JININE

UNIVERSITA degli STUDI di ROMA
TOR VERGATA

UNIVERSITA DEGLI STUDI DI RoMA “T oR VERGATA”

FACOLTA DI SCIENZE MATEMATICHE FISICHE NATURALI
DIPARTIMENTO DI FISICA

DorTorRATO DI RICERCA IN ASTRONOMIA
Cicro XXII

Multiwavelength studies of the
blazars detected by AGILE

Filippo D’Ammando

A. A. 20092010

Docenti Guida: Prof. Marco Tavani

Dr. Andrea Lapi

Coordinatore:  Prof. Pasquale Mazzotta






Contents

Contents i
1 Introduction 1
1.1 Aneweraof-ray astronomy ... ............... 1
1.2 Theblazarphenomenon . . . . ... ... ... ... ...... 2
1.3 Blazars: the-rayviewof AGILE . . .. ... .. ... .. .. 6
1.4 MainresultsofthisThesis . ... .. ... ... ........ 6
2 Active Galactic Nuclei 9
2.1 The central Black Hole and accretion . . . . . . ... ...... 10
2.2 Theaccretiondisk . . . . . . ... .. .. . . . ... .. ..., 12
2.21 Thestandardmodel . . .. ... ... ... ....... 12
2.2.2 Radiatively-infficientdisks . . . . ... ... ... .. 16
2.3 TheAGNparadigm . . . ... .. ... . ... ... ...... 16
2.4 The UnificationModel . . . ... ... ... ... ....... 21
2.5 AGNclassification . . .. ... ... ... ... .. . . . ... 23
2.6 Blazars: historical introduction and main charactess. . . . . 26
2.6.1 Superluminalmotion . . . . ... ... ......... 27
2.6.2 Variability . . . ... ... 29
2.6.3 Jets . ... e 32
2.7 Spectral energy distribution and the blazar sequence .. .. . . 33
2.8 Radiogalaxiesandblazars . . ... ... ............ 39
3 Acceleration and emission mechanisms in blazar 43
3.1 Accelerationmechanisms . . . ... ... ... .. ....... 43
3.1.1 First and second order Fermi acceleration . . . ... .. 44
3.2 Radiationmechanisms . .. ... ... ... ... ....... 52
3.2.1 Relativistic beaming and transformation rules . . ... .53
3.2.2 Synchrotronemission . . . . . ... ... ........ 55
3.2.3 Inverse Comptonemission . . ... ... ... ..... 59



Contents

4

3.3 Emissionmodels . . ... ... ... ... ... .. .. ..., 62
3.3.1 Leptonicoriginscenarios . . . . .. ... ... .. ... 62
3.3.2 Hadronicoriginscenarios. . . .. ... .. ... .... 65
3.3.3 Hybridscenarios . .................... 66

vy-ray astrophysics and the multifrequency approach 69

4.1 They-ray astrophysics: from Explorer XI to AGILE ari€ermi. 69

4.2 TheCompton Gamma Ray Observatory. . . . . .. ... .. 71
421 EGRET ... .. . . e 72

4.3 TheAGILEsatellite . . . . .. .. ... ... ... ....... 75
4.3.1 The anticoincidencesystem. . . . .. ... ... . ... 75
4.3.2 Thesilicontracker . . .. ... ... ... ....... 76
43.3 SuperAGILE . ... ... .. ... . .o 79
4.3.4 The Mini-Calorimeter. . . . . ... ... ........ 80
4.3.5 AGILE: mainscientificresults . . . . .. .. ... ... 80
4.3.6 AGILE-GRID data analysis procedure . . . . .. .. .. 83

4.4 TheFermisatellite . . ... ... .. ... ... ... ..... 84
4.4.1 LargeAreaTelescope . . . ... ... .. ... ..... 85
442 GLASTBurstAlert . . ... ... .. ... ....... 86

4.5 Multiwavelength astronomy and the AGILE approach . . ... .86

PKS 1516-089 89

5.1 Introduction . . . . . . ... ... ... 89

5.2 The 2007 observations . . . . .. . ... ... ... .. ..., 90

5.3 The 2008 observations . . . . .. .. ... .. ... ...... 94
5.3.1 AGILE observations . ... ............... 95
5.3.2 Swiftobservations . . . .. ... ... oL 97

5321 Swiff)XRTdata . ... ............. 97
5.3.2.2 SwiffUvOTdata . . .. ... ......... 98
5.3.3 Radio-to-optical observations by the GASP-WEBT . . 9 9
5.3.4 Modeling the spectral energy distribution . . . . . . . Q01
5.3.5 X-rayspectralevolution . ... ... .......... 104
5.3.6 Thermal emission components . . . . .. ... ... .. 105
5.3.7 Energetics and alternative model . . . . ... ... ... 107
5.4 The 2009 observations . . . . .. ... .. .. .. ....... 108
5.4.1 AGILEobservations . ... ... ............ 109
5.4.2 Swiftobservations . . . .. .. ... oL 110
5421 SwiffXRTdata . ... ............. 110
5422 SwifflUVOTdata . ... ... ......... 112
5423 SwiffBATdata . . ... ............ 112

5.4.3 Radio, near-IR and optical observations . . .. .. .. 311



Contents

5.4.4 Opticaly-ray correlation . . . .. ... ......... 117
5.4.5 Broad band spectrum from radio-to-UV . . . . ... .. 117
55 Summaryandremarks . ... .. .. ... .. .. ... ..., 119
S50716714 121
6.1 Introduction . . .. .. ... ... ... 121
6.2 The 2007 observations . . . . ... ... ... ... ...... 122
6.3 Lightcurvesstudies . . . . . ... .. .. ... ......... 125
6.4 Modeling the spectral energy distributions . . . . . .. ..... 128
6.5 Energeticsof S507¥14 . . . ... .. . .. ... ... ... 131
6.6 The 2008 observations . . .. ... ... .. ... ....... 133
6.7 Summaryandremarks . .. ... ... .. ... .. ... ... 138
3C 454.3 139
7.1 Introduction . . . . .. .. ... 139
7.2 AGILEdata . .. ... ... .. . ... . 141
7.3 Multifrequencydata . . . ... ... ... ... ... ...... 147
7.3.1 GASP-WEBTdata .. .................. 147
7.3.2 Swiftdata . . . ... ... 150
7.3.21 SWiffXRT . ... ... ... ... ...... 150
7.3.2.2 SwifflUVOT . ... ... .. ... ...... 152
7.3.23 SWiffBAT. . . . . ... .. ... .. 154
7.3.3 INTEGRAL andSuzakwdata . . . ... ......... 154
7.3.3.1 INTEGRAL observation . . . .. ... .. .. 155
7.3.3.2 Suzakwbservation . . . ... ... ... ... 155
734 RXTEdata ... ............. ... ..... 157
7.3.5 Spitzerdata . . ... ... ... ... ... .. ... 158
736 VLBldata......................... 159
7.4 Opticaly-ray correlation . . . ... .. ... ... ....... 163
7.5 Modeling the spectral energy distributions . . . . . .. ..... 167
7.6 The extraordinary-ray flare of December2009 . . . . . .. .. 177
7.7 Summaryandremarks . ... ... .. ... ... ... ... 180
The Virgo region 181
8.1 Mirgoregion . . . . . . ... e 181
8.2 3C279 . . . . e 181
8.2.1 Introduction . . . .. ... ... ... ... ... ..., 181
8.2.2 AGILEobservations . ... ... ............ 183
8.2.3 SwiffXRT observations . . . ... ............ 184
8.2.4 REMobservations . . .. .. ... ... ... ... 185
8.25 Discussion. . . . . ... 185



Contents

8.3

8.2.6

Summaryandremarks . .. ... .. .. .. ....

3C 273 . .

8.3.1
8.3.2

8.3.3

8.3.4

Introduction . . . . .. ... ... .. ..
The multiwavelengthcampaign. . . . . . . ... ..
8.3.2.1 AGILEobservations . .. ... ... ....
8.3.2.2 INTEGRAL observations . . ... .. ...
8.3.2.3 Swiftobservations . ... ... .... ...
8.3.2.4 RXTHKEASM andSwiffBATdata . . . . . . ..
8.3.2.5 REMobservations . ... ..........
Discussion. . . . . . . . . ...
8.3.3.1 Limits on Seyfert-like spectral features

8.3.3.2 Spectral energy distribution . . . ... ...

Summaryandremarks . ... ... .. ... ....

9 TeV blazars
Introduction . . . . . . . ... ..
9.2 Mrkd421 . . . . . . .

9.1

9.3

9.4

9.21
9.2.2
9.2.3
9.24
9.25
9.2.6
9.2.7

AGILE observations . . .. ... ... ........
SWiffXRT observation . . .. ... ..........
RXTEHASM . . . . . .
Observationsinthe VHrays . . . .. ... ... ..
Optical and UV observations . . . . . ... .. ...
Discussion. . . . . . . .. ...
Summaryandremarks . ... ... .. ... ....

WComae . . . . . . . . e e

9.3.1
9.3.2
9.3.3
9.34
9.3.5
9.3.6

VHEy-ray observations: VERITAS . . .. ... ...
HEy-ray observations: AGILE . . . . ... ... ...
X-ray observation8Swiftand XMM-Newton . . . . . .

Radio-to-UV observations . . . ... ... ... ...

Modelingthe SED . . . . . ... .. ... .. ....
summary ... e

PG 1553113 . . . . . . . . ...

9.4.1
9.4.2
9.4.3
9.4.4
9.4.5

Optical and near-IR observations . . . . . ... ...
X-rays observations: RXTESM . . .. ... ... ..
HE observations: AGILE . . . . .. ... ... ....
VHE observations: MAGIC . . . . ... ... ....
Discussionandsummary . . . ... .. ... .. ..

10 Concluding remarks

List of Figures

iv



Contents

List of Tables 262

A List of my publications concerning the Ph.D. Thesis 265
A.1 Peerreviewed publications . . . ... ... ... ... ... 265
A2 Proceedings . . . ... . ... ... 267
A.3 AstronomersTelegrams . .. .. ... .. ... ........ 268

Bibliography 271






Chapter 1

Introduction

1.1 A new era ofy-ray astronomy

Gamma-ray astrophysics above 100 MeV is an exciting fieldstfoaomical
sciences that received a strong impulse in recent yearsciiggy-ray emission
in the energy range from a few tens of MeV to a few tens of GeVosssible
only from space instrumentation, and in the past 20 yeaeyakspace missions
confronted the challenge of exploringrays.

After the first observations with the SAS-2 and COS-B sags|itheCompton
GammaRay Observator{CGRQ in the 1990s substantially increased our knowl-
edge of they-ray Universe and provided a wealth of data on a large vaaoéty
sources as well as unsolved puzzles. In particular, thegetierGamma-Ray
Experiment Telescope (EGRET) onbo&&ROoperating in the energy range
30 MeV-30 GeV, which carried out a complete sky survey detgdtundreds
of y-ray sources (Fichtel et al. 1997; Hartman et al. 1999). $bientific inher-
itance is the starting point for any high-energy astroptg/siission.

The detection of-ray loud AGN dates back to the dawnmpfay astronomy,
when the European satellite COS-B detected photons in thBEDMeV range
from 3C 273 (Swanenburg et al. 1978). However, 3C 273 rerdaine only
AGN detected by COS-B. The discovery of emission inthmy domain from
many Active Galactic Nuclei (AGNs) by EGRET and the Cherenkelescopes
was one of the most breakthrough of high energy astrophysitse last 20
years, leading to the identification of a new class of AGN:lifezars (Punch et
al. 1992; Hartman et al. 1999). However, notwithstandimgdig gtorts devoted
to the investigation of the mechanisms responsible for iga Bnergyy-ray
emission in blazars the definitive answer is still missindgne hew generation
of high-energy space missions, AGILE aRdrmi has to address some of the
fundamental issues that were left open or unresolved by EGRE
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1.2 The blazar phenomenon

According to the current paradigm (see Urry & Padovani 199&8jve Galactic
Nuclei are galaxies whose emission is dominated by a brightral core, in-
cluding a super massive black hole as central engine, sutexliby an accretion
disk and by fast-moving clouds under the influence of thengtrgravitational
field, emitting Doppler broadened lines. More distant ckw@init narrower
lines. Absorbing material in a flattened configuration, idea as a toroidal
shape, obscures the central parts so that for transvese dinsight only the
narrow-line emitting clouds are seen. In radio-loud olgege have the addi-
tional presence of a relativistic jet, roughly perpendicub the disk. Within
this scheme, blazars represent the fraction of AGNs with jeeat smaller an-
gles with respect to our line of sight.

Blazars are the most enigmatic subclass of AGNs, charaeteby the emis-
sion of strong non-thermal radiation across the entirgsagnetic spectrum,
and in particular intense and variablgay emission above 100 MeV (Hartman
et al. 1999). The typical observational properties of hiazaclude irregular,
rapid and often very large variability, apparent superihahmotion, flat radio
spectrum, high and variable polarization at radio and apfrequencies. These
features are interpreted as the result of the emission afrefeagnetic radiation
from a relativistic jet that is viewed closely aligned to time of sight (Blandford
& Rees 1978).

47
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Figure 1.1: Schematic diagram for superluminal motion and beamitecein blazars.

As first argued by Rees (1966), the plasma within the jets diorboud
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AGNs moves at relativistic speed and so it transpdiisiently the energy from

the vicinity of the super massive black hole to the distabék This has strong
implications for an observer who views the jet at relativetyall angles as it
is believed for the blazars (see Figure 1.1). Let us assuateatBource emits
isotropically in its rest-framé&’. Then, in the observer’s franme, where the

source moves at highly relativistic speed, thréeas occur (from Rybicki &

Lightman 1979):

1. Light aberration the angular distribution of the radiation is highly peaked
in the forward direction. In particular, since for a pamich a magnetic
field the velocity and acceleration are perpendiculaK(ijy the emitted
photons are observed K to make an angle given by sin= 1/T', where
I' = 1/4/(1 - p?) is the Lorentz factor of the accelerated particles. This
means that irk half of the photons are concentrated in a cone of semi-
aperture angle of1/I" and are not radiated over the available solid angle
2n.

2. Photons arrival timesthe emission and arrival time intervalst{ andAt,,
respectively) of photons arefterent. As measured in the observe’s frame
K we haveAt, = Ate (1 - B cosh). If At is measured iK', Ate = At
leading toAt, = I'(1 - 8 co9) At, = At}/5, wheres is the Doppler factor.

3. Frequencies blueshifsince frequencies are the inverse of times, we just
havev = 6v'.

Owing to the first &ect we observed the intensity of the jet to be dramatically
enhanced if its velocity vector is closely aligned to oueliof sight. This is
referred to as ‘beaming’ or ‘Doppler boosting’. An importaale is played by
the Doppler factor, defined as:

~ 1
" TI'(1- B cosb)

In particular, sincd,/v? is a relativistic invariant, we get for its observed
specific intensity

5 (1.1)

L, (v) = 6%, (/) (1.2)

and the integration over the frequencies yields

| = 6% (1.3)

Similarly, we have for the received flux, assuming the syatbn emission
spectrum which can be approximated by a power law of the féfnx (v')™
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F,=0""F, (1.4)

wherea is the energy index, and = 3 or 2 in the case of a moving, isotropic
source or a continuous jet, respectively. Depending on tbehology of the
source, i.e. whether the radiation is emitted isotropjycafl dependent on the
angled, the power of the Doppler factor may slightly vary. THEeet of beaming
is amplified for viewing anglé ~ 1/T", in which case

§=2r (1.5)

Considering that for the observed blazBrs 10, Egs. 1.4 and 1.5 characterize
the ‘blazar phenomenon’, i.e. amplification by a great fa¢tsually in the
range 1000-10000) of the observed electromagnetic emidsiaa relativistic
jet. Therefore, the amplification due to Doppler boostingdme dramatic in
blazars and it is important to understand the extreme lusiiynof this class

of objects. The secondtect predicts the observation of apparent superluminal
motion for objects with their jets oriented at very small msglike the blazars.

The blazar class includes both BL Lac objects, which havernery weak
emission lines, and the more luminous Flat Spectrum Radas@ns (FSRQSs),
which have strong broad emission lines. Anothdfedence among these two
classes is that BL Lacs do not exhibit apparent cosmologwalution and are
observed at redshift z 1, while FSRQs are observed up te:5. Because of
their special properties and amplified emission, blaz#iexr the unique possi-
bility to probe the central region of AGNs, and sheddingtigh the mechanism
responsible for the extraction of non-thermal energy fraendentral black hole
and for the acceleration and collimation of relativistiealons into jets.

Moreover, blazars emit across several decades of eneogy,rxdio to TeV
energy bands, and thus they are the perfect candidatesrfoltaneous observa-
tions at diferent wavelengths. Multiwavelength studies of varighblay blazars
have been carried out since the beginning of the 1990s, shanthe EGRET
instrument onboar€ GRQ providing the first evidence that, as shown in Fig-
ure 1.2, the Spectral Energy Distributions (SEDs) of thednga are typically
double humped with the first peak occurring in th¢diical band in the so-
calledred blazars(including Flat Spectrum Radio Quasars, and Low-energy
peaked BL Lacs, LBLs) and in UX-rays in the so-calletlue blazarginclud-
ing High-energy peaked BL Lacs, HBLS).

The first peak is interpreted as synchrotron radiation frogh{energy elec-
trons in a relativistic jet. On the other hand, the SED secmrdponent, peak-
ing at MeV-GeV energies ired blazarsand at TeV energies iblue blazarsis
commonly interpreted as inverse Compton scattering of ghetbns, internal or
external to the jet, by highly relativistic electrons (dhiet al. 1997), although

4
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Figure 1.2: Spectral energy distribution of fierent kinds of blazars. The synchrotron
power of strong emission lines blazars (FSRQs) and lowdfsaqy peaked blazars
(LBLs) peaks at submillimiter to infrared wavelengths, lghthat of high-frequency
peaked blazars (HBLs) peak at UV to X-ray wavelengths. The@on powers peak at
GeV energies for FSRQs and LBLs and at TeV energies for HBLehiV& et al. 1998].

other models involving hadronic processes have been peddsse e.g. Bottcher
2007 for a recent review).

With the detection of several blazars in theays by EGRET (Hartman et
al. 1999) the study of this class of objects has made signifmagress. In fact,
considering that the large fraction of the total power okhls is emitted in the
vy-rays, information in this band is crucial to study th&elient radiation mod-
els. 3C 279 is the best example of multi-epoch studiesfigrént frequencies
performed by EGRET during the period 1991-2000 (Hartmah 2081). Nev-
ertheless, only a few objects in the EGREfRwere detected on a time scale of
two weeks or more in the-ray band and simultaneously monitored afetient
energies in order to obtain a wide multifrequency coverage.

The interest in blazars is now even more renewed thanks irtndtaneous
presence of twg-ray satellites, AGILE anéermi, and the possibility to obtain
v-ray observations over long timescales simultaneousli witlltiwvavelength
data collected from radio to TeV energies allow us to reachepdr insight on
the jet structure and the emission mechanisms at work iraldaz
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1.3 Blazars: they-ray view of AGILE

The y-ray observations of blazars are a key scientific projecthef AGILE
(Astrorivelatore Gamma ad Immagini LEggé¢meatellite (Tavani et al. 2009a).
Thanks to the wide field of view of itg-ray imager ¢ 2.5 sr), AGILE moni-
tored tens of potentially-ray emitting AGNs during each pointing. In the first
2.5 years of operation, AGILE detected several blazarsdurighy-ray activ-
ity and extensive multiwavelength campaign were organizedhany of them,
providing the possibility to monitoring on long timescatae brightest objects.

They-ray activity timescales of these blazars goes from a fevs deyg. S5
0716+714 and 3C 273) to several weeks (e.g. 3C 454.3 and PKS-T&BH)
and the flux variability observed has been negligible (e@239), very rapid
(e.g. PKS 1510089) or extremely high (e.g. 3C 454.3 and PKS 15089).
Even if at least one object for each blazar category (LBL,,IBBL and FSRQ)
was detected, we note that only a few objects were detectee tihhan once in
flaring state by AGILE and only already knowsray emitting sources showed
flaring activity. This evidence, together with the earlyulés of FermiLAT
(Abdo et al. 2009d), strongly constrains on the propertfethe most intense
v-ray emitters. Moreover, the multifrequency campaignsnized by AGILE
on the bright blazars confirm that simultaneous observaten the entire elec-
tromagnetic spectrum is fundamental to understand thetsteiof the inner jet,
the origin of the seed photons for the IC process and the amissechanisms
at work in blazars.

1.4 Main results of this Thesis

This Thesis reports on the measurementy-odys from the brightest blazars
detected by the AGILE satellite, together with the simudtauns multifrequency
observations carried on these objects over the whole eleemnetic spectrum,
in order to study in detail the variability correlations amgahe emission at dif-
ferent frequencies and time-resolved SEDs. These obsargaillowed to test
the emission mechanisms of the blazars and investigatebposkferent be-
haviours and the presence of emission components in the Iarad spectrum
beyond the standard emission models. The main resultsoftiesis could be
summarized as follows.

e The y-ray emission observed by AGILE over its 2.5 years of operati
from some blazars is highly variable (e.g. PKS 15289, Chapter 5) until
the extraordinary flare of 3C 454.3 observed in December 2008pter
7). However, the number of flaring blazars detected seemsgjigest that
only a few blazars are intenseray emitters, and 10-15 years after the
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EGRET observations about the same objects continues teelwitthtest
in y-rays.

The dominant emission mechanism in theay band for FSRQs is the
inverse Compton scattering of external photons from thadbhime region,
but in some particular states also the contribution of séedqgns from a
hot corona (3C 454.3 in December 2007, Chapter 7) or the bmcrdisk
(3C 279, Chapter 8) are shown to be important.

The intensey-ray flares of S5 0716714 observed by AGILE in Septem-
ber and October 2007 are among the highest flux detected by lzaBL
object and considering the redshift of the source (31) the total power
transported in the jet during these episodes approachégluhsexceeds
the maximum power generated by a spinning black hole M, chal-
lenging the Blandford-Znajek mechanism (Chapter 6).

The possibility to obtain information over the entire eteatagnetic spec-
trum during the multifrequency campaign organized by AGl&ve us
also the opportunity to investigate in blazars the presen@eyfert-like

features, such as the little and big blue bumps (PKS 1889, Chapter 5)
and the Compton reflection component (3C 273, Chapter 8).

Moreover, we revealed in the FSRQ PKS 15089 some features typi-
cal of HBL objects, such a X-ray harder-when-brighter béhavduring
March 2008 and a shift of the synchrotron peak towards hifyeguencies
during the huge flare of March 2009 (Chapter 5).

Emission in optical ang-ray bands seems to be correlated during high
activity states of blazars, but not strongly, with a possiag of they-ray
flux with respect to optical one less than one day, both for @Ske.g.
3C 454.3, Chapter 7) and BL Lacs (S5 0#¥84, Chapter 6). On the
other hand, during March 2009 a possible delay of the op&oaksion
with respect to the-ray one is detected for PKS 151089 (Chapter 5),
suggesting a more complex behaviour in the opticabrrelation, espe-
cially for FSRQs, where also a contribution of the thermakdmission

is clearly visible.

The study of the variability of the optighlV and X-ray light curves of

S5 0716714 collected byswiftduring October—November 2007 and the
SEDs for the flare of September and October 2007 built with LAGI
GASP-WEBT andSwift data seems to suggest the presence of two syn-
chrotron self Compton components in the broad band spectiuSb
0716+714, with diferent variability (Chapter 6).
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The Thesis is organized as follows. An introduction to théivicGalactic
Nuclei is the subject of Chapter 2, with a particular emphasthe second part
on the subclass of objects which this thesis deals with: theas. Chapter
3 describes the acceleration mechanisms in high-energygpassics and the
most important emission mechanisms for the blazars. Amdloiction toy-
ray astrophysics is given in Chapter 4, showing in particaldescription of the
AGILE satellite and its detectors, the procedure for stathdaalysis of the-ray
data collected by the Gamma-Ray Imaging Detector (GRID)anth AGILE,
up to a brief introduction to the multiwavelength astronoend the AGILE
multifrequency approach.

In the second part of the Thesis, | discuss the results of nlag/sis ofy-
ray AGILE data, together with the multifrequency data ociibel over the elec-
tromagnetic spectrum, for specific objects: PKS 15189 (Chapter 5), S5
0716+714 (Chapter 6), 3C 454.3 (Chapter 7), the two brightestantanf the
Virgo region, 3C 279 and 3C 273 (Chapter 8), and the TeV btalvhk 421, W
Comae and PG 155313 (Chapter 9). Finally, in Chapter 10 I will focus on the
most interesting results obtained in this work.

During the period of my Ph.D. studies | have been a membereoAILE
Science Team and in particular of the AGN Working Group of AE] more-
over, | have been an Archive Scientist at the ASI Science Bataer (ASDC)
for the AGILE-GRID data. In the first part of my Ph.D. | worked the analysis
of the on-ground calibration data of the silicon tracker a&dlas the on-flight
calibration of the GRID and the testing and verification ¢f &KGILE Analysis
pipeline. This allowed me to obtain a detailed knowledgéeftray imager on-
board AGILE and of the methods of reduction and analysis ®tdta acquired
from it.

My personal direct contribution on the results of this Teegoes from the
organization and management of the multifrequency camgaig the blazars
discussed here, including the writing of several proposalslazar observations
with ground-based and space-born observatories, up tontdgsas of the AG-
ILE, Swift SuzakuREM, Spitzerdata and the theoretical interpretations of the
results. The original scientific results have been pubtishenternational jour-
nals, such as Astronomy & Astrophysics and Astrophysicatdal, and have
been presented in several national and international cemtes.
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Active Galactic Nuclei

The term ‘Active Galactic Nuclei’ (AGNSs) refers to compaegrons at the center
of a few percent of galaxies with a non-stellar emission miigiher than the

thermal emission of the entire rest of the galaxy. Indead définition includes a

wide variety of phenomenology. The resulting classifiaatgovery complex and

mainly based on luminosity, electromagnetic spectrum aatial morphology.

The first class of AGNs, the Seyfert Galaxies, was discovieyd€arl Seyfert
in the 1940s. They appeared to be spiral galaxies, but witardike nucleus
showing broad and strong emission lines. Quasars, a ssbafladGNs with
very high luminosity, were discovered in the early 1960saidio surveys. The
optical counterpart of some of the observed bright radioccsiwere star-like,
and turned out to be the most distant sources among the knelestial objects
at that time. The first quasar, 3C 273, was detected by MaSadbmidt in 1962
and is more than 1000 times more luminous that a normal gdilexypur own.
The discovery of emission in theray domain from AGNs was one of the most
important breakthrough of high energy astrophysics in&se20 years, leading
to the identification of a new class of AGNs: the blazars (Puetal. 1992;
Hartman et al. 1999).

AGNs have been observed and studied extensively over théevetectro-
magnetic spectrum in the past 40 years and, even if the siag&nowledge
about their individual and collective properties of thesgeots, the complete
understanding of the emission mechanisms at work in AGNSlli$as enough
away. The first sections of this Chapter present a briefduiction on the general
characteristics of AGNs, their classification and the Uatfmn picture. Then,
starting from Section 2.6 we will focus on blazars, which #re objects ana-
lyzed in this Thesis.
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2.1 The central Black Hole and accretion

One of the main characteristics of AGNs is their extreme homity, typically in
the range 1-10* erg s?, in a volume much smaller than 1jd&Vhatever the
emission mechanism involved, this values should not exteedddington lu-
minosity of the objects in order to keep the proce$sative. This consideration
implies the presence of a mass of 01 M,,. In fact, assuming for simplic-
ity the case of fully ionized hydrogen gas, the radiatiorspuge exerted on the
electrons by the incident photons is

|[Frad = o (2.1)

.
4nr2c

2 . .
whereot = 8—;(%) = 6.65x 10%°cm2 is the Thomson cross section. The

gravitational force (considering that the particles inglas, although completely
ionized, are linked by electromagnetic forces) instead is

GM(m,+m;) GMm,

|Fg| = r2 r2 (22)

where sincerfi,/me) =~ 1.8 x 10°, we neglectm.

So that it is possible to have accretion only if
|Frad| < |Fg| (2-3)

which leads to:
4nGecmM
L < TV 126% 10%(M/M,) erg s (2.4)
JT

known as the Eddington limit. The last equation can be usezktablish the
mass limit, the Eddington mas$4g, that in appropriate units could be expressed
as

Mg = 8 x 10°LaaM,, (2.5)

In nearby, normal galaxies, super massive black holes (S8) Bk revealed,
and their masses are estimated, by means of technique imyaitellar and gas
kinematics, through the correlation between the black h@ss and the central
velocity dispersiornr of the host galaxy, the so-called g—o relation’ (Fer-
rarese and Merritt 2000; Gebhardt et al. 2000). This meteddd the discovery
of a~10° My, BH in our own Galaxy (Ghez et al. 1998). However, black hole
mass estimates based on gas kinematics have quite large @ueoto the uncer-
tainties in the spatial distribution of the gas and the ldsgeuncertain correc-
tion for pressure support. The range of slopes for thg,Mr relation’ found
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2.1. The central Black Hole and accretion

in literature appears to arise mostly from systematitedences in the velocity
dispersion used by theftierent research groups (see Tremaine et al. 2002 and
references therein).

The measure of the mass of the SMBHSs has proved to be mfiieuttiin
AGNSs, since the stellar dynamical searches are preventduebstrong nuclear
radiation that outshine stellar light. In AGNs therefore technique of reverber-
ation mapping (Blandford and Mc Kee 1982; Peterson 1993 &ie& Peterson
1997) has been used to measure the light-travel time delaywkich broad
emission lines flux responds to continuum luminosity vasiz and to deduce
the characteristic size of the Broad Line Region (BLR) arbtive central pho-
toionizing source. By assuming that the emission lines emadened primarily
by the virial gas motion in the gravitational potential oétbentral object, the
BLR size and the line width then give an estimate of the magh®fcentral
object (Peterson & Wandel 1999).

Kaspi et al. (2000) combining the measurements of 17 Seyédaixies from
Wandel et al. (1999) and 17 high-luminosity AGNs from thedPahr-Green
sample of quasars found that the BLR size scales with AGNcalpltiiminosity
asRg g o« LO70:003  Assuming that this scaling relation is universal at all ium
nosities and redshift several studies have used thisoeladiestimate the central
masses in large AGN samples (e.g. Woo & Urry 2002; Grupe & Ma#©04).
Using the best available determination$gfr for a large number of AGNs col-
lected by Peterson et al. (2004), Kaspi et al. (2005), recaid the power law
relationRg r « L%, found that the best fitting value afis 0.67+ 0.05 for opti-
cal continuum and Blluminosity, 0.56+ 0.05 for the UV continuum luminosity
and 0.70+ 0.14 for the X-ray luminosity. The result reflects on the ediveo-
retical predicted slope for the relation between the BLR sizd the luminosity
of @ = 0.5, based on the assumption that all the AGNs have the sanzation
parameter, BLR density, column density and BLR spectratggndistribution.
The fact that for most energy bands the slope is quitemint froma = 0.5 in-
dicates that for some of these characteristics the simplengstion is not valid
and there is a possible evolution along the luminosity scalee information
on the BH mass and the observed variability timescale, hagewith the fact
that the core of the emission is always unresolved in alltelatagnetic bands,
except for some structures in the radio waves, put tightéimn the dimensions
where the large amounts of mass has to be confined. The ext@m@actness
(M/R) of the nuclei of active galaxies leads almost unambigutsbostulate
the presence of SMBHSs.

Once accepted the presence of a SMBHS, a viable process enpsivaded
to ensure the conversion of mass to energy. This mechanismidshe very
efficient in order to produce the observed luminosity. If thergnés converted
so thatE = ymc, the dficiencyn needs to be very high. This is not the case

11



Chapter 2. Active Galactic Nuclei

for ordinary nuclear processes fueling stars, becauseaincdse we can only
haven = 0.007. The only possible alternative is the accretion, tvimvolves
the transformation of gravitational energy into radiation

Let us consider an object with masswhich is falling into a much more
massive body with madd. When the object hits the surface of the other one, at
a radiusR, its potential energy can be eventually available as theradkation.
The dficiency of this process is proportional to the compactnedbehitten
object. Indeed, the value of the parametés very high for neutron stars, being
around 0.1, much higher than that of nuclear fusion. It wali&h seem natural
to assume that the accretioftieiency reaches its higher values in presence of a
BH. However, this is not necessarily true, because BHs doane a surface and
the accretion mechanism must be induced by the presenceaufcagtion disk
of gas rotating around the central BH. Moreover, it is notgilae for matter to
rotate around the BH beyond the so called ‘radius of margitaddility’ (ry,s) or
‘last stable orbit’. It makes thefiéciency for this process not higher than what
found for a neutron star. However, if the BH has a not null dagoomentum,
the last stable orbits shifts to a smaller radii, allowingeficiency up ton =~
0.42 for a maximally rotating Kerr BH.

2.2 The accretion disk

The fundamental idea behind accretion through a disk isweatan extract the
gravitational energy corresponding to the lastle stabiet @round the BH by
letting the gas spiraling slowly inwards. The main problena find a way to
let the gas loose angular momentum and to convert the \ariafigravitational
energy into radiation. In a classical approach to accretiisk physics, both
iIssues are resolved by assuming the viscosity arising frisfardntial rotation
of the disk annuli. The real nature of this mechanism is ghiiler debate (see
e.g. Papaloizou & Lin 1995, for a review), but useful rescli® be obtained
adopting a dimensionless parameteas first proposed by Shakura & Sunyaev
(1973), to characterize a turbulent viscosity of some kind.

2.2.1 The standard model

In the following we will briefly describe the standard modet the accretion
disk emission, as presented by Shakura & Sunyaev (1973). elsaw to this
paper, we will refer to the reviews made by Pringle (1981) Betbborodov
(1999).

We assume a steady disk with a constant accretionmatad a Keplerian an-
gular velocity around the BHY, = (GM/r3)¥2. If mis neither too high or too
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2.2. The accretion disk

low compared to the critical accretion ratg, corresponding to the Eddington
luminosity, the geometrical height-scale of the disk is@iymregulated by the
hydrostatic equilibrium between the vertical componergraivity and the inter-
nal pressure of the gas:

h ¢

T w (2.6)

wherec2 = p/p andvi = Qr. Under these conditions, the disk is geometri-

cally thin, becausg, > cs.
During the spiraling inward with a radial velocity, mass and angular momen-
tum must be conserved. The first equation, the mass conwerialy, is

m= 2xrv, X (2.7)

whereX is the disk surface density. Consequently, the second paatsmn
law can be written as

J = mur = 2arév,Zow (2.8)

In a steady disk, the angular momentum variation is comiglessociated to the
neat momentum of the viscosity forces in the annulus at sadliso that

2hrf = %(ﬁzvrw) (2.9)

wheref is the viscous force per unit area, completely describeti&pbove-
mentioned parameter. From the previous equations, it is possible to express

the radial velocity in a straightforward way; o ka This result agrees with
the initial assumption of a steady disk with Keplerian riotat since the inward
accretion velocity (which must beftierent to zero in order to have the accretion
mechanism working) is negligible with respect to the Kejglervelocity. The
energy dissipated by the viscous forces, per unit time ahdwe, can be easily
derived from energy conservation

dE dw
m: — Er (210)

The integration of (2.10) over the whole volume of the disk b& performed
taking advantage of (2.9), leading to the total dissipatedhosity

dE < dow 1GMm
a_—fr‘n far-47rhrdr_— (2.11)

i r.Il'l

Thus, only one half of the available gravitational energsfiisctively converted
by the accretion process. The other half is possible ratdliayeother means or
completely lost when the matter falls beyond the event looraf the BH.
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Chapter 2. Active Galactic Nuclei

Following the prescriptions of the standard model, all tlesigated energy
generated by the viscous forces is radiated away at the sainesy keeping a
local equilibrium between the heating rate and the raddtigses through the
surface. In this case, the disk can be considered optidailtk,t so that each
annulus radiates a black body with a temperature which istiom of the radius.
This assumption makes it possible to compare the dissigated)y, per unit and
surface, obtained integrating (2.10) over the disk height

dE " dw 3GMm Fin\2
dtdA__[h Farr 2= [1_(7)] (2.12)

to the same quantity emitted by a black body, thavig 2, where the factor 2
Is needed to take into account the two sides of the disk. Elaidd to the desired
expression for the temperature of the emission diskfégrmint radii:

T(r) = {3GMm [1_ (r_)]} (2.13)

8nor3 r

At large radii, whernr > rj,, this expression can be approssimated (o) =
T. (r/rin)~%4, where we have defined a characteristic temperature:

T, = (3GMm)Z (2.14)

3
8ror:

A typical value for an AGN would b&, ~ 10° K, while it is higher & 10
K) for low mass X-ray binaries, containing Galactic blacidso These tem-
peratures correspond to UV and X-ray bands, respectivélichwsuccessfully
account for the observed emission of the two classes of shjatsmaller radii,
the temperature keeps increasing up to a maximum vajue= 0.488T., which
is reached at = (49/36)r;,. From this radius inward, the temperature decreases
to an unphysical zero value at the last stable orbit, sugggestat the model
requires a detailed analysis of the boundary conditiongtodmsistent.

We can calculate the overall emitted spectrum. Each elaharga of the
disk will radiate according to the temperature specific ®fddius

3
B, [T(r)]

(2.15)

kv
ekt — 1

Integrating this expression over the entire disk surfaeeget the spectrum emit-
ted by a geometrically thin, optically thick accretion disk

S, f "B, [T(r)] 2ar dr (2.16)

in
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Figure 2.1: The integrated spectrum of an optically thick, geometljctidin accretion
disk. The units are arbitrary, but the frequency correspando Ty, and T./h are
labelled [Pringle 1981].

wherery is the outer radius of the disk. The resulting spectrum igldiged
in Fig. 2.1. A qualitative explanation of the shape can beeadd with easy
considerations.

Whenv > KT, /h, the spectrum falls exponentially, because the obsendid-ra
tion is the high energy tail of the Planck distribution ety the inner region
of the disk. On the other hand, when< kT, /h, the radiation comes from disk
annuli withr > r;,, where (2.13) can be approximed&§) = T, (r/ri,) /%
This allows us to rewrite (2.16) as

Xout X%dx
o &-1

S, xv (2.17)

where we have defined= hy/KT and consequently,,: = hv/KkTyy. There-
fore, for frequencies betweéll,/h andkT./h, X,, > 1 and the equation
(2.17) leads t&, « v3, the characteristic spectrum for an accretion disk, as first
calculated by Lynden-Bell (1969). Finally, for frequenoyer tharkT,/h, the
spectrum is dominated by the Rayleigh-Jeans tail of ther oeggons of the disk,
giving S, o« 2.
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Chapter 2. Active Galactic Nuclei

2.2.2 Radiatively-indficient disks

The key parameter for the so-called Shakura-Sunyaev amtréisk standard
model is the accretion rat@. 'If mis much larger or much smaller tham,,
then the disk cannot be considered optically thick and géacady thin any-
more. The €ficiency typically becomes small, giving rise to radiativalgfti-
cient disks. Among this class, great attention has beerséztan the Advection
Dominated Accretion Flows (ADAF; Narayan & Yi 1994) modelsy ADAF
models the accretion rate is so low that the surface densitigeodisk is not
enough to keep ions and electrons thermally coupled viadgollinteractions.
As a consequence, the energy associated to ions, which aregubators, can-
not be emitted locally and is advected together with theedmor flow beyond
the BH event horizon. Therefore, a large fraction of the lalde¢ energy turns
into internal energy and the gas becomes hot and opticaliyhth a very low
radiative dficiency.

Such models were first proposed to explain the hard statérapeof Cyg
X-1 (Ichimaru 1977), but were later applied to AGN (Rees efl@B2) and they
have been used to model the Galactic Center (Narayan et@b; Marayan et
al. 1998; Quataert et al. 1999). It was later realized tresttuation described by
the low luminosity ADAF models was dinamically unlikely,daise the viscous
transport of energy within this flow could readily unbind el further out,
possibly leading to a powerful wind (Blandford and Begelmi&99) or strong
convection (Quataert and Gruzinov 2000). These suggesticncontroversial
(Balbus and Hawley 2002) and under debate (see e.g. Abraan@ival. 2002),
but in any case such a flow is likely to be extremely hat{TL0° K) and optical
thin.

For very high accretion rates, comparable to that needetbtiupe the Ed-
dington luminosity, the accretion inflow time scale can lmeedess than the time
it takes for radiation to diuse out of the disk accretion flow (Begelman 1979).
The inability of these disks to radiate the gravitationalmbial energy, together
with the viscous transport of energy and strong radiatiesgure present, should
lead to strong outflows. The appearence of such disks isyhigidertain, it is
unclear wheter a X-ray emitting corona forms, and wheteratineosphere of
such a disk is in a state capable of producing X-ray reflecipectral signa-
tures.

2.3 The AGN paradigm

Hoyle and Fowler (1963) for the first time suggested that thexrgy source of
the AGN is gravitational and could arise from infall of matteto an highly
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collapsed object or a black hole.

The current paradigm of AGN (see Fig. 2.2) includes a spm@8VBH with
mass 160-10° M,, as its central power source, whose strong gravitationarpot
tial pulls the surrounding materials inwards, forming acdvé hot plasma. The
central region is surrounded by a dusty torus, located 10 pc.

In addition, clouds of gas move in the potential well of the B} showing
emission lines. The broad lines observed in the optibalspectra of AGNs
have typical widths of= 5000 km s, but can be as large as 10000 knt s
or more. Such widths are due to the keplerian velocities @frgel number of
clouds, the Broad Line Region, rotating around the BH at tadcee of 0.01-0.1
pc. The density of this gas is believed to be very high, of trieoof 16—
10" cm3, as required by the observed ratio between forbidden andifted
emission transitions. Still under debate is the origin @s# clouds. Several
models have been proposed, such as the release from acdistkanstabilities
(Collin & Huré 2001) or from stellar wind envelopes (Toeill-Ciamponi &
Pietrini 2002). An open problem is represented by the mashaproviding the
confinement of the BLR clouds.

The narrow lines have much smaller widths, typically lowert 1000-2000 km
s1. This is easily explained if they are produced by a matetta, Narrow
Line Region (NLR), farther away from the BH, extending on i@ pc scale.
That gas has a density G:a.(® cm3) lower than that required for the BLR, and
is likely composed by the inner part of the Galactic disk, tpfamized by the
nuclear continuum.

Finally, radio-loud AGNs are characterized by the preseiaecollimated
relativistic jet. The radiation produced in the jet is ndwimal, and likely pro-
duced by the interaction of an accelerated leptonic plasitteanmagnetic field
radiating via synchrotron and inverse Compton mechanises Chapter 3 for
a detailed discussion of the emission mechanisms at workairals). When
powerful relativistic jets are formed by spinning black édhey are supposed
to be collimated by surrounding disk outflow. The powerfukjeerminate in
‘hot spots’ which are believed to be strong shock where garacceleration
and magnetic field amplification take place.

In the following part of this Section, we will briefly descelihe main fea-
tures of the emission of the AGNs in thefférent energy bands. The same con-
siderations are valid for radio-quiet and radio-loud AGHBigen if in the latter
case any dierences are clearly defined in some electromagnetic bamcis as
the radio emission, larger in the radio-loud objects forrdefin, and they-ray
emission, typically observed only in blazars. Howeverpet¢heir electromag-
netic spectra are usually dominated by the jet emissioa,ialhe blazars some
features typical of radio-quiet AGNs could be important,ahding low activity
level of the jet, clearly visible in their spectrum.
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Figure 2.2: Artist’s view of the AGN paradigm. The fierent region around the BH are
described [adapted from Biermann et al. 2002].

