#generate waiting-time distribution for events
i<-2:N

wt.dist<-c(timetag[2]-timetag[1l], timetag[i]-timetag[i-1])

#plot histogram of wt.dist
hist(wt.dist, breaks=N, main="waiting-time

dist",xlab="seconds",ylab="")

#create datacells

i<-2:(N-1)

cells<-c(wt.dist[1],
(wt.dist[i]-wt.dist[i-1])/2+(wt.dist[i+1]-wt.dist[i])/2,
wt.dist[N]-wt.dist[N-1])
f<-1-trunc(logl®(signif(min(wt.dist))))
ticks<-trunc(timetag*10"f)

cells<-trunc(timetag*10~f)

cat("tick length (secs):™)

print(10°£)

#print control histogram for integer-time event sequence
tick.hist<-hist(ticks, breaks=N/8, plot=F)

tick.hist$breaks[1]<-tick.hist$breaks[-length(tick.hist$breaks)]
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plot(tick.hist$breaks, tick.hist$counts, type="1",
xlim=c(tick.hist$breaks[1],
tick.hist$breaks[length(tick.hist$breaks)],main="integer time unit
sequence", ylab="counts")

i<-1:N

y<-rep.int(0,N)

points(ticks[i],y,pch="+")

#create output datacell array

datacell<-data.frame(ticks,cells)

return(datacell)}

A.1.3 Routine InspectEventSequence

function(datacell, pois.seq,...)

{

#statistical inspection of the event sequence
#adjust graph parameters

par (mfrow=c(2,1))

N<-length(datacell$ticks)

#plot event sequence histogram
event.hist<-hist(datacell$ticks,breaks=N/5,plot=F)
event.hist$breaks<-event.hist$breaks[-length(event.hist$breaks)]
plot(event.hist$breaks,event.hist$counts,type="1",xlim=c(event.hist$breaks[1],
event.hist$breaks[length(event.hist$breaks)]),main="count histogram",
xlab="time(ticks)",ylab="counts",ylim=c(-2,20))

i<-1:N

sl<-array(-2,N)

s2<-array(0,N)

barcodel<-(datacell$ticks)

barcode2<-(datacell$ticks)

segments(barcodel[i],s1[i],barcode2[i],s2[i],1wd=0.5)
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#plot cumulative distribution for lc and poisson events
plot(ecdf(datacell$ticks),pch=".",main="CDF (events)",xlab="time(seconds)",
ylab="Fn(time)")

i<-2:N

vals<-unique(pois.seq$ticks)
rvals<-cumsum(tabulate(match(pois.seq$ticks,vals)))/N
pts.out<-seq(0®,datacell$ticks[N],by=10)
x<-approx(vals,rvals,xout=pts.out,method="1linear")

points(x$x, x$y, pch=".", col=2)

print(ks.test(datacell$ticks, pois.seq$ticks,p.value=T))

return(NULL)}

A.1.4 Routine LikelihoodFunction

function(datacell, pois.seq,...)

{

#calculate likelihood function for the blocks
par (mfrow=c(1,1))

n<-dim(datacell) [1]

#plot single-block likelihood curve

i<-1:n

N<-cumsum(i)

M<-cumsum(datacell$cells)
loglikelihood<-N*log(N/M)+(M-N)*1log(1-(N/M))

plot(loglikelihood, ylab="loglikelihood", xlab="cells", main="Log
Likelihood", type="1")

legend(150,5000,legend="single-block likelihood",lty=1,bty="n",

text.width=1)

#plot poisson comparison light-curve

N<-cumsum(i)



A.1l. Bayesian Blocks 267

M<-cumsum(pois.seq$cells)
pois.loglikelihood<-N*log(N/M)+(M-N)*1log(1-(N/M))
lines(pois.likelihood,lty=2)
legend(150,-3000,1legend="const-process likelihood",lty=2, bty="n",
text.width=1)

max.dif<-max(abs(loglikelihood-pois.loglikelihood))

cat("Maximum Differenc Loglikelihood:")

print(max.dif)

return(loglikelihood)}

A.1.5 Routine BlockPartition

function(datacell, pois.seq, lngamma)

{

#calculate optimum partition for the sequence
xX11(2);X11(3);X11(4);X11(5)
N<-dim(datacell) [1]
optimum.partition<-array(0,N)
last.changepoint<-array(0,N)

fitness. function<-array(-1E6,N)

for(j in 1:length(lngamma))