We have already noted that the emission from an opticallgkthjeomet-
rically thin accretion disk depends strongly on the massefdentral BH and
should peak in the optic&)V band for the typical mass of a SMBH (see Section
2.2.1). The main feature observed in this band, the soecdlg Blue Bump’, is
generally associated to thermal emission from the disk (e&agr 1990). How-
ever this association, though appealing, is not easily tcaingd, because the
exact shape of the optigblV continuum is often contamined by the host galax-
ies, absorption by intervening materials and reddeningust.dMoreover, the
superposition of the broad emission lines makes this aisalgsy complex. In
particular, a set of blended Balmer, Mg Il, and Fe Il emisdinas together with
the Balmer continuum make up the so-called ‘Little Blue Bumhich alters
the shape of the underlying continuum in the range betwe2®00 A and 4000
A. A divergence between the data and the multi-black body elisission lies in
the assumption that radiation offidirent energy comes from region of the disk
far away from each other (see (2.13)). A simple predictiothh& any variabil-
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ity observed in a given electromagnetic band should prapapeough the disk
with the sound speed, as expected in viscous disk, and seldtese variation
in another band follow or preceed with a time delay. Insteddervations seem
to suggest that optical and UV variability are simultane(see e.g. Ulrich et
al. 1997), requiring propagation speeds typically highantO.1c, very dificult
to reconcile with the standard accretion disk model.

The infrared emission of AGNs is believed to be mainly of thakorigin, in
terms of reprocessing of the primary radiation from duse ptesence of the ‘IR
bump’, with a minimum arounddm is ubiquitous in AGNSs (see e.g. Sanders et
al. 1989). This is interpreted as emission from dust, whesgerature does not
exceed~ 2000 K, which is exactly what expected, because at highepeean
tures the dust sublimates. On the other hand, the subntgiioreak at the end
of the far-IR band can be easily reconciled with the rapid losdficiency of
dust grains at long wavelengths. This would explain theskat-af observed
just shortward of 1mm. The infrared variability also sugpdhe reprocessing
dust model, in which an opti¢g&lV variation should be followed by an IR vari-
ation, but with a significant time delay due to the larger seghere the dust is
distributed (see e.g. Clavel et al. 1989, for the case obRd&). It seems then
reasonable to picture a scenario where the optidacontinuum from the nu-
cleus fully depletes the dust up to the sublimation radiugsyddd this radius,
the same radiation heats the dust to a wide range of tempesgtiepending on
the distance from the central source), producing the obself® bump. How-
ever, a significant contribution of starlight to the dusttirephas been proposed,
especially in the far-IR band (Prieto et al. 2001).

The radio emission constitutes a very small fraction of thtaltbolomet-
ric luminosity for radio-quiet AGNSs, being 5-6 orders of mégde lower than
the opticaglUV continuum, whereas radio-loud AGNs show an importantaad
emission. In the latter class the radio spectrum is typid#k, a clear sign of
a non-thermal emission. Indeed, synchrotron radiatiorersegally invoked as
the likely mechanisms responsible for the radio continuliims interpretation
is supported by the presence of low frequency diitto some objects, as ex-
pected for the synchrotron self absorption, even if thedesgy dependence is
often not as steep as it should be. It is not clear if the soofcadio emission
is similar in AGN radio-quiet and radio-loud and why the magims involving
ultrarelativistic electrons in jets should be so weaker.

The X-ray spectrum of radio-quiet AGNs is dominated by a anyrcontin-
uum well represented by a simple power law, with a spectddxmaround 1.7—
1.8 and a high-energy cutfaabove 100-200 keV (see e.g. Perola et al. 2002).
The origin of this component is still unclear. Comptoniaatin a surround-
ing hot corona of the UV photons produced by the disk was a geechanism
for the production of the observed X-ray emission (Liang &®€r1977; Liang
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1979).

The basic idea, the so-called ‘two-phase model’, assumaésalessandwich
geometry, where the hot corona completely embeddes thetamtdisk (e.qg.
Haardt & Maraschi 1991). In such a scenario, the inverse Gomgcattering
of the UV photons emitted by the underlying disk on the hottet:s produces
a X-ray power law spectrum, whose photon index is a functicihe electron-
positrons pairs temperature and the optical depth of theneorHowever, this
simple picture presents some problems when compared tatheTH reproduce
the observed parameters, the model requires that most gfdlagational energy
must be dissipated in the corona instead of the disk, leadirthe emission
of a X-ray luminosity comparable to that in UV band. This iswtary to the
observations, since UV luminosities are indeed larger (&v&l Fink 1993).

A possible solution to this problem can be found in a more demgeom-
etry of the system. In particular, a ‘patchy corona’ was psxul by Galeev et
al. (1979) and further developed by Haardt et al. (1994) revkiee hot electrons
are not distributed evenly around the disk, but partiallyezat. In this case, the
emission from the regions of the disk under the active clasiégectively dom-
inated by the radiation produced by the corona, but the retbteodisk simply
radiates as the corona were not present. Also the obsersaifdhe fact that the
photon index seems to increase as the 2-10 keV flux incresses(g. Perola
et al. 1986; Petrucci et al. 2000) supports the thermal Compation models,
since this behaviour is expected if the X-ray spectral \wlitst is mainly driven
by a variation of the UV flux, which in turns changes the copluf the corona.

Finally, a substantial part of the X-ray photons falls dowrttie accretion
disk again, are absorbed by the disk and re-emitted as blaedi kadiation,
contributing once again as the seed photons to be Comptbhizéhe corona.
Another fraction of the X-ray radiation interacting withetldisk is Compton
scattered and adds to the primary spectrum emitted by tfenaorThe shape
of the reprocessed spectrum depends strongly on the immzate of the disk.
If the matter is highly ionized, the Compton scattering bmees the principal
interaction mechanism, leading to a power law spectrunstimjuishable from
the primary continuum. On the other hand, if the matter istiposeutral pho-
toelectric absorption prevails at lower energies, praagithe so-called ‘Comp-
ton reflection’ component, an hump peaking at 20-30 keV (sgeGeorge &
Fabian 1991; Matt et al. 1991). Photoelectric absorptiomfelectrons in the K
shell of the metallic elements of the disk can be followedh®/eémission of &
lines. The strongest emission line is produced by Iron,&kéV if the matter is
mostly neutral, at 6.68 and 6.97 keV from more ionized mate@®nce escaped
from the central regions, the X-ray photons can still be sepssed by the var-
ious kinds of circumnuclear material lying farther awaynfrthe nucleus. The
most striking &ect is the possible absorption from intervening neutraltenat
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The column density of the absorber discriminates betweerkind of sources:
‘Compton-thick’ if it exceeds the value;' = 1.5 x 10?4 cm™ (i.e. when the
optical depth for Compton scattering equals unity), conghyeblocking the nu-
clear continuum up to 10 keV or more; ‘Compton-thin’ if it @maer, but still in
excess of the Galactic one, allowing only photons more atierthan a certain
threshold to pierce through the material. The nature ofghsorber comes from
the Unification model as the same medium responsible forlikewration of the
nucleus and the BLR in optical band, the torus. If the toruSasnpton-thick,
it may be indirectly observed even if it does not intercept lihe of sight. A
part of the nuclear radiation hits the inner walls of the matend can be scat-
tered towards the observer. The reprocessed spectrum éasne shape as
the Compton reflection component produced by the accrets, but being the
torus at larger distances from the nucleus the variabiiispe and line widths
are diterent. On the other hand, reflection from a Compton-thingésiguite
different in shape.

An alternative mechanism to the hot corona model was prapbgeGhis-
ellini et al. (2004). They suggest that the central BH in oagiuiet AGNs power
outflows and jets intermittently, producing blobs of madkriThe ejection ve-
locity may be smaller than the escape velocity, causing tbleshto fall back
and eventually collide with the blobs still moving outwam®duced later. In
the collision, the bulk kinetic energy of the blobs is disdgd and fectively
accelerates the electrons of the plasma. Their rapid apulainverse Compton
processes leads to the production of the X-ray continuura.riiin diferences
with the hot corona scenario, whose source energy is onkgfon, is that the
‘aborted jet’ models provides a viable method to power highrgy emission
through extraction of rotational energy from the BH. It igeiresting to note that
this mechanism does not necessarily exclude a contribtrboma hot corona.

2.4 The Unification Model

Thirty years after the discovery of the Seyfert Galaxies dstant class of ob-
ject by Seyfert (1943), therefore recognized as a subclasslm-quiet AGNs,
Khachikian & Weedman (1971) realized that the emissiorslmigserved in their
opticaJUV spectra could be separated in twéfeient kinds, leading to the clas-
sification of Seyfert Galaxies into type 1s and type 2s. Seyfeshow both the
narrow lines and the broad lines; on the other hand, Seysesh® show narrow
lines.

When Antonucci & Miller (1985) observed the Seyfert 2 NGC 8@ polar-
ized light, they realized that broad line, completely albb&ethe total spectrum,
were clearly visible and absolutely equivalent to thosesoled in Seyfert 1s.
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Figure 2.3: Pictoric illustration of the Unification Model by Urry and &avani (1995).
Surrounding the central SMBH there is a luminous accretigk.dBroad and narrow
emission lines are produced in clouds closer and furthey dwan the central source,
respectively. A thick dusty torus obscures the Broad Lingi&efrom transverse line
of sight. Powerful radio jets emanated from the region neaBH are present in radio-
loud AGNs.

This results led them to suggest that type 2 objects harbgpa 1 nucleus,
which is obscured by intervening gas. Its presence may beettty observed
thanks to a reflecting mirror such as a gas of electrons, wégeltters part of
the nuclear radiation towards the line of sight, introdgardetectable degree of
polarization.

Therefore, an ‘Unification Model’ was proposed to explairtta different sub-
class of AGNs. The basic assumption of the Unification Modeé(Antonucci
1993, for the archetypal review) is that type 1 and type 2abjare absolutely
equivalent, the only dierence being wheter the absorbing gas intercepts the
sight of the nucleus or not. The absorbing medium assumas\ckhe funda-
mental role in this scenario. It is usually envisaged as ditalfy thick torus,
embedding the nucleus and the BLR (see Fig. 2.3). If we obg&estorus edge-
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on, all the nuclear radiation, including lines from the BLRigh is inside it,

is completely blocked and we classify the source as a typeh2.narrow lines
are still visible, because the Narrow Line Region (NLR) isdted farther away
from the nucleus, outside the torus. If the torus does netdept our line of
sight, we observe every component of the spectrum and tleetolsj classified
as atype 1.

The basic idea behind the Unification Model that geometeffakts play a
fundamental role in the classification of AGN is probablyreet, but a num-
ber of observational evidence suggests that some comphsashould be in-
troduced. Since the first work by Antonucci & Miller (1985plprized broad
emission lines have been observed in several others Ségfestit there are also
many examples of type 2 objects which observed in polarimgd, Istill do not
present broad lines (see e.g. Tran 2001, 2003). Moreovep|siextrapolations
of the opticalUV scenario to the X-ray emission do not easily fit the observa
tions leading sometimes toftkrent classification of the object between the two
bands. Indeed, a number of obscured objects in X-rays tutrrioobe type 1
AGN when observed in the optical band (Maiolino et al. 20Garé&-et al. 2001,
2002). The only unambiguos relations between optical amdyxclassifications
seem that all the X-ray unobscured objects are opticallg tyg while all type
2s are also X-ray obscured sources. However, there are laisosdor the ex-
istence of unobscured Seyfert 2 (Panessa & Bassani 200pue’ ‘Seyfert 2
galaxies in which the BLR is lack (see e.g. Ghosh et al. 2007).

2.5 AGN classification

Many years of observations atfidirent wavelengths have led to the discovery
of a large number of AGNs with fferent properties. A complex classifica-
tion scheme of AGNs has evolved, based on their propertietding radio-
loudness, broad and narrow line emission, continuum eamssariability and
polarization.

The main distinguish features in the classification of theN&G@re the pres-
ence of emission lines in the optigdV spectra and the intensity of the radio
emission. In fact, one important distinction is based onrétative importance
of the radio emission with respect to the optical one. AGN#hwin intense
radio emission are classified as ‘radio loud’, while AGNshnat weak or al-
most absent radio emission are classified as ‘radio quie¢finihg the radio-
loudness as the ratio between the radio (5 GHz) and the bffsideand) fluxes,

R = Fsenz/Fe (Kellerman et al. 1994), the distinction between radiodi@nd
radio-quiet AGNs can be set ®larger or smaller than 10, respectively. Earlier
studies showed a bimodal distribution f@y with two peaks aR ~ 1 andR =~
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1000 (Kellerman et al. 1989). Although this result is polssibased by selec-
tion effects, it is clear that the radio-loud sources are really, raoeexceeding
10-20% of the entire AGN population. Powerful relativigéts are evident only
in radio-loud objects, even if matter outflowing at sub-tiglatic velocities ¢
0.1c) seems to be present also in radio-quiet objects, as irdidat the BAL
(Broad Absorption Lines) phenomenon in the opffid& spectra.

However, historically, the first important classificatiant@rium is based on the
properties of opticdUV spectra and can be summarized as follows.

Type 1 AGN: show a strong continuum emission and broad enmdsies
from the BLR. Radio quiet type 1 AGNSs includes Seyfert 1 Gesyat low
luminosities, which are bright at UV and X-rays and are amitagfirst AGNs
to be discovered. Due to their low luminosity they are onlgrseearby, making
the host galaxies distinguishable from the bright core. ifThigh-luminosity
counterparts are the Quasi Stellar Objects (QSOs), whiahpdse a central
core so bright that the host galaxies cannot be distingdidinstead, radio-loud
type 1 AGNs consist of Broad Line Radio Galaxies (BLRGS) atllaminosities,
and Flat Spectrum Radio Quasars (FSRQs) and Steep Specauim Quasars
(SSRQs) at high luminosities. Thefidirence betweesteepand flat quasars is
based on the value of the radio spectral index« v, wherea is the spectral
index in the 100 MHz — 30 GHz range) relative to the separat@ne o =
0.5. The diferent radio spectra are the signature of their distinct maqmies:
SSRQs have weaker radio cores and show extended radio I $0 the
ones of radio galaxies, whereas FSRQs are generally moaeizead and core
dominated than SSRQs, showing an high variability.

Type 2 AGN: show a weak continuum emission and narrow emigdsien.
The absence of broad emission lines is interpreted as lopedieon velocity
or by the presence of prospectically obscuring torus thdgsithe BLR. Radio
loud sources are classified as Narrow Line Radio GalaxieR@®H), and show
different levels of jet collimation and morphology, includiragfardt Riley (FR)
type radio galaxies. The low luminosity FR type Is exhibdicaemission whose
intensity falls df with distance from the nucleus, while the high luminosity FR
type lls display more collimated radio jets which terminasevell defined radio
lobes (see Section 2.8). Radio quiet low luminosity type 2&@clude Seyfert
2 galaxies and narrow emission X-ray galaxies (NELG), whiggh luminosity
radio quiet include infrared excess galaxies.

Type 0 AGN: AGN with the axis of the jet close to the line of sigithe ob-
server. Radio quiet type 0 AGNs include Broad Absorptiorel((BAL) quasars,
whereas radio loud include Blazars. Blazars can be dividedtivo subtypes:
BL Lacertae objects (BL Lacs) and Flat Spectrum Radio Qea&BRQs). BL
Lac objects, name derived from the prototype of this classLBtertae, are
characterized by the weakness (Equivalent Width A) or even absence of
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Figure 2.4: Schematic AGN classification, based on galaxy morphologgior loud-
ness, and optical emission lines properties.
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emission line in their optical spectra. FSRQs include alsieas empirically
known, from observed properties, as Optically Violent sate (OVV) quasars,
Highly Polarized Quasars (HPQs) and Core-Dominated Qs#€&Qs). These
properties often are presented together, and are also@ssbwith superlumi-
nal motions, high brightness temperatures and a broad lmaisgien, suggesting
that they are dferent manifestations of a unique phenomenon now recogmzed
the beamed jet emission. In fact, the flat radio spectra afdh@pact sources are
usually interpreted as being due to the superimpositiogmdisrotron spectra of
different components along the jet, each self-absorbed dleaiathit frequency.
In the FSRQs this emission is boosted by beamiffigces, and thus dominated
over the extended one, characterized by a steep spectrumLaéd. in turns
have been subdivided in threeffédrent types. When the lower peak is located
in the submillimeter to optical band, the objects are cfastas Low-frequency
peaked BL Lacs (LBLs) while in High-frequency peaked BL L&EBLS) the
lower peak is located at X-ray energy. The intermediatgtfemcy peaked BL
Lacs (IBLs) showed the synchrotron peak between UV and X%;fasomoting a
smooth transition from LBLs to HBLs (see Nieppola et al. 2006

2.6 Blazars: historical introduction and main
characteristics

The object BL Lacertae had been in the catalogue of variate Br much time;
infact, it was originally discovered by Cuno Hmeister in 1929, but to under-
stand the nature of this source it was necessary sixty yéafact, the source
showed an optical spectrum rather unusual, it was feassgaled the continuum
emission was steeply rising to infrared wavelengths. In818hmidt noticed
that a variable radio source was located at the same positi@L Lacertae
(Schmidt 1968). BL Lacertae was not a periodic variable,rhther its inten-
sity varied irregularly with no apparent pattern of its Ihtigning and dimming.
When the spectrum of this putative ‘variable star’ was takiewas discovered
that in the optical emission it was featureless; there weremission lines as
from quasars, and no absorption lines as found in most sReter Strittmat-
ter in 1972 identified four objects closely similar to BL La@e (Strittmatter et
al. 1972); and therefore the subclass is namkd.acertae from the name of
the archetypal of this type of objects.

In 1974, J. E. Gunn and J. B. Oke, two Caltech astronomerstrdated that
BL Lacertae was actually located in a normal elliptical ggl&Oke & Gunn
1974). By blocking the light from central region of the sayrthe light from
the surrounding area showed absorption lines that peatieestimation of the
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redshift z~ 0.07. This redshift corresponds to a distance at about 42€) Mp
dicating that the core of BL Lacertae shines with a luminokit: 10°® erg s*.
The discovery of some radio-loud quasars with a continuunilai to that of
BL Lacertae, but with broad emission lines, led to the deéinibf a new class
of sources. Ed Spiegel jokingly referred to these objectslazars(Blandford
& Rees 1978). The worbdlazaris a combination of two words: BL Lac and
guasar, and also connected with the téazing In 1981 Moore and Stockman
performed a polarization survey in which they discoverechigh polarization
quasars (HPQs) and discussed their link to BL Lac objectabishing the di-
vision of this new class of AGN in two main subgroups: the Blclodjects and
the Flat Spectrum Radio Quasars.

Blazars are the most extreme class of Active Galactic Nucleracterized
by the emission of strong non-thermal radiation across ttigeeelectromag-
netic spectrum, from radio to very highray energies. The typical observa-
tional properties of blazars include irregular, rapid aftérovery large variabil-
ity, apparent superluminal motion of the jet at VLBI scals, or inverted radio
spectrum, high and variable polarization at radio and apfrequencies. These
features are interpreted as the result of the emission cfrefeagnetic radiation
from a relativistic jet that is viewed closely aligned to time of sight, thus caus-
ing strong relativistic amplification (Blandford & Rees B Urry & Padovani
1995).

In the following, we will discuss some typical charactaedstof blazars: the
superluminal motion, the variability, the presence of tbtegnd their Spectral
Energy Distribution.

2.6.1 Superluminal motion

There are many observational evidences of superluminabmat the VLBI
observation of radio jets of the blazars (see Fig. 2.5). Bupenal motions can
be explained in terms of an emitting region with a relatigisulk velocity sub-
tending small angles with the observer line of sight (Ree€&6).9The apparent
velocity seen by the observer is:

Va BSing
Pa=1 = 1 - Bcod (2.18)
whereé is the angle between the bulk motion velocity and the obsdirve
of sight ang@3 is the bulk motion velocity of the emitting region. One of thain
implications of superluminal motion is the relativisticaming. Due to thisfect
isotropic emission in the rest frame of the source is seehdplbserved beamed
into a small cone. In the case of bulk motion toward the okeettie observed

flux is enhanced with respect to the emitted one. A secondecuesce is that
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the diferences between the emission and arrival time in the obskaree are
shortened, and being the frequency the inverse of timesAslthat the observer
will see the frequencies blueshifted with respect to thaos#ted in the source
rest frame. The flux amplification is important in order to kexpy transparency
and to avoid inverse Compton catastrophe.

In order to estimate the transparency at the threshold energy for pair pro-
duction thecompactnesparameter was introduced by Cavaliere & Morrison
(1980). This parameter is defined as:

_ LVO-T
"~ 47Rmc3
whereL, is the specifie/-ray luminosity of the sourcery is the Thomson cross
sectionc is the velocity of the light an® the radius of the source. The problem
of they-ray transparecy arose from the observation of many bgight blazars
detected by EGRET, and now confirmed by AGILE dami.
For these sources the size inferred by the time scale vhtyalit = ct,, /
(1+z), where z is the redshift, implied a compactnessl with the resultingy-
rays destruction and electron-positron production. Treeoled transparency to
the y—y pair production is explainable if the rest frame luminosstyower than
the inferred from observed flux and the size is greater thahittferred from
the observed time scale. In fact, in the case of a beamediemiks, ~ 5°L,,,,
and the observed time-scale variability is related to thahé source rest frame
by tons = tsrc/d, Whereé is the beaming factor, so that the relation between the
variability time scale and typical source size dRex= ct,,6/(1+2). Consequently
the compactness to the source respect to that inferred fbm@raation will be
Csre = Cops/0* and for typical value of the beaming fact®r 10 resultsCy,. <
1.

(2.19)

From an historical point of view the problem of the compastef these
sources arose since the first radio observation of compgettshband was re-
ferred as the ‘inverse Compton catastrophe’. The probletheoinverse Comp-
ton catastrophe is originated by the ratio between the sptram and the Comp-
ton cooling rates in compact radio-sources. In the casermftsptron self ab-
sorbed sources this ratio can be expressed as:

pe e Yo s (2.20)
Ysync Us
whereT, is the temperature of the relativistic electrons that farctyotron self-
absorbed source is equal to the brightness temperagurié the value ofp > 1
then radio flux should be very suppressed in favour of highergy emission.
To keepn < 1 in the observed compact radio sourcBsshould be lower than
~ 10%? K. Typical observed values df, are in the order of 10 K, but taking
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Figure 2.5: A sequence of VLBI observations of 3C 279. Apparently supaihal
motion of the radio components in the blazar 3C 279. The bdgmponent at the left
is taken to be fixed radio core, and the bright spot at the agpears to have moved 25
light years on the plane of the sky between 1991 and 1998 [[@/ehal. 2001].

into account the size of the radio source estimated by ticaées variabilityT,
exceeding 1% are found. Also in this case if one considers relativistiarnang
effects follows that the observed brightness temperaturdateckto that in the
source byTgIOS =60 T andvgps = dvem. It results that the observed cooling ratio
Nobs = 0° Msre, With the source brightness temperattiﬁ@S =° TS, that is far
from the catastrophe limit also ngbs exceeds 1% K.

2.6.2 Variability

Extreme variability, both in amplitude and timescales,ne of the main char-
acterizing features of the blazars. In fact, blazars areviknio display strong
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variability over the whole electromagnetic spectrum, fn@dio to TeV energy.
A dramatic example of large variability amplitude on longéscale is fiered
by they-ray emission of 3C 279 in the EGRESFa. The flux was observed to
change by more than two orders of magnitude between two odis@ns per-
formed in 1993 and 1996. This aspect is very complex and lgloetated to
the physics of the emission and the acceleration processetodhe geometry
of the emitting region. The emission level of blazars is higrariable on all
timescales, with changes of the emission level of the eleignetic radiation
by more than one order of magnitude. The timescales range years down
to minutes, with the longer ones being typical for the radimptical part of
the spectrum, where they are observed to be of the order of Wayo several
years (see Ulrich et al. 1997). On the other hand, X-raysyarays can vary in
flux in a matter of hours, with the TeV flares being the most gracrones, with
flux doubling time as short as half an hour. Often short tinadesgariability is
superimposed to a long trend one. Some sources also seeattaprintra-Day
Variability (IDV) in all wavebands, even if it is more simple be observable at
the lowest energies (see Wagner & Witzel 1995).
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Figure 2.6: Simultaneous optical (V band, bottom panel), X-ray (2—1¥, kmiddle
panel), and TeV (E- 0.4 TeV, top panel) light curves for Mrk 421 in 2001 March 18—
25. Variations in X-rays and TeV bands are clearly correlgfmssati et al. 2008].
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Figure 2.7: TeV light curve obtained for the BL Lac PKS 215304 by H.E.S.S. in July
2006. Variations of the flare on timescales of 200 secondslaserved [Aharonian et
al. 2007].

While many of the emission models are able to describe therebd SED
to a certain degree, the observation of a rapid, large saakesfshould enable
discerning constraints to be put on thé&elient models, as the models respond
differently to changes in the source injections parameters.in@uine flares,
blazars are observed to have greater amplitudes in thedmghgy spectral com-
ponent than in the low-energy one (e.g. Wehrle et al. 199i@)addition, the
flux changes are energy dependent within each of the tworsppeomponents,
having the greater amplitude increase with the higher pheteergy (Sikora et
al. 1997). Moreover, coordinated variations iftelient spectral bands indicate
that the emission is produced in a single region and thaahe®lectrons could
be radiating both the components (e.g. see Fig. 2.6).

Rapid variations in the blazars SED imply a very compact sioisregion
that is moving toward the observer with highly relativissipeeds (Blandford
& Konigl 1979). The observed timescales put constraintshensize and the
location of the emitting region, which corrected for the [Ptgy boosting, turns
out to be surprisingly small, of the order of light hours andsome cases less
than an hour. The most extreme cases observed were the petylgd/ flare of
Mrk 501 detected by MAGIC during 2005 (Albert et al. 2007cyldhat of PKS
2155-304 observed by H.E.S.S. during 2006 (Aharonian et al. 26Qy;2.7),
where the variability timescales were of the order of only feinutes. These
variability timescale much shorter than the inferred lighdassing times at the
black hole horizon put extreme requirements of the bulk htzréactor of~ 50—
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100. This value of the Lorentz factor is clearly in excesshefjet Lorentz factor
Tjet ~ 10 measured for these two sources (Giroletti et al. 2004gnEecounting
for the dfects of relativistic beaming such shorter timescales aedlesiging

conventional emitting models. This contradiction can bei@ed if the jet is

efficiently decelerated on sub-parsec scales after the Te\(@Eerganopoulos
& Kazanas 2003) that could also be due to radiative feedbaekspingdayer

configuration (Ghisellini and Tavecchio 2008). An alteivatscenario is the
jet-in-a-jet model proposed by Giannios et al. (2009), vaitbompact emitting
region that move relativistically within a jet of bulks; ~ 10 in a Poynting-flux
dominated jet.

2.6.3 Jets

Jets are ubiquitous phenomena in the Universe, found in A&¥snma-Ray
Bursts, young stellar objects, protoplanetary nebularoqgicasars and X-ray
binaries. The physical mechanisms behind the productiget®in AGNs, and
thus at the base of the radio-lgtadio-quiet division is still unclear, though there
is consensus that the production of the jets can be relatibe tgpin of the black
hole (see e.g. Blandford 1990).

Radio-loudness is associated to the existence of jetsledfedbm the inner-
most regions of the AGNSs, propagating for kpc or even Mpc fitben central
regions (Begelman, Blandford & Rees 1984). It is widely &edd that the rel-
ativistic jet is the key element of the observed blazar eimissAcceleration
processes in the jet generate non-thermal highly variabieson over an en-
ergy range spinning up to 20 orders of magnitude (Fig. 2.8)e j&ts are beamed
by strong magnetic fields and oriented perpendicular to tisesion disc. The
jets themselves seem to be stable up to kpc scales, beingng stource of the
non-thermal radiation from radio to VH{=rays. As already noted, the jets are
often characterized by a highly polarized radiation, skartability time scale
and an apparent superluminal motion. Itis believed thatvieting of magnetic
fields in the accretion disk collimates the outflowing alomgtotation axis of the
central object, so when conditions are suitable, a jet wilesge perpendicular
to the plane of the accretion disk.

While the physical conditions inside the jet are currentlgimy unknown,
the general popular believe is that detailed magnetohyehamaic (MHD) mod-
els of the accretion dighklack hole system should be able to reproduce jet colli-
mation and particle acceleration mechanisms (see e.g.rMe@. 2001). Such
models account for jet collimation and accelerations irett@etion framework:
jets seem to be a natural consequence of a rotating disksepce of a magnetic
field (Kudoh et al. 1999). The magnetic field is frozen in th&lowing plasma,
allowing patrticles to escape along the magnetic field lineequirements for
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Figure 2.8: Multiwavelength image of the jet of the blazar 3C 273 fromioatd X-rays,
with VLA, Spitzer Hubble Space Telescope a@thandraobservations [Uchiyama et
al. 2006].

jet formation are a compact object to collect material to jeeted, a magnetic
field anchored in it, and éerential rotation to form the helical magnetic field
structures. Numerical simulations have shown that tigtwljimated jets along
the rotational axis are a general feature of rotating, ¢atienal confined plas-
mas. Such calculations show that a very fast rotating Kexctkbhole is able to
accelerate material in the jets up to Lorentz factor ef 10. At the beginning,
the jets as a total are magnetically driven (Poynting flux ohates over the ki-
netic matter flux) and collimated due to a toroidal comporadrthe magnetic
field (Sikora et al. 2005). Further down the jet, on sub-passmles, the en-
ergy density of non-thermal particles is much higher thandhergy density of
the magnetic field. However, the strength of the magnetid &l well as the
composition of the jets are still unclear. The accelerati@thanism is indeed a
matter of debate. The accelerated plasma could originame tine outer halo of
the accretion disk (Marscher et al. 2002). Other modelsrasghat the charged
black hole acts as as giant dynamo (Kirk and Mastichiadi®)1L98Iso in these
models magnetic fieds are naturally given.

2.7 Spectral energy distribution and the blazar
sequence

Considering that the blazars emit in all bands of the eletagnetic spectrum
it is essential to consider and study their entire emissioa global way. The
main tool is provided by the so-called Spectral Energy [hgtron (SED), in
which the data are plotted &g (v) versuslog (vf,), giving the source power
per logarithmic frequency interval and thereby directlgwsh the relative energy
output in each frequency band.

33



Chapter 2. Active Galactic Nuclei

The SEDs of blazars are typically double-humped with the fiemk occurring
in the IR/optical band for the so-callegtd blazars(including Flat Spectrum
Radio Quasars and Low-energy peaked BL Lacs) and aXkislys for the so-
calledblue blazargincluding High-energy peaked BL Lacs). The first peak is
commonly interpreted as synchrotron radiation from higkfgy electrons in
a relativistic jet. The SED second component, peaking at-NBBX energies
in red blazarsand at TeV energies iblue blazarsis commonly interpreted
as inverse Compton scattering of seed photons, internatterral to the jet,
by relativistic electrons (Ulrich et al. 1997), althougihet models have been
proposed (see e.g. Bottcher 2007 for a recent review). irh&seon mechanisms
at work in blazars is shown in detail in Chapter 3.
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Figure 2.9: The average SED of the blazars studied by Fossati et al. J1B@8uding
also the average values of the hard X-ray spectra collegt&kbp&AX. The thin solid
lines are the spectra constructed following the paransgioiz proposed by Fossati et al.
[Donato et al. 2001].

The statics of blazars found since the end of 1990s allowadake sev-
eral phenomenological studies about their properties. ahiqular, Fossati et
al. (1998) studied 126 blazars from three samples of blatae€insteinSlew
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Survey (Elvis et al. 1992), the 1-Jy samples of BL Lacertaéghiket al. 1982)
and the FSRQs extracted by Padovani & Urry from the 2-Jy sampWWall &
Peacock (1985). 33 of these blazars were also detectedan by the EGRET
instrument on boar€ GRQ Fossati et al. computed average SED for group of
blazars binned according to radio luminosity and a sequeiitteremarkably
features appeared. The blazar sequence is shown in Figr'i2edfirst peak oc-
curs in diferent frequency ranges forftérent luminosity classes: blazars with
greater bolometric luminosity have smaller peak frequesiand ‘redder’ SEDs,
while blazars of lower bolometric luminosity have higheagpdrequencies and
then are ‘bluer’. Moreover, the higher energy peak compboernelates posi-
tively with the peak frequency of the lower energy one anddih&@nosity ratio
of the high to the low frequency components increases wikbrbetric luminos-
ity. These features cannot be explained solely by the aiiemt efect of the jet
as argued in the Unification model mentioned in the previegsen.

The spectral sequence was interpreted by Ghisellini el8B§) as conse-
guence of the dierent radiative cooling stered by the emitting electrons of
blazars of diterent power. Moreover, it is evident the increasing impuréaof
an external radiation field along the sequence from HBLs tB@S Within
the FSRQs Ghisellini et al. found a hint of a further subdonsbetween low-
polarized quasars (LPQs) and high-polarized quasars ({{R@h a tendency
for LPQs to be more extreme. The sequence shownin Fig. 2ri€spmnds to an
increase on the external radiation field, the total energgitheand the injected
power going from HBLs to LPQs. These in turn result in a deseealypeacand
an increase in the Compton dominance. The sequence wasdafemed when
the Cherenkov Telescopes allowed us the detection of aeasirg number of
BL Lacs (Ghisellini, Celotti & Costamante 2002; Celotti & Shllini 2008).
An interpretation of these findings is possible within thiernal shock scenario
(Ghisellini 1999; Spada et al. 2001; Guetta et al. 2004) ctvltiould account
for the radiative #iciency location of the dissipation region and spectraldren
if the particle acceleration process is balanced by theat&ei cooling. In this
scenario the energetics on scales of-1l@* Schwarzschild radii is dominated
by the power associated to the bulk motion of the plasma. iBhis contrast
with the electromagnetically dominated flow (Blandford 20

The blazar sequence found a wide popularity because jusgéegparame-
ter, the bolometric luminosity, seems to govern the phygigaperties and radi-
ation mechanisms in the relativistic jets present in blzdihis sequence was
examined lately with dferent tests taking an advantage of a higher statistics
of detected blazars, in order to check the claimed cororladnd at detecting
the ‘forbidden objects’ and it appears to be clear that itidqgartially suter
from selection &ect because these studies consider the brightest blazhtisean
phenomenological blazar sequence had an incomplete SE&age/ (only 33
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Figure 2.10: Schematic representation of the unifing scheme of tierént types of
blazars. The behaviour of these class of objects in fundfatifferent parameters (ex-
ternal radiation fieldlgy], total energy density [U], injected powel,f], the Compton
dominance [lg/Ls] on x-axis, theypear0n y-axis) is shown [Ghisellini et al. 1998].

sources were observed alsoyray) that probably describes active states of the
sources, not necessarily their averaged status.

Padovani (2007) presented a critical review of the blazgueece, point-
ing three main tests for the validation of the blazar segeersistence of an
anticorrelation between the synchrotron peak frequendytla@ bolometric ob-
served luminosity, non-existence of ‘blue’ powerful oligeand the fact that
‘blue’ sources should be more numerous than ‘red’ ones. Tétgobint is related
to observed properties and considering that red low-lusitpdlazars could be
slightly misaligned, the existence of red blazars with $wiaserved luminosity
is not invalidating the sequence, that even predicts them.

Instead, some possible example of High-frequency peak&{FSIFSRQ, i.e.
FSRQ with SED similar to that of HBLsS, but withea at frequency 10 times
smaller than that of typical HBLs; Perlman et al. 2001, Patoet al. 2003) are
found: RGB J16294008 (Padovani et al. 2002), RXJ14565048 (Maraschi et
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Figure 2.11: The disk luminosity versus black hole mass plandfddént blazar classes
occupy diferent regions of this plane. The dashed line correspondsliskduminosity
equals to 3x 103 of the Eddington one. Below this line the BRL does not exist or
it is very weak. Another important dividing line correpondito whereRyiss > RgLr
[Ghisellini et al. 2008].

al. 2008), SDSS J081009.9384757.0 (Giommi et al. 2007) and IGR J2252218
(Bassani et al. 2007). The presence of these tentative HESIREhot predicted
by the blazar sequence, therefore the confirm of their naiesxistence could
bring it up for discussion the picture of the sequence. H@awneas pointed in
Ghisellini et al. (2008) these sources are not powerful gigadut the extreme
manifestation of the blazar sequence: high-energy peagasimngly dominating
increasing the observed luminosity (see also Maraschi @08i8). Concerning
the third point, Padovani pointed out that the ratio of jslee BL Lacs in deeper
radio and X-ray samples of blazars disagrees with the piedicnade by the
blazar sequence, especially for radio surveys down to thmB0flux, but if red
blazars are intrinsically more powerful than blue BL Laagsytban enter in a flux
limited sample even if the jet is slightly misaligned, whillele BL Lacs cannot.
This selection ffect could make red blazars to be overrepresented in the sampl
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All the subsequent studies, from the surveys that were noesuto se-
lect dfect, have shown very large scatter and some possible authet no
strong outliers have been found and after ten years of ilga&ins it seems
that the anti-correlation between the peak frequenciegtatiolometric lumi-
nosity found by Fossati et al. (1998) is a good approximabioaverage SEDs.
Nieppola et al. (2008) indicate that the blazar sequencexs¢e be an obser-
vational phenomenon, by accounting for th&etient Doppler factors across the
sequence. They study the correlation between the de-bsgtethrotron peak
position and luminosity, deriving the Doppler factors freariability timescales
from brightness temperatures at high radio frequenciese Blazar sequence
seems to disappear when the intrinsic Doppler correctagegadre considered.
However, the technique used gives information on the Dogdpleor for radio
emitting regions in AGNs. Considering that the jet strondgcelerates from
the blazar region to the VLBI scale, from which most of theioagmission
originates (Ghisellini et al. 2005), the Doppler factorabed by Nieppola et
al. (2008) for the radio jet emitting regions is probably mwsmnaller than the
Doppler factor in optical-to~ray emitting region, especially in HBLs.

Ghisellini and Tavecchio (2008) proposed a new blazar semyen which
the power of the jet is linked to the two main parameters ofateretion pro-
cess: the mass of the black hole and the accretion rate. &wiblazar sequence
could have implications on the possible cosmic evolutioblafars. In fact, if
the accretion rate in blazars evolves in redshift we shoaleé:Harger accretion
rates in the past, therefore BL Lac objects, whose accreéitsmis less than a
critical value, should be rarer in the past implying a negaévolution. On the
other hand, FSRQs should be more common in the past, sinogeaftaction of
massive black holes accretes at rates larger than theatone. This is in agree-
ment with the scenario proposed by Cavaliere & D’Elia (20@2)vhich blazars
are born initially as powerful at high accretion rate anchséfarm themself into
BL Lacs when the accretion rate decreases.

Recently, Ghisellini et al. (2009b) perform a systematicigtof all blazars of
known redshift detected biyermi-LAT during its first three months survey and
with a reasonable data coverage of their SED, confirming teeiqus findings
concerning the relation of the physical parameters withsinérce luminosity
which are the origin of the blazar sequence. Moreover, gtanly confirms the
divide between FSRQs and BL Lac objects in terms of accrette, already
investigated in Ghisellini, Maraschi & Tavecchio (2009#).occurs when the
accretion rate become smaller than 10% of the Eddington @nequivalently
when the disc luminosity became smaller than 1% Eddingtonifasity). Fi-
nally, for more powerful blazars a positive correlatiomnvbetn the jet power and
the disk luminosity is found, confirming the relation betwebe power carried
out by the jet, in the form of bulk motion of particles and magiafields and of
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the luminosity associated to the accretion.

2.8 Radio galaxies and blazars

Historically, radio galaxies have been classified in twidedent morphological
types by Fanard and Riley (1974): FanafB-Riley type | (FRI) and Fanaft-
Riley type Il (FRII). Also a physical division was suggesteyl Fanar& and
Riley that found a correlation between the morphology amdrédio power of
these galaxies: radio galaxies are characterized by lwsities below and above
a ‘luminosity break’ ofLi7gmnz ~ 2 X 107 W Hzt. The FR}FRII division
seems to be related to the speed and the propagation of tltbggiresent ev-
idence suggests that FRI jets become trans-relativistte @arly, within a few
kiloparsec, while for FRII midly or even highly relativistspeeds are required.
The FR}FRII division could be ultimately related to thefidirent regimes of
the accretion flow: radiatively irfecientefficient (Ghisellini & Celotti 2001).
FRI galaxies are characterized by symmetric radio jets téhhighest inten-
sity near the nucleus and decreasing intensity in outeonsgintill fading into
a weak dituse nebulosity, while FRII show usually highest radio emisgar
from the nucleus with well collimated jets leading to shadge lobes which
embed prominent bright zone, the ‘hot spots’. Their jets @ften too faint
to be observed. It was later realized that the critical rddioinosity separat-
ing FRIs and FRIIs increases with the optical luminosity lué tost elliptical
galaxy (Owen and Ledlow 1994). FRI sources generally lagkngt emission
lines, while FRII comprises objects with clear emissior$isuch as NLRG and
BLRG.

The current Unification scheme attemps to combine the raalaxees (the
so-called ‘parent population’) with FSRQs and BL Lacs assgrthat the blazars
are radio galaxies with the jet axis close to the line of sighthe observer.
Relativistic d¢fects amplify the non-thermal jet emission, producing adl pie-
culiar characteristics observed in these sources. Ingodati BL Lacs should
be beamed FRI radio-galaxies and FSRQs beamed FRII. Siadgnification
scheme is based on the anisotropy of the jet emission induc#tk relativistic
beaming, it directly implies that all the isotropic propestof blazars, such as
extended radio emission, luminosity of narrow emissioedinuminosity and
type of the host galaxy, and environment have to be similéinase of their as-
sumed parent population of radio galaxies. In this respadto loud AGNs are
usually hosted in luminous elliptical galaxies (e.g. Mok@t al. 1999; Urry et
al. 2000). Morphology, luminosity and size of the host gaayof blazars are
similar to those of the host galaxies of FRI and FRII, whicparts the unifica-
tion of blazars and radio galaxies, but conclusive resultthe BL La¢gFRI and
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FSRQFRII association do not exist.

Studies of the environmental properties of radio loud AGNssbomewhat
inconclusive. Quasars and FRIIs are found to reside in@lsif similar rich-
ness (e.g. Wold et al. 2000). On the other hand, Wurts et @ qjlfor a sample
of 45 BL Lac objects found that their environments are monglar to those of
quasars and FRIIs rather than FRIs. Prestage and Peac@&) (b8nd that for
a sample ot~ 200 radio sources with redshiftz0.25, FRI galaxies are in rich
clusters than FRII galaxies, but at higher redshift«(8.5) their environments
were found to be similar (Hill and Lilly 1991). More recentidtes seems to
indicate that also at low redshift 0.2) they have similar cluster environments
(Mc Lure and Dunlop 2001). Regarding the extended radio €oms and nar-
row line luminosities there is a discrepancy. Quasars aneddo have extended
radio powers typical of FRII radio galaxies (e.g. Murphy et1l®93; Fernini et
al. 1997), BL Lac objects can have extended radio powersayjbioth of FRI
and FRII galaxies (e.g. Kollgaard et al. 1992; Cassaro €139; Rector and
Stocke 2001). Narrow emission lines are weak or absent ireBBRbr BL Lacs.
On the contrary, narrow emission line characteristic of BSE FRIIs can be
both strong and weak (e.g. Laing et al. 1994; Tadhunter 408i8).

Another important prediction of the Unification scheme iattthe statisti-
cal properties of the parent population must be similar eogloperties of the
beamed population, once the beaming is taken into accoamarticular, due
to the small viewing angle needed for the beamifiga, the total number of
beamed objects must be small compared with the number ofatemipobjects.
Therefore the luminosity function of the parent populatioder the &ects of
the beaming transforms into the luminosity function of tixpected beamed
population. Urry and Padovani (1995), calculating the begmroperties of the
blazar populations, found that the Lorentz fadipboth in FRI and FRII, lies
in the range 5 I" < 40. This result is in agreement with the values found with
the measures of the superluminal motion (Vermulen and C&B84). Urry and
Padovani (1995) have successfully applied this model al$ioet observed radio
luminosity functions of quasars (FSRQs and SSRQs) and FRlibrgalaxies
from the 2 Jy sample. Even if with more uncertainties, conspar of lumi-
nosity function of BL Lacs and FRI radio galaxies at radioticgd and X-rays
showed a quite good agreement with the beaming hypothesdey@ni and Urry
1990, 1991; Urry et al. 1991). On the basis of overlappingerties between
FRI and FRII, and BL Lac and FSRQ, seems to be likely the Uniboesscheme
that relates the population of the radio galaxies to thaladdrs.

Recently,FermiLAT detectedy-ray emission from 3 radiogalaxies: M87
(Abdo et al. 2009b), Cen A (Abdo et al. 2009a) and Persgd&xC 1275 (Abdo
et al. 2009c). Moreover, other objects with possible asdgmri with EGRET de-
tection, like NGC 6251 (Mukherjee et al. 2002) and 3C 111 &gt al. 2005;
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Hartman et al. 2008) await confirmation wkkrmi. In contrast with the blazars,
most radio galaxies have large inclination angles and h#drere is no signifi-
cant amplification of their emission due to Doppler beamikipwever, if the
jet has a velocity gradients, as suggested by recent/paday observations (see
e.g. Kataoka et al. 2006), it is possible to prodyeey emission from the nu-
cleus of radio galaxies via inverse Compton process, wheremission from
the slow part is amplified in the rest frame of the faster pad @ceversa (see
Ghisellini et al. 2005; Georganopoulos & Kazanas 2003) séluetections show
the strict relation between the blazars and their parentlptipns, the radio
galaxies, and the correctness of the Unification schemehé&iudetection iny-
ray band will allow us systematic studies of relativistitsjaith a wide range of
viewing angles and therefore investigate in more detéiéttnces and similarity
between blazars and radio galaxies.
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Chapter 3

Acceleration and emission
mechanisms In blazar

3.1 Acceleration mechanisms

One of the most intriguing problems in high energy astrofsyis the mecha-
nisms by which high energy particles are accelerated tareltivistic energies.
A great variety of astrophysical phenomena are based orréisepce of plasma
or particles, accelerated up to relativistic velocitieheTclass of blazars gets
into this context. One of the common feature of the particleeteration is that
the electron energy spectrum of many non-thermal sourcastha form

dN(E) « E™*dE (3.1)

where the exponent lies in the range roughly 2.2—3. The question we ask
at this point is how these particles are accelerated. Theeansnges in dif-
ferent fields of the physics. After some general principleaazeleration, we
will discuss the mechanisms that are considered the mogsipla to explain
acceleration of plasma in the jets of blazars.

The acceleration mechanisms may be classified as dynandmdynamic
and electromagnetic. In many cases, there is no firm digtimttetween them
because, being charged, the particles are closely coupledgnetic field lines.
In some models, the acceleration is purely dynamical; f@ngxde when the
acceleration takes place through the collision of padielgh clouds. Hydro-
dynamic models can involve the acceleration of whole lagéasma to high
velocities. The electromagnetic processes include thoséhich particles are
accelerated by electric fields, for example, in neutral &)ee electromagnetic
or plasma waves and in the magnetospheres of neutron stars.
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The general expression for the acceleration of a chargdttiean electric
and magnetic fields is

%(y mv) = E(E +V x B) (3.2)

Also in order to explain the observed features of the blam@s®ion is nec-
essary that radiating particles are accelerated to redativenergies. An accel-
eration process was originally considered by Fermi in 1949yhich it was
assumed that collisions with interstellar clouds wouldheermain source of en-
ergy for the particles. However, this mechanism is veryfioent and it cannot
explain the ‘universal’ spectral index observed ifielient astrophysical environ-
ments. To solve these problems, new versions of the Ferralexetion mecha-
nism was proposed by several authors. In recent yearssmtbroreticalf€orts
have been spent to produce a framework for the particle @atedn. We look at
these mechanisms in some detail in the next sections, baaetyon the results
reported in Longair (2000).

3.1.1 First and second order Fermi acceleration

The Fermi mechanism was first proposed by Fermiin 1949 aghastic means
by which patrticles colliding with clouds in the interstellamedium could be
accelerated to high energies. In Fermi’s original pictategarged particles are
reflected from ‘magnetic mirrors’ associated with irregities in the Galactic
magnetic fields. These magnetic irregularities are assumetbve randomly
with typical velocityV and the particles gain energy statistically in these re-
flections. If the particles only remain within the accelematregion for some
characteristic time.s, a power law distribution of particle energies is found.

The collision between the particle and the ‘mirror’, or mas<loud, takes
place such that the angle between the initial direction efghrticle and the
normal to the surface of the mirrorés Let us work out the change of energy of
the particle in a single collision. We suppose the cloud fimitely massive, so
that its velocity is unchanged in the collision. The centemomentum frame
is therefore that of the cloud moving at velocity The energy of the particle in
this frame is

E' =y (E +Vpcosh) (3.3)

whereyy = (1 - \C’—f)_l/z

Thex component of the relativistic three-momentum in this frase
VE
p, = p’ costd’ = yv(p cosh + ?) (3.4)
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In the collision, the particle’s energy is conservé (.= E...) but the mo-
mentum in x direction is reverse@, — -p,. Therefore, transforming back to

the observe’s frame, we find

E” = w(E +V 1) (3.5)

Substituting equations (3.3) and (3.4) into equation (&) recalling thap,/E
= v cosd/c?, we find the change in energy of the particle

2Vvcosd (V)2
E” = 42E |14 22 (—) 3.6
e 1 2 ()] 36)
Expanding to second order \fyc, we find
2
E” — E = AE = 2/Y00% 2(!) (3.7)
C c

Because of scattering by hydromagnetic waves or irredigaiin the magnetic
field, it is likely that the particle is randomly scatteredgitich angle between
encounters with the clouds, and we can therefore work outen increase in
energy by averaging over the anglén the expression (3.7). A crucial point is
that there is a slightly greater probability of head-onis@hs as opposed to the
following collisions: v+ Vcos versus v - Vco8. For simplicity, let us consider
the case of a relativistic particle with= c, in which case the probability of a
collision at angle is proportional toyy[1 + (V / ¢) cosd]. Recalling that the
probability of the pitch angle lying in the angular rar@® 6 + dé is proportional
to siry d¥, we find on averaging over all angles in the range @ tbat the first
term in expression (3.7) in the limit— ¢ becomes

(3.8)

<2Vcose> _ (2_V) f_11X[1+ (V/e)xjdx Z(V)2
c

c ) L XL+ (V/oxdx 3

wherex = cos6. Thus, in the relativistic limit, the average energy gaim pe

collision is
AE\ 8 (v)2 (3.9)
E/ 3\c '

This is the famous result derived by Fermi that the averagease in energy is
only second ordern V/c. It is also immediately apparent that this results leads
to an exponential increase in the energy of the particleesine same fractional
increase occurs per collision.

If the mean free path between clouds along a field link, ithe time between
collisions is 2_/c (where the factor 2 is due to the average on the pitch angles).
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Therefore, we find a typical rate of energy increase

dt ~ 3\cL
We search the solution of theffiision-loss equation foN(E) in equilibrium,

assuming that the particle remains in the acceleratingneigir a characteristic
time 7 (S€€e e.g. Ginzburg and Syrovaitskij 1964)

dE _ f(v—z) E=qaE (3.10)

dN N

— =DV?N+ i[b(E)N(E)] - — +Q(E) (3.11)

dt oE Tesc

We are interested in the steady-state solution and heéN¢dt = 0. We are not
interested in dfusion, thusD V2N = 0, and assuming that there are no sources,
Q(E) = 0. The energy loss termlgE) = —dE/dt = -aE. Therefore, the equation

(3.11) reduces to
N(E) _

esc

d
—SgleENE) - 0 (3.12)

Differentiating and rearranging this equation, we find

dN(E) 1 \ N(E)
—_— =14+ —|— 3.13
dE ( * aresc) E ( )
from which we obtain
N(E) = constantx E-(*7es) (3.14)

We have succeded in deriving a power law energy spectrum.

In the Fermi's original paper, it was assumed that collisianth interstellar
clouds would be the main source of energy for the particlesvéver, there are
some important problems to take into account.

(i) The random velocities of interstellar clouds in the Galare very small
in comparison with the velocity of lighy//c < 10*. Furthermore, considering
a mean-free path of cosmic rays in the interstellar mediuth@brder of 1 pc,
the number of collisions would be roughly one per year, tesyin a very slow
gain of energy by the particles. Therefore from the origie@timi mechanism
no significant acceleration is gained.

(i) We have not considered théfect of energy losses upon the accelera-
tion process. In particular, ionisation losses hamper tieselaration of particles
from low energies. If the acceleration mechanism is toftecéve, the particles
must either be injected into the acceleration region witérgies greater than the
corresponding to the maximum energy loss rate, or else ttial iacceleration
process must be ficiently rapid to overcome the energy losses.

46



3.1. Acceleration mechanisms

(i) This theory does not explain why the slope of the enesggctrum
should be roughly 2.5 in dierent astrophysical contests. In fact the exponent
of the power law depends by the producteofindtes, two parameters largely
indipendent.

This simplified version of the second order Fermi accelenatlisguises a
key aspect of the acceleration process. Inspection of theesgion (3.7) shows
that, to first order in//c, the particles does not gain energy. The particle’s energy
is changing all the time stochastically and if we were todhjearticles with a
single energy, the energy distribution would be broadene@bdom collisions
with interstellar clouds. In fact, the typical root meanagchange of energy of
the particle on average @&(V/c), whereas the systematic energy is od{\//c).

In a proper calculation, we have to take account of the sitzlsnhature of the
acceleration process as well as the average systematgasein energy. The
full treatment has to take account explicitely of the st@titanature of the ac-
celeration process and the spreading of the energy speblywstattering. This
is accomplished by developing a Fokker-Planck equatiothidifusion of the
particles in momentum space, similar to

dN _ ooy N 1P
Sr =DVN+ —[b(E)N(E)] -+ QB+ 575

whered(E) is the mean square change in energy per unit time

—[d(E)N(E)] (3.15)

d(E) = d%((A E)°) (3.16)

From the expression (3.7) we can find an expression for theageevalue of
(AE)?. To second order iV/c, the only term which survives, averaging also
over angles, is

2
(AEP) = g E? (%) (3.17)

Thus, there is a very close relation between the mean sqnargyechange and
the average increase in energy per collision. Comparindateequation with
the equation (3.9) we see that dEE)}E b(E)2 = o E?/2. We seek again steady-
state solution of the equation (3.15), but including thelséstic term, that is

N 1 62
—[b(E)N(E)] ot 532 AE)N(E)] =0 (3.18)
The solution for a value x of the power law forlsh o« E™ is
3 16 \"* 1
=1 = 1
X 2( +9a/‘resc) 2 (3.19)
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which is exactly the result derived by Blandford & Eichle®8F) if we adopt
the expressior = %‘ (V?/cL). The importance of including the filiision term
can be appreciated by comparing the expressions (3.19)3ahd)( showing
that, in these second order acceleration mechanisms, the @b to be used
in the formulae fob(E) andd(E) is model dependent. In the modern version of
the Fermi second order acceleration, the particles inteviile various types of
plasma wave and gain energy by being scattered stochfsbgahese waves.

We can rewrite the Fermi mechanism in a rather simpler fasHiove let
E = BEo be the average energy of the particle after one collision Rurime
the probability that the particle remains within the accatieg region after one
collision. Then, aftek collisions, there arédN = NoP* particles with energies
E = Eg8 . If we eliminatek between these two quantities,

IN(N/No) InP

In(E/E;) Ingp (3.20)
and hence

N E InP/Ing

No - (E) (5.21)

In fact, this value oN is N(> E) since this number reaches enefyand some
fraction of them go on to higher energies. Therefore

N(E)dE = constant E-2*(n P/ AgE (3.22)

and also in this formulation we have again recovered a pcaver |

In the original version of the Fermi mechanism (see (329 proportional
to (V/c)?, because of the deceleratinffeet of the following collisions. The
original version of Fermi’s theory is therefore known second orderFermi
acceleration and clearly is a very slow process. We would dohmbetter if
there were only head-on collisions. The equation (3.7) shihwat, in this case,
the energy increase is£/E o« 2V/c, that is first order in//c and therefore called
first orderFermi acceleration.

A very attractive version of first order Fermi acceleratiorthe presence of
strong shock waves was discovered indipendently by a nuofl@erthors in the
late 1970s (Axford, Leer & Skadron 1977; Krimsky 1977; B&I78; Blandford
and Ostriker 1978). There are twdi@irent ways of tackling the problem, one
starting from the dfusion equation for the evolution of the momentum distri-
bution of high energy particles in the vicinity of a strongsk (e.g. Blandford
and Ostriker 1978) and a more physical approach, in whicho#teviour of
individual particles is followed (e.g. Bell 1978).
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We adopt Bell's version of this theory. To illustrate the ibgshysics of the
accelerated process, let us consider the case of a stronl 8tad propagates
through the interstellar medium. A flux of high energy pdescis assumed to
be present both in front and behind the shock front. Thegastiare considered
to be of very high energy, and so the velocity of the shock iy veuch less
than the velocities of the high energy particles. The keyipai the acceleration
mechanism is that the high energy particles hardly notieestiock at all, since
its thickness will normally be very much smaller than theaygdius of a high
energy particle. Because of turbulence behind the shocit &d irregularities
ahead of it, when the particles pass through the shock iaradirection, they are
scattered so that their velocity distribution rapidly bees isotropic on either
side of the shock front. The key point is that the distribnsi@re isotropic with
respect to the frames of reference in which the fluid is atoastither side of
the shock.

In the case of a strong shock, the shock wave travels at ayhgyigersonic
velocity U >> c5, wherecs is the sound speed in the ambient medium. It is
convenient to transform into the frame of reference in whiehshock front is

at rest, and then the upstream gas flows into the shock froatity v; = U
and leaves the shock with a downstream velogityThe equation of continuity
requires mass to be conserved through the shock, then

P1V1 = P2 V2 (3.23)

In the case of strong shocl, / p1 = (v + 1)/ (v - 1), wherey is the ratio of
specific heats of the gas. Taking- g for a monoatomic or fully ionised gas, we
find p, / p1 = 4, and therefore, = v;.

Let us consider the high energy particles ahead of the st®utering ensures
that the particle distribution is isotropic in the frame bétreference in which
the gas is at rest. Considering the upstream patrticles thirstshock advances
through the medium at velocity, but the gas behind the shock travels at a
velocity % U relative to the upstream gas. When a high energy partickeseso
the shock front, it obtains a small increase in energy of tigem\E/E ~ U/c.
The particles are then scattered by the turbulence behenshbck front so that
their velocity distributions become isotropic with resptecthat flow.

Considering instead the case of the partickuding from behind the shock
to the upstream region in front of the shock, the velocityrdiation of the par-
ticles is isotropic behind the shock and when they cross hioeksfront, they
encounter gas moving towards the shock front, again withsdme velocity,
%U. Therefore, the particle undergoes exactly the same ppamfereceiving
a small increase in energyE on crossing the shock from downstream to up-
stream as from upstream to downstream. Every time the [Eadiosses the
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shock front it receives an increase of energy and the inanemesnergy is the

same going in both directions. Thus, unlike the standardchFerechanism in

which there are both head-on and following collisions, ia tlase of the shock
front the collisions are always head-on and energy is tearesd to the particles.
This mechanism has a completely symmetry between the pas§tee particles

from upstream to downstream and viceversa through the shack.

Now we evaluate, by simple arguments due originally to BEJI78), the av-
erage increase in energy of the particle on crossing frortrega® to downstream
sides of the shock. The gas on the downstream side approtehparticle at a
velocityV = ;3; U and performing a Lorentz transformation, the particle’srgg
when it passes into the downstream region is

E'=yw(E+p«V) (3.24)

where we take thg coordinate to be perpendicular to the shock. We assume that
the shock is non-relativistiey << ¢, yv = 1, but the particles are relativistic,
thusk = pc, px = (E/c) cosé. Therefore,

AE = pV cosf ; A—EE = %cos@ (3.25)
The number of particles within the anglédo 6 + dé is proportional to sia
do, but the rate at which they approach the shock front is ptapwl to thex
component of their velocitieg, cog). Therefore the probability of the particle
crossing the shock is proportional to 8ico® dd. Normalising so that the inte-
gral of the probability distribution over all the particlapproaching the shock is
equal to unity, we find

p(6) = 2sindcosvdy (3.26)
Therefore, the average gain in energy on crossing the skock i

AE\ V (72 . 2V
<E>_Ef0 200§6’sm9d9_§E (3.27)

The particle’s velocity vector is randomised without anem®gy loss by scat-
tering in the downstream region and it then recrosses thekshidhen it gains
another fractional increase in energy\V/c), so that in making one round trip
across the shock and back again, the fractional energyaseris, on average,

AE 4V

Consequently, in one round trip
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E 4V
“E 1+ 3 (3.29)

Bell (1978) use a clever argument to obtain the escape pilapaB. Ac-
cording to classical kinetic theory, the number of parateossing the shock is
;11 Nc, whereN is the number density of particles. This is the average numibe
particles crossing the shock in either direction, sincepaeicles scarsely no-
tice the shock. Downstream the particles are swept awaydeetded’ from the
shock because the particles are isotropic in that frame p@heles are removed
from the region of the shock at a raf8/ = 2NU. Thus, the fraction of the par-
ticles lost per unit time i% NU / %1 Nc = U/c. Since we assume that the shock
is non-relativistic, it can be seen that only very small fiac of the particles is
lost per cycle. Thus? = 1 — (U/c). This solves the problem since we nee@ In
and InP to insert into expression (3.17). Therefore, since

In P = In(l - 9) _ Y (3.30)
C C
4V 4v U
|nﬁ—|n(1+§)—§—z (331)
we find
In P
v -1 (3.32)

and, hence, the flerential energy spectrum of the high energy patrticles is

N(E)dE o« E2dE (3.33)

This is the result we have been seeking. It has been obtainatua of 2
rather than 2.5 for the exponent of théfdrential energy spectrum, but the rea-
son that this mechanism has excited so much interest isfdrate first time,
there are excellent physical reasons why power law enemggtispwith a unique
spectral index should occur in diverse astrophysical envirents. In the sim-
plest version of the theory, the only requirements are tesgmce of strong
shock waves and that the velocity vectors of the high eneggtigbes be ran-
domised on either side of the shock. It is entirely plausitiilat there are strong
shocks in most sources of high energy particles, such aseAGalactic Nuclei,
supernova remnants and thédse components of extended radio sources.

One important feature of the model is that the particles rhastcattered in
both the upstream and downstream regions. Behind the sfiaskplausibile
that there are turbulent motions which can scatter thegbesti In Bell's original
proposal, the particles which recross the shock from dawast to upstream
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result in bulk streaming of the relativistic particles thgh the unperturbed in-
terstellar medium and consequently argued that the pestarie scattered by the
generation of Alfven and hydromagnetic waves. It is therfexpected that
the high energy particles will be confined within some chemastic distance in
front of the shock. The number of high energy particles iseexgd to decrease
exponentially ahead of the shock wave.

The subject of particle acceleration in strong shocks haeldped dramat-
ically since the results derived by Fermi. Detailed revidage been presented
by Drury (1983), Blandford & Eichler (1987) and Volk (1987 the dffusive
shock acceleration scenario proposed by Blandford & Eiqiil@87) a particle
that crosses the shock front gains energy via a first ordexegso To cross the
shock many times the particles has to budied from downstream to upstream
the shock. The diilusion may be the result of the interaction of the particlas wi
the disturbances in the magnetic field of the plasma. Thegtibty of the par-
ticle to undergo an accelerative step is set by a competiginveen acceleration
and escape. Also in this scenario a power law energy spedsrabtained.

However, this result is not universal. It has been succéssgiplied to the
observed cosmic ray energy spectra, but several astragiysienarios exist-
ing where acceleration processes can results in an eledistibution deviat-
ing slightly from a power law. For example, Massaro et al0@0have shown
that if the acceleration probability is energy dependeatgbwer law turn into
a curved distribution with a log-parabolic shape. Morepitenas to be taken
into account the role of stochastic acceleration that tedtdm second order
mechanism. Historically, the importance of the second opdecess has been
neglected to explain the acceleration in astrophysicaldete to the quadratic
dependence in the relative energy gain respect to the vielocatio, but Schlick-
eiser et al. (1993) realized that second order process isaghigible behind the
shock and Jones (1994) shown that for non-relativistic lhdicst or second
order process are not veryfidirent in terms of giciency and in a blazar jet,
the resulting particle distribution may show signature othbthe presences. In
particular, stochastic acceleration may induce an intriogrvature in the par-
ticle energy distribution as shown by Kardashev (1962), vadumd an analytic
solution for stochastic acceleration resulting in curvéetteon spectra with a
log-parabolic shape.

3.2 Radiation mechanisms
In this Section a short review of the most important emispi@mtesses acting in

the blazar jet is given:feects from relativistic beaming, synchrotron and inverse
Compton emission are discussed. This brief summary is basdrlybicky &
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Lightman (1979), Blumenthal & Gould (1970), Pacholczyk{@% and Longair
(2000).

3.2.1 Relativistic beaming and transformation rules

Transformations rules between reference systems wheenthgng source has
a relativistic motion with respect to the observer resutifrLorentz equations
and relativistic aberration are given. Be R the frame whleeeeimitting source
is at rest and L is the frame where the source has a velBcity/c with cor-
responding bulk Lorentz factdr = (1 —5%)Y2. Quantities in the R-frame is
primed.

R-frame

Figure 3.1: An isotropic emission in the R-frame is beamed in the L-frame

Assume that a photon is emitted in R-frame at an aagbethe velocity. The
direction of light velocity will transform according to:

tang= — 0 (3.34)
I'(cos® + B)

cosé = CosO+p (3.35)
1+ pcoseo

For an isotropic emission in the R-frame the transformaticthe angle?’ = 7/2
implies that tarv = 1/(I" ) and sirY = 1/y. This means that in the L-frame the
observer sees half of the emitted photons concentratedonaaf half angle

~ 1T (see Fig 3.1).

The time interval will transform according to:

dt = dt/T (3.36)

The diference in time of photon arrival(,) in the L-frame is related to that of
photon emission in the R-framat) by the Doppler formula:
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Aty = At,T(1 - Bu) = AtL/6 (3.37)
whereu is the cosine of the angle between the direction of the bulkonaf
the R-frame and the direction to the observer line sight, asdthe so-called
beaming factodefined as

§=T(L+p) = (3.38)

I'(1-pw)

T
1

100

101

log(d)

L " L I
0 20 40 60 80

Figure 3.2: The beaming factor as a function of the viewing angle féedent values
of I.

The Figure 3.2 shows the variation of the beaming factor amation of the
angled and the diferent Lorentz factor values.

The solid anglalQ’ subtended in the direction making an angle 2pswith
the R-frame velocity vector, trasforms according to thatreh:

dQ = T'?(1 - Bu)?dQY’ = (2r/6%)di’ (3.39)
For the frequency, being the inverse of the time one has:

/

v
V _—
I'(1 - Bu)
Since the quantity, /6° is Lorentz invariant, the transformation of specific in-
tensityl, will be

V' (3.40)

=—r =5 (3.41)
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and similarly for the emission and absorption fméent

iy = 0% a, = a.6? (3.42)
The diferential cross section will transform as:
do\ _ (do) (L-Bu)’ -
—| =|—|———T 3.43
(56) = (&) 5 (34

where the photon incident and scattered direction cositiedr.-frame are de-
noted byu; andy; respectively.

3.2.2 Synchrotron emission

The synchrotron radiation is the emission process of et particles cen-
tripetally accelerated in a magnetic field. A brief summargymchrotron emis-
sion process here is given. For a more detailed discussiaefeeto Blumen-
thal & Gould (1970), Pacholczyk (1970), Rybicki & Lightmat970), Longair
(2000) and the reference therein.

Synchrotron emission from a single electron

The motion of an electron of massand chargee in an uniform magnetic
field B (Fig. 3.3), is described by the relativistic equations

d e

%(ymcz) =evxE (3.45)

The Eq. (3.45) implies that, for small radiated powegan be considered as a
constant. It follows

dv e
mydt = Cv>< B (3.46)
Separating the velocity components along the line of theneag field, v, =
Bc, and in the plane orthogonal to the B direction= 5, ¢, and indicating with
a the pitch angle between the velocity direction and the magfield line, the

Eq. (3.46) can be written as

dy
= A7
g = © (3.47)
dv, e
W = )/IT]—CZVJ_ x B (348)
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Magnetic
field

Spiraling
electrons

Figure 3.3: A schematic picture of the synchrotron emission.

It follows thatv is constant, and since alsois constant, is constant. The
solution to this equation is an helical motion of the elegt@oound the field line.
The frequency of rotation is

_ eB VL
- 2rymc vy

(3.49)

VB

wherey, = zﬂe—fw is the Larmor frequency. The motion in the plane perpendrcul
to the magnetic field line is circular with the Larmor radius

me
. = Eyﬁsma (350)

The acceleration is perpendicular to the velocity and, ftbenLarmor formula,
the total emitted power is

dE 2 . z
Ps = i §r§ cB*y*B?sirfa = 201 c;82y28ﬂ sifa (3.51)
For an isotropic distribution of velocities it is necess&yaverage this value

over all the pitch angles, obtaining

B

(Psy = gm cB%y%ug (3.52)

whereug = B%/8r is the magnetic energy density ang is the Thomson cross
section.
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0.8/ N\ -

0.6 % =

F(x)

\
0.4 AN 1

Figure 3.4: The functionF(x).

The synchrotron spectrum for the single ultrarelativiétie- 1) electron is

V3e*Bsiny

o T (3.53)

dP
%(V’ 7) -

wheree andm are the charge and the rest mass of the electron respedively
X = v/vc, with the critical frequency. given by:

3y?gBsin a
Ve = 471—mec (354)
The function F(x) is the synchrotron kernel, defined as:
F, = Xf K5/3(X’)d)( (355)
whereKs,; is the modified Bessel function of%order.
s(in+ Hen"
Ko() = (n+3)(2n) f cosy 1 (3.56)
Vr o (Y +iR)™?

The functionF(x), plotted in Fig. 3.4, peaks at ~ 0.29 with the following
asymptotic behaviour:

An x\1/3
F(X)  ——— | = 1 3.57
Y= s (2) - 347
F(X) ~ gie‘xx%, X>>1 (3.58)
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SinceF(x) has the maximum at ~ 0.29, it follows that the peak frequency of
synchrotron emission for an electron with a Lorent fagtan a magnetic field
B is about at:

Vvp = 1.22x 10°PBy?sina Hz (3.59)

Integrating the Eq. (3.53) over the frequencies the totattechpower for a
single electron is

p
Ps = 3—Vdv = 207 ¢B8%y°ug (3.60)

The synchrotron emission cooling rate is

dE . 4

i YMeC® = §O-T Cy’ug (3.61)

Synchrotron emission from an electron distribution

We consider the case of the synchrotron emission from arirefepopu-
lation with a distribution Nf) representing the number density of electrons per
unit of volume and energy. The valuefi, andyn.x define the electrons energy
range. Under the assumption that the electrons are unifpmistributed in the
space and that the velocities are isotropically distrithtlbe emission cdgcient
is given by:

HORP= R OLY (362)

Ymin

and substituing the expression Vy) one obtains:

© Bsina f " EOON()dy (3.63)

S _
Jv (V) - 4ﬂ_rne02 i

Synchrotron Self Absorption

Synchrotron emission is accompanied by absorption, in kvhiphoton in-
teracts with an electron in the magnetic field and it is absaylgiving up its
energy to the particle. Another process that can occur istthreulated emission
or negative absorption, in which a charge is induced to eroitenstrongly into
a direction and at a frequency where photons are alreadgmre3hese pro-
cesses can be interrelated by means of the EinsteirtSaeets, generalized to
continuum states. Following Rybicki & Lightman (1979) or#ains:
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_ V3&Bsina (™™ , 9 [N(y)
CUV(V) = —W f):min 25 [7] F(X)d’}/ (364)

3.2.3 Inverse Compton emission

The Compton scattering is the interaction between photodparticles, in par-
ticular electrons in high energy astrophysical proceskes.low photons ener-
gies fiv << mec?) the scattering of radiation from free charges reduced ¢o th
classical case of the Thomson scattering, in which the emtighotons are ap-
proximed as a continuous electromagnetic wave. In this, dhgeenergy of
scattered photons is conserved and the scattering is eéstic. Quantum ef-
fects of the interaction between electrons and photonsaappéwo ways: first,
through the kinematics of the scattering mechanism andnskdhrough the
change of the cross section. In this case the process is ranegajly indicated
as Compton scattering. In the astrophysical framework sthealled inverse
Compton scattering occurs when in the scattering, scdtfgretons gain energy
from electrons. In the following it is shown the case of thatsring of a single
photon from a single electron. Finally the general case teraction of photon
distribution with an electron population.

Scattering from a single electron in the electron rest frame

Let € ande; the energies of the photons in the electron rest frame bafute
after the collision, respectively. Both energies are esged in units ofm.c? by
hy
"= 3.65
¢ =g (3.65)
From Compton kinematics it follows:

’

§
T Ty e+ co) (3.66)

where cos{) is the scattering angle. Two approximations dependinfpenalue
of ¢ follow

e ¢ << 1 (Thomson limit), there is no change in the scattered phetangy
(et = €).

e ¢ >> 1, one can distinguish two range: for small angl€forward ditu-
sion),e; =~ ¢, while for large angles the value ef is the order of unity.

The diferential scattering cross section is given by the Klein MiaHormula
that for not polarized incident radiation is:
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dO'KN_ 3 1 (Ei,)2 ’ 2
) _167r0-T[1+6i’(1—/l)]2 (1_/1)+ei(1—/l)+1+/1 (3.67)

whereot = %(%)2 = 6.65x 1072° cn? is the Thomson cross section. For low
values of photon energies Eq. (3.67) become the classicah$bn scattering:

dgg“ - %m(l + 2) (3.68)
When the Compton scattering is viewed in the frame where lerens are
relativistic ¢/ >> 1, L-frame) it is generally refered as ‘inverse Comptontsrat
ing’. When the electrons are ultrarelativistic the rule floe angle transforma-
tions implies that/ — —1, i.e. the collision in the electron rest frame (R-frame)
are almost head-on. Under this approximation it followd tha energy of the
scattered photon in the L-frame will be given by:

_ 5 (1-pcosn)[1+pcosg’ + )]

Y T ye(1- Bcose)(1 - cosd)
In the ultrarelativistic limit the minimum and maximum valtor the final pho-
ton energy are

(3.69)

4¢ ),2
1+ 4ye

It is possible to distinguish the maximum energy gained éitiverse Compton
scattering in the Thomson and Klein Nishina regime, resypsygt

€ < € <

(3.70)

€f max = 4€i72, dey << 1 (3.71)
Ermax =Y, dgy >>1 (3.72)

Finally, the diferential cross section for the Compton scattering for usmzed
incident radiation is the Klein-Nishina formula:

dO-KN r2

— _€
dQ 2|€ !

e}z e}z
- +—, +C0§(/l) (373)
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Inverse Compton spectrum

To obtain the spectrum emitted by an arbitrary electrorridigtion, N(y),
upscattering an arbitrary photon distributigy(y;), the derivation given by Blu-
menthal & Gould (1970) is followed. This derivation is acata for highly en-
ergetic electronsy(>> 1), and for isotropic electrons and photons distributions.
The emission cd#écient is given by:

[ernmft.an (3.74)
where fg, €5, y) is the Compton kernel of Jones (1968) given by
| _ K (4eyq)®
feern) =5 5l2a 1N q+ (L4201 - 0 + 5o 7o -a) - (B75)
where
_ hO'TSC
K = o (3.76)
9= (3.77)
 Aay(y - «) '

For a giveng the kinematic constraint of Eq.(3.70) gives the integratiange
for the Eq. (3.74).

Cooling rates

In the case of Thomson scattering limit, the energy of thétsead photon
in the L-frame after electron collision is much larger thaattbefore. Then it is
possible to rewrite the electron energy loss rate:

dE. de'f‘

S dt  dt

both sides of the equation are Lorentz invariant and foragat photon distri-
bution from

(3.78)

- = con [ < (@-poos) > an, (v U = corrA(L+ U

dt
(3.79)

where co9 is the cosine of the angle between the electron velocity laadhci-
dent photon direction in the L-frame aklj, is the total photon energy density:
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Uph = MeC? f Vi, (vi) dv, (3.80)
The net energy loss rate is
d : 4o1y?U
—d—lie lic = ¥ic MeC? = TTph (3.81)

Comparing Eg. (3.81) and Eq. (3.61) the relation betweewhaytron and in-
verse Compton loss rate in Thomson regime immediatelyvaio

j’IC Uph
: == 3.82
Y synch Ug ( )
In the general case, the inverse Compton cooling rate isdiye
Yic = fo dvs fdvi n, f(vi, v, y) (3.83)

Due to Klein Nishina suppression in the cross section gégeesults that the
ratio of Eq. (3.82) in will be lower in the Klein Nishina regenrespect to the
Thomson one. This means that when IC emission happensyfancreasing,
the ratio of Compton losses respect to synchrotron lossgeases.

3.3 Emission models

As demonstrated by the high degree of polarization the fjistsal component
of blazars is synchrotron emission from a population oftrékgtic electrons in
the jet. The origin of the high energy component is more debhdh general the
model for the production of high energy radiation in blazzaa be divided in
leptonic and hadronic models.

At present, the measured SEDs of blazars can be successtpligined in
first approximation by the leptonic origin scenario. Insteao observational
result has confirmed the hadronic origin scenario yet. la 8gction the two
emission origin scenarios are briefly described.

3.3.1 Leptonic origin scenarios

Leptonic models consider the inverse Compton scatterimgfbfphotons by the
same electrons responsible for the synchrotron emissiofierBnt sources of
soft photons can be considered and depending on the paputHtsoft photons
dominating the IC process two classes of models are geyeliaitussed: the
synchrotron self Compton (SSC) and the external Compton (Eclels.
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In the synchrotron self Compton model (SSC; e.g. Marscherefar@985;
Maraschi et al. 1992) it is assumed that target photons arendded by those
produced through synchrotron by the same relativistictedas. Synchrotron
and IC emissions are strongly linked; this gives the polsilip find robust
constraints on the basic physical quantities of the jet (Eagecchio, Maraschi
& Ghisellini 1998).

The simplest homogeneous SSC model assumes the blazarosmitsbe
produced in a blob of radiug, containing relativistic electrons in a combination
of tangled and uniform magnetic field. The emitters move tovthe observer
with bulk Lorentz factod”. We assume the emitters to emerge from the injec-
tion/acceleration phase with a jet-frame distribution of thelam energiegmc
in the form of a standard broken power-law

Kvg 1
(y/yp) + (y/yp)2

where/; and/{, are the spectral indices for < y, andy > vy, respectively,
wherey,, is the Lorentz factor at the break. These electrons emitragoyi syn-
chrotron spectrum; a second contribution is then produgd@las the primary
synchrotron photons scatteft the same electron population. The SED behaves
aseF(e) « €%, wheree is the energy of the received photons, and (£ —1)/2.

For electrons in a magnetic fieR] the synchrotron SED peaks around

h 37x 10PBy26
1+2z

Ne(y) = (3.84)

€ = (3.85)
whereh is Planck’s constantz is the redshift of the source, ad= [I'(1 -

B cos#)]™! is the bulk Doppler factor due to the flow of emitters toward th
observer at an angkrelative to the line of sight; the SED at the synchrotron
peak is

€s F(es) o« 6*R°B?K y3 (3.86)
As to the IC component, its SED contribution peaks at
4y?e
e = Yok (3.87)
3
with a peak value of
e F(&) o« 8*RIB?K?yp (3.88)

if the scattering takes place in the Thomson regime with #resdy of target

photons scaling aBp, « FsR/c. The relativistic motion toward the observer

amplifies the emitted power by the facttf; and allows it to vary on a timescale
ter(1+ 2

bar 2 == (3.89)
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close to or shorter than the crossing-titge= R/c.
Due to the synchrotron and IC losses the electrons cool witbscale

3mc
4:320'T7 (Us + Uy)

Tcool()’) =

whereo is the Thomson cross sectiddg = B?/87 andU; is the energy den-
sity of radiation before scattering. This sets a typicallompbreak aty.,o =
3mc&/40r RB%(Ug + U,) beyond which the electrons cool rapidly.

Fory, > 10* the scattering approaches the Klein-Nishina (KN) regimiawi
a blob-frame photon energy mec?/y,. In the extreme KN regime the IC SED
peaks ak, ~ ypmeC?6/(1+2); the dependence dhandy, progressively weakens
as the two latter parameters grow. In the simplest SSC maolete are 7 free
parameters: the size of the emitting region, the densitelattivistic particles,
the Doppler factor of the blob, the magnetic field strengtiheblob, the spectral
index of the injected electron spectrum, and the lowest aghest energy of
the injected electrons. Theoretically, these 7 parametansbe determined by
means of the knowledge of 7 observational parameters: thehsgtron and IC
peak frequencies and luminosities, the minimum varigbiimescales, and the
electron distribution spectral indexes.

In the external Compton it is assumed that soft photons cgifngm the cen-
tral region of the AGN, produced by the accretion disk arotimedcentral BH or
reprocessed by the gas in the BLR, dominate over the symohrphotons. The
first version of this model proposed by Dermer & Schlickeigk393) consid-
ered the direct UV emission from the accretion disk as thecgal source of
soft photons. However, as pointed out by Sikora, Begelmare&sR1994), the
debeaming ditiered by the radiation directly coming from the disk in the ref
erence frame of the jet causes a strong depression of thisklzdion. On the
other hand, the primary disk radiation reflected or repreegdy the gas of the
BLR and beamed in the jet frame can provide an important tarton to the
emission: this radiation can be considered isotropic inBbR rest frame and
is strongly amplified in the rest frame of the emitting sour&azejowski et
al. (2000) pointed out that IC scattering of the thermal ABaradiation emitted
by the dust of the torus could provide the dominant contrdouto the high en-
ergy emission, especially in the energy band 10 keV — 100 Nrethe case of
EC, the SED now peaks at energies

47§€éxt6
= 3.90
“©= 3112 (3.90)
and the corresponding SED value is
e F(&) « 6*R’K 'ygNéxteéxt (3.91)
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In this EC process two new ingredients entefr; and N, the energy and
the density at peak of the external photons as seen by thenqmblab, respec-
tively. This has two main consequences:

i) The model contains two further degrees of freedom and thenpeter evalua-
tion may be degenerate.

i) These news quantities are relatedNig; and ec; in the observer frame by
means of the bulk Lorentz factdrin a manner that depends on the geometry of
the system (Dermer & Schlickeiser 2002), causing an additidependence on
I"in the EC spectra. Dermer & Schlickeiser (1993) discuss S&fieddences on
I" varying fromeoc I'® to o< I'®, for photons entering into the blob from behind or
head-on, respectively.

Another possibility, alternative to SSC and EC models, ésst+called ‘Mir-
ror model’ (Ghisellini & Madau 1996). The beamed synchroteonission from
the jet can be reflected by the BLR and go back into the jet. Dublé change
of frame (source— lab frame— source) translates in a great amplification of
the energy density of the soft radiation. However, when trestraints posed by
the travel time of the radiation are taken into account, #iative contribution
of this mechanism to the total emission is severely supptess

3.3.2 Hadronic origin scenarios

The hadronic models assume that a high energy protonic coempaontributes

to the high-energy bump, while the low-energy bump is exj@diby synchrotron
radiation of co-accelerated electrons. The energy ofivédtit protons can be
converted into high energy radiation via the following prsses: (1) direct syn-
chrotron radiation of protons, (2) photomeson productp#s ¢ — p + kr), and

(3) nuclear collisionsgg + p — © + X). The first two processes are known to
be very indficient, and they can become important in AGN jets only for pro-
ton energies> 10 — 10'° GeV. Only for such high energies the time scales of
the proton energy losses can become comparable to or shimatethe propa-
gation time scale of the AGN jets. Energy losses of such etiergrotons are
dominated by photomeson production, and this process veasfas explaining
v-ray production in blazars by the so-called proton-inducastade model (e.g.
Mannheim 1993).

In that model, the radiation target of photomeson prodads@ominated by
neaymid-IR radiation. In blazars, such radiation is providedhoy dust at dis-
tances ok 1 — 10 pc from the central engine dadby the synchrotron radiation
due to relativistic electrons in the jet. The main outputthef photomeson pro-
cesses are pions. The pions take abgaiof the energy of the protons and con-
vert it in photons, neutrinos, and through muons, in elest@nd positrons. The
photons injected by neutral pions are immediately absobyesbft photons in
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the pair production process. Most of this radiation is sogete that it produces
two more generations of photons and pairs. The final outptiteofycnhrotron-
supported pair cascade is the high energy component, exdchashin or cutdf

at energies above which photons are absorbed oy @air production process.
This maximum energy can be at30 GeV in FSRQs, as determined by exter-
nal UV radiation, and~ 1 TeV in BL Lac objects, as determined by infrared
radiation of dust.

Much less extreme proton energies are required in modetdbas the as-
sumption that the protron energy losses are dominated bgioak with the am-
bient gas. The final output of these collisions is the same #se photomeson
process, i.e. relativistic electrgpssitrons, photons and neutrinos. The pro-
cess can befcient only if the column density of the target ig & 10?6 cm2.
Bednarek (1993) proposed as target the funnels formed ditherblack hole by
a geometrically thick disk, while Dar and Laor (1997) sudgdsnteractions of
jet with cloud angdor stellar winds. The disadvantage of this model is thatrela
tivistic protons, before colliding with the nuclei, may éasuffer deflections by
magnetic fields; this general results in a lack of collimatd the radiation.

Another model belonging to this class has been proposed hyofian (2000).
The author argues that in the physical condition of blaz@esctisynchrotron
emission from high energy protons (wikh= 10*°~1*° eV) could be preferred
to the proton intiated cascade process, provided that tigmetia field intensity
is relatively large (30—100 G).

3.3.3 Hybrid scenarios

Even if the leptonic scenario is more likely for represegtthe SEDs of the
blazars, it is not possible that in realistic case a mix ofrtfuelel could be more
satisfactory. In fact there are claims that if the blazamusege is real, then it
may be that a mix of SSC and EC models would explain it graguradireasing
the importance of the external component along the progmes$BL—LBL—
FSRQ. A similar explanation for the sequence can also bendiyea mixing of
the diferent versions of the hadronic model. Hybrid leptonic-badr models
might be more satisfactory to explain the observations @tthrrelated flares at
X-ray and TeV energies that are followed by orphan TeV flares.

Clearly, more studies need to be done to properly understertalazar emis-
sion mechanisms. One thing that stand out is the importamoelitiwavelength
campaign; in fact, broad band shape of the SED is needed tparethe mod-
els. Not only the broad-band SED is crucial, but also valiighinformation
is needed as well to understand how the high states of emisaio occur and
how they difer from the lowquiescent states. This may help in discriminating
between models. However, to obtain simultaneous observafi blazars over
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Figure 3.5: Different emission mechanisms in the jet of blazar.

the entire electromagnetic spectrum is not simple and ressmts a consider-

able dfort from the community. Figure 3.5 summarizes thfedent possible
emission processes discussed in this Section.
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Chapter 4

y-ray astrophysics and the
multifrequency approach

4.1 They-ray astrophysics: from Explorer XI to
AGILE and Fermi

Cosmicy-rays represent the high-energy end of the electromagspéctrum
and provide insight into some of the most dynamic processéise Universe.
Depending on their energy;rays interact with matter in @fierent predominant
ways. Typically, below a few hundred keV the photoelectffee is dominant.
Above that and up to tens of MeV, the Compton scattering isrtbst important
process. Beyond that energy, pair production dominatesvAb® eV the pho-
tons arey-ray, even if the line between X-rays améays is not so sharp. Often
X-rays are considered to be those photons produced by atmmtiermal pro-
cesses, while-rays are those involving nuclear or nonthermal processés.
v-rays are produced by energetic phenomenafiieidint astrophysical settings
including supernovae, pulsars, AGNs, as well as the irgkastand intergalac-
tic medium. The Earth’s atmosphere is opaque to all radiagioove 10 eV,
meaning that to observwerays directly requires placement of a detector in the
space. The Universe is largely transparent to these highggrphotons out to
high redshift; thus-rays provide a valuable probe of the largest energy trasisfe
throughout much of the Universe.