{

for(tf in 1:N)

{

lastblock<-NULL

ti<-1

N<-cumsum(tabulate(l: (tf-ti+1))) [(tf-ti+1):1]
M<-cumsum(datacells$cells[(tf-ti+1):1]) [(tf-ti+1):1]
lastblock<-N*1log(N/M)+(M-N)*1log(1-(N/M))-1ngammalj]

if(tf==N && Ingammal[j]==1ngamma[length(lngamma)]){
dev.set (which=2)
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plot(lastblock, type="1", main="Lastblock Likelihood Function",
xlab="cells",ylab="1ogliklihood")}

if(Ingamma[j]>Ingammal[1]) {
dev.set (which=2)

lines(lastblock, type="1",col=j)}

if(tf==1){

fitness.fucntion[tf]<-lastblock[tf]
optimum.partition[tf]<-lastblock[tf]}

else{

for(ti in 1:tf){

if(ti==1){fitnessfunction[ti]<-lastblock[ti]}
else{fitness.fucntion[ti]<-lastblock[ti]+optimum.partition[ti-1]}

1}

if(tf==N && Ingammal[j]==1ngamma[length(lngamma)]){
dev.set(which=3)

plot(fitness. function,type="1",main="Fitness
Function",xlab="cells",ylab="1loglikelihood")}
if(Ingamma[j]>Ingammal[1]) {

dev.set(which=3)

lines(fitness.function,type="1",col=3)}

optimum.partition[tf]<-max(fitness.function)
last.changepoint[tf]<-which(fitness. function==max(fitness. function),arr.ind=T)

}

if(Ingamma[j]==1Ingammal[1]) {
likelihood<-optimum.partition
cpt<-last.changepoint
partition<-data.frame(likelihood,cpt)}
else{
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likelihood<-optimum.partition
cpt<-last.changepoint
partition<-cbind(partition,likelihood)

partition<-cbind(partition,cpt)}

plot.changepoint<-matrix(c(unique(last,changepoint) ,which(last.changepoint==
unique(last.changepoint))) ,nrow=length(unique(last.changepoint)),ncol=2,byrow=T)

print(plot.changepoint)

if(Ingamma[j]==1Ingammal[1]) {

dev.set (which=4)

plot(optimum.partition,type="1",main="model likelihood", xlab="cells",
ylab="1loglikelihood")

dev.set(which=5)

plot(last.changepoint,type="p",pch=".", main="optimal change-point
array", xlab="data cells", ylab="changepoints")}

else{

dev.set(which=4)

lines(optimum.partition,type="1",col=j)

dev.set(which=5)

points(last.changepoint, type="p",pch".", col=j)
}

return(partition)}

A.1.6 Routine PartitionModel

function(partition, datacell, lngamma,...)

{

#calculate best-partition model for the light-curve
M<-length(datacell$ticks)

N<-length(partition[[1]])

n<-length(lngamma)
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tick.hist<-hist(datacell$ticks, breaks=M/8, plot=F)
tick.hist$breaks<-tick,hist$breaks[-length(tick.hist$breaks)]
plot(tick.hist$breaks,tick.hist$counts, type="1",xlim=c(min(datacell$ticks),
max (datacell$ticks)),main="integer

time unit sequence",xlab="ticks",ylab="counts")

for(iin 1:n){
changepoint<-partition[[2*i]][N]
j<-1

m<-changepoint[1]

repeat{

j<-(G+D

if((changepoint[j-1]-1)==0)break
changepoint<-c(changepoint,partition[[2%i]] [m-1])
m<-partition[[2*i]][m-1]}

changepoint<-c(Ilngamma[i], changepoint[length(changepoint):1])

if(i==1){
models<-matrix(changepoint,nrow=length(changepoint) ,ncol=1,byrow=F)}
else{models<-cbind(models, c(changepoint,rep(l,length(models[,1]-
length(changepoint))))}

k<-2:1length(changepoint)

cpt<-c(lngamma[i],datacells$ticks[changepoint[k]])

if(i==1){

cpt.models<-matrix(cpot,nrow=length(cpt),ncol=1,byrow=F)}
else{cpt.models<-cbind(cpt.models,c(cpt,rep(l,length(cpt.models[,1]-
length(cpt))))}

j<-1:M
y<-rep.int(0,M)
points(datacell$ticks[j],y,pch="+")
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abline(v=cpt.models[2:1length(cpt.models[,i]),i],col=i+1)}

print (models)

print (cpt.models)

return(models)}

A.2 Kolmogorov Distance

function (largeflare)