Since the discovery by Victor Hess in 1912 that the Earth istinaosly
bombarded by a population of high-energy particles, mutidris has been ex-
pended in attempt to elucidate their origins. The potemtiastudying the sky
with y-rays was identified fifty years ago (Morrison 1958). A deckder the
first definitive detections of-rays from space came from data recorded in 1965
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by the Explorer XI telescope (Clark et al. 1968). Howevertilescope, with
its small collection area and poor angular resolution, nleska flux ofy-rays
from space but could not pinpoint its location. The third ifingy Solar Obser-
vatory (OSO-3) containedyaray detector similar to the one of Explorer XI, but
slightly more sophisticated. After Explorer XI and OSO-3msoballoon-borne
and satellite missions began to investigateythray sky.

Browning, Ramsada and Wright (1971) found pulserdhy radiation from
the Crab pulsar, using gray telescope on a balloon. Then a shiftyiray
astronomy, from using balloon-based detectors to sadikised ones, was in-
stigated by the launch in 1972 of the NASA mission Small Astroy Satellite
(SAS-2, Fichtel et al. 1975), that showed thattheys trace the structure of the
Milky Way (Hartman et al. 1979) and discovered the secpitdy pulsar, Vela
(Thompson et al. 1975) and the first unidentifiechy sourcey195+5 (Kniffen
et al. 1975), later identified like Geminga (Bignami et al832

The first catalogue of-ray source was produced by the European COS-B
satellite (Bignami et al. 1975), most of which were not idiéed with objects
known at other wavelengths (Hermsen et al. 1977; Swanesiuay 1981).
COS-B found the first extragalactic sourceyifrays, 3C 273 (Swanenburg et
al. 1978), and made the firgtray observations of molecular clouds as spatially-
extended source (Caraveo et al. 1980). Previously the d#ddlitse operated by
the U.S. military to detect clandestine muclear test aroinedglobe, discov-
ered short-duration cosmigray bursts (Klebesadel et al. 1973). Instead, the
Third High Energy Astrophysical Observatory (HEAO-3) ¢adra low-energy
vy-ray telescope with high spectral resolution (Mahoney .€1280) that detected
the 0.5 MeV positron-electron annihilation line from thel&zic center region
(Riegler et al. 1981), confirming previous observation frioatloon (Leventhal
et al. 1978).

In the same period, a parallel branch of very hjghay astrophysics using
ground based detectors was developingyAfy energies above about't@V,
photons are too scarce to be detected by on-space satetiietors. The Earth’s
atmosphere can be used as a detector for these very higlyNétg) photons.
When such photons collide with the material at the top of theoaphere, they
produce showers of particles moving faster than the locédf light, thereby
emitting Cherenkov radiation in the optical and ultraviol€he flashes of light
from these interactions can be detected with Atmosphera€tkov Telescopes
on the ground, providing an indirect way to condyatly astrophysics. The first
milestone in VHE astrophysics is the high-confidence detectf the Crab Neb-
ula (but not pulsar) in 1989 with the Whipple Observatory @ikées et al. 1989).
Since then, the Imaging Atmospheric Cherenkov Technigh€T) has proven
itself as the most powerful technique for the detection ofB/ray sources.
The technique has developed significantly since the initralb Nebula detec-
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Figure 4.1: The Compton Gamma-Ray Observatories just before its eleathe Shut-
tle in April 1991 [Thompson 2008].

tion and many observatories have been built to detect andtonabjects at
these energies. Stereo observatories (two or more IACctgbes observing con-
temporaneously as an array), such as VERITAS and H.E.&&,ddded power
to the technique, increasing collection area as well asompg sensitivity and
angular resolution. Larger aperture IAC telescopes, sadA&GIC, also have
lower energy thresholds so that more of the object’s spectnay be studied.
Recent summaries of results obtained at VHE are summaniz€&thadwick et
al. (2008) and Aharonian et al. (2008a).

A strong impulse in the excited field of theray astrophysics has received
in the recent years, starting from the EGRET instrument ardbtheCompton
Gamma Ray Observatoontil the launch of the AGILE an&ermi satellites.

4.2 TheCompton Gamma Ray Observatory

The success of SAS-2 and COS-B missions promptéatte to commission
a new experiment, with great collection area and flux setisiti The Comp-
ton Gamma Ray Observatory (CGR@hown in Figure 4.1, was the second of
NASA's Great Observatories, following the Hubble Space3ebpe. The origi-
nal plane was to have four observatories operating simediasly, but the launch
of the ChandraX-ray Observatory (formely AXAF) and th®pitzerSpace Tele-
scope (formely SIRTF) are delayed. CGRO was launched onpheeSShuttle
Atlantis on 5 April 1991 and operated successfully until @sade-orbited on 4
June 2000.
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CGRO carried foun-ray telescopes that covers six orders of magnitude in
the electromagnetic spectrum from less than 15 keV to mane 80 GeV. The
three lower-energy telescopes were:

e Burst and Transient Source Explorer (BATSE). BATSE cosstdtone
module located on each corner of the spacecraft. Each BAT#EN
cluded a large flat Nal(YI) scintillator and a smaller thicleintillator
for spectral measurements, combining to cover an energgerom 15
keV to 1 MeV. BATSE discovered over 2700 Gamma-Ray BurstsE§R
showing that the distribution on the sky of GRBs is isotropicummary
of the BATSE results is given by Fishman (1995).

e Oriented Scintillation Spectrometer Experiment (OSSEJSE used four
large, collimated scintillator detectors to study the ggeange 60 keV —
10 MeV. OSSE mapped the 0.5 MeV line from positron annitola&and
provided detailed measurements of many hard Xs@fyy-ray sources.
Kurfess (1996) summarized the most important results fr@@sb.

e Imaging Compton Telescope (COMPTEL). COMPTEL detectedys,
using a Compton scattering technique, between 0.8 MeV and&@
COMPTEL mapped the distribution of radioactive Aluminiu6-in the
Galaxy, showing the locations of newly formed material. Baenmary
by Schonfelder et al. (1996) describes many of the COMPTESLIts.

4.2.1 EGRET

The Energetic Gamma Ray Experiment Telescope (EGRET) SGRO exper-
iment of most interest to the-ray community, since it operated at the high end
of the energy spectrum covered by the instruments onboalRCC & the en-
ergy range above 10 MeV, the principal interaction procesg-ays is the pair
production. The photon energy is converted into an elearahpositron. This
process can take place in the field of an atomic nucleus or froagsmagnetic
field, but not in free space, in order to conserve energy anchentum. The
Anticoincidence System consists of a single dome of plasiittillator, read out
by 24 photomultiplier tubes mounted around the bottom. TlaeKer is made of
36 wire grid spark chambers with active area of 81>c81L cm, interleaved with
the converter plates. The time-of-flight (TOF) trigger gysthas two four by
four arrays of plastic scintillator tiles, each read out lsjiregle photomultiplier
tube. The Calorimeter was made of 36 Nal crystals bondedhegand read
out by 16 photomultiplier tubes.

EGRET covered the energy range 20 MeV to 30 GeV (Hughes efaD;1
Fichtel et al. 1983). The operational concept of EGRET issshim Figure 4.2.
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Figure 4.2: Schematic diagram of the EGRET telescope [Thompson 2008].

The key challenges for such telescopes are identifyythay in presence of a
huge background and measure $heay arrival time, arrival direction and en-
ergy.

The process works as follows:

(1) A y-ray enters in EGRET. It first passes through the Anticoieca®
System without producing a signal.

(2) They-ray interacts in one of the 28 thin tantalum sheets. Theraution
converts they-ray into an electron and positron via pair production.

(3) The spark chamber tracker records the paths of the eteatrd positron,
allowing EGRET to see the pair interaction and to deternfieeaatrival direction
of they-ray.

(4) The electron and positron pass through two scintilldetectors operated
in a TOF configuration. The TOF signal confirms the directibthe particles
and triggers the readout of the spark chambers.

(5) The electron and positron enter in the Calorimeter, pcoty an electro-
magnetic shower, which measures the energies of the garacid therefore the
energy of the originay-ray.

(6) Unwanted cosmic-ray particles produce signals in thécamcidence
System, which tell the electronics not to trigger the spdakneber. The Antico-
incidence System rejects nearly all unwanted signals medilby cosmic-rays
that enter in EGRET.

Observations of the CGRO ranged in duration from a few daya tew
weeks, reflecting the paucity of cosmyeray photons. Because the EGRET
spark chambers were gas detectors, their performanceatated with time
due to gas aging. In its nine-year lifetime, EGRET detecteer d, 500, 000
celestialy-rays. One photon at a time, EGRET built up a picture of th&ent
high-energyy-ray sky. Figure 4.3 shows the summed map collected by EGRET
above 100 MeV, in Galactic coordinates.
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Figure 4.3: They-ray sky observed by EGRET during the entire mission, in Gala
coordinates [Thompson 2008].

The key results obtained by EGRET are:

e The detection of dfusey-ray emission from the galactic plane.
e The brightest persistent sources are pulsars.

e Many of the bright sources away from the Galactic plane lgptora new
subclass of Active Galactic Nuclei: the blazars.

e Many of the sources detectedyrrays are not identified with known ob-
jects.

e The detection of six GRBs atrays.

e The detection of high-energy emission from region spatiedlincident
with supernova remnants.

EGRET provided a dramatic new view of the high-energy Ursgemclud-
ing the first all-sky mapping of the Universe at energies ab®8Y MeV. The
EGRET observations revealed a wealth of information abala@Gic and ex-
tragalacticy-ray radiation from both individual and filuse sources. One of the
most striking characteristic of the EGRE/#Fray sky is its variability, ranging
from the extremely rapid flaring of GRBs to the long-term &tidns seen in
some sources such as blazars. Since CGRO was taken outtoh&®00, a gap
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in the coverage of the high-energyray sky was opened. This gap was recently
filled thanks to the launch of twg-ray satellites, AGILE andermi. With AG-

ILE and Ferminow in operation, the time has come to seek out the solutmns t
some of these mysteries left behind by EGRET.

4.3 The AGILE satellite

AGILE (Astrorivelatore Gamma ad Immagini LEggg¢m an Italian Space Agency
(ASI) mission devoted to high-energy astrophysics, witted®rs capable of
observing cosmic sources simultaneous in X-raysyanays. AGILE was suc-
cessfully launched by the Indian PSLV-C8 rocket from thén&ikota base on
23 April 2007. AGILE has a quasi-equatorial orbit with theadlast inclination
(~ 2.5 degrees) ever archievied by a high-energy space misslansatellite’s
commisioning phase was carried out during the period Maye-2007. The sci-
entific verification phase and the in-orbit calibration weagried out during the
period July—November 2007. The nominal scientific obs@wagbthase and the
Cycle 1 started on 1 December 2007.

The AGILE instrument design is based on solid-state Silidetector tech-
nology. The instrument is light( 100 kg) and very compact(0.25 n¥). The
total satellite mass is about 350 kg. The AGILE scientificlpagl is made of
three detectors combined into one instrument with broad lmetection and
imaging capabilities. The payload is surrounded by an amaidence system
to screen out the charged particle background. Figure bwsla schematic
view of the intrument, and Table 4.3 summarizes the maimunsnt’s scien-
tific performance.

The Gamma-Ray Imaging Detector (GRID) is sensitive in thergynrange 30
MeV — 50 GeV, and consists of a silicon tracker, a Cesium ledidlorimiter,
and an anticoincidence system of plastic scintillatorse @RID trigger logic
and data acquisition system allows us for #iceent background discrimination
and inclined photon acceptance. The hard X-ray detectqpef®GILE) is a
coded-mask imager placed on top of theay detector and sensitive in the 18—
60 keV band. A mini-calorimiter operating in the burst motlésipart of the
GRID, but also capable of indipendetly detecting GRBs amgotransients in
the 350 keV — 100 MeV energy range with excellent timing caieds.

4.3.1 The anticoincidence system

The anticoincidence system (AC) is aimed at a vdficient charged particle
background rejection (Perotti et al. 2006). Moreover, lvas us a preliminary
direction reconstruction for triggered photon events digiothe data handling
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Figure 4.4: The AGILE scientific instrument showing the hard X-ray imadgkey-ray
silicon tracker, and the calorimeter. The anticoincidesgstem is partially displayed,
and no lateral electronic boards and harness are showmfplisity. The AGILE instru-
ment ‘core’ is approximately a cube of about 60 cm size and&ifjiat approximately
equal to 100 kg [Tavani et al. 2009a].

logic. The AC system completely surrounds all the other A&tletectors. Each
lateral face is segmented in three plastic scintillatoefayconnected to photo-
multipliers placed at the bottom of the panels. A single tidascintillator layers
constitutes the top-AC, whose signal is read by four liglttpmultipliers placed
at the four corners of the structure frame.

4.3.2 The silicon tracker

The silicon tracker (ST) is the AGILE-ray imager based on photon conversion
in the Tungsten layers into electron-positron pairs, meaguhe trajectories of
the €/e” by means of the silicon strips (Prest et al. 2003; Barbiediral. 2001).
The silicon tracker consists of a total of 12 trays with disebetween middle-
planes equal to 1.9 cm. The distance between mid-planesdeasdptimized
through extensive Montecarlo simulations. The first 10<drane capable of con-
vertingy-rays by a Tungsten layer. Tracking of charged particlenisuieed by
silicon microstrip detectors that provide the two othodammrdinates for each
element along the track. The individual silicon detectenant is a tile of area
9.5x 9.5 cnt, microstrip pitch of 12Jum, and 41Qum thickness. Four silicon
tiles are bonded together to provide a ladder and 4 laddetioate a ST plane.
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Table 1 - The AGILE Scientific Performance

Gamma-ray Imaging Detector (GRID)

Energy range 30 MeV - 50 GeV
Field of view ~25sr

Flux sensitivity € > 100 MeV, 5¢ in 10° s) 3x 107 (phcn? s
Angular resolution at 100 MeV (68% cont. radius) 3.5 degrees
Angular resolution at 400 MeV (68% cont. radius) 1.2 degrees
Source location accuracy (high Gal. lat., 90% C.L.) ~15 arcmin
Energy resolution (at 400 MeV) AE/E ~1
Absolute time resolution ~ 2us
Deadtime ~ 100- 200us
Hard X—ray Imaging Detector (SuperAGILE)

Energy range 18 — 60 keV
Single (1-dim.) detector FOV (FW at zero sens.) OB
Combined (2-dim.) detector FOV (FW at zero sens.) °>688°
Sensitivity (18—-60 keV, & in 1 day) ~ 15 mCrab
Angular resolution (pixel size) 6 arcmin
Source location accuracy /{$~10) ~1-2 arcmin
Energy resolution (FWHM) AE ~ 8 keV
Absolute time resolution ~ 2uS
Mini-Calorimeter

Energy range 0.35-50 MeV
Energy resolution (at 1.3 MeV) 13% FWHM
Absolute time resolution ~ 3us
Deadtime (for each of the 30 Csl bars) ~ 20us
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Figure 4.5: The assembled silicon tracker before being integrated thighrest of the
AGILE payload [Tavani et al. 2009a].

The AGILE ST readout system is capable of detecting andrgjdhe energy
deposited in the Silicon microstrips by the penetratingiplas. The readout
signal is processed for half of the microstrips by an alténgareadout system
characterized by ‘readout’ and ‘floating’ strips. The agasognal produced in
the readout strips is read and stored for further proces&nagh Silicon ladder
has a total of 384 readout channels (242 readout pitch) and 3 TAAL chips are
required to process independently the analog signal fremg&ddout strips. Each
tracker layer is then made ofd4 Si-tiles, for a total geometric area of 3838
cn?. The first 10 trays are equipped with a Tungsten layer of;2450.07 X)
positioned in the bottom part of the tray. The two orthogaardinates of par-
ticle hits in the ST are provided by two layers of Silicon aébes properly con-
figured for each tray that therefore hax 2536 readout microstrips. Since the
ST trigger requires a signal from at least three contigudarsgs, two more trays
are inserted at the bottom of the tracker without the Tumglstgers. Therefore
only the first 10 trays are capable of convertingays through a Tungsten layer.
The total readout channel number for the GRID tracker is 8&864. The ST
has anon-axistotal radiation length near 0.8, for an interaction probability
above 1 GeV above 35%. Special trigger logic algorithms @n@nted onboard
(Level-1 and Level-2) lead to a substantial parfaleedo-photon background
subtraction and a preliminary onboard reconstruction efghoton incidence
angle.

They-ray direction reconstruction is obtained from the ideadfion and the
analysis of the ge™ tracks stemming from the conversion vertix. At each plane
the microstrip on the silicon layers measure separatelgdoedinates X and Y
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of the hits. The track parameters are fitted by a Kalman filiewath algorithm
(Frowirth 1987). A special implementation of the filter (Bani et al. 2004)
exploits the measurements of the angular scattering ofldutrens due to the
interaction with the material to estimate the track enexgi@mbining the track
energies the-ray energy is estimated.

The silicon tracker calibration was carried out at the INFabbratories in
Frascati during the period 2005 November 1-25. A beam-iy photons in
the energy range 20-700 MeV was produced by Bremsstrahltietectrons
and tagged by a dedicated set-up in the Beam Test FacilityeofNFN Labo-
ratori Nazionali di Frascati based on the measurement witos strip detec-
tors of the electron trajectory in a magnetic field. A totall®, 000 tagged
events was accumulated for several incidence directiodsrestrument config-
urations. Both the GRID spectral and PSF response wereutlgrsfudied and
compared with results of extensive simulations. Furtheeniie leptonic back-
ground was studied by using the direct electron and posiieams interacting
with the GRID for diferent geometries. A sequence of runs was obtained
both direct incidence on the instrument as well as for eventgnating by in-
teractions with the spacecraft. During the first six monthsg Ph.D. studies
| have dealt the analysis of the on-ground calibration data@AGILE silicon
tracker. Preliminary results are presented in Cattaneb &G09).

4.3.3 SuperAGILE

SuperAGILE (SA), the compact and light hard X-ray imager G1AE (Feroci
et al. 2007) is a coded-mask system made of a Silicon detpletoe and a thin
Tungsten mask positioned 14 cm above it. The detector pneganized in
four independent square Silicon detectors €199 cnt each) plus dedicated
front-end electronics based on the XAA1.2 chips suitabtbédSA energy range
(Del Monte et al. 2007). The total number of SA readout chanise6 144.
The detection cabability of SA includes: (1) photon-by-mtransmission and
imaging of sources in the energy range 18—-60 keV, with a |&sjeé of view
(FOV ~ 1 sr); (2) an angular resolution of 6 arcmin; (3) a good sevisit( ~
15 mCrab between 18-60 keV for 50 ksec integration, aridCrab for a few
seconds integration). SA is aimed at the hard X-ray detecimultaneously
with y-ray detection of high-energy sources with excellent toygapabilities (a
few microseconds). The SA acquisition logic produces oarth@ssential GRB
guantities such as time, coordinates and preliminary fltireses.
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4.3.4 The Mini-Calorimeter

The mini-calorimeter (MCAL) is made of 30 Caesium lodide l(TH) bars ar-
ranged in two planes, for a total (on-axis) radiation lermft.5 X,. A detailed
description of the MCAL detector can be found in Labanti et(2006, 2009).
The signal from each Csl bar is collected by two photodiodasgu at both
ends. The MCAL aims are(i) obtaining information on the energy deposited
in the Csl bars by particles produced in the silicon tracled(therefore con-
tributing to the determination of the total photon enerdy); detecting GRBs
and other impulsive events with spectral and intensityrimiation in the energy
band~ 0.35- 100 MeV. An independent burst search algorithm is implee@nt
onboard with a wide range of trigger timescales for an MCAdependent GRB
detection. Following a GRB trigger, MCAL is indeed able torst photon-by-
photon information for a duration dynamically determingdloe onboard logic.
The MCAL segmentation and the photon-particle hit positigralong the bars
allow to obtain the general configuration of ‘hits’ across talorimeter volume.
This information is used by the onboard trigger logic for kground discrim-
ination and by the ground processing to obtain a prelimimtgrmination of
GRB direction.

The First AGILE GRID Catalogue of y-ray Sources

Pulsars Period July 2007 —- June 2008
90°

HMXRB

@ Flux>200 X10-*phcm2s ®80<Flux<200 ®50<Flux<80 *Fux<50

Figure 4.6: First AGILE-GRID Catalog of high-confidenceray sources detected dur-
ing the first 12 months of operation. The sources were oldaiyeintegrating all data
during the period July 2007 to June 2008. The color code sdtethe averagg-ray
intensity [Pittori et al. 2009].

4.3.5 AGILE: main scientific results

AGILE provides crucial data for the study of Active Galadaclei, Gamma-
Ray Bursts, pulsars, unidentified gamma-ray sources, Gatammpact objects,
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Figure 4.7: Top panel integrated exposure map, in units @ifextive area times exposure
time, to any region of the sky, over the time period July 20@p+i 2009. Bottom panel
distribution of the sources detected by SuperAGILE in gadamordinates over the first
AGILE two years in orbit. Red asterisks show the sky distidgiof the localized GRBs
[Feroci et al. 2009].

supernova remnants, TeV sources and fundamental physimgbysecond tim-
ing. During the first 2.5 years of operation AGILE surveyed fray sky and
detected many Galactic and extragalactic sources with ritaporesults. Fig-
ures 4.6, 4.7 show the high-confidence sources detectedays by GRID dur-
ing the first year of operation and in hard X-rays by SuperA&tver its first
two years of operation, respectively. Moreover, in Fig.id ghown they-ray sky
observed by AGILE in 2 years. In the following we briefly sunrmima some of
the most important results obtained by AGILE (except forrgmults on blazars
that are discussed in detail in the second part of this Thesis

e Discovery of several new-ray pulsars such as PSR B1509-58, the mil-
lisecond PSR in the Globular Cluster M28, and the PSR J28@31 in
the Cygnus region (Pellizzoni et al. 2009a) and detectiompbrtant fea-
tures of they-ray emission from the well-known Vela, Crab, and Geminga
pulsars (Pellizzoni et al. 2009b).

e A comprehensive monitoring of a large number of microquaaad Galac-
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Figure 4.8: Thevy-ray sky observed by AGILE during the first 2.5 years of missio
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tic compact sources simultaneously in theay and hard X-ray energy
ranges, with the detection of transieptray emission above 100 MeV
from the microquasar Cygnus X-3, an exceptional X-ray kyinahich
sporadically produces powerful radio jets (Tavani et aQ=Rf).

Detection ofy-ray emission from the Vela Pulsar Wind Nebula (Pellizzoni
et al. 2009c¢).

The first remarkable detection of a colliding wind systena Earinae
Car), at hundreds of MeV energies (Tavani et al. 2009b).

Detection of delayed-ray emission from GRB 080514B (Giuliani et
al. 2008) and from the short GRB 090510 (Giuliani et al. 20%0pgest-
ing that the same process responsible for high engfggy production
takes place, in both long and short GRBs, independently trecentral
engine.

High-resolution imaging of several SNRs (e.g. IC 443, Taeaal. 2009d).
Detection of Terrestrial Gamma-Ray flashes (Marisaldi €2@09).

Discovery of a class of-ray transients in the Galactic plane (characterized
by the remarkable absence of strong hard X-ray emission).
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4.3.6 AGILE-GRID data analysis procedure

In this Section is described the procedure of the AGILE-GR#Da analysis and
the source detection method used in the following Chaptarsufalyzing the
GRID y-ray data.

Level-1 AGILE-GRID data are analyzed using the AGILE Staddanalysis
Pipeline. The first step is to align all data times to teriaktrme (TT) on a
contact-by-contact basis, and it performs preliminargwaialtions and units con-
vertions. In the second step, an ad-hoc implementatioredfgiman Filter tech-
nique is used for track identification and event-directieconstruction in detec-
tor coordinates. Subsequently, a quality flag is assignezhtth GRID event:
Gamma (G), Particle (P), Single (S), and Limbo (L), depegdain whether it is
recognised as a confirmedray event, a charged particle event, a single-track
event, or its nature is uncertain, respectively. The (Lnéetass includes events
typically affected by an order of magnitude higher of particle contanondhan
(G). The single-track (S) event class includes events fachvanly one track is
reconstructed in the two orthogonal views of the trackerelan AGILE log-
file is created, containing all the spacecraft informatielevant to computating
the dfective exposure and live time. The third step is to creaté&BBE event
files, excluding events flagged as particles. This step alsonstructs the event
direction in sky coordinates.

Once the above steps are completed, the AGILE ScientificysisaPackage can
be run. Counts, exposure and Galactic backgrouray maps were created.

In the data analysis we use théfdse emission model developed for AGILE
(Giuliani et al. 2004) for dtusey-ray background counts predictions. fidse
vy-ray emission includes a combination of two componentsdiffyise emission
from the Galactic interstellar medium and (2) an approxetyaisotropic extra-
galactic component, plus possible contributions from sole=d and faint point
sources. DOfuse emission coming from the Galactic plane dominates otirer
ponents and, as in the EGRET model (Hunter et al. 1997), gssmed to be
produced by the interaction of cosmic rays with the intéliestenedium through
three physical processes: proton-proton collision, Betraklung and inverse
Compton emission.

The AGILE diffuse emission model substantially improves the previouslEGR
model by using state-of-the-art neutral hydrogen (HI) apdated maps in
order to model the matter distribution in the Galaxy. It isé&@on a 3-D grid
with 0.25 x 0.25 square binning in Galactic longitude and latitude, and a 0.2
kpc step in distance along the line of sight. Concerning tk&iution of neu-
tral hydrogen, we used the Leiden-Argentine-Bonn (LAB)@yrof Galactic
HI (Kalberla et al. 2005). The LAB survey improves previoasults especially
in terms of sensitivity (by an order of magnitude), veloceynge and resolution.
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In order to properly project the velocity-resolved radidedave used the Galac-
tic rotation curves parameterized by Clemens et al. (198%) detailed and
relatively high-resolution distribution of molecular hpdien is obtained from
the CO observations described in Dame et al. (2001). The @GSsismed to be
a tracer of molecular hydrogen, through a known ratio betweglrogen den-
sity and CO radio emissivity. Cosmic rays can emiays through the inverse
Compton mechanism due to their interaction with photon$iefdosmological
background and of the interstellar radiation field (ISRMF).order to account
for this component we use the analytical model proposed hyGholfendale
(1991). It describes the ISRF as the result of three mainriboriions: far in-
frared (due to dust emission), near infrared, and ogtidaldue to stellar emis-
sion). The distribution of cosmic rays (both protons andtetss) in the Galaxy
is obtained using the GALPROP cosmic-ray model (Strongl. &084; Strong
2007).

The AGILE source detection method is based on a Maximum ihkebd
(ML) analysis to derive, for each candidate source, thecoaignificancey-
ray flux, and source location. The ML statistical technicalegady used in the
pastin the analysis of-ray data (Mattox et al. 1996), compares measured counts
in each pixel with the predicted counts derived from th&udiey-ray model to
find statistically significant excesses consistent withinls&rument point spread
function.

The Likelihood ratio test is then used to compare the nuffifde background-
only) hypothesis with the possible presence of point-sswamponents. Ac-
cording to Wilks’theorem (Wilks 1938), the point source stétatistic’ (TS),
defined as:

TS=-2(InLy-1InL,) (4.2)

is expected to behave g3in the null hypothesis, plus terms of ord@(N-*/2),
where N is the number of counts. In practice for a number of L&Stounts
N > 20, the significance of a source detection at a certain posgigiven by a
number of standard deviationsequal to VT S.

4.4 TheFermisatellite

TheFermiGammaray Space Satellite (formely GLAST) was launched b$NA
on 2008 June 11 on a Delta Il Heavy launch vehi€lermihas an imaging-ray
telescope, the Large Area Telescope (LAT; Atwood et al. 2088h superior
area, angular resolution, field of view, and deadtime thgettoer will provide a
great advance in sensitivity as well as provide capabibtystudy of transient
phenomena, and a secondary instrument for the study of tiBs(@Re GLAST
Burst Monitor (GBM; Charles et al. 2009). With the LAT and GBRFermiis a
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flexible observatory for investigating the great range triguhysical phenomena
best studied in high-energyrays.

4.4.1 Large Area Telescope

As for the silicon tracker onboard AGILE, the primary intetian of photons in
the Fermi energy range with matter is pair conversion. Incident raaafirst
passes through an anticoincidence shield, which is seasiticharged particles,
then through conversion foils. Photon conversions ardit@ed in the field of
a heavy nucleus. After a conversion, the trajectories ofrésalting electron
and positron are measured by particle tracking detectacsiteeir energies are
then measured by a calorimeter. The characterjstimy signature in the LAT
is therefore (1) no signal in the anticoincidence shieldl,ngdre than one track
starting from the same location within the volume of the keac and (3) an
electromagnetic shower in the calorimeter.

Figure 4.9: Cut-away image of the Large Area Telescope onbdamntni. The detec-
tor is comprised of an array of 16 columnar silicon strip detes. These are used to
obtain highly accurate 2-dimensional coordinates on thigadof a high energyy-ray
by tracking the electron-positron pair that results frorir paoduction in thin tungsten
conversion foils between the columns. The third coordimabtained using adjacent
towers to calculate the arrival direction. These silicarpstietectors sit on top of a
calorimeter. The entire detector is encased in an antim#nce shield [Credit: NASA].

The baseline LAT (see Fig. 4.9) is modular, consisting of afdatray of
identical towers. Each 4R 40 cnt tower comprises a tracker, calorimeter and
data acquisition module. Each tracker module has a versieak of 18x,y
tracking planes, including two layerg andy) of single sided silicon strip de-
tectors and high-Z converter material (tungsten) per trélge calorimeter in
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each tower consists of eight layers of 12 Csl bars in a hogisesrangement,
read out by photodiodes, for a total thickness of 10 radidengths. Owing to
the hodoscopic configuration, the calorimeter can meakeriéhtee-dimensional
profiles of showers, which permits corrections for energkége and enhances
the capability to discriminate hadronic cosmic rays. Thicamcidence shield,
which covers the array of towers, employs segmented tilexiotillator, read
out by wavelength-shifting fibers and miniature phototub&be LAT is self
triggered: events that cause detector hits in three plamiesratically trigger
readouts of each tower and the anticoincidence systdicidnt rejection of the
charged patrticle background, which is thousands of timeenmmbense than the
celestialy-ray radiation, is essential féiermito function.

4.4.2 GLAST Burst Alert

The GBM includes two sets of detectors: twelve sodium iodidigl) scintilla-
tors, each 12.7 cm in diameter by 1.27 cm thick, and two cyidadl bismuth
germanate (BGO) scintillators, each 12.7 cm in diameterl@ad cm in height.
The Nal detectors are sensitive in the lower end of the errengye, from a few
keV to about 1 MeV and provide burst triggers and locatiorntse BGO detec-
tors cover the energy range 150 keV to 30 MeV, providing a gnatlap with
the Nal at the lower end and with the LAT at the high end. The Gdidtectors
will view the entire sky not occulted by Earth, and are expddbd pick up about
200 GRBs per year, as well as solar flares and other transiente The com-
bination of the GBM and the LAT provides a powerful tool foudying GRBs
over a very wide range of energies.

4.5 Multiwavelength astronomy and the AGILE
approach

In the beginning astronomy meant optical astronomy, becaillobservations
were made in the visible range of the electromagnetic spegtthe discovery
of other parts of the spectrum enlarged the observation awnproviding an
enormous amount of information, not previously availabtaf ground-based
observations made in the visible wavelength region onlg, @manging signifi-
cantly the appearence of the sky.

In fact, although astronomy is a very old branch in scierto@as restricted
for a long time to the part of the electromagnetic spectrusible by eye. Al-
ready ancient civilizations in Mesopotamia, Egypt, PerdMadle and South
America, Greece and India made astronomical observati&os.example in
1054 Chinese and Arab astronomers recorded the obsenradtibe Supernova
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leaving as well-known remnant the Crab Nebula. A great noldor extending
the observations to a wider range of frequencies came frenramsparency of
the atmosphere to radiation aftfférent wavelengths. In fact, due to its com-
position, the opacity of the Earth’s atmosphere dependfhemavelength of
the radiation. As shown in Fig. 4.10, there are only a few wuasl in which
ground-based observations are possible: the optical wr(@60 nm to 1100
nm), the radio window (1 cm to 11 m) and several windows in tfieared. For
observations in other ranges ballon experiments and spsEbpes have to be
launched. New techniques and telescopes for making oligemath from the
ground and space have been developed in the last 50 yearpltoesthe Uni-
verse in all wavelengths, allowing us to make great leapsimuaderstanding
of the Universe.
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Figure 4.10: Opacity of the Earth’s atmosphere in function of the wavgtbriCredit:
NASA/JPL-Caltech].

A new and exciting time foty-ray space observations started in April 2007
with AGILE, and was consolidated by the launch and operatwinthe Fermi
mission in June 2008. Considering that AGILE is mofieetive in the low-
energy range of the-ray domain (50-400 MeV), where&&rmi is currently
optimized above 400 MeV, the two missions are complemerstadyjoint scien-
tific investigations by the two satellites could give img@ort information for the
study of extragalactic and Galactic sources. However, & wmdltiwavelength
coverage is needed to obtain a complete knowledge of thesemisiechanisms
of these sources, in particular for the class of blazar stiigh this Thesis. In fact,
because of their emission over the entire electromagngsictsum, multivave-
length observations of blazars are crucial to constraiethission mechanisms,
structure, and physical quantities of the inner jet on paasel sub-parsec scales.
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Therefore, considering the importance to obtain infororatbver the en-
tire electromagnetic spectrum for studying blazars, mbéshe AGILE cam-
paigns were coordinated with other observatoriesfédint wavelengths, such
asSpitzer Swift SuzakyINTEGRAL, RXTE, MAGIC, VERITAS, the WEBT
Consortium, and REM.

This approach, based on pre-approved target of opport(ifof9) guest in-
vestigator (Gl) proposals, Director discretionary timé&XD requests, monitor-
ing programs, and bilateral agreements, allowed the AGI&&nT to obtain truly
simultaneous data on specific sources, covering the epeeirsl energy distri-
bution of blazar, from 19to 1?° Hz.

In particular, in order to obtain an as dense as possibleaptoverage of
y-ray sources during the AGILE observations, we establighgght and fruit-
ful collaboration with the GLAST-AGILE Support Program (&R) organized
within the Whole Earth Blazar Telescope (WEBT), which pd®s radio-to-
optical long-term continuous monitoring of a list of sekty-ray-loud blazars.
Moreover, in order to monitor the synchrotron to inverse @t region of the
SED, the most fective satellite in orbit isSwift because of its rapid reaction
to ToO requests and its broad-band coverage, from ofiigalip to the hard
X-rays. Several Gl programs and ToO observations were paea, for a total
of a few hundreds ksec.

The synergy between the AGILE wide field of view, its fast @sge to
sudden changes in blazar activity state at over waveleragiisto alert other
telescopes quickly in reponse to changes injthray fluxes, together with the
availability of a network of ground-based telescopesyatid us to obtain a mul-
tiwavelength coverage for almost all the detected sougseisig us the opportu-
nity to study the spectral energy distributions from radig-frays and to inves-
tigate the physics of élierent classes of blazars. In the second part of this Thesis
| present and discuss the most interesting results obtalndgdg the AGILE
multiwavelength campaigns on blazars in which | was pergpmwolved.
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PKS 1510-089

5.1 Introduction

PKS 1516-089 is a nearby €0.361) radio-loud highly polarized quasar (HPQ),
belonging to the class of the Flat Spectrum Radio QuasalR@spwith radia-
tive output dominated by the-ray emission, while the synchrotron emission
peaks around IR frequencies, below a pronunced UV bumgylikee to the
thermal emission from the accretion disk (Malkan & Moore 898ian & Treves
1993).

Its radio emission exhibited very rapid, large amplitudeatsons in both
total and polarized flux (Aller, Aller, & Hughes 1996). Mora, the radio jet
shows superluminal motion up to 20with the parsec and kiloparsec scale jets
misaligned of 177 degrees (Wardle et al. 2005).

PKS 1510-089 has been extensively observed in the X-rays in the lesst th
decades, since the observation by the satelktiestein(Canizares and White
1989), EXOSAT (Singh, Rao & Vahia 1990; Sambruna et al. 19G4NGA
(Lawson & Turner 1997), ROSAT (Siebert et al. 1998), and ASGingh,
Shrader & George 1997). The observed X-ray spectrum by ASCiAg 2—-10
keV band was very flat with photon index Bf~ 1.3, but steepened’ & 1.9) in
the ROSAT bandpass (0.1-2.4 keV), suggesting the possiepce of a spec-
tral break around 1-2 keV, associated with the existencesoftaX-ray excess.
Observations byBepp&AX (Tavecchio et al. 2000) andhandra(Gambill et
al. 2003) confirm the presence of a soft X-ray excess belowlkedence of
a similar soft X-ray excess has been detected in other dazath as 3C 273,
3C 279, AO 0235164, and 3C 454.3, even if the origin of this excess is still
an open issue, not only for blazars but for all AGNs (see e.gAnnando et
al. 2008a for a discussion on the soft X-ray excess problethdamradio-quiet
AGNS).
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A monitoring campaign on this source was organized duringusti 2006
by Suzakuand Swift The Suzakuobservations confirm the presence of a soft
X-ray excess, suggesting that it could be a feature of thie Gomptonization,
whereas th&wiff XRT observations reveal significant spectral evolutionhaf t
X-ray emission on timescales of a week: the X-ray spectrucoimes harder as
the source gets brighter (Kataoka et al. 2008).

y-ray emission from PKS 151®89 was detected in the past by EGRET
during lowintermediate states, with an integrated flux above 100 Maying
between (13t 5) and (49+ 18) x 1078 photons cm? s, and an energy spec-
trum, integrated over all the EGRET observations, modelgld & power law
with photon indeX” = 2.47+ 0.21 (Hartman et al. 1999).

In the last two years, PKS 152089 showed high variability over all the
electromagnetic spectrum and in particular very higlay activity was detected
by the AGILE andrermisatellites. The Gamma-Ray Imaging Detector on board
the AGILE satellite detected flaring episodes in August 2806d March 2008.
Moreover, an extraordinary activity was detected in Mar@@2 with several
flaring episodes and a flux that reached &000-8 photons cm? s,

In this Chapter we discuss the results of the analysis of thiewavelength data
collected by GASP-WEBT, REMswiftand AGILE during thesg-ray flares and
the theoretical implications for the emission mechanishine results presented
in this Chapter are published in Pucella et al. (2008), D’Aamato et al. (2009a),
D’Ammando et al. (2009b), D’Ammando et al. (2009c).

5.2 The 2007 observations

PKS 1510-089 was detected for the first time by AGILE in higtray activ-

ity during August 2007. The AGILE observations of PKS 15189-vere per-
formed from 23 August 2007 12:00 UT to 1 September 2007 12:00ftf a
total of 84 hours of ffective exposure time. In the first period, between 23 and
27 August, the source was located( off the AGILE pointing direction. In the
second period, between 28 August and 1 September, aftezlbtsaie-pointing,

the source was located at35° off-axis.

Level-1 AGILE-GRID data were analysed using the AGILE StaddAnal-
ysis Pipeline (see Section 4.3.6). Counts, exposure, atatt&abackground
y-ray maps are created with a bin-size d&°0x 0.5° for photons with energy
over 100 MeV. To reduce the particle background contanvnative selected
only events flagged as confirmedray events, and all events collected dur-
ing the South Atlantic Anomaly were rejected. We also rgddll they-ray
events whose reconstructed directions form angles witlsatellite-Earth vec-

90



5.2. The 2007 observations

oF
S

_ PKS 1510-089

O

Vela Pulsar

=g B0 L—ﬁh{'—i-"‘ wohee0 w iy 1,ﬂ® e

Figure 5.1: Gaussian-smoothed count mapX4C® x 140) in Galactic coordinates in-
tegrated over the observing period 2007 August 23 — AugusT B circles are located
at the PKS 1510089 and Vela Pulsar coordinates. Only photons with energgtgr
than 100 MeV have been included [Pucella et al. 2008].

tor smaller than 8Q reducing the-ray Earth albedo contamination by excluding
regions within~ 10° from the Earth limb.

During the observing period 2007 August 23-27, AGILE detdagt-ray
emission for photon energies over 100 MeV from a positiorseiant with the
guasar PKS 151089 at a significance level of 54&; as derived from a max-
imum likelihood analysis (Fig. 5.1). During this period tbeurce was located
~ 50 off the AGILE pointing direction, therefore considering thelgahase of
on-flight calibration of the GRID intrument, in particulartagh of-axis angle,
and thanks to fact that the satellite simultaneously alseatied they-ray activ-
ity of the Vela Pulsar, about 90 degrees from PKS 15189, we use the flux of
Vela Pulsar for a direct calibration of the flux of PKS 15089. In fact, the two
sources were characterized by an almost equal angulandéesteom the AGILE
boresight and therefore the instrument response in theastin of the flux of
the two sources are compatible. In this way, the average Bux 100 MeV) of
PKS 15106-089 estimated for this first period was (2765)x 108 photons crm?

s 1. The reducedféective area and the consequently reduced count statistics f
these large fb-axis angles makes itfilicult to create a light curve and an average
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Figure 5.2: a) AGILE-GRID y-ray light curve, with a 1-day resolution, for the obser-
vation period 2007 August 28 — September 1, for photons with1B0 MeV in units of
108 photons cm? s™1. b) R-band optical light curve as observed by the GASP-WEBT
for the observation period 2007 July 26 — September 11. ¢) W@Radio light curve at
14.5 GHz for the observation period 2007 July 24 — Septemb@Pacella et al. 2008].

energy spectrum.

In the period 2007 August 27 — September 1, AGILE-GRID deiddhe
source, observed at 3%ff-axis, at a significance level of 106- With the
likelihood method, the best position for theray emission above 100 MeV is
| = 350.89, b = 40.34, with an average flux (& 100 MeV) over the entire
period of (195t 30)x 1078 photons cm?s™t. In Fig. 5.2 they-ray light curve for
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Figure 5.3: Spectral energy distribution of PKS 151089 for the GRID observation
period 28 August — 1 September 2007 (blue dots), includirmkaneous GASP opti-
cal (red square) and radio (orange triangle) data and theS8perAGILE upper limit
(blue arrow). Non-simultaneous historical data (from 1862007) taken from NASA
Extragalactic Database (NED) and Kataoka et al. (2008) tineentire electromagnetic
spectrum are represented in dark grey and light grey, résplc/Pucella et al. 2008].

this period with a 1-day resolution, tiieband optical light curve as observed by
the GASP-WEBT for the observation period between 26 Julyldn8eptember
2007, and the UMRAO radio light curve at 14.5 GHz for the otaton period
between 24 July and 15 September 2007 are reported. We aigduhey-ray
average energy spectrum for this second period, when ond tenergy bins
were taken into account for the fit: 100—-200 MeV, 200—400 M\ 400-1000
MeV. A simple power-law model can fit the data. With the weeghleast squares
method we obtain a photon indéx= 1.98+ 0.27.

SuperAGILE observed PKS 152089 for a total on-sourceftective expo-
sure time of 200 ks. The source was not detected abavéypthe SuperAGILE
Iterative Removal Of Sources (IROS) applied to the imageh&20-60 keV
energy range. A 3= upper limit of 45 mCrab was obtained from the observed
count rate by a study of the background fluctuations at theipo®f the source
and a simulation of the source and background contributiotis|ROS.

During the AGILE observation period, the PKS 15189 optical flux ap-
pears to be decreasing in the raiige 15.5-15.8, following a bright state that
reached at leaft= 15.0 (see Fig. 5.2, panel b). The contemporanegenasy flux
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decrease of about a factor 3 suggests that the two flux \@rgatnhay be corre-
lated. Finally, in Fig. 5.3 the spectral energy distribot{&ED) is shown for the
GRID observation period 2007 August 28 — September 1, imatusimultane-
ous GASP optical and radio data and the- BuperAGILE upper limit. Also
non-simultaneous historical data over the entire elecuigimetic spectrum are
represented. To model the SED we used a homogeneous oneyzaigotron
self Compton (SSC) model, plus the contribution of extesgsd photons orig-
inating both from the accretion disc and the Broad Line Re¢Rl.R). We con-
sider a relativistic moving spherical blob of radiBs= 2.5 x 10'® cm and an
electron energy distribution described by a double power la

K)/gl
(y/yp)P + (y/ )P

Ne(y) = (5.1)

for electron Lorentz factor 4@ y < 4 x10° with spectral indices pre- and post-
breakp; = 2.0 andp, = 4.5, a normalization factoK = 80 cnT2 and the break
energy Lorentz factoy, = 400. We assumed a magnetic fi@d= 3 Gauss and
a Doppler factos = 9 for the blob.

In order to interpret the AGILE-ray data, an accretion disc characterised
by a blackbody spectrum with a luminosity of46rg s* at 0.1 pc from the
blob is assumed as the source of external target photons iEthe contribu-
tion of the IC from the disc is calculated up to the second Riitles not enough
to account for the highy-ray state observed by AGILE. The addition of the IC
emission from a BLR, represented by a spherical layer extgrioetween 0.1
pc and 0.4 pc from the central black hole, reprocessing a 10#tedirradiat-
ing continuum can explain the high state observed by AGILBgared to the
historical EGRET observations (see Fig. 5.3), and it resleatthe diferent pho-
ton index obtained in the AGILE and EGRET observations. Ia thodel, the
IC contribution from the BLR can explain the observed hasdy spectrum.
However, considering the sparse multifrequency coveragel&neously to the
y-ray observation and the lack of informations in X-ray baextcépt for the up-
per limit estimated by SuperAGILE), the model is not strgngbnstrained by
the available observations and the choice of parametert ismque.

5.3 The 2008 observations

During a pointing toward the Galactic Center region, betwgend 30 March
2008, AGILE detected a rapig-ray flare from PKS 1510089. This source
has been continuosly monitored between January and A8 20the radio-to-
optical bands by the GASP-WEBT. Moreover, theay flaring episode triggered
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three Target of Opportunity (ToO) observations by Bwift satellite in three
consecutive days, starting from 20 March 2008.

The quasi-simultaneous radio-to-optical, UV, X-ray gntay coverage al-
lows us to make a detailed study of the multifrequency tin@wion, the spec-
tral energy distribution of this source, and its theoreticterpretation based on
the synchrotron and IC emission mechanisms.

5.3.1 AGILE observations

The AGILE observations of PKS 1532089 were performed from 1 March 2008
12:45 UT to 21 March 2008 2:04 UT, for a total of 211 hours fiéetive expo-
sure time. In the first period, between 1 and 16 March, thecgowas located
~ 50 off the AGILE pointing direction. In the second period betwe&nahd
21 March, after a satellite re-pointing, the source wastkgtat~ 40° off-axis.
Finally, after a gap of 4 days of observation due to techmtahtenance of the
satellite, the source was observed-&(’ off axis between 25 March 13:09 UT
and 30 March 10:29 UT. Unfortunately, during the observatite source was
substantially &-axis in the field of view of SuperAGILE.

AGILE-GRID data were analyzed, starting from the Level-fagasing the
AGILE Standard Analysis Pipeline (see Section 4.3.6). Ate creation of the
eventfiles, the AGILE Scientific Analysis Package can be @ounts, exposure,
and Galactic backgroungiray maps were generated with a bin size @ x
0.25° for photons with energies £100 MeV. To reduce the particle background
contamination, we selected only the events flagged as cadiymay events, so
all events collected during the South Atlantic Anomaly wezgected. We also
rejected all the/-ray events whose reconstructed directions form angldstivi
satellite-Earth vector smaller than°@in order to reduce the-ray Earth albedo
contamination.

During the period 1-16 March 2008, AGILE-GRID detecteday emis-
sion from a position consistent with the powerjutay quasar PKS 151®89
at a significance level of 6.2-with an average flux over the entire period of
(84 + 17) x 1078 photons cm? s™! for photon energies above 100 MeV. In-
stead, in the period 17-21 March 2008, AGILE detectedy emission from
a position consistent with the source at a significance le/@&l3-o. The AG-
ILE 95% maximum likelihood contour level baricenter of theusce isl =
35149, b = 40.07°, with a distance between this position and the radio posi-
tion (I = 35129, b = 40.14°) of 0.17. The overall AGILE error circle, taking
both statistical and systematiffects into account, has a radius: 0.50. The
averagey-ray flux above 100 MeV during this second period, with therseu
located~ 40° off the AGILE pointing direction, was (134 29) x 10 photons
cm? s71. The peak level of activity with daily integration was (2868)x 1078
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Figure 5.4: AGILE-GRID vy-ray light curve between 1 and 21 March 2008 at 1-day or
2-day resolution for B> 100 MeV with fluxes in units of 1& photons cm? s1. The
downward arrows representc2upper limits [D’Ammando et al. 2009a].

photons cm? s™1, showing an increase of a factor two in one day and at least
three in two days, as the source had not been detected for dayseafter two
episodes of medium intensity. After the sudden increasefltix rapidly de-
creased around 19 March 2008.

When fitting the data relative to the period 17—21 March wisimaple power
law model, we obtain a photon index Bf= 1.81+ 0.34. This photon index is
calculated with the weighted least squares method, comsgdor the fit three
energy bins: 100-200 MeV, 200-400 MeV, and 400-1000 MeV. fihaton
index obtained for this second period is consistent withendrrors with the one
observed by AGILE in August 200T = 1.98+ 0.27).

Figure 5.4 shows the-ray light curve between 1 and 21 March 2008, with 2-
day resolution for the first period and 1-day for the secontbgefor photons of
energy above 100 MeV. The downward arrows representpper limits. Upper
limits are calculated when the analysis provides a sigmtieaof detectiorc 3-

o (see Mattox et al. 1996). Finally, in the third period betw@& and 30 March
2008 the source was not detected by the GRID and an upperiitint95%
confidence level of 541078 photons cm? st is provided.

During August—October 2008ermiLAT detected the source with an aver-
age flux for E> 100 MeV of (55.8+ 3.3) x10°® photons cm? s and a peak
of intensity of (165.9+ 11.7)x10°® photons cm? st (Abdo et al. 2009d). The
peak ofy-ray emission corresponds to the first flare observe&diyni-LAT at
the end of September 2008 (Tramacere 2008), and togethethgitiverage flux
value confirms the flaring state observed by AGILE in mid-Mg2608.
Moreover,FermiLAT observed a softer photon index for this source in August
October 2008[" = 2.48+ 0.05 (Abdo et al. 2009d), but this value corresponds to
an average value over three months of observation in whekalirce flux was
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variable, whereas the value reported by us refers to a rapiddlepisode. The
value obtained byermiLAT is very similar to what was measured by EGRET
averaging over all the observatiords#£ 2.47+ 0.21), confirming that the aver-
age spectral indexes are softer than those measured dhongflaring states.
The diference between the value obtained by AGILE &edmicould also be
partially due to the dierent bandpasses of the two intruments.

5.3.2 Swiftobservations

The NASA Swift gamma-ray burst mission (Gehrels et al. 2004), performed
three ToO observations of PKS 1510-089 in three consecdays with the
first occurring on 20 March 2008. The three observations diksec each were
performed using all three onboard experiments: the X-rdgstope (XRT; Bur-
rows et al. 2005, 0.2-10 keV), the UV and Optical Telescopé@U, Roming

et al. 2005, 170-600 nm) and the coded-mask Burst Alert Gefes (BAT;
Barthelmy et al. 2005, 15-150 keV). The hard X-ray flux of $vsirce is below
the sensitivity of the BAT instrument for so short expossethe data from this
instruments will not be used.

5.3.2.1 SwifyXRT data

The XRT data were processed with standard procedurep{peline v0.12.0),
and the filtering and screening criteria were applied by rmedrihe FTOOLS
in theHeasoft package v6.5. Given the low count rate of PKS 1510-089 dur-
ing the three observations: (0.5 count s in the 0.2-10 keV range), we only
considered photon counting (PC) data for our analysis, arlddr selected XRT
grades 0-12 (according ®wift nomenclature, see Burrows et al. 2005). No
pile-up correction was necessary. The ancillary respote Wiiere generated
with the taskxrtmkarf, applying corrections for the PSF losses and CCD de-
fects, and we used the latest spectral redistribution nest(RMF, vO11) in the
calibration database maintained by HEASARC. The adoptedggrange for
spectral fitting is 0.3—-10 keV, and all data were rebinnedh &iminimum of 20
counts per energy bin to use th€minimization fitting technique. An exception
is the observation of 21 March 2008, when the number of couassso low that
the Cash statistic (Cash 1979) on ungrouped data was @&ed/XRT uncer-
tainties are given at 90% confidence level for one interggterameter, unless
otherwise stated.

Spectral analysis was performed usingX8eEC fitting package 12.4.0 (Ar-
naud et al. 1996). We fitted the spectra with a power-law muaaksl Galactic
absorption fixed tiN,, = 6.89x 107° cm2 (Kalberla et al. 2005). Table 5.1 sum-
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Table 5.1: Observation log and fitting results @wifyXRT observations of PKS
1510-089. Power-law model withly fixed to Galactic absorption is used.

Obs. Date Counts Flux 0.3-10 k&V Ph. Index x2,(d.o.f.)
(0.2-10 keV) ergcnt st r

20-Mar-2008 306 1201 1.16+0.16 0.87 (13)

21-Mar-2008 189 gris 1.53+0.17 467 (48.%)

22-Mar-2008 261 agis 141+019 1.34(11)

aUnabsorbed flux in units of 8. PCash statistic (C-stat) and percentage of
Montecarlo realizations that had statisti€-stat, performing 10simulations.

marizes the most important information on XRT observatiand the relative
spectral fit parameters.

A variability of about 30% in the X-ray flux of the source wassebved
on a timescale of one day. Notwithstanding the uncertamdiee to the errors
on fluxes and photon indexes, the XRT data seem to indicatetltbaX-ray
spectrum becomes harder when the source gets brighteroonithe behavior
already observed in this source by Kataoka et al. (2008ndutie SwiffXRT
observations carried out in August 2006. This is a trendnofiteserved in HBL
(see e.g. Massaro et al. 2008; Tramacere et al. 2007a; Katak. 1999), but
quite rare for quasar-hosted blazars such as PKS-AE®

5.3.2.2 SwiffUVOT data

During the threeSwift pointings, the UVOT instrument (Poole et al. 2008) ob-
served PKS 1510089 in all its optical ¥, B, andU) and UV (UWV1, UVM2,
and UWV2) photometric bands. Data were reduced withithetmaghist task
of the HEASOFT package. Source counts were extracted franc@ar region
of 5 arcsec radius, centered on the source, while the bagkgravas estimated
from a surrounding annulus with 8 and 18 arcsec radii. In tisetivo days, only
one exposure per filter was available, while three exposqueedilter were ac-
quired on the last day. With the only exception of M\, the source brightness
turned out to be quite stable in all the UVOT bands, with v@ies of a few hun-
dredth of mag, well inside the typical UVOT data uncertaiotty).1 mag due to
both systematic and statistical errors. Average valuesvare16.94,B = 17.19,

U = 16.31, UVW1 = 16.64, and UWV2 = 16.55. The UMM2 frames have low
signal-to-noise ratios, thus the source magnitude in thrgdtpresents a larger
dispersion. The average value is U = 1647 + 0.14.
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5.3.3 Radio-to-optical observations by the GASP-WEBT

PKS 1510-089 is one of the 38ray-loud blazars that are regularly monitored
by the GLAST-AGILE Support Program (GASP) of the Whole EdBllazar
Telescope (WEBT). Optical and near-IR data are collectedraady calibrated
magnitudes, according to a common choice of photometr@stas from Rai-
teri et al. (1998). Radio data are provided as calibrateddknsities. The ref-
erence optical band for the GASP is tRéand. The corresponding light curve
in January—April 2008 is shown in the Fig. 5.5, with the datavled by the
following observatories: Abastumani, Calar AltcCrimean, Lowell (Perkins),
Lulin, Roque de los Muchachos (KVA and Liverpool), San Pehltartir, St.
Petersburg, Torino. The source showed intense activitinguhe entire con-
sidered period, with several episodes of fast variabilitythe beginning of the
optical observing season, the January observations tedicat the source was
in a faint state, arounB = 16.6 mag. A fast brightening of 1.3 mag in 8 days
led the source t&® = 153 mag on 15 February. This was followed by-&.6
mag dimming in 4 days. Other minimum brightness states weserwved on 23
March and in late April, while peaks were detected on Marcla2® April 11.
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Figure 5.5: Optical light curve of PKS 1518089 obtained by the GASP-WEBT during
the period January—April 2008. Thefldirent symbols refer to flerent observatories
[D’Ammando et al. 2009b].

Near-IR data in thdHK bands were taken at Campo Imperatore and Roque
de los Muchachos (Liverpool). Millimetric flux densities245 and 230 GHz

1Calar Alto data were acquired as part of the MAPCAT (MonitgrAGN with Polarimetry
at the Calar Alto Telescopes) project.
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came from the SubMillimeter Array (SMA) on Mauna Kea. Cergtnit radio
data were acquired at Medicina (22 and 8 GHz), Noto (43 GHyJ,WMRAO
(14.5, 8.0, and 4.8 GHz). In Fig. 5.6 the source radio bemawidifferent bands
is compared to the optical one (top panel). The light cunlegit radio frequen-
cies (230-345 GHz) suggests that the mechanism producinfiatting events
observed in the optical band in the second half of Februatyimtate March—
April 2008 also interested the millimetric emitting zonetiwsome delay. An
estimate of this delay is hampered by the limited data sargpkt lower radio
frequencies (22—-43 GHz), a hint of flux increase is visibléhimsecond part of
the light curve, while the radio flux at 5-15 GHz shows no trahéll. This
suggests that the jet regions that are responsible for tl&sem at the longest
radio wavelengths are noffacted by the flaring mechanism.

5.3.4 Modeling the spectral energy distribution

Figure 5.7 shows the SED for the AGILE-GRID observationped7—21 March
2008, including quasi-simultaneous optical and radio #gt&ASP and opti-
cajUV and X-ray data byswift Since the source brightness over the three days
of UVOT observations remained stable, we built a unique S&Ditie whole
period, including contemporaneous data at other freqesniti particular radio-
to-optical data from the GASP. The optical and near-IR daeevacquired ex-
actly in the period of the UVOT observations: oReéband datum from Roque
(KVA) and J, H, andK data from Campo Imperatore. The UVOT and GASP
magnitudes were corrected for Galactic extinction by adgpis = 0.416 mag,
and deriving the values in the other bands according to Gaedeal. (1989).

To convert magnitudes into fluxes, we assumed the zero-meesfloy Poole et
al. (2008) and Bessel et al. (1998).

Radio light curves are less well-sampled than®RHeand one (see Fig. 5.6),
therefore in the SED we show the high-frequency radio d&8a345 GHz) taken
within a week from the UVOT observations, while the low-fueqcy data points
were obtained by interpolating between the closest datzepokng and follow-
ing the UVOT observations. This is justified by the smoothawedr of the
low-frequency radio light curves.

The dip in the SED corresponding to the K frequency must be regarded
with caution, since it is also found for other blazars witffetient redshifts and
could be systematic. Observations performedhyftand the GASP in March
and June 2007, when the source was nearly at the same bsglnel, showed
the same shape in the near-IR-to-UV part of the SED. A siniéard character-
ized the opticalJV SED of August 2006 shown by Kataoka et al. (2008). We
notice that the shape of the SED in the optical band mayffieetad by the flux
contribution of broad emission lines, including the littkele bump (Neugebauer
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Figure 5.6: Optical light curve of PKS 1510089 (top panel) obtained by the GASP-
WEBT during the period January—April 2008 compared to itigdlux densities at
different frequencies. The vertical bar indicates the time efSWwift observations.
The yellow shaded region marks the period also covered byA@kE observation
[D’Ammando et al. 2009a].

et al. 1979; Smith et al. 1988). For the SED we used3hafyXRT data col-
lected on 20 March, the observation closest toythray flare and during which
the higher X-ray flux was observed.

To model the SED we used a homogeneous one-zone synchrelf @osp-
ton (SSC; Marscher & Gear 1985; Maraschi et al. 1992; Bloom &rd¢her
1996) model, plus the contribution of external Comptontscig of both direct-

101



Chapter 5. PKS 1510-089

2 -1

log vF_(ergcm™s’)

8 10 12 14 16 18 20 22 24 26
log v (Hz)

Figure 5.7: Spectral energy distribution of PKS 151089 for the AGILE-GRID ob-
servation of 17-21 March 2008, including quasi-simultarseeGASP radio-to-optical
data, theSwiffUVOT data of 20—-22 March and tHewiffXRT data of 20 March. The
dotted, dashed, dot—dashed, and double—dot—dashed dipessent the accretion disk
black body, the SSC, the ECD, and the ECC radiation, resgdetiD’Ammando et
al. 2009a].

disk radiation (ECD; Dermer et al. 1992) and photons from Ba& clouds
(ECC; Sikora et al. 1994). The strong thermal features bswdlserved in
FSRQs (and in this blazar in particular, see Neugebauer. 49@B; Smith et
al. 1988) at opticdUV frequencies suggest that the environment is rich in the
soft photons produced by the accretion disk/andeprocessed by the BLR. This
implies that the energy density of the external soft radrais much higher than
for the synchrotron radiation; therefore, during theay flares in FSRQs, the
most important processes are the ECC and ECD, ang-tlag photon index
could be determined by the dominant contribution of the two.

We consider a moving spherical blob of radRsfilled by relativistic elec-
trons and embedded in a random magnetic field. We assumenthatectron
energy density distribution is described by a broken poasr |

K)/gl
(y/vp)P + (y/ )P

wherey is the electron Lorentz factor assumed to vary betwggnandymax p1
andp, are pre- and post-break electron distribution spectrabiad, respectively,

(5.2)

ne()’) =
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Table 5.2: Parameters for the model used to explain the SED of PKS-4339 during
they-ray flare of 18—-19 March 2008.

Parameter Value Units

P1 2.2
P2 4.6

Ymin 30
Yb 290

YVmax 5200
K 75 cnt?
R 10 10°cm
B 3.5 G
0 20.26
Ly 5 10®ergst
0 2.86 degrees
r 18

andvyy is the break energy Lorentz factor. We assume that the blotars a
comoving random average magnetic fi@ldvith a bulk Lorentz factol” at an
angled with respect to the line of sight. The relativistic Doppl&alning factor

is thens = [['(18co¥)]}, andK is the normalization density parameter into the
blob.

We have chosen an angle of view of 0.05 rad in agreement withthe ap-
parent jet velocities derived from multiepoch Very Long 8ase Array (VLBA)
observations of the source (Homan et al. 2001; Wardle etCfl52Jorstad et
al. 2005a; Lister et al. 2009) and the value used by Kataokh €008).

The short time variability observed iyray band constrains the size of the
emitting region toR < ¢ Aty,9/(1+2) = 3.86 x 10*® cm, whereAt,,, is the ob-
served variation time. An accretion disk characterized blaak body spectrum
with a luminosity of 5x 10" erg s, as estimated with UV observations by Pian
& Treves (1993), at 0.05 pc from the blob is assumed as oneeo$dhirces of
external target photons. We also assumed a BLR at 0.2 p@aegsing 10%
of the irradiating continuum. The IC spectra derived from éipproximation of
the BLR radiation as a black body reproduces quite well mefimed spectra
calculated by Tavecchio et al. (2008) taking into accounbaenaccurate shape
of the BLR.

Assuming a model with synchrotron, SSC and EC componensstp&icon-
tribution from the accretion disk radiation, the SED of nMidrch 2008 can be
represented well with input parameters summarized in TaBleln the choice of
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the parameters we were guided by the knowledge of the anglewf the disk

luminosity and the simultaneous observations of the syotobm and IC peak re-
gions (therefore of the synchrotron and IC peak frequeraidduminosities). In
addition, the minimum variability timescale gives an iration of the size of the
emitting region. However, even if these quantities aregqtightly constrained
by fitting the whole SED, the choice of some parameters is nmue because
the simultaneous presence of the synchrotron, SSC, ECE@bdcomponents
leads to a possible partial degeneration of the parameters.

5.3.5 X-ray spectral evolution

The spectral evolution detected in X-rays 8wiftin just two days, soon after
the y-ray flaring episode is another hint of the rapid change iiviagty this
source. Usually in FSRQs as PKS 1510-089 only little valitgths observed in
X-rays on short timescales from hours to days, and also ayelaimescales the
X-ray spectral shape is almost constant with only smallatemns. The photon
indexes measured B$wifyXRT in March 2008, in particular during the first
observation, tend to be lower than usually observed in FSRQ81-24kevi> =
1.76+ 0.06 and<I'2-10kevi> = 1.65+ 0.04, Donato et al. 2001) and are more
like those observed in some high-redshift quasars (suctB&3R 5, Tavecchio
et al. 2007a, and Swift J074@548, Sambruna et al. 2007). The hard photon
indexes of high-redshift blazars could be intereprete@tims of absorption by
warm plasma in the region surrounding the source, in agreewith a scenario
where in the early evolution phases the quasars are suiadiiaobscured by gas
subsequently expelled from the host galaxy by powerful wi(se e.g. Fabian
1999). However, considering the low redshift, this intetption is unlikely for
this source.

Instead, the X-ray spectral evolution observe®wiff XRT could be caused
by the contamination of an additional component beldkeV: the soft X-ray
excess. In fact, previous observations withandra(Gambill et al. 2003) and
SuzakyKataoka et al. 2008) seem to indicate the presence of sadyXexcess
in the spectrum of PKS 1510—-089. The soft X-ray excess is asséon in excess
of the extrapolation of the power law component dominatinigigher energies,
but the origin of this excess in AGNs is still an open issue sg. D’Ammando
et al. 2008a for a discussion of the origin of the soft X-ragess in radio-quiet
AGNSs). In the past, it was often associated with the thermaksion of the
accretion disk and then related to the big blue bump. Howdtvbas recently
been shown that modeling the soft X-ray excess in non-blagzXs with a
thermal component yields a remarkably constant disk teatpes, around 0.1—
0.2 keV, regardless of the central black hole mass and lwsttin(Gierlinsky &
Done 2004; Crummy et al. 2006). Also in Kataoka et al. (2008)goft X-ray
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excess is tentatively described by a black body with tempeg&T ~ 0.2 keV.
This result is dificult to explain in any model for the soft excess related t& dis
continuum emission, as the temperature in any disk modedgeated to vary
with both the black hole mass and the accretion rates (sdé®B8&c2).

For FSRQs one possible theoretical explanation is thatdfie<sray excess
is a bulk Comptonization feature produced by cold plasmalacated in a jet
(Celotti et al. 2007), even if this feature has never beeitigely observed until
now. In BL Lac objects the radiative environment is insteamweak to produce
the soft X-ray excess via bulk Compton and the soft X-ray sgelikely related
to the high-energy tail of the synchrotron emission.

The change in the photon index observed during3WweyXRT observations
could stem from the spectral shape of the inverse Comptompooent in X-ray
remaining roughly constant, but the amount of contamimaftiom the soft ex-
cess emission varies. The contribution of the soft X-rayeszovould be more
significant when the source gets fainteffeating the spectrum at higher ener-
gies. Unfortunately, the brief exposure of tBeiftobservation does not allow a
detailed spectral modeling of this feature.

One possibility for the origin of this hard power law in PKS105089 is
that the photon index observed in X-rays results from thehioation of the
synchrotron self Compton and external Compton emissiamgd&rom the mis-
match of the spectral slopes of these two components, notealaoft X-ray
excess. This is the solution that the data presented in #psrpwould favor.
In this context, the spectral evolution during the th&eiffXRT observations
could come from the change in contribution of one of the twamponents and
therefore from a dierent variability of the SSC and EC components.

5.3.6 Thermal emission components

Even if the SED of the blazars are usually dominated by thenleeanonthermal
jet radiation, some of them show the signature of Seyfketdeatures such as
the little and the big blue bumps. The little blue bump is liguabserved in
quasars between2000 A and~ 4000 A in the rest frame and likely stems from
the contribution of Fe Il and Mg Il emission lines and the Baincontinuum
produced in the broad line region (Wills et al. 1985). Theltdige bump instead
is associated with a rise in the UV band commonly interpregethermal emis-
sion from the accretion disk (see e.g. Laor 1990). Evideridhese thermal
components has been found in other quasar-like blazais as.8C 273 (Grandi
and Palumbo 2004, Turler et al. 2006), 3C 279 (Pian et al918ad 3C 454.3
(Raiteri et al. 2007).

The presence of the emission by the accretion disk is cemsistith the
scenario in which the seed photons for the IC producingytheys are external
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Figure 5.8: B — R color index versufk band magnitude for PKS 1510-089 obtained
with archive data of the Torino Observatory [D’Ammando et28l09a].

to the relativistic jet, but it is usually not observed besmbidden by the beamed
variable synchrotron emission. The fact that the syncrnotomponent of PKS
1510-089 peaks around 1®Hz (see Bach et al. 2007; Nieppola et al. 2008)
allows us to observe these thermal features in this sourcéact, around 18
Hz, a rising emission is visible in the spectrum and is likelgnanifestation of
the big blue bump produced by the accretion disk, as alreatyisised for this
source by Malkan & Moore (1986) and Pian & Treves (1993); maeeg, a hint

of the little blue bump seems to appear in the SED of the saatrté*° Hz.

Given the redshift of PKS 1510-089, therHHB, Fe I, and Mg Il lines
mostly contribute to the observed spectrum betweer?1and 1348 Hz, and
together with the disk emission, could explain the excessmgsion observed
around 1&*° Hz and not modeled from the other components representée in t
SED. Moreover these non-jet components in the blue partefgectrum of
this blazar have already been observed by Neugebauer é0@R) and Smith
et al. (1988) and it agrees with the redder-when-brighteat®r shown by the
B — R index versusk band plot in Fig. 5.8. The plot has been obtained with
archive data stored at the Torino Observatory.
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5.3.7 Energetics and alternative model

Finally, to estimate the energetics of PKS 1510-089, we eaetpthe isotropic
luminosity in they-ray band, comparing it with the Eddington and bolometric
luminosity and the total power transported by the jet. Foivargsource with
redshiftz, the isotropic emitted luminosity in the energy band defined as

4nFd?(2)

L(Z)E = —(1 N Z)(l_ay) s

(5.3)
where, in our case; is they-ray energy band witlk,,j, = 100 MeV andE o =
10GeV,a, =T - 1, F they-ray energy flux betweek, andEnay, calculated
from the photon flux¥, (E > 100 MeV) as suggested by Ghisellini et al. (2009a):

F
F = 16x102- 27 100t — 1. (5.4)
l-gq,
The luminosity distance is given by
Ho (%
dzz) = 1+ 2P x 02 [ E@)dz, (5.5)
1+ Z 7z
where z = 0, z = z,,, and
E@ = VOn(1+22+(1-Qn— Q)AL +22+Qx (5.6)

whereH is the Hubble constant, ard,, and Q, are the contribution of the
matter and of the cosmological constant, respectivelyheodensity parameter.
Using a luminosity distance d= 1915 Mpc, aACDM cosmology withHg = 71
km s Mpc?, Q, =0.27,Q, = 0.73 and the averageray flux observed by the
AGILE-GRID during 17-21 March 2008, we obtained an isotedpiminosity
L'® = 5.3x 10" erg s* for PKS 1510-089 (z 0.361).

The power carried by the jet in the form of magnetic fidlg)( cold protons
(Lp), relativistic electronsl(), and produced radiatiom Gg), are

L, = nRPT?¢ f[N()/) m, c?dy] = 3.6 x 10%*erg s* (5.7)
Le = nR2I?C f[N(y)ymeczdy] =15x 10"erg st (5.8)
Lg = 7RPT?cUg = 1.5x 10%erg s? (5.9)
Liag = Lisol? /6% = 5.3x 10®erg s, (5.10)
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whereUg is the magnetic energy density. Therefore the total povesisported
by the jetisP = Lg + Lp + Le + Lrag = 1.1x 10*® erg s*.

Assuming a black hole maddgy = 4.5 x 10° M,, for the source (Woo &
Urry 2002), we obtain an Eddington luminosity

drGcC
Lega = == Mo = B.7x 10%erg st (5.11)

oT
to be compared with the bolometric luminosity, = 2.4 x 10 erg s* reported
in Woo & Urry (2002).

An alternative theoretical model has recently been prophyeKataoka et
al. (2008) to interpret the data of PKS 1510-089 collectethduAugust 2006,
with the high-energy emission originated by the Comptdiozeof infrared ra-
diation produced by the molecular torus surrounding théraeengine and sug-
gesting that the soft X-ray excess could be produced by thecHitering of
external photons by a population of cold electrons, as dsediby Begelman et
al. (1997) and Celotti et al. (2007). Our data do not seemleoaut this alterna-
tive model, but this is not the best situation for testing thypothesis. In fact, we
do not have simultaneous observations in FIR band that cafiricothe excess
detected by IRAS (Tanner et al. 1996), interpreted by Kadagtkal. (2008) as
due to dust radiation from the nuclear torus and assumed tiocb@ain source
of seed photons for the IC mechanism. Moreover, the bulk Gompation fea-
ture should not be observable during a high activity statéhefsource, such
as observed in mid-March 2008, because overwhelmed by tiea®8 ECD
emission.

Further X-ray observations with XMNNewtonand Suzakysimultaneously
with the optical monitoring by means of the REM Telescope AHeEBT Con-
sortium, could give strong indications of the emission naggdms involved in
this source, in particular of the real nature of the soft }X-e&cess, Seyfert-like
features in the spectrum, and the possibility of the bulk Gmmization feature.

Finally, with two y-ray satellites, AGILE andrermi, in orbit at the same
time, we will be able to study the source behavior at highgeerin detail on a
long timescale, even if a wide multiwavelength coverageesded to achieve a
complete understanding of the structure of the jet, tharmofthe seed photons
for the inverse Compton process, and all the emission mésrinarworking in
this blazar.

5.4 The 2009 observations

After the rapid flaring episodes detected by AGILE dretmi in the period
2007-2008, an extraordinagyray activity from PKS 1510089 was detected
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by AGILE during March 2009, with several flaring episodesrabveee weeks.
This highy-ray activity triggered sever&wift ToO observations, starting from
11 March 2009. Moreover, the monitoring by GASP-WEBT preddmportant
information from radio-to-optical band and, together wile data collected by
REM in near-IR and optical bands, allowed us to obtain a vendgcoverage in
the low-energy part of the broad band spectrum of the source.

5.4.1 AGILE observations

The AGILE satellite observed PKS 151089 between 1 March 2009 00:01 UT
and 31 March 2009 11:41 UT, with the source initially located 30° off the
AGILE pointing direction until to be located at 50° oftf-axis at the end of the
observation period. AGILE-GRID data were analyzed, sigrfrom the Level—
1 data, using the AGILE Standard Analysis Pipeline and théL&GScientific
Analysis Package, with counts, exposure, and Galacticdraokdy-ray maps
generated with a bin size ofZ5°x0.25° for photons with energies £100 MeV.
We selected only the events flagged as confirpealy events, and not collected
during the South Atlantic Anomaly or with reconstructededitons that form
angles with the satellite-Earth vector smaller than, 80 order to reduce the
v-ray Earth albedo contamination.

PKS 1516-089 was detected over the period 1-30 March 2009 at a signifi-
cance level of 19.9, with an average-ray flux of Fg. 10omev = (162 + 12) x
108 ph cm? s71, as derived from a maximum likelihood analysis. Figure 5.9
shows they-ray light curve of March 2009 with 1-day resolution for pbos
with energy higher than 100 MeV. From a first look to the lightwe it is clear
that in the first period the source was not active-rays. In fact, AGILE-GRID
did not detect PKS 151089 between 1 and 9 March 2009 and only upper lim-
its at 95% confidence level are obtained. Instead, in theoged+30 March
2009 dtterent flaring episodes were detected and these flares coalad teer-
lapping of diferent events. The peak level of activity with daily integratwas
Fes100mev= (702+ 131)x 1078 ph cnt2 57t on 25 March 2009. This is the high-
esty-ray flux observed by this source and one of the highest frotazah We
note that the increasing of the error on the flux estimatiooughout the whole
observation period is related to the fact that with the iaseeof the fi-axis an-
gle between the center of the FoV of the GRID and the positicdhe source,
the possible background contamination and the GRID caidraincertainties
become higher.

The y-ray spectrum during the first period of activity detectedAyILE
(9—16 March 2009) can be fitted with a power law of photon index2.08 +
0.15, while considering only the period of highest acti(i2d—27 March) the
photon index id" = 1.80+ 0.17. The photon index is obtained with the least
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Figure 5.9: AGILE y-ray light curve between 1 and 30 March 2009 at 1-day resmiuti
for E > 100 MeV. The downward arrows represent-2ipper limits [D’Ammando et
al. 2009b].

squares method by considering four energy bins: 100-200 1@3~400 MeV,
400-1000 MeV, 1-3 GeV. Comparing also with the photon indeasared by
Fermi-LAT over the first three months of observatiohs= 2.48+ 0.05; Abdo
et al. 2009d), these values confirm a possible hardeningeof-tly spectrum
during the very high activity detected around 25-26 MarcB@Moreover, we
note that the photon index obtained for the period 24-27 Ma@09 is very
similar to that observed by AGILE during the rapid flare of 2T-March 2008
(C'=1.81+ 0.34).

5.4.2 Swiftobservations

The Swift satellite performed 14 ToO observations of PKS 15089 between
11 and 30 March 2009. The observations were performed witthalthree
onboard instruments: the X-ray Telescope (XRT; 0.2—10\0 kidne UltraViolet
Optical Telescope (UVOT; 170-600 nm), and the Burst AletteSeope (BAT,;
15-150 keV).

5.4.2.1 SwifyXRT data

The XRT data were processed with standard procedurapf{peline v0.12.1),
filtering, and screening criteria by using tHeasoft package (v.6.6.1). The
source count rate was low during the whole campaign (couatr®.5 counts
s 1), so we only considered photon counting (PC) data and fusitlected XRT
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event grades 0—12. Pile-up correction was not requiredrcgayvents were ex-
tracted from a circular region with radius of 20 pixels (1gdix 37”), while
background events were extracted from a circular regioh veidius 60 pixels
away from background sources. Ancillary response files wereerated with
xrtmkarf, and account for dierent extraction regions, vignetting and PSF cor-
rections. We used the spectral redistribution matriceslviilthe Calibration
Database maintained by HEASARC. All spectra were rebinnédaminimum
of 20 counts per energy bin to allogy¢ fitting within XSPEC (v12.4.1).

We fit the individual spectra with a simple absorbed power laith a neu-
tral hydrogen column fixed to its Galactic value§8x 10°° cm?; Kalberla et
al. 2005). The fit results are reported in Table 5.3.

Table 5.3: Observation log and fitting results @wifyXRT observations of PKS
1510-089 during March 2009. Power law model wiky fixed to Galactic absorption
is used.

Obs. Date  Exp. Time Ph. Index Flux 2-10 keV  xZ,(d.o.f.)
(sec) r (x 1002 ergcm?s?)

11-Mar-2009 4890  $9+0.10 5907042 0.94 (36)
12-Mar-2009 4842  $3+0.09 698036 0.92 (41)
17-Mar-2009 4869  $6+0.11 55905 0.99 (31)
18-Mar-2009 4777  #2+0.10 635046 1.12 (30)
19-Mar-2009 2501  $£3+0.15 542071 1.07 (16)
20-Mar-2009 2010  B9+0.21 643/021 1.21(9)
22-Mar-2009 2242  #7+0.17 597069 0.95 (13)
22-Mar-2009 2580 54+ 0.19 7.41:107 1.00 (9)
23-Mar-2009 2640  51+0.16 546070 0.95 (15)
24-Mar-2009 1972 53+ 0.16 552070 0.88 (11)
25-Mar-2009 2447 51+0.12 664f8:$g 1.22 (18)
27-Mar-2009 2599 46+0.19 588f8:g; 0.83(9)
28-Mar-2009 2657 B0z 0.14 764070 1.11 (16)
30-Mar-2009 2544  30+0.13 8007087 0.63 (15)

During the 14 ToO observations performed in March 208@jfyXRT ob-
served the source in an intermediate state with a 2.0-1%.0lie in the range
(5.4 -8.0)x 100*? erg cm? s [(7.5-10.8)x 102 erg cnt? st in the 0.3-10
keV energy range]. Compared to the optical andhy activity, the X-ray flux
observed by XRT is not much variable and seems not to be syropgelated
with the high optical ang-ray activity, even if an increase of the X-ray flux after
27 March 2009, with a hint of hardening of the spectrum, iseobsd. A simi-
lar harder-when-brighter behaviour in X-rays was obsefeed®KS 1516-089
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in August 2006 and March 2008. The lack of X-tgyay correlation could be
justified by the fact that the X-ray photons are likely to arage mostly in the
low-energy part of the external Compton emission compaon@&iierefore the
X-ray spectral index seems to reflect the change in the losvggntail of the

electron distribution.

5.4.2.2 SwiffUVOT data

During theSwift pointings, the UVOT instrument (Poole et al. 2008) observed
PKS 1516-089 in all its optical ¥/, B, andU) and UV (UWV1, UVM2, and
UVW?2) photometric bands. Data were reduced withuhetmaghist task of

the HEASOFT package. Source counts were extracted froncala@irregion

of 5 arcsec radius, centered on the source, while the bagkgravas estimated
from a surrounding annulus with 8 and 18 arcsec radii. IniEE€dul3 the mag-
nitude collected by UVOT are reported with blue circles.

5.4.2.3 SwifyBAT data

As part of its normal operations, the BAT onbo&wiftcollects data over a wide
area of the sky in its survey mode. The survey data in the 1ke50band is
used to produce sky images in which hard X-ray sources carteetéd using
the standar@wiftanalysis software. During March 2009, we detected two short
flaring episodes from PKS 153089. The first covered approximately 2 days
beginning MJD 54898 (8 March 2009), with an average cout 0&{0.006+
0.002) cnts/cn? (15-50 keV), which corresponds to 28 mCrab and peaking on
9 March 2009 at 40 mCrab (Krimm et al. 2009a). A second weagiode
occurred on MJD 54919 (29 March 2009), where the averagetcats was
(0.003+ 0.001) cnts/cn?, corresponding to 15 mCrab. Since this time, we have
seen flares of at least 20 mCrab and- 3ignificance on two other days: MJD
55057 (14 August 2009) and 55063 (20 August 2009).

As comparison we report that during March 20@8vifyBAT recorded flar-
ing episodes from PKS 153089 on MJD 54512 (16 February 2008), 54517
(21 February 2008) and 54520 (24 February 2008), with catesrof approxi-
mately (0.005+ 0.0015) crys/cn? on each of those observations.
It is interesting to note that the outburst detectedSwifyBAT in the 15-50
keV energy band occurred on 9 March 2009 (Fig 5.10), justeabtginning of
the y-ray activity observed by AGILE. On other hand, no signifiwatsign of
activity is detected by BAT simultaneously with the highestay flare detected
by AGILE.
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Figure 5.10: SwifyBAT light curve of PKS 1516089 in the energy range 15-50 keV
between 2 and 30 March 2009.

5.4.3 Radio, near-IR and optical observations

PKS 15106-089 is continuosly monitored by the GASP-WEBT Consortiurd,an
considering the high activity observed in the past two yeidnis source is one
of the high priority target of their monitoring program. @atl and near-IR data
are collected as already calibrated magnitudes, accotdimagommon choice of
photometric standards from Raiteri et al. (1998). The sfee optical band for
the GASP is th&-band. The data are provided by the following GASP observa-
tories: Abastumani, Calar Alto, Castelgrande, L Ampolla,Silla (MPGESO),
Lulin (SLT), Roque (KVA and LT), San Pedro Martir, St. Petarsy, Valle
d’Aosta. Conversion of magnitudes into de-reddened flusdiess was obtained
by adopting the Galactic absorption valie= 0.416 from Schlegel et al. (1998),
the extinction laws by Cardelli et al. (1989) and the magietfiux calibrations
by Bessell et al. (1998).

The GASP observation iR-band showed that after a low intensity period in
February 2009, the optical activity of the source is greatbreased in March
2009 with an intense flare on 26—27 March (Fig. 5.11). Neadldf in theJHK
bands were taken at Campo Imperatore and Roque de los Mushéciver-
pool), whereas WEBT data iBV| bands were taken at Castelgrande, La Silla
and St. Petersburg. Data collected by GASP and WEBT obseest during
March 2009 are reported in Figure 5.13 with red diamonds aademta trian-
gles, respectively.

Millimetric flux densities at 230 GHz came from the SubMillter Array
(SMA) on Mauna Kea. Centrimetric radio data were acquiredetishaovi (37
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Figure 5.11: R-band light curve obtained by GASP during the period Felyrddiarch
2009. Diferent symbols refer to fierent observatories [D’Ammando et al. 2009b].

GHz), Medicina (22 GHz), and UMRAO (14.5, 8 and 5 GHz). Figbr&2 show
the optical light curve of PKS 153®89 compared with the radio data of March
2009. Taking into account also the sparse radio coveragkapsign of activity

in radio bands is observed during March 2009. However, tti® @data acquired
at Metshaovi at 37 GHz in April-May 2009 showed that the éase of activity
marginally observed also in Fig 5.12 and starting at therbegg of March
2009 (JD~ 2454905) has continued gradually in April-May 2009, reagha
flux density of 3.47 mJy on 29 April 2009 (JD 2454951.5) andkpegaat 4.02
mJy on 15 May 2009 (JD 2454969.4). The increase of flux demdigerved
at 37 GHz confirms that the mechanism producingthray flaring events also
interested the myom emitting region, as already observed in March—April 2009
during the period soon after the previousay flare of PKS 1510089 detected
by AGILE. The delay between theray and radio emission peaks is not simple
to be estimated because, considering the high number o$ ftdogerved iny-
rays in the first half of 2009 by AGILE anBermi, it is not simple to associate
the radio outburst with a specificray event.

Moreover, in the same period of the GASP observations phettocropti-
cal and near-IR observations were carried out with REM (Zetlal. 2004), a
robotic telescope located at the ESO Cerro La Silla obserydChile). The
REM telescope has a Ritchey-Chretien configuration with ar6®2.2 primary
and an overall/B focal ratio in a fast moving alt-azimuth mount providingotw
stable Nasmyth focal stations. At one of the two foci, thegebpe simultane-
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Figure 5.12: R-band light curve of PKS 151089 obtained by GASP and REM during
March 2009, together with thel band data by GASP (top panel) compared with the
radio flux densities at éierent frequencies (bottom panel).

ously feeds, by means of a dichroic, two cameras: REMIR feiNHR (Conconi
et al. 2004) and ROSS (Tosti et al. 2004) for the optical. Bb# cameras
have a field of view of 16« 10 arcmin and imaging capabilities with the usual
NIR (z’, J, H, and K) and Johnson-Cousins VRI filters. The REdftsare
system (Covino et al. 2004) is able to manage complex obisenzh strategies
in a fully autonomous way. All raw optic®IR frames obtained with REM
telescopes were then corrected for dark, bias, and flat fdlolwing standard
recipes. Instrumental magnitudes were obtained via amephotometry and
absolute calibration has been performed by means of segoetindard stars
in the field. A similar behaviour of the optical light curvellezted by GASP-
WEBT was observed by the REM telescope (reported in Figuk8)5with an
achromatic variation in the second half of March in the né&a¢dHK) and opti-
cal BVR) bands, suggesting that a unique mechanism is responsitiie Bux
enhancement observed from near-IR to optical.
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Figure 5.13: Light curves collected in NIR, optical and UV bands, betwé&esnd 31
March 2009. Blue circles represent the UVOT dat&irB, V, UVW2, UVM2, UVW1
filters. Red diamonds represent GASP datR,id, H, andK bands. Magenta triangles
represent WEBT data iB, V, | bands. REM data iv, R, I, J, H, K bands are reprented
with black squares. Yellow regions R-band light curve indicate the periods of high
activity observed iry-rays by AGILE [D’Ammando et al. 2009c].
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5.4.4 Opticaly-ray correlation

In Figure 5.14 we compare the light curve collecteglHrays by AGILE with the
one collected irR-band by GASP-WEBT and REM during March 2009. While
they-ray light curve show three flerent flaring episodes of increasing entity,
the optical light curve seems to show a gradual increasana tvith a single
major outburst on 26—-27 March 2009. Unfortunately, the maiay peak lacks
strictly simultaneous optical observations, therefotbezia very rapid optical
flare occurred simultaneously to theray one and we missed it or alternatively
the optical peak is delayed with respect to the maximudray flare of 1-2 days,
suggesting a more complex correlation between the optichyaay emission,
particularly in the FSRQs in which the optical emission cbbe due to the
contribution both of the synchrotron emission and the ttaraccretion disk
emission.
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Figure 5.14: Comparison between theray light curve collected by AGILE in the
period 5-30 March 2009 (top panel) with tReband light curve collected by GASP-
WEBT and REM in the same period (bottom panel) [D’Ammandd.e2@09c].