{

#programme to analyse data from large flare of PKS 2155-304.
ti<-c(208, 1309, 1828, 2492, 3111)

tf<-c(764, 1536, 2362, 3188, 3702)

Kdist<-NULL
N<-length(time)

X11(width=10, height=7)

par (mfrow=c(2,1))

ell<-0.5

ehh<-1.

el<-c(0.3, 0.3, 0.3, 0.3, 0.3)
eh<-c(1., 1., 1., 1., 1.)

par(mar=c(0.3,4,1,1), cex.axis=1.55, cex.lab=1.6)
hist<-hist(largeflare$time[which(largeflare$energy<ell,arr.ind=T)],breaks=40,plot=F)
mids<-hist$mids

counts<-hist$counts

plot(mids, counts, pch="", xlab="", ylab="counts", tck=0.02, xaxt="n", ylim=c(0,180))
i<-1:length(mids)

print (sum(counts))

y<-sqgrt(counts)
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x<-largeflare$time[length(largeflare$time)]/100

yy<-rep(c(-5,186,186,-5),5)
xx<-c(208,208,764,764,1309,1309,1536,1536,1828,1828,2362,2362,2492,2492,3188,3188,
3111,3111,3702,3702)

polygon(xx,yy,col=gray(0.7), border=NA)

segments(mids[i],counts[i]-y[i], mids[i],counts[i]+y[i], lty=1)
segments(mids[i]-x, counts[i], mids[i]+x, counts[i], 1lty=1)

legend (3500, 175, "E < 500 GeV", bty="n", cex=2.5)

par(mar=c(4,4,0.3,1), cex.axis=1.55, cex.lab=1.6)
hist<-hist(largeflare$time[which(largeflare$energy>ehh,arr.ind=T)],breaks=40,
plot=F)

mids<-hist$mids

counts<-hist$counts

plot(mids, counts, pch="", xlab="seconds", ylab="counts", tck=0.02, ylim=c(0,25))
i<-1:length(mids)

print (sum(counts))

y<-sqgrt(counts)

x<-largeflare$time[length(largeflare$time)]/100
y<-rep(c(-0.5,25.5,25.5,-0.5),5)

polygon(xx,yy,col=gray(0.7), border=NA)

segments(mids[i],counts[i]-y[i], mids[i],counts[i]+y[i], 1ty=1)
segments(mids[i]-x, counts[i], mids[i]+x, counts[i], 1lty=1)

legend (3500, 23, "E > 1 TeV", bty="n", cex=2.5)

X11(width=10,height=15)
par (mfrow=c(5,2))
#X11(width=8,height=12)

par (mfrow=c(1,1))

for(j in 1l:length(ti)){
tau<-seq(-(t£[j1-ti[j1)/4, (t£[j1-ti[j1)/4, 0.1)
Kdist<-NULL
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###KOLMOGOROV DISTANCE###

for(i in 1:length(tau)){

time<-largeflare$time[which(largeflare$time > ti[j] & largeflare$time < tf[j],
arr.ind=T)]
energy<-largeflare$energy[which(largeflare$time > ti[j] & largeflare$time < tf[j],

arr.ind=T)]

time<-largeflare$time-tau[i] *largeflare$energy

energy<-largeflare$energy

time<-time-taul[i] *energy
aux<-data.frame(time, energy)
ord<-order (aux$time)

events<-aux[ord, ]

time<-events$time[which(events$time > ti[j] & events$time < tf[j],arr.ind=T)]

energy<-events$energy[which(events$time > ti[j] & events$time < tf[j],arr.ind=T)]

events<-data.frame(time, energy)
print(length(events$time))
print(events$time[1:10])

print(events$energy[1:10])

low<-rep(1/length(events$energy[which(events$energy<el[j],arr.ind=T)]),
length(events$energy[which(events$energy<el[j])]1))
high<-rep(1/length(events$energy[which(events$energy>eh[j],arr.ind=T)]),

length(events$energy[which(events$energy>eh[j])]1))

if(i==1){
print(c("E < 500 GeV", length(events$energy[which(events$energy<el[j]1)]1)))
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print(c("E > 1 TeV", length(events$energy[which(events$energy>eh[j]1)]1)))
print(c("mean E1", mean(events$energy[which(events$energy<el[j])]1)))
print(c("mean E2", mean(events$energy[which(events$energy>eh[j]1)]1)))