5.4.5 Broad band spectrum from radio-to-UV

Finally, we built the SED from radio-to UV of PKS 152089 for 25-26 March
2009 with the radio data collected by GASP, the optical spettn BVRI of
St. Petersburg, the REM datalf K bands and the data collected®wiffUVOT.
In Figure 5.15 this SED is compared with those collected er22March 2008
and 18 March 2009. We note that the dip at theW¥frequency it is also found
in UVOT observation of other blazars withftérent redshift and could be due
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to a systematic intrumental origin and not an astrophysiicgdature. In fact, it
could be due to the fact that the count rate to flux conversiotof (CF) used in
the UVOT reduction is obtained from GRB models (see Poolé 2088), valid
only for a maximum reddening B-V of 0.03. For blazars withigéa reddening
B-V (like PKS 1516-089) some systematicffects could arise.

Leaving the dip at the UW1 frequency out of consideration, the broad band
spectrum of PKS 151089 from radio-to-UV during 25-26 March 2009 seems
to show a flat spectrum in the optigdV energy band, suggesting an impor-
tant contribution of the synchrotron emission in this pdithe spectrum during
the huge flaring episode and therefore a possible shift afyhehrotron peak,
usually observed in this source in the infrared band. Theease of the syn-
chrotron emission leads to the decrease of the evidence diftt and big blue
bumps observed in the other SEDs. As for the harden-whemer behaviour
observed in X-ray during March 2008, this is a behaviouragpof HBL objects
and not so common in a FSRQ such as PKS H0B9.

Moreover, as shown in Figure 5.15, comparing the optitdldata collected
by UVOT on 25 March 2009, during the first UVOT exposure (omBguares),
with the data collected on 25-26 March 2009, during the thixtDT exposure
(green triangles), a significative flux variation is obseérireonly 10 hours. Con-
sidering that the accretion disk is slowly variable on sorstimescales this is
another hint of the fact that the optical flare of 26 March ie doainly to the
synchrotron emission.
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Figure 5.15: SED of low-energy part of the spectrum constructed with datiected
by GASP-WEBT andwiffUVOT during March 2008 and March 2009 [D’Ammando
et al. 2009c].
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5.5 Summary and remarks

1.

In the last two years PKS 152089 showed high variability over all the
electromagnetic spectrum, and in particular very higlay activity.

. AGILE detected rapid flaring episode from PKS 15089 in August

2007 and March 2008. Moreover an extraordingimay activity was de-
tected in March 2009, with several flaring episodes and a flakreached
600x 108 phcnt? 572,

Observations at optigélV in March 2008 and March 2009 indicate the
presence of Seyfert-like features in the broad band spaafiPKS 1516-089,
such as little blue bump and big blue bump, interpreted asrthleemis-
sion from the BLR and the accretion disk, respectively.

X-ray observations b8wifyXRT in March 2008, soon after a rapjdray
flare showed a harder-when-brighter behaviour usually bst¢oved in FS-
RQs. A hint of a similar behaviour is observed also duringShefyXRT
monitoring of the source in March 2009.

. The SED from radio-to-UV on 25-26 March 2009 seems to shdata

spectrum in the opticAlV, suggesting an important contribution of the
synchrotron emission in this part of the spectrum duringhiinge flare ob-
served iny-rays and therefore a possible shift of the synchrotron pesak
ally observed in infrared in this source. The significativ fVariations in
10 hours observed among thdéfdrent UVOT exposures on 25-26 March
confirms the hypothesis that the main contribution of thecaptyV flare
observed on 26—-27 March is due to the synchrotron radiatioihnat to
the accretion disk emission.

. The comparison of the optical aneray light curve collected during the

very high activity of March 2009 showed a possible delay &f diptical
emission of 1-2 days with respect to the matnay peak of 25 March
2009.

. The spectral indexes measured by AGILE during the Mardd824nd

March 2009 flares show a hardening of theay spectrum with respect
to the quiescient state observed in past by EGRETFanahi.

. After they-ray flare of March 2008 and March 2009 a significant increase

in the flux density was observed also at high radio frequansigggesting
that the same mechanism produces the flaring episodes tcnanady-rays,
at different times.
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Chapter 6

S50716+714

6.1 Introduction

S50716-714 was discovered in 1979 as the optical counterpart of tiagadac-
tic radio source (Kuhr et al. 1981a). Two years later, it wiassified as a BL
Lac object (Biermann et al. 1981) because of its featurelpgsal spectrum and
high linear polarization. The optical continuum is so fealess that every at-
tempt to determine the spectroscopic redshift of the scuasdailed. However,
by optical imaging of the underlying galaxy in théand during the quiescent
state of the active nucleus, using it as a standard candiesdxi et al. (2008)
derived a redshift of z 0.31+ 0.08. This value is consistent with the redshift
z = 0.26 determined by spectroscopy for 3 galaxies close todtetibn of S5
0716+714 (Stickel et al. 1993).

According to its spectral energy distribution and the dfasgion scheme
proposed by Padovani & Giommi (1995), the source belongkddrtermedi-
ate BL Lac (IBL) subclass. In fact, observations Bgpp&AX (Tagliaferri et
al. 2003; Giommi et al. 1999) and XMNilkewton(Foschini et al. 2006; Ferrero
et al. 2007) provide evidence for a concave X-ray spectruthen0.1-10 keV
band, a signature of the presence of both the steep tail @ythehrotron emis-
sion and the flat part of the inverse Compton spectrum. Thecteh in the
X-ray band of fast variability only in the soft X-ray compartecan be inter-
preted as the contemporary presence of a slowly variablepBoncomponent
and a fast and erratic variable tail of the synchrotron camept.

S50716-714 has been studied intensively at all frequency bandslaywlex!
strong variability on both long and short timescales fromligao X-rays (e.g.
Wagner et al. 1996; Raiteri et al. 2003, and the referenca®ith). Intra-Day
Variability (IDV) was detected in this source in the opticalillimiter and ra-
dio bands (e.g. Montagni et al. 2006; Agudo et al. 2006, ardréfierences
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therein). The IDV in the dferent bands seems strongly correlated (Quirren-
bach et al. 1991; Wagner & Witzer 1995; Fuhrmann et al. 2008)gesting that
the radio and optical emissions could have a common andsntrorigin. Radio
monitoring by the Very Long Baseline Array (VLBA) telescopleS5 0716-714
showed the presence of more superluminal components dilmingctive state

of 2003-2004 (Rastorgueva et al. 2009).

A substantial fraction of the power of S5 041614 is emitted in the energy
range 0.1-10 GeV and the EGRET instrument onboar€CtBRO(Hartman et
al. 1999) detected the source several times imthnays (Lin et al. 1995; von
Montigny et al. 1995). The integrated flux above 100 MeV \ébetween (13
+ 5) and (53+ 13) x 108 photons crm? s72.

During the first three months of operatiéGiermiLAT detected the source
with an average flux for & 100 MeV of (16.4+ 1.4) x10°8 photons crm? st
and a weekly averaged peak of intensity of (29.8.2) x10® photons cm? st
(Abdo et al. 2009d). Moreover, during the first year of a-skray monitoring
no evidence of very significant activity was observeddeymi-LAT. Instead, in
April 2008, the MAGIC telescope discovery high flux of VHErays from S5
0716+714 (Anderhub et al. 2009b).

S5 0716714 was observed by AGILE in twoftierent epochs: September—
October 2007 and March—May 2008. In particular, during theeovations in
the period September—October 2007, tywoay flaring episodes were detected
by AGILE: the first in mid-September, the other one on 200700et 22—-23.
For the first time a brighg-ray flare was observed from this source.

In this Chapter we present the analysis of the AGILE data di®&%+714 in
these two epochs, together with the multiwavelength ddtacted bySwiftand
GASP-WEBT, with the aim of investigating the correlatediability in different
bands, the theoretical interpretation of the spectralggndistributions and the
energetics of the source.

The analysis and the results shown are published in Chen(2088), D’Ammando
et al. (2008b), Giommi et al. (2008a) and Vittorini et al. (2.

6.2 The 2007 observations

In September 2007, the AGILE satellite was performing iteSoe Verification
Phase and devoted three weeks to the observation of S5-0I4®etween 2007
September 4 14:58 UT and September 23 11:50 UT, for a totatipgiduration

of ~16.9 days$. In October, following a high flux state in the optical band,

!Between 2007 September 15 12:52 UT and September 16 12:42G)IEAperformed a
calibration test on the Crab pulsar and S5 0#¥184 was out of the field of view of GRID for
two days.
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AGILE repointed toward the source and observed S5 8718 between 2007
October 24 9:47 UT and November 1 12:00 UT, for a total pogtiaration of~
8.1 days. Level-1 AGILE-GRID data were analyzed using thdlA&standard
Analysis Pipeline, following the procedure described itaden Section 4.3.6.
Counts, exposure, and Galactic backgrowsrdy maps were created with a bin-
size of 0.3 x 0.3 for photons of energies higher than 100 MeV.

S5 0716-714 was detected by the GRID instrument onboard AGILE in the
period 7-12 September 2007, with the source at abcubffsaxis, at a signifi-
cance level of 9.6r with an average-ray flux of (97+ 15) x 10~ photons crm?
s for E > 100 MeV, as derived from a maximum likelihood analysis (fid.) .
The peak level of thg-ray flux is (193+ 42) x 10-8 photons cm? s, showing
an increase of the flux by a factor four within three days (sge@=3, top panel).
The peaky-ray flux observed in mid-September 2007 by AGILE is the hgghe
flux observed from this source and one of the highest evectbetdrom a BL
Lac object.

SuperAGILE observed the source between 7 and 12 Septembartéoal
on-source net exposure time of 335 ksec. The source was tettelé above
5-0 by the SuperAGILE Iterative Removal Of Sources (IROS) atbar, which
was applied to the image in the 20—60 keV energy range sAupper limit of 10
mCrab was estimated from the observed count rate by a stutig dblackground
fluctuations at the position of the source and a simulatiothefsource and
background contributions with IROS.

w

] 02 0.4 0.6 0.8 1 1.2: (i3

Figure 6.1: Gaussian-smoothed counts map of S5 678!} in Galactic coordinates
integrated over the observing period of most intense agtf@007 September 7-12)
[Chen et al. 2008] .

During September—October 2007, S5 0¥I64 showed intense activity with
strong flaring episodes also in optical band. Moreover, @ ranghly contem-
poraneous optical-radio outburst was detected by GASP-WE®Ben if seen in

123



Chapter 6. S50716+714

detail the event in the two bands showed fiadlent behaviour: the optical flux
presents stronger and faster variations, whereas theftadinses and falls in a
much smoother way (Villata et al. 2008). The intepsmy flare detected by AG-
ILE in mid-September 2007 triggered optical observationgie GASP-WEBT.
S5 0716-714 brightened froniR = (12.92+ 0.01) mag on September 8 o=
(12.58 + 0.04) mag on September 12 and fadedRte- 13.01-13.03 mag on
September 15 (Carosati et al. 2007). About one month laterGASP-WEBT
observed a bright phase of the source, triggering AGILE&ndt ToO observa-
tions. In particular, after a rather variable phase, thecaptiux in mid-October
started to rise, reaching a peak®t (12.15+ 0.01) mag Fr = 45.7 mJy) on
October 22.2 (see Fig. 6.3, bottom panel; Chen et al. 200Bit¥iet al. 2008).
This is the highest optical brightness level ever observauah this source.

At that time S5 0716714, even if rather f6-axis (~ 50° from the axis), was
observed by AGILE and detected in a higiray state. In particular, between
2007 October 22 12:33 UT and October 23 12:06 UT, the maximkehhood
analysis measured a flux Bt 1o mev = (203+ 75)x108 photons crm? st at a
significance level of 4.@=. We note that the large error in the flux estimation is
justified by the fact that AGILE has a higher particle backgrd at high &-axis
angles, and that the exposure time of the observation isualashort. After
this flaring episode, AGILE observed the source with a dedacaepointing,
at an df-axis angle of~ 15°, between October 24 9:47 UT and November 1
12:00 UT. During the ToO period, the AGILE-GRID detecteg-ey flux above
100 MeV at a significance level of 6®-with an average flux oFg. 100 mev =
(47 + 11) x 108 photons cm? s%, a factor of four lower than the peak flux of
the two flaring episodes observed in mid-September and @B82X2etober. At
the start of the AGILE repointing the optical level of S5 0#¥84 observed by
GASP-WEBT, after a sudden drop of 0.73 mag in 2 days, wasvelaiow. It
confirms the decrease of the activity source observedray band.

Therefore, during 2007 September—October observationd A@etected
S5 0716714 at two dfferent levels of activity. The-ray spectrum during the
high activity state of mid-September can be fitted with a polae of photon
indexI" = 1.56+ 0.30, while during the AGILE October ToO the source was in
an intermediate-ray activity state and the photon index of the energy spactr
wasI' = 1.95+ 0.54 (Fig. 6.2). The photon index was obtained with the least
squares method by considering only three energy bins: 1DM2YV, 200-400
MeV and 400-1000 MeV.

Notwithstanding the large uncertainties due to the low phatatistics, the dif-
ferent spectral indexes seem to reflect tedent levels of activity of the source.
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6.3. Light curves studies

6.3 Light curves studies

A comparison between thgray and optical light curves of S5 074814 in
September—October 2007 is reported in Fig. 6.3: the toplswsvs they-ray
light curve with 1 or 2 day resolution for photons above 100Mviae bottom
panel shows th&-band optical light curve as obtained by the GASP-WEBT.

To analyze they-optical correlation, we have applied the Discrete Corre-
lation Function (DCF; see Edelson & Krolick (1988); HufnhgeBregman
(1992); Peterson (2001)) to theray andR-band light curves. The DCF is a
statistical method developed to analyze unevenly samp@tdsgts. Th&-band
flux densities were averaged over 0.1 day bins to smooth trediy variability.
The result is shown in Fig. 6.4. The DCF displays a signifigaedak (DCF~
0.9) for a time-lag of —1 day. Notwithstanding the large uteiaty due to poor
v-ray sampling, this result suggests a possible delay intay flux variations
with respect to optical variations of the order of 1 day. Theartainty in the
delay can be estimated by Monte Carlo simulations basedeofiltix random-
ization/ random subset selection’ method (see Peterson et al. (20d1Raiteri
et al. (2003)). By performing 2000 simulations we derived-@ lincertainty
level in the lag of 1.1 days.

Looking at Fig. 6.3, one can see that most of the DCF signgiraates
from the quasi-simultaneity of the-ray and optical peaks of late October (JD
~ 2454396-397). As for the September AGILE detection, thengtty-ray flare
lacks strictly simultaneous optical observations sinoe@urred at both the start
of the GASP operation and the optical observing season. wEwee notice
that when they-ray fluxes are< 120 x 108 photons cm? s1, the correspond-
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Figure 6.2: y-ray photon spectrum of S5 074814 during the high state of mid-
September (green line) and the intermediate state of endtob®r (magenta line) [Chen

et al. 2008].
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Figure 6.3: In the top panel, the AGILE-GRIB-ray light curve with 1-day or 2-day
resolution for fluxes in units of 18 photons cm? s for E > 100 MeV. The downward
arrows represent 2-upper limits. In the bottom panel, thieband optical light curve
as observed by GASP-WEBT. In both panels, the mean flux leviighlighted with
horizontal red dashed lines and the yellow shaded regiaticate the two high-activity
periods in they-ray band [D’Ammando et al. 2008b].

ing optical flux densities are around 25-30 mJy. In conttastOctobery-ray
peak reaching 200x 108 photons cm? s™* has an optical counterpart of 40—
45 mJy (see Fig. 6.3). This suggests that a significant dgient could have
occurred at the same time as theay flare also in September and it was missed.

Moreover, while the ratio between the high and tlgway flux levels is about
2.5, in the optical band the same ratio is of the order of 1.8nde, they-ray
variability seems to depend on the optical flux density clearrgughly quadrat-
ically. This would favour a SSC process in the Thomson recame, together
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Figure 6.4: Discrete correlation function between thaeay andR-band light curves for
S5 0716714 in September—October 2007 [Chen et al. 2008].

with the lack of emission lines and the Big Blue Bump in theicgdfUV spec-
trum, concurs to rule out the contribution of an EC processalse of SSC pro-
cess, the 1-day time-lag in threray emission with respect to the optical emission
suggested by the DCF could be due to the light travel time @fs§mchrotron
seed photons that scatter the energetic electrons.

The optical flare detected on 22 October 2007, also triggedeBwift ToO
observations of 2-3 ks each, performed between 23 Octoloki aiNovember
2007. The observations were carried out using all threeunstnts on board
Swift, even if the hard X-ray flux of the source above 15 keV is belosvdensi-
tivity of the BAT instrument for such a short exposure. Therage photon index
detected in the entire XRT energy range 0.3-10 keV is stabpear2, showing
that the X-ray spectrum is dominated by the synchrotrorataxh. However, di-
viding the energy range in 0.3—-4.0 keV and 4.0-10.0 keV bardi$erent vari-
ability is observed, suggesting that the high energy path@fspectrum is due
to the rise of the inverse Compton component. The light cumé.3-4.0 keV,
4.0-10.0 keV and U bands collected by XRT and UVOT are showign6.5.
S5 0716-714 show strong variability (up to a factsr4) in the soft-X-ray band,
more moderate variations (less than a factor 2) at optisafrequencies, and
an approximately constant hard X-ray flux. Thefelient variability observed
in opticajuV, soft X-ray and hard X-ray seems to suggest the presenteoof
emission components. Instead, no significant variab#ityetected in the-ray
band by AGILE between 24 October and 1 November 2007.

127



Chapter 6. S50716+714

etz s=)
-
o
[
|
b
[=)
-
L]
=

~)  Count rate

01

4-10 keV

cts s

0.05

Count rate

U-band

Lag vi{v)

-10.2-10-9.8-9.6-041 002

I.‘I.l é IID 1|5 EIG
Days since 23 October 2007

Figure 6.5: The light curves of S5 0716714 in the soft XRT band (0.3-4.0 keV), hard

XRT band (4.0-10.0 keV) and in the UVOT U filter, from top to tooh panels. The

vertical axis is logarithmic with the same range for all tinergyy bands [adapted from
Giommi et al. 2008a].

6.4 Modeling the spectral energy distributions

The multiwavelength data collected by AGILEwift and GASP-WEBT during
September—October 2007 allowed us to build the Spectraiglgri@istribution
(SED) and investigate the emission mechanisms at worksrbtazar in diferent
periods. The SED with the AGILE and GASP-WEBT data of midt8eyber
2007 is shown in Fig. 6.6 as green dots. The blue dotted lioa/sta simple
SSC model that fits simultaneous observations of a groune Skagliaferri et
al. 2003, and references therein) and non-simultaneoudHGRta (empty blue
triangles; Lin et al. 1995). Because of the hardness ofttay spectrum of mid-
September 2007 the SED cannot be fitted by a standard oneS&@emodel
alone, hence we used a model with two SSC components.

Together with the first SSC component that is slowly variaiolé reproduces
the ground state, we add a faster second SSC component dogiimethe opti-
cal andy-ray bands. Both components are reproduced with a doublempaw
electron distribution: the spectral indexggy from ymin t0 ypreak@nd prigh above
Yoreak 1he parameters of the two SSC components are reportedait ieTa-
ble 6.4. A viewing angl® ~ 2° is adopted, according to Bach et al. (2005). The
absence of the signatures of IC catastrophe in previousfregliency observa-
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Figure 6.6: The SED of S5 0716714, including GASP-WEBT optical data quasi-
simultaneous with a AGILE-GRID-ray observation in September 2007 (green dots).
Historical data over the entire electromagnetic spectrelative to a ground state of the
source together with EGRET non-simultaneous data aresepted with blue dots. Red
dots represent historical data simultaneous with a highystate [Chen et al. 2008].

Table 6.1: Parameters for the two SSC components of the SED of mid-S¥éyete2007.

Parameters 151 SSC comp 2 SSC comp| Units
o 14 25

r 7.5 15

R 40 40 [10*° cm]
B 1 0.5 [G]
Ymin 200 3x16

Ybreak 4x1C 6 x 10°

Piow 2.0 2.0

Phigh 4.8 4.8

Ne 2.2 0.8 [cm~3]
0 2 2 [deg]

tions during states of extreme apparent brightness termysesaprovide a lower
limit 6 > 14 for the Doppler factor (FiUhrmann et al. 2008; Ostoreral.2006).
The faster SSC component is marked by high electron enexgfles sharp low
energy cut-&. Moreover, high bulk Lorentz factdr = 15 is used in agreement
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with Wagner et al. (1996).

-10

il

Log vf(v) (erg cm-2s-T)

-12

-13

10 12 14 6 18 20 22 24
Log frequency v (Hz)

Figure 6.7: The SED of S5 0716714, includingSwift XRT and UVOT data taken

simultaneously with AGILE-GRID-ray data and optical and radio data from Villata et

al. 2008 (color) together with non-simultaneous archivathdlight grey points). The

dashed and dotted lines represent the two SSC componerilis tehcontinuous line is

their sum [Giommi et al. 20083a]

The SED built with all the 1Bwift XRT and UVOT observations and the
AGILE-GRID data averaged over the period 24 October — 1 Ndem2007 is
shown in Fig. 6.7, together with non-simultaneous archilath. Considering
two separate energy bands, 100—400 MeV and 400-1000 Mel theetected
by AGILE are (23+ 9) x10°8 photons cm? s and (6+ 2) x1078 photons crm?
s1, respectively. A rough spectral fitting analysis indicadespectral index of
~ 1.8. The low counting statistic does not allow us to detectlsamplitude
variability in they-ray band. Instead, the spectral variation of S5 67718} ob-
served bySwiftamong the dferent observations cannot be the result of simple
changes in the magnetic field or of the beaming factor in azom= homoge-
neous SSC model. In this case the emissionfiiegnt bands is expected to vary
in a highly correlated way, contrary to what is observed endptical and X-ray
light curves. The dferent flux variations observed could instead be explained
by the presence of two SSC components, one of which constantlwe entire
period, while the second one highly variable and possibly ttua secondary
blob of relativistic plasma including fresh and more engogearticles.

We assumed SSC models with broken power law spectrum fordaotitle com-
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ponents and constant density within a blob of radRu3 he spectral indexes for
the stationary component apg,, = 1.7 andpgn = 4.2 and a break Lorentz fac-
tor yp, = 2.5 x 103, the second SSC components have similar spectral indices
(Pow = 1.1 andprign = 4.05) with a larger break Lorentz factgg = 6.0 x 10°.

The magnetic field and the Doppler factor are the same fomthedbmponents,
B=1.1 G and = 20, while the first component has a higher normalization and
larger radiusK = 630.96 cm® andR = 3 x 10 cm) with respect to the second
componentK = 8.91 cnt® andR = 1.5x 10'% cm).

Finally, we note that also modeling the SED relative to theefipisode that
occurred in October 22 including GASP-WEB3wift (UVOT and XRT) and
AGILE data with a one-zone SSC model fails to reproduce theusaneous
radio, optical, X-ray and-ray observations. Also in this case it is required a
two-components model: the first produces the slowly vagiabtio and hard
X-ray emission, whereas the second is responsible for tterfaariability in
opticajuV, soft X-ray andy-ray (see Vittorini et al. 2009). This is in agreement
with what found for the SED of mid-September, and also withdltferent flux
variations observed bgwift

6.5 Energetics of S50716714

Considering the intense flares detected in September ant€@007, we study
its extreme energetics and the possible implications orggrextraction from a
rotating black hole (BH). Assuming an isotropic emissidre bbserved power
radiated from a source with luminosity distarieg(z) is

Lobs = 47D (2)? f deF (€) (6.1)

The total power transported by the jet is the sum of contidmstby intrinsic
radiated power, kinetic energy flow of electrons and coldgs (assuming one
proton per emitting electron), and Poynting flux, respetyiysee Vittorini et al.
2009; Celotti and Ghisellini 2008):

L, = Lopd ?/6% = 2 x 1073(6/15)*I'2 Lopserg s* (6.2)
Le = 0.8x 10" R4, T3 < ngy >4 erg s* (6.3)

L, = 14x 108 R T] < n, >, erg st (6.4)

Lg = 3.8x 10° R, I2B?erg s* (6.5)
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Considering the redshift of the source<{0.31), the intrinsic radiative luminos-
ity is of the order oL, ~ 2 x 10*® erg s*. Celotti and Ghisellini (2008) show that
in BL LacsL, tends to match the contribution of kinetic energy flow of éi@as
and cold protons plus the Poynting flux. The total power pan®d by the jet
for the two SSC components model, using the parameters ie Bab is

Piotfiare = (3.5 + 1.0) x 10%°erg st (6.6)

with L, > (Le + Ly + Lg), as proposed by Celotti and Ghisellini (2008). Under
this assumption, the total jet power is minimized and theaitkedf cooling do
not dfect the global energies, being the radiated luminosity ipaiontributed

by peaks emission. Moreover, the uncertaintyPigare iS Mmainly due to the
observedy-ray flux error.

8.0 -
-9,2 o |
9,4 -

-9,6 4 ]

P |
log [eF/erg em™s™],

- S —
46 -

45 ]

A A

log [L/erg s‘l]nam
£

1 A
43 ——
0,00 0,05 0,10 0,15 0,20 025 0,30 035

Figure 6.8: Observed high-energy peak fluxes (top panel) and the camesqy intrin-
sic peak luminosities (bottom panel) for 4 BL Lacs in flaritiates, in increasing order
of redshift: Mrk 421 (open symbols, Donnarumma et al. 200B&)Lacertae (Ravasio
et al. 2002), W Comae (Bottcher et al. 2002a) and S5 8718 (Chen et al. 2008). The
shaded area represents the BZ limiting luminosity rang8Ffmasses in the rangexd
10°-1& M,, [Vittorini et al. 2009].

This total power may exceed the maximum power generated pynaiag
BH of 10° M., in most widely known models. In fact the power extractabberfr
a rotating BH with the Blandford-Znajek (BZ) mechanism is
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Pz ~ 2x 10" Mg erg s (6.7)

and assuming a BH of 20/, and a conservative value of B10* G (see discus-
sion in Cavaliere & D’Elia 2002, and the reference thereir)obtainPg; ~ 2 x
10" erg s!. Therefore, the total power of the flaring episode of mid{€eyber
approached or just exceeded the upper limit set by the BZ amesim for a max-
imally rotating BH of 18 M. This output is significantly large with respect
to the other BL Lacs. In Fig 6.8 we show for comparison thensic radiated
power for other three BL Lacs during intengeay and TeV emissions: BL Lac-
ertae (Bloom et al. 1997), Mrk 421 (Donnarumma et al. 2009d)\& Comae
(Bottcher et al. 2002a).

S5 0716714 is the first BL Lac object that approached the limit of the B
mechanism and eventually exceeded it. If the violation isfiomed, it could
be explained in terms of the alternative Blandford-Payneharism (Blandford
& Payne 1982) that, however, requires an ongoing accretarsumpported by
the observations of S5 074814. Alternatively, a so high power could be due
to a less conservative value of the magnetic field, up¥dr < pc?, related to
particle orbits plunging from the disk toward the BH horizdfeier 2002) into
a region fully related by strong gravityfects.

As discussed in Vittorini et al. (2009) a very similar totat power is ob-
tained for the flaring episode of S5 074614 during 22—23 October 2007, and
also in that case the SED is modeled by two SSC componentsdiidrent
variability with a set of parameters consistent with thosedufor the SED of
mid-September 2007.

6.6 The 2008 observations

During the first half of 2008, AGILE observed S5 074184 in two diferent
periods: 30 March — 10 April and 30 April — 9 May 2008. The GRI&awere
analyzed using the AGILE Standard Analysis Pipeline. Onigngs flagged as
confirmedy-rays and not recorded while the satellite crossed the Shildintic
Anomaly were accepted. We also rejected all the events witbnstructed di-
rection within 10 from the Earth limb, in order to reduce the contaminatiomfro
Earth’'sy-ray albedo. After the selection, the totdllextive observation time of
the source is 147 hours and 110 hours for the first and secamtipesspec-
tively. Counts, exposure and Galactic backgroyrdy maps were created with
a bin-size of ®5° x 0.25° for E > 100 MeV. The average-ray flux was derived
from a maximum likelihood procedure according to Mattoxle{E993).

During the period 30 March — 10 April, the source, observeabaut 430ff-
axis with respect to the AGILE boresight, was detected by@GRéD at a signif-
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icance level of 4.1 with an average flux of (3& 12) x10°8 photons cm? s!
for E > 100 MeV. Instead, in the period 30 April — 9 May 2008, with tloeisce
at about 35 off-axis, the GRID detecteg-ray emission from S5 0714 at
a significance level of 4.3=with an average flux of (3% 10) x 108 photons
cm 2 s for E> 100 MeV.

The y-ray flux observed by AGILE in these two periods is a factorved t
higher than the average flux observedAgymi-LAT over the first three months
of operation, and comparable to the weekly averaged peakduggesting that
the source was in an intermediate activity state duringlAptay 2008.
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Figure 6.9: SED of S5 0716714 during April 2008 with KVA (from 23 April 2008)
SwiffUVOT andSwiffXRT (from 29 April 2009) and deasorbed MAGIC data. The solid
line shows the one-zone SSC model, the dashed line the kyieemodel [Anderhub

et al. 2009b].

It is interesting to note that during 22—24 April 2008, the K telescope,
triggered by a high optical state observed by the KVA telpscaletected S5
0716+714 in VHE y-rays (Anderhub et al. 2009b). This suggests a possible
correlation between VHE-rays and optical bands, aleady observed in other BL
Lacs objects such as Mrk 180 (Albert et al. 2006), 1ES 10436 (Albert et
al. 2007a), and BL Lacertae (Albert et al. 2007b), at leabigh activity states.

In the same period, the source was detectedSWfyXRT in a very high X-
ray state (Giommi et al. 2008b) and the positional angle dcappolarization
started to rotate immediately after the optical maximunri@uzov et al. 2008).
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This may correspond to the propagation of a polarized knioalspy down in

the jet, similar to what seen in BL Lacertae (Marscher et @08, attributed

to an emission feature moving in helical path upstream oMhBA core. The
SED of this optical, X-ray and VHE flare modeled with a one&&8C model
predicts a very high-ray flux, more than 10 times larger than the average flux
observed byFermiLAT, and not plausible (see Fig. 6.9). An alternative model
proposed is a structured jet model, with a spine surroungergiower moving
layer (Ghisellini et al. 2005).

Unfortunately, during the VHE flare detected by MAGIC nodtyi simul-
taneous observations were carriedvinay band, but the AGILE observation in
the periods 30 March — 10 April and 30 April-9 May indicate atermediate
vy-ray activity of the source before and after this flare, sstjgg a possible very
high flux also iny-rays simultaneously with the optical, X-ray and VHE flare,
even if probably not so high as predicted by the one-zone S&d&m

The study of the light curves in radio, optical, X-rayray and VHE bands
as well as VLBA maps and optical polarization relative of fingt half of 2008
is under investigation. Preliminary light curves of S5 0¥164 inB, V, R, and
| bands between January and June 2008 (Fig. 6.10) shows &haatiations
seem to be quite simultaneous in all the optical bands. Ifritpe6.11 showing
only theR-band data (which is the best sampled one), it is evidentulge flare
of April 2008 observed also by MAGIC arBwift whereas in the period when
AGILE was observing the source (30 April — 9 May) the opticeliaty had
already decayed. A comparison between optebbnd and 37 GHz light curves
(Fig. 6.12) shows that in the mm-band not a significativevégtivas observed
simultaneously to the optical, contrary to what observe&®0716-714 during
the 2007 flare.
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Figure 6.10: Preliminary light curves of S5 073414 inB, V, R, J, H, andK bands
between January and June 2008.
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Figure 6.11: Preliminary light curve of S5 0746714 inR-band between January and
June 2008.
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Figure 6.12: Comparison between the optic&-pand) and mm-band (37 GHz) light
curves of S5 0716714 between January and June 2008.
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6.7 Summary and remarks

1.

138

Two very intenses-ray flares of S5 0716714 were detected by AGILE
during September—October 2007 with a flux of the order of 0078 ph
cm2 s for E > 100 MeV. This is one of the most intense flares detected
by a BL Lac object.

. The total power transported in the jet during these flamgwaach or

slightly exceeds the limit of the Blandford-Znajek meclsanifor a BH
of 10° Mo.

. Optical andy-ray light curves collected by GASP-WEBT and AGILE

show that the/-ray variability appears to depend on the square of changes
in optical flux density, and together with no evidence of therdisk emis-
sion and emission lines, seems to rule out EC model.

. The diferent variability observed in soft X-ray, hard X-ray andiogfUV

by Swiftin October 2007 is compatible with the presence of two SSC
components.

. The SED of S5 0716714 of September and October 2007 seems to be

consistent with a SSC emission model, but only by including §SC
components with dierent variability: the first slowly variable that emit in
radio and hard X-ray, whereas the second responsible fdager vari-
ability in opticajUV, soft X-ray andy-ray.



Chapter I

3C 454.3

7.1 Introduction

Among the Flat Spectrum Radio Quasars (FSRQs) class ofrblaz@ 454.3
(PKS 225%158; z= 0.859) is one of the brightest source. 3C 454.3 has been
detected significantly at almost all the wavelengths frogtiado y-rays and
its spectral energy distribution (SED) has the typical detitumped shape of
blazars, with the synchrotron peak at infrared frequenacidsle the inverse
Compton (IC) emission reaches the maximum at MeV-GeV eegrgi

3C 454.3 exhibited radio superluminal motion and a radio Ardy jet
(Lobanov et al. 2000; Marshall et al. 2005). Multi-epoch MLd&bservations
indicate a jet Lorentz factor dfier = (15.6 + 2.2), corresponding to an an-
gle of sight ofd = (1.3 + 1.2°) and a Doppler factor o ~ 25 (Jorstad et
al. 2005). These values are consistent with the recenttsasiiained by Lister
et al. (2009).

Historically the source was detected above 100 MeV by EGREArt(than
et al. 1999) and in the softgrray bands by OSSE (McNaron-Brown et al. 1995)
and COMPTEL (Zhang et al. 2005). In particular, the source detected by
EGRET in 1992 during an intengeray flaring episode (Hartman et al. 1992b,
1993) when the blazar flux (& 100 MeV) was observed to vary within the
range (0.4-1.4x 10%photonscm?s™. In 1995, a 2-week EGRET campaign
detected &-ray flux < 1/5 of its historical maximum (Aller et al. 1997).

Recently, the source entered a high-flux phase in 2000 andeszerkably
active in 2005. In particular during May 2005, 3C 454.3 wagsoréed to un-
dergo a very strong optical flare with a remarkable flux inseeaf about four
magnitudes compared to previous observations (Balonek)208aching the
maximum aiR = 120 mag (Villata et al. 2006). During the same period, RXTE
recorded a flux over 10 mCrab, suggesting that 3C 454.3 wasmegly active

139



Chapter 7. 3C 454.3

also at X-ray frequency when it had become one of the brigletdsagalactic
sources in the sky (Remillard 2005). This exceptionallyhhstate triggered ob-
servations by high-energy satelliteShHandra Villata et al. 2006; INTEGRAL.:
Pian et al. 2006Swift Giommi et al. 2006) which confirm an exceptionally
high flux also in X-ray band. INTEGRAL detected during 2005M#&—-18 the
source at a flux level of 5 x 10%erg cnm?st in the 3—200 keV energy band
(Pian et al. 2006), a factor of 2—3 higher than the previouslftuel observed
by Bepp®AX in the same energy band (Tavecchio et al. 2002). A huge mm
outburst followed the optical one, peaking in June—-July52d@ the meantime
the high frequency radio flux (43—-37 GHz) started to incregessching the max-
imum flux level in late February 2006 (Villata et al. 2007).

Subsequently, WEBT and XMN«{ewtonfollowed 3C 454.3 during the post-
outburst phase, when the source was in a faint state and tiebcdion of the
synchrotron emission from the jet was low; it allowed to igguise some Seyfert-
like features in its opticdUV spectrum: the little blue bump, due to line emission
from the Broad Line Region (BLR), and the big blue bump, dutheothermal
emission from the accretion disk (Raiteri et al. 2008a).

Unfortunately, at the time of the bright flare of 2005 no highay satellite
was operational and considering that, especially for FSR{@smajor of the ra-
diative output is emitted in that energy band simultanedisgovations iry-rays
were been crucial to precisely locate the inverse Comptak pad to constrain
the physical mechanisms operating in blazars. Howevergdime detection of
the exceptional 2005 outburst, several monitoring camsaigere carried out to
investigate the source multifrequency behavior (Villai@@&; Villata et al. 2007;
Raiteri et al. 2007; Raiteri et al. 2008b). During the lastledse campaigns,
3C 454.3 underwent a new optical brightening in mid-July 2Z0®&hich trig-
gered observations at all frequencies, including a Targ&@pportunity (ToO)
by the AGILEy-ray satellite.

That was the beginning of an extraordinary long-terray activity of this
source. In fact, 3C 454.3 is the blazar which exhibited thestwariable activ-
ity in the y-ray sky in the last two years and therefore it was alwaysatiete
during AGILE pointings, until the huge-ray flare observed in early December
2009 (Striani et al. 2009a,b). In the period July 2007-JgnR@09 the AGILE
satellite monitored intensively 3C 454.3 together wipitzer GASP-WEBT,
REM, MITSUME, Swift RXTE, Suzakuand INTEGRAL observatories, yield-
ing the longest multiwavelength coverage of thigy quasar so far. The source
underwent an unprecedented long period of very higlay activity, showing
flux levels variable on short timescales of 24—48 hours aadhiag on daily
timescale a-ray flux higher than 50& 108 photons crm? s™2.

In this Chapter, we present the AGILE data collected betwién 2007
and December 2009 and the results of the multifrequency @dkacted from
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radio to hard X-rays during theseray observations, and in particular the cam-
paign organized by AGILE during November 2007, Decembei72®8xy—June
2008, July—August 2008 and October 2008—January 2009. aelband cov-
erage obtained in ffierent epochs allowed us to study in detail theptical
correlation and, modelling the single-epoch SEDs, tiieint emission mech-
anisms of 3C 454.3. The analysis and results presented hlielped in Vercel-
lone et al. (2008), Raiteri et al. (2008b), Vercellone e(2009a), Anderhub et
al. (2009a), D’Ammando et al. (2009d), Donnarumma et alogk), Vercellone
et al. (2009b).

7.2 AGILE data

The AGILE satellite observed the bright blazar 3C 454.34rays during dif-
ferent epochs between July 2007 and January 2009, for aetqtakure on the
source of~ 6.5 Ms, and considering also the source activity, AGILE diete
always it iny-ray band. Table 7.1 shows the AGILE-GRID observation log of
3C 454.3.

AGILE detected 3C 454.3 for the first time during a dedicate® &ctivated
immediately after an extremely bright optical flare in midyJ2007. Subse-
guently, 3C 454.3 underwent an unprecedented long perieemgfhighy-ray
activity and two multiwavelength campaigns on the sourceeveeganized dur-
ing November 2007 and December 2007. The source has beetomeanton-
tinuously for more than 1 month, except between 2007 Nove@bd0:57 UT
and November 28 12:05 UT when the data are not collected dupr®-planned
GRID calibration activity. Instead, the AGILE observatidaring May—June
2008 was split into dierent periods: May 10-June 9 (P1) and June 15-30 (P2)
because of a ToO re-pointing towards W Comae (see Sectipnhg AGILE
observation in July—August 2008 started immediately dfief~ermi-LAT de-
tection of a very highy-ray activity in the period 2008 July 10-21 (Tosti 2008),
which reached, on July 10,aray flux of Fg.100mev = 1200x 108 ph cnt?s™
(Abdo et al. 2009e¢). Finally, the source has been monitoyeGlLE between
October 2008 and January 2009 in order to follow and invastithe decreasing
of the long-lastingy-ray activity.

Level-1 AGILE-GRID data were analyzed using the AGILE StaadAnal-
ysis Pipeline (see 4.3.6). Counts, exposure, and Galaatkgooundy-ray maps
were created with a bin-size ofZ%° x 0.25° for E > 100 MeV. We selected only
events flagged as confirmeeray events, and not collected during the South At-
lantic Anomaly. We rejected also aliray events whose reconstructed directions
form angles with the satellite-Earth vector smaller thah 8ducing they-ray
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Earth albedo contamination by excluding regions withii5® from the Earth

limb.

Table 7.1: AGILE-GRID observation log of 3C 454.3.

Epoch Start Time End Time Exposure

(UTC) (UTC) (Ms)

1 2007-07-24 14:30 2007-07-3011:40 .2P

2 2007-11-1012:16 2007-12-0111:38 .60

3 2007-12-0111:39 2007-12-16 12:09 .56

4 2008-05-10 11:00 2008-06-09 15:20 .03
5,6  2008-06-1510:46 2008-06-3011:14 .50
7 2008-07-2519:57 2008-08-14 21:08 .70

8 2008-10-17 12:51 2009-01-12 14:30 .8@

We ran the AGILE Source Location task in order to derive thesinazcurate
location of the source. Then, we ran the AGILE Maximum Likelbd Analysis
using a radius of analysis of 4,0and the best guess position derived in the first
step. The averaggray flux as well as the daily values were derived according
to the procedure described in Mattox et al. (1993): first,ehre period was
analyzed to determine thefflise emission parameters, then the source flux den-
sity was estimated independently for each of the 1-day genuath the difuse
parameters fixed at the values obtained in the previous Jtlee.procedure is
repetead for each epoch separately, in order to take intouatthe possible
variation of they-ray extragalactic background in thefferent periods.

Figure 7.1 shows the AGILE-GRID light curve between July 2@dd Jan-
uary 2009 at- 3-day resolution for E- 100 MeV in units of 108 ph cnt? s,
The light curve shows severglray flares, with a dynamical range of a factor of
3—-4 on a time scale of about ten days and a faet@0 over the entire period.
Moreover, a clear dimming trend in the long-term light cuivgresent.

We calculated also the average energy spectrum for each AGliserving
epoch, obtained by computing theray flux in five energy bins: 50-100 MeV,
100-200 MeV, 200-400 MeV, 400-1000 MeV, 1000-3000 MeV. @tersng
that the current GRID intrument response is accurateoked in the energy
range 100 MeV-1 GeV, and that the flux above 1 GeV is likely ustiteated
by a factor of about 2, we fit the data by a simple power law takemaccount
for the fit only three energy bins: 100-200 MeV, 200-400 Me\d 400—-1000
MeV. The photon indexes, estimated with the weighted leastuies method,
are reported in Table 7.2. In Fig. 7.2, 7.3, and 7.4 are shoeraverage-ray
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3C 454.3 Jul. 2007 — Jan. 2009
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Figure 7.1: AGILE-GRID light curve at~ 3-day resolution for B 100 MeV in units of
108 phcnt?s7L. Different colors correspond toffiirent observing periods [Vercellone
et al. 2009b].

Table 7.2: AGILE-GRID y-ray flux for E> 100 MeV, significance of detection and
spectral index calculated between 100 MeV and 1 GeV in tiferént periods.

Start Date End Date &= 100 Mev Significance r
x108phcnt? st o

2007-07-24 2007-07-30 415+ 36.0 17.4 174+ 0.16
2007-11-10 2007-12-01 224+ 153 21.7 191+ 0.14
2007-12-01 2007-12-16 266+ 175 22.5 186+ 0.12
2008-05-10 2008-06-09 21B+ 122 25.6 205+ 0.10
2008-06-15 2008-06-30 198+ 17.1 16.3 198+ 0.16
2008-07-25 2008-08-14 231+ 20.6 17.5 211+0.14
2008-10-17 2009-01-12 T+ 55 17.9 221+0.13

spectrum of the period May—June 2008 (subdivided in twoserinds P1 and
P2), July—August 2008 and October 2008 — January 2009.

We note that in the first three months of observatieermi-LAT detected a
significant softening of the photon spectral indexAly ~ 1.2 towards higher
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energies, with a break in theray spectrum of 3C 454.3 at energy.&« = 2.4

+ 0.3 + 0.355:GeV (Abdo et al. 2009e). The softening is not consistent with
a spectral change @ = 0.5 due to the cooling break associated with radiative
losses, instead this spectral break could be due to ansitimeak in the elec-
tron spectrum around energied 0> me ¢? and from subsequent investigations it
seems to be a common features observeddoni-LAT in many other luminous
blazars. The possible uncertainties of calibration of tli&lA&-GRID instru-
ment in the energy range 1-3 GeV prevented us from discusgngresence of

a possible spectral break in our data and its theoreticadpnetation.

AGILE/GRID May—June spectrum
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Figure 7.2: AGILE-GRID averagey-ray spectrum for periods P1 (May 10-June 9) and
P2 (June 15-30) during May—June 2008. Only three energyviéne considered for
the spectral fitting: 200—-200 MeV, 200—-400 MeV, 400-1000 MENE blue-dashed and
the red-dotted lines represent the best—fit power law mddeR1 and P2, respectively
[adapted from Vercellone et al. 2009b].

The correlation between the flux level and the spectral slopgey-ray energy
band was extensively studied by means of the analysis of @RREH data, but

a decisive general result for the blazars is not found (Nailur et al. 2007).
Figure 7.5 shows the AGILE-GRID photon index as a functiothefy-ray flux

at different epochs. A ‘harder-when-brighter’ trend seems to bseqmt in the
long timescale AGILE observation. A similar trend was oledronly for 3C
279 in the EGRETera (Hartman et al. 2001), but this could be due to the fact
that 3C 279 was the only object for which a long-term monitgrin y-rays is
performed by EGRET. At the present, with AGILE aRdrmi satellites we are
able to follow a large number of blazars on very long timessaand 3C 454.3
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AGILE/GRID July—August spectrum
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Figure 7.3: AGILE-GRID averagey-ray spectrum over the entire period July—August
2008. Only three energy bins were considered for the spdittiag: 100-200 MeV,
200-400 MeV, 400-1000 MeV. The dashed line represents #iefiigpower law model
[adapted from Vercellone et al. 2009b].

AGILE/GRID October—January spectrum
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Figure 7.4: AGILE-GRID averagey-ray spectrum over the entire period October 2008
— January 2009. Only three energy bins were considered éospbctral fitting: 100-
200 MeV, 200-400 MeV, 400-1000 MeV. The dashed line reptegsbe bestfit power
law model [adapted from Vercellone et al. 2009b].

is the best example of it.

During the various AGILE pointings, 3C 454.3 was locatedssabtially df-
axis in the SuperAGILE field of view. For this reason, only-3#pper limits can
be derived in the 20—60 keV energy band during the AGILE-GBiBervations.
Table 7.3 summarizes the SuperAGILE observations and ribsitlts.
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Figure 7.5: AGILE-GRID photon index as a function of theray flux above 100 MeV.
Number beside each points represents the epochs listedbie Tal [Vercellone et
al. 2009b].

Table 7.3: SuperAGILE observation log and analysis results. Uppeitdiare reported
at 3o confidence level.

Start Time End Time Ox (4 Exposure Fzo gokev
(UTC) (UTC) (Deg.) (Deg.) (ks) (mCrab)
2008-05-3110:18 2008-06-09 13:38-230 +06.0 380 <16
2008-06-1514:11 2008-06-21 12:59-36.0 +08.0 270 <18
2008-07-25 21:39 2008-08-02 23:29+034 -420 345 <18
2008-10-17 18:47 2008-10-29 23:12-008 -45.0 460 <21
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7.3 Multifrequency data

During this long-termy-ray monitoring of 3C 454.3, the source was also inten-
sively monitored from radio-to-optical by means of the GLIASGILE Support
Program (GASP) project of the Whole Earth Blazar TelescUpEBT) and the
Monitoring of Jets in AGN with VLBA Experiment (MOJAVE) pregt. More-
over, several multifrequency campaigns on 3C 454.3 weranizgd by AGILE

in order to obtain simultaneous observation over the whHelg®magnetic spec-
trum, allowing us to study truly simultaneous SEDs from cetdiy-rays. There-
fore, data in mid-infrared, optigdJV and X-rays are collected ypitzer Swift,
RXTE, INTEGRAL, andSuzakwbservatories by means of Target of Opportu-
nity (ToO), Discrete’s Discretionary Time (DDT) requestslaapproved Guest
Investigation Programs. In the following Sections, we \pilesent the multi-
frequency data collected from radio to hard X-rays durirgdifferent AGILE
observation epochs of 3C 454.3.

7.3.1 GASP-WEBT data

3C 454.3 has been monitoring by the WEBT since the exceptROGd—2005
outburst (Villata et al. 2006) throughout the whole periddhe AGILE obser-
vation. Figure 7.6 shows the GASP-WEBT light curve in Reptical band,
displaying several intense flares with a dynamic range 84 mag in about 14
days, while Figure 7.7 shows the GASP-WEBT light curves milear-IR {,
H, K), radio (5, 8, and 14.5 GHz), and mm (37, 230, and 345 GHzpeas/ely.
At the beginning of the 2007—2008 observing season, a reheptcal ac-
tivity was observed prompted the WEBT to go on with the mami. Indeed, a
multipeak optical outburst was observed in July—Augus2@@ggering the first
AGILE observation of the source. During November—Decen20€7, simulta-
neously to they-ray observation by AGILE, the optical flux appears extrgmel
variable, with a brightening of several tenths of magnitudéw hours. The
brightest levelR = 12.58 mag observed on 2007 December 1 is only 0.6 mag
fainter than the maximum brightness ever observed fromsthisce R = 12.00
mag, on 2005 May 9). Many episodes of fast (i.e. intranightjability were
observed, most notably on 2007 December 12, when a flux iserehabout
1.1 mag in 1.5 hours was detected, followed by a steep dexdasbout 1.2
mag in 1 hour (Fig. 7.8). This is one of the fastest variatievesr observed in
blazars, even if the inferred brightness temperatureliswv&il below the limit of
brightness temperature for inverse Compton catastrophe (0'2K). In fact,
by assuming bi= 71 km s Mpc, the 1.2 mag dimming in 1 hour in tiieband
yields T, ~ 5 x 10°K. This very fast optical flare is most likely a real variation
in the jet. An alternative mechanism that could producesralai optical flare
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Figure 7.6: GASP-WEBT light curve in th&® optical band in the 2007—-2008 and 2008—
2009 observing seasons [Vercellone et al. 2009b].

is a dramatic event in the host galaxy, like a Gamma-Ray BGRB). How-
ever, most GRBs are associated to the death of young masargecemmon
in star-forming galaxies, while blazars are usually hosteelliptical galaxies.

A microlensing &ect (e.g. a MACHO in our Galaxy) is possible, but unlikely
because they are events observed with much longer timess@&fteod & Mao
2005).

During 2008, the optical flux started to increase in mid-Mag a first no-
ticeable flare peaked in mid-June, at the end of the first AGlbEervation pe-
riod of the year. A further bright flare was observed to dotg®@ak on July 7-10
(JD ~ 2454655-57) followed by the brightest phase of the outbyrsaking
around July 16.1 (JB 2454663.6). Then, the optical flux started to drop with a
decreasing trend with several flares superposed.

The comparison between theray and optical data, especially during pe-
riods of high variability, can give an important contritmriito the knowledge
of blazar emission mechanisms. Therefore, we study andisksbhey-optical
correlation through the AGILE and WEBT dataset in the Sectia!.
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Figure 7.7: Panel (a) Red triangles, blue squares and black circles represemtttio
flux at 5, 8, and 14.5 GHz, respectivelfPanel(b) Red triangles, blue squares, and
black circles represent the radio flux at 37, 230, and 345 Gétpectively. Panel(c)
Red triangles, blue squares, and black circles, reprelseidt H, K bands, respectively
[Vercellone et al. 2009b].
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Figure 7.8: The extraordinary episode of optical fast variability alveel on 2007 De-
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7.3.2 Swiftdata

The Swift satellite (Gehrels et al. 2004) performed several obsensibf 3C

454.3 between 2007-07-26 and 2009-01-01, with all threeoandexperiments:
the X-ray Telescope (XRT; Burrows et al. 2005), the Ultrd®¥icand Optical
Telescope (UVOT; Roming et al. 2005) and the coded-masktBlest Tele-

scope (BAT; Barthelmy et al. 2005). These observations wbtained both by
means of several dedicated ToOs and by activawift Cycle-3 and Cycle-4
Proposals. Finally, a long-lasting monitoring progranmven by AGILE and

Fermicovers the period July—October 2008.

7.3.2.1 SwifyXRT

The XRT data were processed with standard procedurepf{peline v0.12.1),
adopting the standard filtering and screening criteria,usidlg FTOOLS in the
Heasoft package (v.6.6.1). The source count rate was variableglthianditer-
ent observing periods, ranging from 0.26 to 1.8 courits &or this reason, the
data were collected both in photon counting (PC) and windbtiaing (WT)
mode, and in the analysis selected XRT event grades 0-12-éhtb0the PC
and WT events, respectively (see Burrows et al. 2005). 8e8sviff XRT ob-
servations in PC data showed an average count rate highedthaounts g,
therefore in these cases pile-up correction was requiredexvacted the source
events from an annulus extraction region with an inner 0iU3 pixels (esti-
mated by means of the PSF fitting technique) and an outergadi@0 pixels
(1 pixel ~ 37 arcsec). When the average count rate was lower than Oriscou
s 1, we used the full 30 pixels radius region. To account for thekiground we
extracted events within an annular region centered on theceawith radii of
110 and 116 pixels. WT data instead are rnfé¢eted by pile-up at the observed
count rate CR < 3 counts st).

Ancillary response files were generated with the tastmkarf, and account for
different extraction regions, vignetting and PSF correctigvisused the spectral
redistribution matrices (RMF, v011) in the Calibration Bladse maintained by
HEASARC. SwifyXRT uncertainties are given at 90% confidence level for one
interesting parameter, unless otherwise stated.

The SwiffXRT spectra were rebinned in order to have at least 20 cownts p
energy bin and use the statistics. Spectral analysis was performed using the
XSPEC 11.3.2 fitting package and we fit the spectra in the 0.3-10 keV energy
range with an absorbed power law model. The Galactic alisorptas fixed
to the value ofN$® = 1.34 x 10 cm2, as obtained by Villata et al. (2006)
by means of a deefhandraobservation in spectroscopic mode. There is a
good agreement among various authors about the existeacesxicess absorp-
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Figure 7.9: SwifyXRT data and model of 3C 454.3 for the observation carriedirout
2007 December 15 [Donnarumma et al. 2009b].
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Table 7.4: Fitting results ofSwiffXRT observations of 3C 454.3 on December 2007. A
power law model witiNy free to vary is used.

Observation N Flux (2-10 keV)  Spectral slopey? /d.o.f.
date 162 cmr? ergcn? st r

13 Dec 2007 (A3+0.03 (304+024)x 10 1.74+0.10 1.2854

15 Dec 2007 (4+0.03 (249+022)x 10 1.76+0.12 1.1444

tion in X-rays for 3C 454.3. In particular, this value is inragment with that
found by Raiteri et al. (2007, 2008b) fitting the spectra of484.3 acquired by
XMM- Newton Moreover, fitting theSwifyXRT spectra with free absorption the
distribution of Ny ranging from the Galactic value 7.2410?°° cm2 (Kalberla et
al. 2005) to values well above the Chandra value, with a peakna theChan-
dravalue. As example, we report the analysis of the two XRT ToSeolations
performed on 2007 December 13 and 15 (see Table 7.4 and B)glufing the
multifrequency campaign of December 2007. Leaving theevaliuNy free to
vary we obtained a value well consistent with that found hieta et al. (2006).
Figure 7.10 shows th®wifyXRT photon index as a function of the X-ray flux
in the 2-10 keV energy band. Black circles and red squaressept data ac-
quired in PC and WT mode, respectively. We investigated tssiple presence
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Figure 7.10: SwiffXRT photon index as a function of the 2—10 keV flux. Red squares
and black circles mark thewifyXRT windowed timing (WT) and photon counting (PC)
data, respectively [Vercellone et al. 2009b].

of a spectral trend in the X-ray data. If we consider WT datly,aan ‘harder-
when-brighter’ trend seems to be present. Fitting the détaanconstant model,
we can exclude this model at the 99.9993% level. When amajythie PC data
only (as well as the sum of the PC and WT data), this specenadltvanishes, and
a fit with a constant model still holds. Nevertheless, if welede the points at
fluxesF,_1okev < 2 x 10t erg cnt? st a trend still holds. This is an indication
that the meaurements at low fluxes could correspond to pdifysdifferent state
of the source than the high fluxes one, but considering tHgfouar observations
(performed in December 2008) are at low and intermediatayXstates a more
prolonged monitoring of 3C 454.3 also when the source wasige$F,_10xev

< 10 ergcent? st will be crucial to test in detail the possible presence of a
spectral trend.

7.3.2.2 SwifflUVOT

The UVOT data analysis was performed usinguketimsum anduvotsource
tasks included in th@TOOLS software package (HEASOFT v6.6.1). The latter
task calculates the magnitudes through aperture photgmnvétrin a circular re-
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gion and applies specific corrections due to the detectalactexistics. Source
counts were extracted from a circular region with a 5 arcadws. The back-
ground was extracted from source-free circular regionsiénsource surround-
ings. The reported magnitudes are on the UVOT photometstesy described
in Poole et al. (2008), and are not corrected for Galactimetion.

Figure 7.11 shows the UVOT observed magnitudes (inth8, U, UW1,
UM2, andUW?2 bands) as a function of time for the whole observing period.
In order to diminish the statistical uncertainties, we std observations with
a number of degrees of freedom (d.0#.)10. We note that a common dim-
ming trend is present both in the opti¢dl/ and in the X-ray energy bands, a
behaviour is in agreement with theray activity observed by AGILE.
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Figure 7.11: Panel (a):SwiffUVOT light curves (observed magnitudes) in tidred
triangles),B (green quares), and (blue circles). Panel (b)SwiffUVOT light curves
(observed magnitudes) in th&1 (red triangles)M2 (green quares), an2 (blue cir-
cles). Panel (¢)SwifyXRT light curve (observed fluxes) in the 2—-10 keV energy band
in units of 10 erg cnt? s~1 [Vercellone et al. 2009b].
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7.3.2.3 SwifyBAT

We analyzed®SwifyBAT Survey data in order to study the hard X-ray emission
of 3C 454.3 and to investigate its evolution as a functionmét We produced a
light curve for the source at a 16-days binning using thegulaces described in
Krimm et al. (2006; 2008, and references therein; alsd)sdéigure 7.12 shows
the long-termSwifyBAT light curve in the 15-150 keV energy range in units of
mCrab. The source has not been always detectable throutjffeubnsidered
period, and in several time interval onlys3upper limits can be derived. No
clear trend or high activity states of 3C 454.3 are detecte8wifyBAT in the
same period monitored by AGILE (July 2007—January 2009).

15 T T T T T T

Swift /BAT
15 — 150 keV

—_
o
I
<
|

Flux [mCrab]
o
‘ T T
—
———
4
S —
—
4
R —
<
<
—
<
2
S —
4
<
|

L v v
v
: R
L v v
v
- v vov
O L —
1 1 1 1 1 1 1 1 1 1 1 1
54400 54600 54800
Time [MJD]

Figure 7.12: SwifyBAT light curve in units of mCrab between July 2007 and Jayuar
2009. Downward arrows show@-upper limits.

7.3.3 INTEGRAL and Suzakudata

During the multiwavelength campaigns organized by AGILENmvember and
December 2007, we have triggered ToO observations by thE ®RAL and
Suzakusatellites, respectively. INTEGRAL data were collectedrevolutions

thttpy/swift.gsfc.nasa.ggdocgswift/resultgtransientgTransientsynopsis.html
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Table 7.5: INTEGRAL/IBIS spectral fit results?Flux in the 20—200 keV band in units
of 1072 ph cnT?s7* obtained from the spectral fits.

Rev r Xog(d.0.f)  Flud
623 17808 1.21(11) 152
624 1717941 054 (11) 142
623+624 | 1.7592> 0.89 (11) 149

623 (2007 November 20 03:35 UT — November 22 20:45 UT), and(82a7
November 22 20:45 UT — November 24 15:50 UT), for a total oftd890 ks,
whereasSuzakulata were collected on December 5. In the following Sections
we briefly describe the INTEGRAL arffluzakudata analysis and results.

7.3.3.1 INTEGRAL observation

The ESA INTEGRAL y-ray Observatory, launched in 2002 October, carries
three co-aligned coded mask telescopes. INTEGRAL data eadiected during
2007 November 20-24. We analyzed the data from the IBISunsnt (Uber-
tini et al. 2003), sensitive in the energy range 15 keV-10 MaW with a FoV of
29 x 29, and in particular to the ISGRI lower energy detector laypdirthe ob-
servations are organized into un-interrupted 2000-3608¢ $cience windows
(SCW): light curves and spectra were extracted for eaclviahoal SCW.
Wide-band spectra (17-150 keV) of the source were obtaisatywata
from IBIS instrument. All the data were processed using tfieli@e Scientific
Analysis 0SA) version 7.0 software released by the INTEGRAL Scienbfta
Centre. INTEGRAL data were analyzed using FTOOLS and XSPEGB.2 in
theHeasoft package (v.6.4). We assumed a single power law model to fit the
IBIS data. Table 7.5 summarizes the INTEGRMRIS spectral fit results.

7.3.3.2 Suzakwbservation

Following the AGILE detection of the flaring state in earlyd@enber, 3C 454.3
was observed witluzakyMitsuda et al. 2007) on 2007 December 5 as a ToO,
with a total duration of 40 ksSuzakucarries four sets of X-ray telescopes (Ser-
lemitsos et al. 2007), each one equipped with a focal-planayXCCD camera
(XIS: X-ray Imaging Spectrometer; Koyama et al. 2007) tlsadensitive in the
energy range of 0:312 keV, together with a non-imaging Hard X-ray Detec-
tor (HXD; Takahashi et al. 2007; Kokubun et al. 2007), whicivers the 10—
600 keV energy band with Si PIN photo-diodes and GSO satitih detectors.
3C 454.3 was focused on the nominal center position of thed¢lSctors.
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Suzakusatellite carries 4 XIS detectors, 3 Front llluminated CCOY 0,
XIS 2 and XIS 3) and one Back Illluminated CCD (XIS 1). On 2006/Blmber
9 a large amount of leaked charge suddenly appeared in tisers¥is 2 and
this dectector became unusable for scientific observations
For the XIS, we analyzed the screened data, reduce®wzakusoftware ver-
sion 2.1. The reduction followed the prescriptions destiln the Suzaku
Data Reduction Guide’ provided by tlfuzakuguest observer facility at the
NASA/GSFC. The screening was based on the following criteria: (1) only
ASCA-grade 0, 2, 3, 4, 6 events are accumulated, while hoflekéring pixels
were removed from the XIS image using theansis script, (2) the time interval
after the passage through the South Atlantic AnomalsA_HXD) is greater
than 500s, (3) the object is at leastdéhd 20 above the rim of the Earth (ELV)
during night and day, respectively. In addition, we als@sid the data with
a cut-df rigidity (COR) larger than 6 GV. After this screening, tha Bgposure
for good time intervals is 35.1ks. The XIS events were exéérom a circular
region with a radius of & centred on the source peak, whereas the background
was accumulated in an annulus with inner and outer radii.@fdénd 70" pix-
els, respectively. The response (RMF) and auxiliary (ARIEsfare produced
using the analysis toolasrmrGen andxissiMARFGEN, Which are included in the
software package HEAsoft version 6.4.1.

The HXD/PIN event data (version 2.1) are processed with basicadlgdime
screening criteria as those for the XIS, except that BI57 through night and
day, and COR- 8 GV. The HXDPIN instrumental background spectra were
generated from a time dependent model provided by the HXDument team
for each observation (see Kokubun et al. 2007). Both thececamd background
spectra were made with identical good time intervals (Garg) the exposure
was corrected for a detector deadtime of 6.9%. We used tpemss files ver-
sion Ae_uxp_PINXINOME_20070914&sp, provided by the HXD instrumental team.
Similarly, the HXO'GSO event data (version 2.1) were processed with a stan-
dard analysis technique described in tB&izakuData Reduction Guide’. De-
spite the relatively high instrumental background of theD&SO, the source
was marginally detected at S5cblevel between 80 and 120 keV. We used the re-
sponse files versioke_nxp_gsoxmvom_2008012%sp. Spectral analysis was per-
formed using the XSPEC fitting package 12.3.1. and we fitteti Hre soft
and hard X-ray spectra with a power law with Galactic absorpfree to vary.
The XIS spectra are well fitted with a power law with= 1.63, absorbed with
Nu = 1.1 x 10?* cm2, which infers the absorbed fluxes ab4397 x 107 erg
cm? st and 3207051 x 10! erg cm? s7t in the energy bands 0.3-10 keV and

2httpy/suzaku.gsfc.nasa.gmocgsuzakyanalysigabc. See also seven steps to Buzaku
data analysis at httffiwww.astro.isas.jaxa.jpuzakyanalysis
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2-10 keV, respectively. The ftierece between XIS 0 and XIS 3 spectra with
respect to the XIS 1 spectrum below 2 keV is due to tHEedknt sensitivity of
the CCD in the soft X-ray band.

The hard X-ray spectrum determined by H}DN and GSO seems to be a
bit flatter than those determined by the XIS only below 10 k&s/jt is shown
in the residuals reported in Fig. 7.13, where a model witmglsipower law is
assumed. We found that it is better fitted by a power law photdexI” = 1.35
+ 0.14, which gives b 100kev = 1.37°339x 10 1% erg cnt? 1. The uncertainties
reported above are at 90% confidence level.
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Figure 7.13: Suzaklbroad-band spectrum of 3C 454.3 for the observation caaigd
in 2007 December 5: black, red and green points for XIS 0, XI%I$ 3, respectively;
blue points for PIN; cyan points for GSO. A single power laveothe whole energy
range is assumed [Donnarumma et al. 2009b].
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7.3.4 RXTE data

The RossiX-ray Timing Explorer (RXTE) satellite observed 3C 454.3two
epochs: from 2007-07-28 to 2007-08-04 and from 2008-05632008-06-19.
We analyze the data obtained with fPA@portional Counter ArrayPCA,; Jahoda
et al. 1996), sensitive in the 2—-60 keV energy range.
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The PCA is composed of 5 identical unitBréportional Counter Units
PCUs), but since PCU2 was the only unit always operativenduoiur obser-
vations and it is the one which is best calibrated, we refatrésults obtained
from the PCU2 data only. The data were processed using th©OES3/6.4.1
and screened using standard filtering criteria. The net sxgotimes for the
whole data-set in the first and second epoch were 36.6 ks addkd /respec-
tively.

The background light curves and spectra for each obsenatoe produced
using the model appropriate to faint sources. We restrictedanalysis to the
3-20 keV energy range, in order to minimize the systemataredue to back-
ground subtraction and calibration of tREAinstrument.

The average count rate during the second epoch is reduceridnto inves-
tigate possible changes in the spectral shape with time waated light curves
in two energy ranges (3—7 keV and 7-20 keV). Their hardnégsdi not show
any significant variation.

A cumulative spectrum for the first and the second epoch waiacgd and
simultaneously fitted with a power law model corrected fofaGac absorption,
allowing only the power law normalization to assume fiadtent value in the
two spectra. A good fit was obtainegl(, = 0.90, for 76 d.o.f.) with a photon
indexI" = 1.65+ 0.02, and a flux in the 3—20 keV energy bafgokev = 9.5
1073 photons cm? st andF3_sokev = 5.1 x 1072 photons cm? s™* for the first
and second epoch spectrum, respectively. Extrapolatiagpdwer law fit to the
18-60 keV energy range, we obtain fluxes of .20-2 photons cm? s and
1.2x 1073 photons cr? s™1. These flux values (approximately 10 and 5 mCrab,
respectively) are consistent with the upper limits obtdibg SuperAGILE in
the same time periods.

The average RXTE flux during the-ray flare detected in July 2007 was
about a factor of two higher than the flux detected in May—X0@8, even if
during both the July 2007 and the May—June 2008 campaignkaite X-ray
flux varied significantly, by about 50%, on a time scale of dlume week.

7.3.5 Spitzerdata

During the AGILE November 2007 campaign, given the highay activity
detected from 3C 454.3, we obtained a DDT for a mid-Infrar@tbiv-up by
Spitzer(Werner et al. 2004). The DDT was approved for 2 epochs foital to
duration of 0.8 hours of the Infrared Spectrograph (IRS, ¢kaeet al. 2004) pro-
viding short-low and long-low observations of 3C 454.3 sitiled for Decem-
ber 13 and 15. Both observations provided us with a low résoilspectrum
(A1/A ~ 80) in the energy range 5-38um.
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Data were acquired in the IRS standard staring mode: oligmmgawere
obtained at two positions along the slit to enable sky sebta. Each ramp
duration was set to 14.68 s with a number of cycles equal tabhEet of data
was processed with the IRS Standard PipeBMARTdeveloped at the Spitzer
Science Center to produce calibrated data frames (Basibr&&d Data, BCD
files). Moreover, the BCD files covering the same spectrajeamere coadded
and then sky-subtracted spectra were obtained. The abdhixtalibration was
estimated by using the electron-to-Jy conversion polyabgiven in the appro-
priate Spitzercalibration file. In Fig. 7.14 we present the two spectra iolet
on December 13 and 15. We performed a linear fit of the two speabtaining
a flux equal to (1.5% 0.02)x 107*°and (1.38+ 0.02)x 1071° erg cnt? s* for
December 13 and 15, respectively, and therefore a sligkttyedse is observed,
in agreement with what observedyrrays (see Fig. 7.18).
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Figure 7.14: Spitzerspectra of 3C 454.3 for the observation carried out in 2003ebe
ber 13 (red points) and 15 (blue points) [Donnarumma et &198D

7.3.6 VLBI data

High resolution radio VLBI data were obtained from the MOERR\project, a
long-term program to monitor with the full VLBA at 15 GHz thadio bright-
ness and polarization variations in jets associated wiikiegalaxies visible in
the northern sky (Lister et al. 2009). We obtained the catéxt| images and

3Monitoring Of Jets in Active galactic nuclei with VLBA Expienents
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used theAIPS package to derive the position and flux density of the corecdnd
a few substructures in the jets using the ta8KRIT (Gaussian fit) (see Fig. 7.15).
Moreover, this source was additionally observed by VLBA@irfepochs dur-
ing the period of the maximum brightness within the BK150 \A.Bxperiment
to measure parsec-scale spectra-gty bright blazars (Sokolovsky et al., in
preparation). We use 15 and 43 GHz results from this progoaprdvide bet-
ter radio coverage of the high activity period. These dagaraagreement with
MOJAVE results and give a better statistics in the high agberiod. The core is
always unresolved by our Gaussian fit and uncertainties ®fiilk density are
dominated by calibration uncertainties (a few percent).
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Figure 7.15: VLBI image of 3C 454.3 at 15 GHz on 2007 August 9 (MJD 54231)e Th
peak flux density is 2.8 Jy beath The cross in the bottom left corner shows the beam
FWHM, which is 1.07x 0.52 mas at -5.4 deg [Vercellone et al. 2009b].

In Figure 7.16 we show the 3C 454.3 VLBI radio core flux at 15 48&Hz
(panel (a)), the radio components flux density at 15 GHz (pé)g and the
distance of radio components from the core (panel (c)) asetifun of time.
The flux shows a constant increase from 2006 June 15 (MJD 538l 2008
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Figure 7.16: Panel (a): radio core flux density at 15 GHz (filled circlesyl @ 43
GHz (open squares), respectively. Panel (b): radio compsrflix density at 15 GHz.
Panel (c): radio components motion at 15 GHz. The verticahdd lines represent
the start (2007 July 24) and the stop (2009 January 12) dfi@lAGILE observations,
respectively [Vercellone et al. 2009b].

October 3 (MJD 54742), followed by a fast decrease towarel$atst epoch pre-
sented here, 2009 June 25 (MJD 55007). Jet components shaN defined
flux density decrease (component 1) or a slower flux densityedse which be-
comes almost constant in the last epochs. Proper motiondsry but slowing
in time for components 1 and 2; it is almost absent for compbBe

All data are in agreement with a strong core flux density \mlitsg possi-
bly connected to the-ray activity, while jet components are moving away and
slowly decreasing in flux density, and are nfieated by the recent core activity.
Recently Kovalev et al. (2009), correlating thermi-LAT three month data with
the MOJAVE ones find a connection between the radio ang{tey emission
and arguing that the central region of the blazars beingdhece ofy-ray flares.

Figure 7.17 clearly shows a strong enhancement of the radeflux start-
ing about on MJD 54500. The radio variability is not well edated with the
variability at higher frequencies. Moreover, the radio filensity increase is
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smooth and longer in time, whileray and optical flares are evolving faster.

3C 454.3 Jul 2007 — Jan. 2009
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Figure 7.17: 3C 454.3 light curves between July 2007 and January 2009cataie
ing energies from bottom to top. Data were collected by AGIERID, SwiffBAT,
SwiffXRT, SwifflUVOT, GASP-WEBT, VLBA and UMRAO [Vercellone et al. 2009D].

At 230 GHz the flux density variability mimics the VLBI radi@e proper-
ties to MJD 54600, when a large flux density increase is \asiWith a peak at
about MJD 54630. At this frequency the source remains in éimeaphase up
to MJD 54700. This poses an interesting question as to theaaf such an
increase of the core radio flux. As reported in Ghisellinile2007) it is likely
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7.4. Optically-ray correlation

that the emitting region is more compact and has a smallérlbadentz factor
closer to the black hole. We assume that in the region acti48 &Hz, in the
quiescent state, the jet Lorentz factof'is 10 (Giovannini et al. 2001). To ob-
tain the flux density increase of the core at 43 GHz (frefJy up to 25 Jy) the
Doppler factor has to increase upde- 30. Such an increase requires that the
source is oriented at a small anglwith respect to the line of sight, since a large
change in the jet velocity will produce a small increase mfoppler factor. A
Doppler factow = 30 can be obtained & = 1.5° andI” = 20, corresponding to a
bulk velocity increase from 0.9950 to 0.9987. A larger otration angle (e.gd

= 3°) with the same increase in the jet velocity, will produceyanbmall change
in the Doppler factos, from 16 to 19.

The presence of one or more new jet components is not revieelkd high
resolution VLBA images, even if the most recent VLBA imaged2GHz sug-
gest a jet expansion near to the radio core starting from M3a600. Because
of the presence of multiple burstsyatay band and a single peak in the radio
band it is not possible to correlate the radio peak with alsipgay or opti-
cal burst. We can speculate that a multiple source activitthe optical and
v-ray bands is integrated in the radio emitting region in @lgrevent, with a
clear flux density peak on MJB 54720 and we can assume that 43 GHz is the
self-absorption frequency at that epoch.

The diferent behaviour observed in the radio, optical amdy bands from
the end of 2007 could be alternatively interpreted in thene@ork of a jet helical
model (see Villata et al. 2009), in which the change of oagoh of a curved jet
yields diterent alignment configurations within the jet and theretodiferent
angle of view with respect to the line of sight of the obsen@uring 2007, a
more pronunced fluxes and variability in optical apday seems to favor the
inner portion of the jet as the more beamed one. On the otimel, tlae dimming
trend in these energy bands, whereas the mm flux emissiontaetihanced
variability during 2008, seem to indicate that the more eaés=l region of the jet
became more aligned with respect to the observer line of.sigh

7.4 Opticaliy-ray correlation

Considering the long-term monitoring of 3C 454.3 providgdGASP-WEBT
and AGILE in optical as well as ip-ray energy bands, we investigated the corre-
lation between the-ray flux and the optical flux density in tiband by means
of the discrete correlation function (DCF; Edelson et aB8)9 This method was
developed to study unevenly sampled data sets. The uppis bm they-ray
fluxes were considered as detections, with fluxes equal tdhali®f the limit.
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We investigated four distinct periods: July 2007, NovermbBacember 2007,
May—August 2008, and October 2007—January 2009.

During July 2007, AGILE observed 3C 454.3 for only 5 daysyé¢fere the
low statistics prevents us to obtain reliable results whign DCF for this period.
In contrast, the period November—December 200&rs a good opportunity to
test the correlation, since the period of common monitoiasted for more than
a month (see Fig. 7.18). The corresponding DCF (Figure &h&)vs a maxi-
mum DCF~ 0.38 for a null time lag. However, the shape of the peak is asym
metric, and if we calculate the centroid (Peterson 1998Jjnekthat the time lag
betweeny-ray and optical emission is0.42 days, i.e. about 10 hours. We esti-
mated the uncertainty on the time lag by means of the stalstiethod known
as ‘flux randomizatiofandom subset selection’ (ARSS; Peterson et al. 1998;
Raiteri et al. 2003). We run 2000 ARSS realizations and for each of them
calculated the centroid corresponding to the maximum. Ekalting centroid
distribution, shown in Figure 7.19, allows us to concludat tihey-optical cor-
relation occurs with a time lag af = -0.4*3§, the uncertainty corresponding
to a 1o error for a normal distribution. This result is in agreemetth what
was found by analyzing the 2007 December dataset only, Wit e maximum
at a time lag of —1 day and a centroidot= —0.56 days. The analysis of the
November dataset only instead showed a DCF peak occurred 8t but with
a value of DCF~ 0.5, that indicates a moderate correlation.

Moreover, considering the interesting rapid optical flarseyved by GASP-
WEBT on 2007 December 12 (Raiteri et al. 2008b), with an etioepl vari-
ability, we analyzed the-ray data between 5 and 16 December 2007 with a data
binning of 12 hours (Fig. 7.20). The analysis showed an ecdraent of a fac-
tor ~ 2 of they-ray flux during the second half of December 12, that remarkbl
includes the time of the optical event, with an increase cnaiple with the 1.1
mag optical brightening. constraining the possible dektyvieeny-ray and op-
tical emission within 12 hours. This support the evidenca ohange in the jet
emission in the EC scenatrio.

Unfortunately, during the period May—August 2008 the agdtigeaks oc-
curred when AGILE was not observing the source. Finally, wenguted the
DCF corresponding to October 2007 — January 2009. We obtainad maxi-
mum, indicating a fair correlation (DGRx ~ 0.66) but with large errors, peaking
at—2 day time lag, and a centroid around 0 day. This resutirisistent with that
obtained in November—-December 2007 and with the one olatdageBonning
et al. (2009a), analyzing the publeray data fromFermi-LAT and the optical
SMARTS data.
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3C 454.3 in fall 2007
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Figure 7.18: Light curves of 3C 454.3 iry-ray (upper panel) and optical band (lower
panel) acquired during November-December 2007 by AGILE @AGP-WEBT, re-
spectively [D’Ammando et al. 2009d].
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Figure 7.19: Discrete correlation function between thaay and optical fluxes during
November—December 2007. The uncertainty in the time-lagbeecomputed according
to the FRFSS method. The inset shows the resulting centroid disioibVercellone
et al. 2009b].
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Figure 7.20: AGILE v-ray light curve with a binning of 12 hr during the period 2007
December 5 and 16, E 100 MeV. The vertical lines mark the time: 3 hr) of the
exceptional optical event of 2007 December 12 [Donnaruminah 009b].
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7.5 Modeling the spectral energy distributions

Considering the wide coverage obtained over the entirdreleagnetic spec-
trum of 3C 454.3 between July 2007 and January 2009, we havagpoiportunity

to build the SED of the source infierent epochs and study in detail the emission
mechanisms at work in this blazar.

In fact, different emission mechanisms can be invoked to explairy-ttag
emission in the blazars. In the leptonic scenario, the loggtfency peak in the
SED is interpreted as synchrotron radiation from high-gynetectrons in the
relativistic jet, while the high—energy peak can be produg IC on dtferent
flavours of seed photons. In the synchrotron self Comptonain(®SC; e.g.
Ghisellini et al. 1985) the seed photons come from the jeffit\lternatively,
the seed photons can be those of the accretion disk (ECDrnekt€ompton
scattering of direct disk radiation; Dermer et al. 1992) tloyse of the BLR
clouds (ECC, external Compton scattering from clouds; Gilat al. 1994). The
target seed photons can also be those produced by the dussstorounding the
central engine (ERC(IR), external Compton scattering fi&yemitting dust;
Sikora et al. 2002).

We fit the SED of 3C 454.3 in the flierent epochs by means of a one-zone
leptonic model, considering the contributions from SSCDEd ECC compo-
nents. The emission along the jet is assumed to be produ@esdpherical blob
with comoving radiusk by accelerated electrons characterized by a comoving
broken power law energy density distribution of the form

K)/Bl
(v/ve)@ + (y/yp)’

wherey is the electron Lorentz factor assumed to vary betweer 30< 1.5 x

10%, o anday, are the pre— and post—break electron distribution spenttekes,
respectively, angh, is the break energy Lorentz factor. We assume that the blob
contains a random average magnetic fi@klhd that it moves with a bulk Lorentz
factorI” at an angle&), with respect to the line of sight. The relativistic Doppler
factor is thery = [I' (1 - B coshp)] ™1, whereg is the usual blob bulk speed in
units of the speed of light.

Our modelling of the source high-energy emission is baseanolC model
with two main sources of external target photons: (1) anedtmr disk charac-
terized by a blackbody spectrum peaking in the UV with a batia luminosity
L4 for a IC scattering blob at a distande= 4.6 x 10'® cm from the central part
of the disk; (2) a BLR with a spectrum peaking in téband, placed at a dis-
tance from the blob ofg g = 4 x 10*® cm, and assumed to reprocess 10% of
the irradiating continuum (Tavecchio et al. 2008; Raite¢rale 2007; Raiteri et
al. 2008a).

Ne(y) = (7.1)
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These two regions contribute to the ECD and the ECC, resdgtiand it is
interesting to test the relative importance of the two congmis that can be
emitted by the relativistic jet of 3C 454.3 and the possiliespnce of other
emission components in thefldirent observation epochs.

We first consider the SED of November 2007, including AGILRIG, IN-
TEGRAL/IBIS, Swift (UVOT and XRT) and GASP-WEBT data of the period
November 19-22 (MJD 54423.5-54426.5). The SED is shown gn FR21,
where the dotted, dashed, and dot—dashed lines represeoonitributions of
the accretion disk blackbody, the external Compton on tk& chdiation and
the external Compton on the BLR radiation, respectivelye ERD contribution
can account for the soft and hard X-ray portion of the spectmhich show a
moderate, if any, time variability in th8wiffXRT and INTEGRALV/IBIS data
(see Section 7.6.1). However, the ECD component alone taecoount for the
hardness of the-ray spectrum observed by AGILE and a dominant contribution
from ECC seems to provide a better fit of the data in th@y energy band.
The best fit parameters values ang:= 2.2, o = 5.0,y = 500,K = 12 cnt3,
B~8GTI =84,6 =26°,R=35x10%cm, Ly =5 x 10*®ergs?, and
r = 0.05 pc (wherg is the distance between the accretion disk and the emitting
region).

The energetics of 3C 454.3 can be computed by estimatingttepic lu-
minosity in they-ray band,L‘yS°, and comparing it with the Eddington, the bolo-
metric, and the particle injection luminosities. For a giw®urce with redshift
z, the isotropic emitted luminosity in the energy band defined as

ArFd?(2)
(1+2)Ta)”
where, in our case; is they-ray energy band witk,,;, = 100 MeV andEq . =
10 GeV,« is they-ray energy spectral index, H(« v~* is the energy dferen-

tial flux, F = EETaXr/]h F(v)dv is the flux in they-ray band, and the luminosity
distance is given (:)y

L(2)e = (7.2)

02 22) = (L + 2% x L0 f (E@)]dz, (7.3)
1+2 J,
where z = 0, z = z,,cand
E@ = vOu(L+23+ (1 - Qum - Q)1 +2?2+Qn, (7.4)

whereHg is the Hubble constanf),, andQ, are the contribution of the matter
and of the cosmological constant, respectively, to the ileparameter. We

assumeHy = 70km s*Mpc?, Qy = 0.3, andQ, = 0.7. Using the observed
averagey-ray flux, we obtair® = 3.9 x 10*erg s™.
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Figure 7.21: SED for the period MJD 54423.5-54426.5. Filled squaresesaprt the
AGILE-GRID data in the energy range 100 MeV-1 GeV; filledrigées represent INTE-
GRAL/IBIS data in the energy range 20-200 keV (orbits-6@34); small filled circles
represenBwiffXRT data in the energy range 0.3—-10 keV; open symbols repreadio
to UV data taken from Raiteri et al. (2008b), correspondimd/MID 54425. The dot-
ted, dashed, dot—dashed, and the triple—dot dashed lipesent the accretion disk, the
ECD, ECC, and the SSC contributions, respectively [Veorglet al. 2009a].

Moreover, from the values used for fitting the SED and from d&un 7.1
we can compute the particle injection luminoslty; , obtaining:

Lin = TRET?C f[d)/ meC?yn(y)] = 3x 10" ergs™. (7.5)

Assuming for 3C 454.3 a black hole madsy = 4.4 x 10° M, (Gu 2001),
we obtain an Eddington luminosity of the orderlgf;y = 5.7 x 10*” erg s* to
be compared with the bolometric luminosity, = 1.9 x 10*’ erg s reported
in Woo & Urry (2002). We obtain, therefore, that the sourcergetic is compa-
rable to the value obtained by Tavecchio et al. (2007) fopitveer of the inner
portion of jet, fewx10*" erg s*.

The wide multifrequency coverage obtained during Decer2B6i7, thanks
to AGILE, Spitzer Swift SuzakuGASP-WEBT and REM observations, allowed
us to build the SED for three filerent epochs: December 5, 13, and 15. In these
periods, the X-ray part of the SED shows a softening towanaet frequencies
that can be due to two causes: a contribution from bulk Conipadion by cold
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electrons in the jet (Celotti, Ghisellini & Fabian 2007),tbe emergence of the
SSC contribution in soft X-rays from the more energetic EGiponent due to
the disk and the BLR.

The mid-InfraredSpitzerdata and GASP-WEBT optical data available in
December 13 and 15 well define the synchrotron peak, and cmadlwith the
resolvedSwift X-ray spectrum and the AGILE-ray data constrain the model
parameters, arguing for the latter cause, even if someibation from bulk
Comptonization cannot be ruled out.