}

cdf.low<-cumsum(low)

cdf.high<-cumsumChigh)

N<-length(time)

bin_step<-(max(events$time[which(events$energy<el[j] | events$energy>eh[j],
arr.ind=T)])-min(events$time[which(events$energy<el[j] | events$energy>eh[j],
arr.ind=T)]))/100

bin®<-min(events$time[which(events$energy<el[j] | events$energy>eh[j], arr.ind=T)])

1<-1:100

bin<-c(bin®,bin®+1*bin_step)

P.low<-NULL

P.high<-NULL

x0<-min(events$time)

for(k in 1:101){
P.low[k]<-max(cdf.low[which(events$time[which(events$energy<el[j],arr.ind=T)]<
bin[k],arr.ind=T)])
P.high[k]<-max(cdf.high[which(events$time[which(events$energy>eh[j],arr.ind=T)]<
bin[k],arr.ind=T)])

}

P.low[which(P.low==-Inf)]<-0
P.high[which(P.high==-Inf)]<-0
P.low[which(is.na(P.low)==T)]<-0
P.high[which(is.na(P.high)==T)]<-0
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plot(bin, P.low, type="1")
lines(bin,P.high, type="1",1ty=2)
text(min(bin), 0.8, taulil)
text(min(bin), 0.7,length(low))
text(min(bin), 0.6, length(high))

if(abs(tau[i])==min(abs(tau))){

dev.set(dev.prev())

if(j > 1 & j < length(ti)){

par(mar=c(4,0,1,0), cex.axis=1.65, cex.lab=1.6)

plot(bin, P.low, type="1", xlab="seconds", ylab ="", tck=0.02)
points(bin, P.high, type="1", 1ty = 2)

plot(bin, abs(P.low-P.high), type="1")}

1£(j==11{

par(mar=c(4,4,1,0), cex.axis=1.65, cex.lab=1.6)

plot(bin, P.low, type="1", xlab="seconds", ylab="Cumulative Distribution", tck=0.02)
points(bin, P.high, type="1", 1ty = 2)

plot(bin, abs(P.low-P.high), type="1")}

if(j==length(ti)){

par(mar=c(4,0,1,1), cex.axis=1.65, cex.lab=1.6)

plot(bin,P.low, type="1", lty = 1, xlab = "seconds",ylab="", tck=0.02)
points(bin, P.high, type="1", 1ty = 2)

plot(bin, abs(P.low-P.high), type="1")}

}

Kdist[i]<-max(abs(P.low-P.high))
}

dev.set(dev.next())

Kdist.min<-min(Kdist)

Kdist.tau<-tau[which(Kdist==min(Kdist),arr.ind=T)][1]
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print(c("Kdist.min"))

print(c("tau =", Kdist.tau, "s"))

if(j = D{

yleg<-c(0.45,0.4,0.35,0.3,0.25)

leg<-c("BF 1", "BF 2", "BF 3", "BF 4", "BF 5")
par(mar=c(4.5,4.5,1,1), cex.axis=1.55, cex.lab=1.6)

plot(tau, Kdist, type="1", xlab="hard lag (s/TeV)", ylab="Kolmogorov Distance",
tck=0.02, ylim=c(0.05,0.9), yaxp=c(0., 1.,10), lty=1, col=1, xlim=c(-500, 500),
xaxp=c(-500,500,7))

legend (300, yleg[j], leg[jl, bty="n", cex=1.8, text.col= j)

}

if(j==1{

par(mar=c(4.5,4.5,1,0), cex.axis=1.55, cex.lab=1.6)

points(tau, Kdist, type="1", lty=1, col=j)

legend (300, yleg[jl, leg[j]l, bty="n", cex=1.8, text.col= j)

axis(2, tck=0.02, labels=F)

legend(-200, 0.85, c("FLARE", j), bty="n", cex=1.8)}
if(j==length(ti)){

par(mar=c(4.5,0,1,1), cex.axis=1.55, cex.lab=1.6)

points(tau, Kdist, type="1", xlab=" hard lag(s)", ylab ="", yaxt="n",
tck=0.02, ylim=c(0.05,0.9))

axis(2, tck =0.02, labels=F)

legend(-200, 0.85, c("FLARE", j), bty="n", cex=1.8)}

}

return()}



Appendix B

Complete Journal of PKS 2155-304

Multi-wavelenght Campaign

B.1 LNA Optical Polarimetry Data

Table B.1: Journal of LNA Polarimetric Observations

Date MJD Filter Flux P P.A.

(-54000) (mJy) (%) 0

2008 Sep 01 ...... 712.54 \Y 27.550 (.011) 6.73(.06) 89.0(0.2
712.57 R 28.748 (.011) 6.36 (.05) 88.7(0.2)
712.58 I 31.458 (.013) 5.96 (.03) 86.0(0.1)
712.61 R 27.105 (.011) 5.86(.05) 90.1(0.2)
712.63 R 27.411 (.011) 5.76 (.05) 90.0(0.2)
712.64 R 26.313 (.014) 5.81(.09) 90.2(0.4)
712.65 R 27.366 (.014) 5.76(.08) 90.1(0.3)
712.66 R 27.882 (.011) 5.90 (.08) 89.9 (0.4)
712.67 R 27.325(.011) 5.75(.04) 89.3(0.1)
712.67 v 27.736 (.011) 5.85(.02) 91.4(0.1)
712.69 R 27.947 (.014) 5.65(.02) 89.8(0.1)
712.69 I 30.864 (.014) 5.55(.06) 85.6(0.3)
712.71 R 27.678 (.020) 5.70(.05) 88.9(0.2)

277
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712.72 R 26.723 (.081) 5.63(.06) 88.3(0.3)
712.73 R 27.117 (.054) 5.58 (.07) 87.8(0.3)
712.74 R 26.615 (.088) 5.41(.05) 87.7(0.2)
712.75 R 25.716 (.065) 5.41(.07) 87.6(0.4)

2008 Sep 02 ...... 713.48 v 25.017 (.013) 2.59 (.05) 95.0(0.5

713.49 R 25.688 (.021) 2.64 (.04) 95.5(0.4)
713.50 | 29.440 (.030) 2.77 (.04) 91.0(0.4)
713.52 R 26.016 (.022) 2.88 (.07) 96.7 (0.7)
713.53 R 25.448 (1137) 2.67 ((13) 94.9 (1.4)
713.54 R 24.946 (.011) 2.60 (.08) 95.7 (0.9)
713.55 R 25.377 (.026) 2.69 (.10) 96.0 (1.1)
713.56 R 24.665 (.116) 2.78 (.11) 94.8 (1.1)
713.57 R 23.993 (.010) 2.92(.06) 96.9 (0.6)
713.58 R 25.723 (.010) 2.67 (.05) 96.2 (0.5)
713.59 Y% 25.158 (.010) 2.64 (.05) 97.5(0.5)
713.60 R 26.079 (.010) 2.65(.06) 99.1 (0.6)
713.61 | 28.203 (.015) 2.64 (.06) 93.1(0.7)
713.63 R 25.427 (.012) 2.59 (.03) 96.2(0.3)
713.64 R 25.608 (.010) 2.48 (.05) 98.3(0.5)
713.65 R 25.697 (.011) 2.55(.05) 97.8(0.5)
713.66 R 25.247 (.010) 2.69 (.03) 98.1(0.3)
713.67 R 25.436 (.013) 2.70 (.05) 98.3(0.5)
713.67 R 25.457 (012) 2.74(.02) 98.9(0.3)
713.68 R 26.637 (.010) 2.68(.05) 98.6(0.5)
713.69 R 25.567 (.011) 2.77 (.04) 99.8 (0.5)
713.70 R 24.992 (.010) 2.81(.03) 100.7 (0.3)
713.71 Y% 24.338 (.011) 2.95(.04) 99.5 (0.4)
713.72 R 24.960 (.013) 2.88 (.01) 101.2 (0.1)
713.73 | 29.701 (.012) 3.00 (.09) 98.8 (0.8)
713.74 R 25.352 (.011) 3.02 (.03) 102.1 (0.3)
713.75 R 25.235(.021) 3.02 (.03) 102.2 (0.3)
2008 Sep 03 ...... 714.46 Vv 26.182 (.047) 4.80 (.02) 1085) (1.

714.47 R 25.648 (.015) 4.78 (.05) 107.3(0.3)
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714.49 | 30.217 (.014) 4.25(.02) 107.0 (1.7)
714.51 R 25.873(.012) 4.66 (.06) 108.3(0.3)
714.53 R 24.405 (.016) 4.76 (.05) 108.4 (0.3)
714.54 R 26.439 (.012) 4.62(.05) 109.2(0.3)
714.55 R 25.636 (.011) 4.65(.02) 109.1(0.1)
714.56 R 26.000 (.012) 4.63(.04) 109.0(0.2)
714.58 R 25.420 (.025) 4.72(.03) 108.9 (0.2)
714.59 R 31.513 (.030) 4.76 (.06) 109.3(0.4)
714.60 R 27.238 (.011) 4.83(.04) 109.1(0.2)
714.61 V 25.163 (.014) 5.17 (.04) 109.9 (0.2)
714.63 R 32.653(.015) 5.31(.06) 113.4(0.3)
714.64 | 29.723 (.016) 4.96 (.06) 109.7 (0.3)
714.65 R 25.942 (.010) 5.24(.05) 110.1(0.3)
714.66 R 26.953 (.011) 5.29 (.04) 109.5(0.2)
714.67 R 26.921 (.018) 5.40 (.05) 109.7 (0.2)
714.68 R 28.521(.022) 5.33(.09) 109.9 (0.4)
714.69 R 24.525(.022) 5.46 (.05) 109.4 (0.3)
714.70 R 25.589 (.016) 5.43(.03) 110.3(0.1)
714.71 R 27.348 (.016) 5.48 (.02) 110.3(0.1)
714.72 R 26.461 (.018) 5.42 (.03) 110.5(0.1)
714.73 Y, 23.475(.021) 5.71(.10) 111.4(0.5)
714.75 R 24.800 (.059) 5.65(.05) 109.9 (0.2)
714.75 | 29.973 (.064) 5.44 (.07) 109.2(0.3)

2008 Sep 04 ...... 715.56 26.323 (.073) 8.24(.10) 1143 (0.
715.57 R 25.697 (.031) 8.26 (.06) 115.1(0.2)
715.58 R 26.340 (.011) 8.26 (.06) 114.7 (0.2)
715.59 R 26.004 (.054) 8.27(.07) 114.8(0.2)
715.60 R 26.566 (.019) 8.15(.02) 115.1(0.1)
715.61 R 26.088 (.035) 8.45(.06) 114.6(0.2)
715.62 R 25.598 (.011) 8.19(.05) 115.0(0.1)
715.63 v 26.745 (.078) 8.56 (.02) 115.7 (0.1)
715.64 R 26.366 (.011) 8.17 (.06) 114.7 (0.2)
715.65 | 31.219 (.013) 7.60(.08) 114.9(0.2)



B.1. LNA Optical Polarimetry Data 280
715.66 R 26.293 (.010) 8.21(.04) 114.6(0.1)

715.67 R 26.603 (.013) 8.12(.04) 114.9(0.1)

715.68 R 26.427 (.010) 8.06 (.02) 114.3(0.1)

715.70 R 25.667 (.010) 8.04 (.03) 114.5(0.1)

715.71 R 26.795 (.011) 8.03(.05) 114.8(0.1)

715.72 R 25.930 (.011) 7.96 (.07) 114.6(0.2)

2008 Sep 05 ...... 716.62 27.500 (.011) 7.76 (.02) 1168} (0.
716.63 R 27.190 (.012) 7.79 (.14) 116.3(0.5)

716.65 R 23.736 (.032) 8.24(.16) 116.3(0.5)

716.66 R 25.617 (.013) 7.79(.21) 116.3(0.7)

716.67 R 24.193 (.018) 7.87(.17) 116.9(0.6)

716.68 R 28.050 (.012) 7.81(.21) 116.8(0.7)

716.68 v 26.767 (.011) 8.18(.01) 119.9 (0.6)

716.70 R 28.764 (.011) 7.66(.18) 118.1(0.6)

716.70 | 30.864 (.012) 7.12(.06) 119.0(0.2)

716.72 R 27.295(.012) 7.92(.17) 116.6(0.6)

2008 Sep 06 ...... 717.62 30.691 (.098) 5.80 (.09) 1304 (O.
717.65 R 31.227 (.174) 5.79 (.40) 131.6(1.9)

717.66 R 31.331(.168) 5.62 (.07) 131.1(0.4)

717.68 R 30.747 (.063) 5.55(.05) 131.8(0.2)

717.69 R 31.253 (.085) 5.58(.14) 132.0(0.7)