In December 13 and 15, 3C 454.3 was in &atent state with respect to
the one analyzed in November: optical and UV fluxes appearedrlby a fac-
tor 2—3, suggesting that the synchrotron emission peaksfr&tgaency 5-10
times lower than the one observed in November, as confirnsedr@m the mid-
Infrared data. On the other hand, the soft X-ray data werg afittle bit lower
than in November. Despite the softer synchrotron peatay data showed in the
SED the persistence of a hard peakat GeV, similar to the higher states ob-
served by AGILE in July 2007 and November 2007 (see Anderbhab 2009a).
We attempted to fit the SEDs of December with a one-zone SSCinphais
the contribution of external seed photons coming from amedion disk and a
BLR, similar to that of November 2007. With this model, we ceeded to fit
the synchrotron bump as well as the X-ray data assuming easnsimilar to
the November ones, but a lower break Lorentz factgr(350) was required to
account for the softness of the synchrotron bump. With#hithe EC from a
standard BLR peaks &t ~ hvseq 'y26/(1+ 2) ~ 10% eV. This is in contrast with
the observed hardness of theay spectrum up to 1 GeV. We note that the ECD
can account for the rising hard X-ray portion of the SED, \ahiltd not show
clear variability, but both the disk and BLR components @dratcount for the
hardness of the-ray spectrum.

Thus, we consider a further external source of seed phofopsssibile can-
didate is the hot extended corona that must be consisterdtjuped in steady
accretionejection flows as shown by MHD numerical simulations (Tzates
et al. 2009). Hence, we added to the model the contributioexbgrnal seed
photons coming from the hot corona. In Table 7.6 are repdhedest fit pa-
rameters of the modeling of the SEDs. Remarkably, the loweequired in
these epochs, makes the BLR a too soft contributor at Ge\gmsemwhile the
contribution of the hot corona succeeded to account for greigtence of the
hardy-ray spectra measured by AGILE.

On December 5, the low energy peak of the SED is less constraiuith
respect to the December 13 and 15 ones due to the lack of thinfradled data,
but theSuzakuX-ray data (green points in Fig. 7.22) better constrain ibe of
the IC emission. We fitted this SED with almost the same moskimed for the
other two epochs, but the higher optical flux and the loy#eay flux detected
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with respect to December 13 required a higher magnetic freddadowery,, (see
Table 7.6).
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Figure 7.22: SEDs of 3C 454.3 for 2007 December 5, 13 and 15 (green, redlaed b
solid lines, respectively). The-ray spectrum folE > 100 MeV (black squares), ex-
ctracted from data acquired between December 5-16 andditepaints (black circles)
from Raiteri et al. (2008a) are also reported. The gray lnegpsesent the contribution
of the disk (long dashes), corona (solid), SSC (dot-dashe@)disk (dotted), EC BLR
(dashed), EC corona (dash dot dot) to the model [Donnaruntmla 2009b].

Given the diferenty-ray states of the source analyzed in the November and
December campaigns, we compared the particle injectiomlosity, L, (see
eq. (7.5)) measured during the two multiwavelength cammigVe found the
particle injection luminosity of December to bex610*3ergs?, a factor of 5
lower than the November one. Thidi@girence is due to both the lowgys and
vmin Values needed to reproduce the SED in the states of December.

Table 7.6: Model parameters for the December 5, 13 and 15 observati@(E 454.3.

Observation T’ B R K Yb Ymin @ Q@
date Gauss cm CTh

5-Dec-2007 18 25 2x10*% 50 3x 107 30 2.3 4.2

13-Dec-2007 18 2 2x10*% 52 35x10® 38 23 4.2

15-Dec-2007 18 2 2x10*% 52 32x10® 35 23 4.2
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Finally, we fit the SEDs of the period 2008 May 31 — June 1 (MJB1%4-
54618), when 3C 454.3 entered a phase of highy activity, 2008 July 26 —
August 15 (MJD 54673-54693), when theay flux was almost constant, and
2008 November 30 — 2009 January 14 (MJD 54800-54845), whesdtrce
reached the minimum-ray flux, in order to investigate the possibléfdrences
in the jet parameters duringfterent activity states. For the fit we use a one-
zone leptonic model, considering the contributions from3i$C, ECD and ECC
components plus the emission from the accretion disk, lgletected during
faint states of the source (Raiteri et al. 2007). Table 7dnshthe best-fit pa-
rameters of the modeling of SEDs corresponding to the theegegs, shown in
Figures 7.23, 7.24, and 7.25. The thin solid, dotted, dasi@edashed, and the
triple-dot-dashed, represent the accretion disk blackbibd synchrotron, the
SSC, the external Compton on the disk, and the external Gompt the BLR
radiation, respectively, while the thick solid line repeats the sum of all the
individual components. The insert of Figure 7.25 shows tréign of the SED
dominated by the contribution of the disk blackbody radiatiwhich clearly
emerges since the source is a relative low state. This cdtsamvconfirm the
presence of an important contribution of the accretion diskssion during the
low activity states of 3C 454.3, as already detected by Raitel. (2008a) with
a simultaneous GASP and XMM-ewtonobservation.

We find that the three SEDs can be reproduced well by very airpdrameters,
the main diference being the shape of the electron distribution and rbakb
energy Lorentz factor.

Finally, we computed for the threeftBrent SEDs the total power carried in
the jet,Pje;, defined as

Pet = Lg + Lp + Le + Liag €rgs™ 7.6
J p

wherelLg, Ly, Le, andL,yq are the power carried by the magnetic field, the cold
protons, the relativistic electrons, and the producedatash, respectively. We
obtain a value oPj; 0f 3.2x 10 erg s*, 37x 10*erg s?, and 25x 10*°erg s*

for the three periods, respectively. The total power of gtag lower at the end
of the AGILE observing period, following the general trerfddecrease of the
emission observed over the entire electromagnetic spaggxcept for the radio
emission).
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Table 7.7: Input parameters for the model of SED 1, SED 2, and SED 3.

Parameter SED1 SED2 SED3 Units

a 2.3 2.5 2.0

an 4.0 4.0 4.2

YVmin 30 30 18

b 300 280 180

K 80 80 100 cm®

R 215 215 215 ¥ cm

B 2 2 2 G

) 34 34 34

Ly 5 5 5 10%ergs?

rq 0.015 0.015 0.015 pc

®o 1.15 1.15 1.15 degrees

r 20 20 20

Pet 3.2 3.7 25 1®ergs?
107° ‘

E T
; MJD 54617 - 54618

i
10' 10" 102 10%
LOG Frequency [Hz]

Figure 7.23: SED of 3C 454.3 centered on MJD 54617-54618. Black triangles
red (blue) squares, red (blue) circles, green circles, dackbstars represent radio,
MJD 54617 (54618pwiffUVOT, MJID 54617 (54618pwifyXRT, RXTE, and AGILE-
GRID data, respectively. UV and X-ray data are de-reddenédcarrected for Galactic
extintion. The thin solid, dotted, dashed, dot-dashed,thadriple-dot-dashed, repre-
sent the accretion disk blackbody, the synchrotron, the, #8Cexternal Compton on
the disk, and the external Compton on the BLR radiation,eetdygely. The thick solid
line represent the sum of all the individual components ¢gone et al. 2009b].
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Figure 7.24: SED of 3C 454.3 during the period MJD 54673-54693. Blackyies,
multicolor squares, circles, and black stars represein r&aviffUVOT, SwiffXRT, and
AGILE-GRID data, respectively. UV and X-ray data are dedetked and corrected for
Galactic extintion. The thin solid, dotted, dashed, dathdal, and the triple-dot-dashed,
represent the accretion disk blackbody, the synchrottenSISC, the external Compton
on the disk, and the external Compton on the BLR radiatiogpeetively. The thick
solid line represent the sum of all the individual compoad¥xercellone et al. 2009b].
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Figure 7.25: SED of 3C 454.3 during the period MJD 54800-54845. Blackyies,
multicolor squares, circles, and black stars represeiu,r8adviffUVOT, SwiffXRT, and
AGILE-GRID data, respectively. UV and X-ray data are dedextkd and corrected
for Galactic extintion. The thin solid, dotted, dashed,-dashed, and the triple-dot-
dashed, represent the accretion disk blackbody, the symohr the SSC, the external
Compton on the disk, and the external Compton on the BLR tiadiarespectively. The
thick solid line represent the sum of all the individual canpnts. The insert shows
the portion of the SED dominated by the contribution of thekdilackbody radiation
[Vercellone et al. 2009b].
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3C 454.3 was observed during the active phases of July—A@p@¥ and
November—December 2007 also with the MAGIC telescope aggktata were
analyzed with the MAGIC standard analysis tools, derivimdyaupper lim-
its for the emission at TeV energies. For the periods arobedends of July
and November, characterized by the most complete multieegy coverage,
including AGILE y-ray data, we constructed the spectral energy distribsition
with nearly simultaneous observations from optical to TeMrgy bands (Fig-
ure 7.26).

For July (left panel) we show the nearly simultaneous datthénoptical
(KVA), optical/UV (SwiffUVOT), X-ray (SwiffXRT) andy-ray (AGILE-GRID)
band. For November (right panel) the data in the optical aX{SwifyXRT
and INTEGRAL) andy-ray (AGILE/GRID) data, averaged over the entire pe-
riod of the AGILE observations (2007 November 11 — Decemberd shown.
For comparison is also shown (open circles) historical.dalgper limits from
MAGIC observations (18-21 July and 27, 28, 30 November) hosva as tri-
angles (observed: empty; EBL-deabsorbed: filled). For tBe Eeabsorption
is used the LowSFR model of Kneiske et al. (2004) which ptsdicow level
of the EBL close to what is presently inferred from obsenvadi both directly
(e.g. Franceschini et al. 2008) and indirectly (Aharoniaale2006; Mazin &
Raue 2007; Albert et al. 2008a). We modeled the SED with azome-leptonic
model including SSC components plus the scattering of thereal photons
originating in the disk an@r in the BLR.

The upper limits in the VHE band for the 3C 454.3 obtained by®4& are
consistent with the expectations of the leptonic model$-fBRQs, predicting a
sharp decrease of the flux above few tens of GeV, due to thenaltabsorption
of y-rays and the decreaseflieiency of the inverse Compton emission at high
energy.

Moreover, these observations indicate that even uppesisVHE energies
if accompanied by simultaneous observations in the MeV-Gaw by AGILE
andFermi, can be useful to test current emission models for FSRQs.
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Figure 7.26: SED of 3C 454.3 build with multifrequency data available tioe period
close to the MAGIC observation at the end of July 2007 (lefigdaoptical: KVA,
optical-UV: SwiffUVOT, X-ray: SwiffXRT, GeV band: AGILE-GRID) and November
2007 (right panel: optical-UVSwiffUVOT, X-ray: SwiffXRT and INTEGRAL, GeV
band: AGILE-GRID). Triangles report the observed (emptyd the deabsorbed (filled)
upper limits of MAGIC in three dferent bands. For comparison we also report (open
circles) historical data (Kiihr et al. 1981, NED, Gear efl8b4, Stevens et al. 1994, Im-
pey & Neugebauer 1988, Smith et al. 1988 for radio and optialecchio et al. 2007b
for X-rays fromChandrg. The open circle and the bow-tie in the MeV-GeV region
indicate the average EGRET spectrum (Hartman et al. 1998)d e reports the re-
sults of the overall model. We also report the single emissmmponents: synchrotron
(dashed), SSC (dotted-dashed) and EC (long dashed).Tieel dloke shows the emission
of the accretion disk [Anderhub et al. 2009a].
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7.6. The extraordinary y-ray flare of December 2009

7.6 The extraordinary y-ray flare of December
2009

At the end of November 2009, the AGILE satellite started ttedea prolonged
flaring y-ray activity from 3C 454.3, with a peak on December 1-2 ofdtaer

of 1000x 1078 ph cnt? s7! (Striani et al. 2009a), a flux level similar to that
observed byFermiLAT on 2008 July 10 (Abdo et al. 2009e). In optical band,
after a mild activity in August—October 200R ¢ 14.5-15 mag), and a decrease
in November R ~ 15-15.2 mag), a very fast flux increase was observed by
GASP-WEBT, leading to a brightening of more than 1 mag betwéavember

21 and December 1-2, when reaclied 14.1 mag (Villata et al. 2009).

Surprisingly, they-ray flux continues to increase and between 2009-12-02
06:30 UT and 2009-12-03 08:30 UT a quick-look maximum likebd analysis
of the AGILE data yields a flux of about (18G€ 400) x 108 ph cnm? s%,
showing a dramatic increase of theay flux in 24 hours (Striani et al. 2009b),
confirmed also byrermiLAT (Escande et al. 2009). This flux is more than
twice the flux of the Vela pulsar, the brightest persisteniree in they-ray
sky. Figure 7.28 shows in the bottom panel the historicditlicurve of the
AGILE observation of 3C 454.3, from July 2007 until the exoepal flaring
state detected in December 2009, and in the top panel-thg light curve in
detail between 7 November and 17 December 2009. These alisewss are
carried out with the AGILE satellite in spinning mode.

Considering the activity of this blazar, an intense moimigobservations by
Swift started from December 1. The quicklook analysis of SwafyXRT data
revealed that the X-ray flux of 3C 454.3 has reached on 4 Deeethb same
level of the giant X-ray flare observed by the same source in 2085 (Giommi
et al. 2006). We fit the spectrum of tBsvify XRT data in the 0.3—-10 keV energy
band with an absorbed power law model with column densjty=N..34 x 107
cm2, the value found by previoushandraobservation (Villata et al. 2006). The
preliminary results of XRT analysis from Sakamoto et al.0Q20are reported in
Table 7.8.

Also SwifyBAT detects flaring activity of 3C 454.3 in the same periodjwveai
flux of 20 mCrab on 1 December 2009 and rising up to 50 mCrab oacgédber
2009 (Krimm et al. 2009b), and the optical activity increthagain, with a peak
on 3 December oR = 13.83 and a simultaneous flaring behaviour also in IR
(Bonning et al. 2009b).

Following the AGILE andrermidetections of this huge-ray flare, the IN-
TEGRAL satellite performed a ToO observations of 3C 454r8edrating the
data from 2009-12-06 16:41 UT to 2009-12-09 07:46 UT for aaxgiosure of
about 205 ks we obtain a detection of the blazar with IBIS atia H(20—-40
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keV) = 13 mCrab and F(40-100 keW)16 mCrab [9.8< 10t erg cm? st and
1.5x 10%erg cn1? s71, respectively] (Vercellone et al. 2009c). The 2040 flux
level observed by INTEGRAIBIS shows a clear decaying trend of the hard
X-ray emission with respect to the the flux observeSifyBAT.

They-ray flux observed by 3C 454.3 on 2—-3 December 2009 is the &ighe
flux ever observed by a blazar, and even more amazing is teesfat state of
very highy-ray activity of the source on timescales of 2-3 weeks. Meegat
is interesting to note that analyzing the AGIhEay data separately in the en-
ergy range 100—-400 MeV and for-E400 MeV, it seems evident that during the
exceptional flaring event of 2—3 December a great increaeedfux measured
for photons with energy higher than 400 MeV with respect ®lkhaviour ob-
served in the energy band 100-400 MeV is observed (see R#@). 7his could
be an indication of an episode of acceleration in which tleelgcated electron
population increases, saturating at high energy first veisipect to those produc-
ing for IC they-ray emission below 400 MeV. Detailed study of the light @sv
and the spectral energy distribution related to this exoept flaring event is
under investigation.

Table 7.8: Results ofSwiffXRT observations of 3C 454.3. Power law model wih
fixed to the Galactic value of.34 x 10?1 cm (Villata et al. 2006).

Observation  Flux (2-10 keV) Photon Index?,, (d.o.f.)
date erg cim? st r

01-Dec-2009 1.1410°10 158+ 005 1.14(134)

02-Dec-2009 1.3%10°1° 156+ 005 1.05(160)

03-Dec-2009 1.2%10°1° 160+ 006 1.10(136)

04-Dec-2009 1.5&10°1° 152+0.03 1.13(317)

The AGILE gamma-ray sky, 3-4 December, 2009

the Vela pulsar

the black hole
galaxy 3C 454.3

Figure 7.27: Intensity map of the-ray sky observed by AGILE on 3—-4 December with
E > 100 MeV, where it is clearly visible that at that time theay sky was dominated
by the exceptional flare of 3C 454.3.
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Figure 7.28:: Top panel the AGILE y-ray light curve of 3C 454.3 between 7 Novem-
ber and 17 December 2009 with a 2-day resolution for photoitis & > 100 MeV
(except for 3 December 2009, where a 1-day timebin is used3. clearly visible the
exceptionaly-ray flare of the source occurred on 2-3 December 2@&tom panel
AGILE historical y-ray light curve of 3C 454.3 between July 2007 and Decemb@® 20
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Figure 7.29: : Top panel the AGILE light curve of 3C 454.3 between 7 November
and 17 December 2009 in the energy range 100-400 MeV (redjoamhotons with
energies higher than 400 MeV (blu®ottom panelHardness ratio between the flux (E
> 400 MeV) and the flux (100400 MeV).
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7.7 Summary and remarks

1

180

3C 454.3 is the blazar that exhibited the most high agtivity-ray band
in the last two years from July 2007 until the exceptionalirfigractivity
of December 2009, when the source became for at least one tveek
brightest source in the-ray sky.

. They-ray emission observed by AGILE during the long-term manitgp

for E > 100 MeV is clearly highly variable, on timescales of the orde
one day or even shorter, with prominent flares reaching dy tiaiescale
the magnitude of the Vela pulsar and in exceptional caseshadber than
it.

. A dimishing trend of they-ray flux from July 2007 to January 2009 is

observed by AGILE, with a hint of ‘harder-when-brighter’Haiour in
vy-rays, previously observed only for 3C 279 by EGRET.

. Emission in optical range appears to be weakly correlaiddthat aty-

rays, with a lag of the/-ray flux with respect to the optical one less than
one day during bright states. The weak correlation could leetd the
fact that overimposed to the overall long-term trend sontesituctures
on shorter timescale with fierent variability could be present in optical
andy-rays.

. While at almost all frequencies the flux shows a diminightend with

time between July 2007 to January 2009, the 15 GHz radio coxdrft
creases, although no new jet component seems to be detected.

. The diferent behaviour of the light curves afférent frequencies could

be interpreted by a changing of the jet geometry between 26672008.

. The dominant emission mechanisnynays is the inverse Compton scat-

tering of external photons from the BLR clouds scatterifigtte relativis-

tic electrons in the jet, even if in some particular stateg.(&hen a hard-
ness of they-ray spectrum together with the softness of the synchrotron
emission is observed, as in November 2007) the contributidhe seed
photons from a hot corona could be important for the IC meisinan



Chapter 8

The Virgo region

8.1 Virgo region

The Virgo region is one of the best studied region of the skyh®Compton
GammaRay ObservatorfCGRQ, especially with EGRET, but also with OSSE
and Comptel instruments. During the CGRO observation oMilgo region it
was revealed the presence of two bright and varighiay blazars, 3C 273 and
3C 279, making Virgo a promising sky region for furtheiray observations.
Therefore, the AGILE satellite performed a dedicated pogof the Virgo re-
gion for 3 times during the first two years of operation: Jubp2, December
2007 — January 2008 and June 2009, for a totat & weeks. In particular,
in July 2007 ay-ray flare of 3C 279 was detected by AGILE, whereas during
December 2007 — January 2008 a multifrequency campaign &v3Qvas or-
ganized.

In this Chapter we present the AGILE and multiwavelengttadatlected
on 3C 279 and 3C 273, respectively, during these two epoothgimcuss the
theoretical implications of the results of the data analjmi the emission mech-
anisms of these two objects. The analysis and results shovpudlished in
Giuliani et al. (2009) and Pacciani et al. (2009a).

8.2 3C279

8.2.1 Introduction

3C 279 (z= 0.536) is an optically violent variable (OVV) quasar, thetfiand
one of the brightest blazar discovered to emitiray band by EGRET (Hartman
etal. 1992c, 2001). The Spectral Energy Distribution (S&Dhis source shows
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two broad bumps with the first peak occurring at far-#R10" Hz) and the sec-
ond one extending in the MeV-GeV energy range, typical ofRia¢ Spectrum
Radio Quasars (FSRQs). This blazar is highly variable dtedjuencies of the
spectrum, particularly in the high frequency part of the townps, showing a
variability on time scales ranging from days to months. Daiowariability on
short timescales is a well-known characteristic of thiseohjwith an amplitude
that seems to increase with frequency.

3C 279 s the first quasar that exhibited apparent superiaimiotion (Whit-
ney et al. 1971) and high-resolution VLBI radio maps showedations between
flare activity and components ejected from the core (Wehrkd.€2001). The
observation of radio blobs emitted by 3C 279 (Lindfords et2@l06) strongly
supports the presence of a jet. It has been argued that thégniment between
the jet and the line of sight is only two degrees (LindfordaleR005).

Despite its relatively large distance, this FSRQ is propahé most inten-
sively studied blazar in every band of the electromagnetecsum, due also
to the fact that this source has been bright and variableigivout the EGRET
era. Therefore, 3C 279 has received a remarkable coveragefeg@liencies in
addition to they-ray range. In the-ray energy band 3C 279 has been detected
several times by EGRET. Each time it was observed, even ijioescent states
(Hartman et al. 2001), it showed integrated flux changes wpfaxtor of 100
(Maraschi et al. 1994; Wehrle et al. 1998). Theay emission exhibited the
largest amplitude variability on both long (months) andrskaays) time scales.
The photon indexes of theray energy spectra during theffidirent levels of ac-
tivity of the source ranging from 1.7 to 2.4 and a correlati@mtween average
fluxes and spectral indices is still debated (Nandikotkwal €2007; Hartman et
al. 2001).

Moreover, 3C 279 was also detected by OSSE (50 keV — 1 MeV)aat th
transition region from hard X-rays andrays, and COMPTEL at low energy (1-
30 MeV) y-rays (McNaron-Brown et al. 1995). Although flux variationere
found in the OSSE and EGRET energy bands, only marginal flulat@ns
were observed in the COMPTEL energy band. Hartman et al.l(e@fyued
that this behaviour could be explained by considering thex@onization of
direct accretion disc photons at COMPTEL energies and tmep@anization of
accretion disc photons scattered into the jet region by tluad Line Region
(BLR) clouds at EGRET energies.

Analyzing the data of 3C 279 collected by timternational Ultraviolet Ex-
plorerin very low activity state, during 1992 December—1993 Jay)wvidence
for a thermal componentin UV due to the emission from theetomn disk were
noted by Pian et al. (1999). This Seyfert-like componergsent in other blazars
such as 3C 273 (Grandi and Palumbo et al. 2004; Turler eDab) 3C 454.3
(Raiteri et al. 2007) and AO 023364 (Raiteri et al. 2006), seems to be de-
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tected only in loyguiescent activity state of the sources, when the contabut
of the beamed synchrotron radiation is less important. éngptical band 3C
279 varies dramatically on fierent time scales ranging from intense outbursts
that last about one year to microvariability on the scaleafrk (see e.g. Kartal-
tepe and Balonek 2007). Historically the source hRdxmnd magnitude ranging
between 12.5 and 17.5 (e.g. Chatterjee et al. 2008). Thabitty profile of the
flares observed seems to be consistent with the optical emiss3C 279 being
dominated by synchrotron emission produced in the strorgnetic field of the
relativistic jet.

Recently, the MAGIC telescope has detected very high en®fE) y-rays
from 3C 279 (Albert et al. 2008a). This detection has comesasrise. In fact,
the detection of the VHE-ray emission from a source at such a distance could
constrain the current theories about the density of theagatactic background
light (EBL), providing an indication that the Universe appgmore transparent
at cosmological distance than previously believed.

8.2.2 AGILE observations

At the beginning of the Science Performance VerificationsehaGILE re-
pointed the Virgo region, in the context of a multiwaveldngampaign orga-
nized by Ann Wehrle, and observed the blazar 3C 279 for a td# hours of
effective time. The source was close Z°) to the center of the field of view of
the Gamma-Ray Imaging Detector (GRID) onboard AGILE for wieole ob-
serving time. SuperAGILE observed 3C 279 for a total on-seunet exposure
time of about 100 ks.

Level-1 AGILE-GRID data were analyzed using the AGILE StamtAnaly-
sis Pipeline (see 4.3.6). Counts, exposure, and Galaatigbaundy-ray maps,
were created with a bin-size of 0.2% 0.25 for photons with energy greater
than 100 MeV. We selected only events flagged as confirpaey events, and
all events collected during the South Atlantic Anomaly ariebge reconstructed
directions form angles with the satellite-Earth vector kenghan 80 are re-
jected.

During the period between 9 and 13 July 2007, AGILE-GRID dite ay-
ray source with position consistent with 3C 279 at a signiftealevel of 11.1s
(see Fig. 8.1) with an average flux of (23038) x 1078 photons cm? s™* for
E > 100 MeV, as derived from a maximum likelihood analysis ugimg radio
position of the source @& 305.10 b = 57.06). AGILE detected the source at
a flux level comparable to that measured by EGRET when theceauas in a
flaring state. Fitting the-ray fluxes with a constant model (the weighted mean
of the 1-day average flux values) and following McLaughlirabt(1996) we
obtain a variability cofficient of V = 0.32. Considering that a value of ¥

183



Chapter 8. The Virgo region

] ne 04 06 08 1 12

Figure 8.1. Gaussian-smoothed counts map in Galactic coordinateshéoB€C 279
region over the observing period 9—13 July 2007. Only pheteith an energy greater
than 100 MeV have been selected [Giuliani et al. 2009].

1 indicates that the source is variable, this analysis stibats3C 279 is not
variable iny-ray band during the short AGILE observation.

Fitting the AGILE-GRID data with a simple power law model wetain for
the average-ray spectrum of 3C 279 a photon indexIot 2.22+ 0.23. The
photon index is calculated with the weighted least squarethoa, considering
only three energy bins for the fit: 100-200 MeV, 200-400 Med 460-1000
MeV. The source instead was not detected (abow¢ By the SuperAGILE Iter-
ative Removal of Sources (IROS) applied to the image, in €Ré6Q keV energy
range. A 3¢ upper limit of 10 mCrab was obtained from the observed count
rate by a study of the background fluctuations at the positidhe source and a
simulation of the source and background contributions VR@MS.

8.2.3 SwiffXRT observations

During the AGILE observation, the source was monitored #mmeously in X-
ray band bySwifyXRT through 4 Target of Opportunity (ToO) observations.
The Swift X-ray Telescope (XRT; Burrows et al. 2004, 0.2-10 keV) da&ev
processed with standard procedurestpipeline v0.11.6) adopting the stan-
dard filtering and screening criteria. All the observatiamse carried in photon
counting (PC) mode and photons were selected with gradés irahge 0-12.
Spectral analysis was performed using the XSPEC fitting qgekl2.3.1,
with the results shown in Table 8.1. We fit the spectra with lasoebed power
law with Galactic absorption fixed at the valhig = 2.05x 10?° cm2 (Kalberla
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et al. 2005).SwifyXRT uncertainties are given at 90% confidence level for one
interesting parameter, unless otherwise stated. Data ngbiened in order to
have at least 20 counts per energy bin and to usgisatistics.

SwifyXRT detected the source between 10 and 13 July 2007 with a 2=\10
flux nearly constant of about 18 erg cnt? s™! (see Table 8.1).

Table 8.1: Results ofSwiffXRT observations of 3C 279. Power law model withy
fixed to the Galactic value of.@5 x 10?° cm2 (Kalberla et al. 2005) is used.

Observation Flux (2-10 keV) Photon Index~ , (d.o.f.)
date erg crm? st r

10-Jul-2007 1.2x10°% 142+ 0.05 1.21 (73)

11-Jul-2007 1.1%10°% 1.47+0.07 0.86 (52)

12-Jul-2007 1.0%10°%* 1.47+0.06 1.07 (57)

13-Jul-2007 1.1%101! 148+ 0.06 0.96 (50)

8.2.4 REM observations

The photometric optical observations were carried out thi¢hRapid Eye Mount
(REM; Zerbi et al. 2004), a robotic telescope located at tBOKEerro La Silla
observatory (Chile). The REM telescope has a Ritchey-@hretonfiguration
with a 60 cm f2.2 primary and an overalf8 focal ratio in a fast moving alt-
azimuth mount providing two stable Nasmyth focal statioAtone of the two
foci the telescope simultaneously feeds, by means of aalichiwo cameras:
REMIR for the NIR (Conconi et al. 2004) and ROSS for the opt{@asti et
al. 2004), used in order to obtain nearly simultaneous datdetailed descrip-
tion of the procedure of data reduction and analysis is teda.g. in Dolcini et
al. 2005. The REM telescope has continuously observed 3@2adout 1 year
between December 2006 and December 2007, including the BGliservation
period. The light curve produced by REM in tReband is shown in Fig. 8.2.
It confirms the high varibility of the source already obserug optical band on
timescales of months in the past.

8.2.5 Discussion

The multiwavelength studies performed in the past on 3C Bé@ed that during
v-ray flares most of the power emitted by the source lies in tgb-Bnergyy-

ray band. In accordance with leptonic models for blazaeshigh-energy peak
in the SED is due to inverse Compton emission from the retdiivelectrons
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Figure 8.2: Long-termR-band light curve as observed by REM between December
2006 and December 2007. The yellow shaded region indichgepdriod covered by
the AGILE-GRID observation [Giuliani et al. 2009].

accelerated by the jet. In the case of 3C 279, the externap@omscattering of
direct disk radiation (EDC) and external Compton scattgohradiation from
clouds (ECC) components dominate theay band yielding a total spectrum
which varies as a function of the relative contribution afsh two components.
A possible correlation betweenray flux value and spectral index has been in-
vestigated using the EGRET data, without obtaining comatugsults (Nandikotkur
et al. 2007). A continuity in the observed spectral propsrtf BL Lac objects
and FSRQs has been postuled by Fossati et al. (1998), witi+tag spectral
index getting progressively harder from FSRQs to High-gneeaked BL Lacs
(HBLs). However, this trend is expected for the average tspleproperties of
these sources, whereas studies of individual objects heygested a hardening
of they-ray spectral index in FSRQs with an increase in flux (see Mujkle et
al. 1996; Sreekumar et al. 1996; Bloom et al. 1997).

EGRET observations of 3C 279 hinted at a gradual hardeniniggithe flar-
ing states, that can be interpreted as the ECC componenndtemiuring the
flaring states. Only one flare (during EGRET observation P@wed a soft
spectrum EDC dominated. Our AGILE observation seems torbéasito the
P9 flare, supporting the idea that a soft spectrum duringnflagpisodes is not a
extremely rare event. Hartman et al. (2001) suggest thersgof) spectra can be
due to a low state of the accretion disk occurred before oE(BRET observa-
tion P9, which led to a reducted accretion disk radiationcasce for the ECC
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component.

From theR-band light curve (see Fig. 8.2) emerges that a strong mimmu
occurred at MJD~ 54230, about 2 months before the period covered by the
GRID observations (indicated by the yellow shaded regidigimre). This opti-
cal minimum might be correlated with a low accretion statéhefdisk. Infact,
even if the relation between highly relativistic jets andration processes in
AGN is one of the fundamental open problems in astrophysiesgurrent theo-
retical models of the formation of jet suggest that the paveerd be generated
by means of accretion, extracted from the disk rotationafgynand converted
into kinetic power of the jets (Blandford & Payne 1982). Asaunderlined in
the new blazar sequence proposed by Ghisellini and Tave(2008) the accre-
tion rate of the disk seems to be strictly related to the jetqyoof the blazars
and hence to the synchrotron emission, observed in theabptnd for 3C 279.
Therefore, this reduction of activity of the disk should eeflin the decrease of
the photon seed population produced by the disk and then @&ddomponent
deficit. This dfect was delayed of two months, roughly the light travel time r
quired to the photons to go from the inner disk to the BRL, ttiendecrease of
the ECC emission should be visible in the period approximatgincident with
the AGILE observation.

To test this hypothesis we fit the optical, X-rays apdays data with a
SCG+ECC+ECD model similar to the model used to fit the P9 EGRET obser-
vation in Hartman et al. (2001), but withftkrent parameters values, finding a
good agreement with the data. We use a double power lawhiistin for the
electron energy density with spectral index= 2.0 fromymin = 100 t0ypreak =
600 andp, = 4.0 fory over 600, with a density at breaig = 30 cnT3 andymax
= 6 x 10°. The blob have radiuR = 2.5 x 10'® cm, magnetic fielB = 1.8 G
and it moves with a bulk Lorentz factdr= 13 at an angl® = 2° with respect
to the line of sight. The relativistic Doppler factor is thés 21.5. The accre-
tion disk luminosity assumed Is; = 5 x 10* erg s* with a BRL reprocessing
a 10% of the illuminating continuum. Figure 8.3 shows the S&lthe GRID
observing period of July 2007, including simultaneous agt(REM) and X-
ray (SwifyXRT) data and indicating the individual model componentsration
disk emission, SSC, ECC and ECD.

8.2.6 Summary and remarks

During the period 2007 June 9-13, AGILE detected the FSRQ738Cd2ring a
bright y-ray state, with an average flux of (24038) x 10°® photons cm? s}

for E> 100 MeV.y-ray flux variations on 1-day timescale seem not to be present
in our data, while longer timescales cannot be investigdtexito the short AG-

ILE observing time. The spectrum measured by AGILE is cdasiswith a
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Figure 8.3: Spectral Energy Distribution of 3C 279 for the AGILE-GRIDsavation
(blue bow-tie), including simultaneous optical (red datjiaX-ray (green triangles) data,
collected by REM andBwiffXRT, respectively. The dotted, dashed, dot-dashed and
double-dot dashed lines represent the contributions aditestion disk blackbody, the
SSC, the external Compton on the disk radiation and theredt€ompton on the BRL
radiation, respectively [Giuliani et al. 2009].

power law with photon indek = 2.22+ 0.23 in the energy range 100 MeV — 1
GeV. This soft spectrum observed during a flaring episodehaviour already
observed during EGRET P9 observation, could be an indicatica dominant
contribution of the EDC emission compared to ECC emissidmesé EGRET
and AGILE observations indicate that, although the inv€lsmpton scattering
of relativistic electrons of synchrotron or ambient pha@responsible for the
emission at hard X-rays andray energies for FSRQs such as 3C 279, not in all
cases the accretion disk radiation reprocessed by the Bt isnain source of
seed photons for the IC. Therefore the ECC emission is therdornmechanism

in y-rays.

An alternative source of seed photons for the IC mechanigimeisnfrared
dust in the surrounding torus (Sikora et al. 2002). ReceS8ikora et al. (2009)
proposed that external Compton of infrared dust [ERC(IR)Id provide an
important contribution in the broad band spectrum of FSRIQghat case the
emission zone extends up to millimiter photosphere and thensband varia-
tions accompanying-ray flares were expected. However, simultaneous long-
term mmisub-mm and/-rays observations are necessary to test this hypothesis.
A long-term monitoring is also necessary to study the tiraksm which the
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source activity varies in order to discriminate the domtrn@ontribution to the
high energy emission. In fact, the ERC(IR) could play an intgoat role dur-
ing the softy-ray regime, but considering that the IR emitting region ésyv
large and far away the energy density of this radiation fielthains approxi-
matively constant over a much longer length scale than ted pbotons from
the accretion disk radiation reprocessed in the BLR (Btazski et al. 2000).
However, the energy density from the dust torus would suggoneost of the re-
diation approaching 1 TeV, unless assuming extreme valiutbe doulk motion,
and therefore a dominant contribution of ERC(IR) seems taukesl out for the
VHE flare observed by MAGIC.

Claryfing the exact nature of the seed photons for the IC estia¢t would
explain the origin of the emission exhibited by 3C 279 at tlghést energies
and more in general provide us a new level of insight on thstjecture and the
emission mechanisms in blazars.

8.3 3C273

8.3.1 Introduction

3C 273 is a bright and nearby £0.158) radio quasar. This is a very peculiar
AGN because it shows the properties characteristic of aabldike the strong
radio emission, a jet with apparent superluminal motiorgdaflux variations
and a spectral energy distribution with the two humps typadeblazars (see
Couvoisier 1998 for a review), but also other features @it Seyfert galaxies
appear as well as the broad emission lines, the soft X-ragss@nd the big blue
bump. For this reason this source has been extensivelyestiudihe past at all
frequencies (see e.g. Soldi et al. 2008).

3C 273 was detected in 1962 as a very bright double radio sq@achmidt
1963). One component was identified with the optical qualsarmther with the
jet seen in optical. It was later detected at X-rays (Bowyeale1970) and in
July 1976 a source coinciding with the position of 3C 273 wasal/ered to emit
iny-rays by COS-B (Swanenburg et al. 1978), and confirmed byhan@OS-B
observation in June 1978 (Bignami et al. 1981). The averageditected by
COS-B was~ 60x 1078 photons cm? s for E > 100 MeV.

EGRET pointed this FSRQ several times, not always detetttingth an av-
erage flux over all the EGRET observations of (15.4.8) x 108 photons crm?
st for E > 100 MeV. 3C 273 was detected in higkray activity in June 1991
(Lichti et al. 1995) with a flux of (5& 8) x 1078 photons cm? s for E > 70
MeV. von Montigni et al. (1997) reported a flux variation dwgithe campaign
in October—November 1993 from (225) x 1078 to (56 + 12) x 108 photons
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cm2 s for E> 100 MeV. The source showed largeaay variability during a 7-
weeks long EGRET campaign performed between December T#b&amuary
1997, with a flux variation from (25 9) x 108 to (76 + 13) x 1078 photons
cm2 s7! for E > 100 MeV (Collmar et al. 2000), but no outstanding variation
was detected with COMPTEL in the energy range 0.75-30 MeVYindguhat
campaign, a double synchrotron flare episode was detectdteyKIRT tele-
scope observing in the near-IR pand), and by RXTEPCA in the 3—-10 keV
band (Lawson et al. 1998), showing correlated variabilitg a< 1 day lag of
X-rays with respect to near-IR emission. The flux variati(8®-40%) and the
durations were similar in the two energy bands. In a jointa¥-and near-IR
campaign in 1999, another flare was observed with a lag of btigyrays with
respect to near-IR. The flare lasted 2 days inKhband and 4 days in X-rays
(Sokolov et al. 2004).

A multiwavelength campaign with INTEGRAL, XMMNewtonand RXTE
has been performed in June 2004 (Turler et al. 2006), treygby the sub-
millimeter monitoring, observing a sub-mm flux almost h&ié towest jet ac-
tivity ever observed in a similar campaign in March 1986 (Rmbet al. 1986).
This campaign showed spectral features of the source ysmatwhelmed by
the dominant jet activity. In particular, three further wdaumps due to dust
emission components are identified in the infrared band.

Even if the SED of this source roughly shows the typical huwipslazars,
there is no general agreement on their origin. Not only ttiaresof the hard X
to y-ray emission is controversial, but also the big blue bungbthe origin of
the millimeter to near-IR emission is in doubt. In the Jun8Il®ampaign, the
low energy part of the spectrum showed a peak at6I0'" Hz, and another
not measured peak must be present ik*400 Hz. With all these features,
the theoretical modelling of the SED is challenging. Somes models for the
SED of blazars are loosely constrained dfetient models can fit the same data.
Studying the emission evolution of the source, especiafgie, during and after
flaring episodes iry-rays, can help to constrain the models.

In the case of 3C 273, the SED was studied in veffyedent theoretical
scenarios (see e.g. von Montigni et al. 1997). The MeV peakhbegn fitted
in the context of pure synchrotron self Compton (SSC), ohandontext of the
external Compton (EC) model, considering the photons obigeblue bump,
assumed to be emitted by the accretion disk, as the seednshforathe inverse
Compton emission. Also proton-induced cascade models e proposed,
fitting the broad band energy spectrum collected in Noveribecember 1993
over more than 17 decades of energy.

After 8 years from the last observationsyifrays, the AGILE satellite, with
its Gamma-Ray Imager Detector, has opened new access tdseevational
window 30 MeV — 30 GeV. We organized a 3-week multifrequeraayppaign on
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this bright source involving REM, RXTE, INTEGRAISwiftand AGILE, with
the aim of studying the correlated variability in théfdrent energy ranges and
building a time-resolved energy density distribution fack of the 3-weeks from
near-IR toy-rays for testing the emission mechanisms working in thaz .

8.3.2 The multiwavelength campaign

We coordinated a multiwavelength campaign on 3C 273 overeksydbetween
2007 December 16 and 2008 January 8. The AGILE satellitet@aiat the
Virgo region for the entire period with itg-ray and hard X-ray instruments. IN-
TEGRAL pointed at the source for one complete revolutie?.b days) for each
of the 3 weeks. Optical and near-infrared data were provigeithe REM tele-
scope that monitored the source every 2-3 days. We requisgbeftirther ToO
observations with th&wiftsatellite in the last week of the campaign. The first
Swiftobservation started 1.5 days after the end of the last INTAIGBbinting.
Table 8.2 summarizes the observations of thiedent observatories involved in
the campaign. A detailed description of the analysis andltesf the AGILE,
INTEGRAL, Swiftand REM observations is given in the next subsections.

Table 8.2: Schedule of the observations during the MW campaign on 3C 273

Observatory|

start time (UT)

stop time (UT)

AGILE

2007-12-16 17:14
2007-12-24 07:12
2008-01-04 13:35

1 2007-12-23 02:18
2007-12-30 23:03
2008-01-08 11:0¢

INTEGRAL

2007-12-19 18:08
2007-12-2517:39
2007-12-31 17:13

2007-12-22 06:44
2007-12-28 06:27
2008-01-03 04:0(¢

s

s

Swift 2008-01-04 16:11 2008-01-04 17:47%
2008-01-06 11:5¢ 2008-01-06 15:24
REM 2007-12-11 8.20| 2008-01-14 7.26

8.3.2.1 AGILE observations

AGILE monitored the source continuously from 2007-12-1614JT to 2008-
01-08 11:06 UT, with two gaps of 1 and 4.5 days, respectivklg, to technical
maintenance of the satellite (see Table 8.2 for detailsg.r€bulting net exposure
of 3C 273 for both the GRID and SA instruments on board AGILE48 ks.
Level-1 AGILE-GRID data were analyzed using the AGILE StarttAnal-
ysis Pipeline (see Section 4.3.6). Counts, exposure, atact@abackground
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Figure 8.4: Gaussian-smoothed counts map of Virgo region-rays obtained from
GRID instrument on board AGILE, from 2007-12-24 07:11 to 2a2-30 23:03 UT ,
for E > 100 MeV. 3C 273 is the source at the center of the image. Thengpth-west
of 3C 273 is the unidentified source 3EG J128857, while the source at sud-west of
3C 273 is the blazar 3C 279.

v-ray maps were created with a bin-size of°0x30.3 for photons with en-
ergy greater than 100 MeV. We selected only events flaggedrdsmedy-ray
events, and all events collected during the South AtlantiorAaly and whose
reconstructed directions form angles with the satelligetf:vector smaller than
80 are rejected in order to reject the Earth-albedo backgroweddivided the
total GRID observing time in 3 blocks each approximately ek long (see
Table 8.2).

In the first and third week of our campaign 3C 273 was not detkicty-rays
by GRID, while in the second week it was detected at a ratlggrjaray activity,
with a flux comparable to the EGRET detection of the June 198#&.sky image
in the energy range 100 MeV — 30 GeV, exposed for the seconé ofethe
campaign, is shown in Figure 8.4. Near 3C 273 an unidentifiedce is clearly
visible in the image. Also the other famous blazar presethénVirgo region,
3C 279, is detected at a significance level of &.8ver the entire campaign,
with a flux of (25+ 7) x 10°® ph cnT? s'1. The results of the analysis of the
GRID data of 3C 273 is reported in Table 8.3 for the three iiltial blocks and
for the whole period. Considering that for the first and thwrelek the source
was not detected by GRID at a significance levé-o-, upper limits with 95%
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Table 8.3: Flux measurements and significance of detection of 3C 2713 AGILE-
GRID in the diferent weeks 2Flux in units of 108 photons cm? s1. PUpper limit
with 95% confidence level.

15tweek | 29 week | 39 week| Total
Significance §r] 1.4 4.4 15 4.6
Flux (E> 100 MeV}} | <2 | 33+11 | <50 |22+6

confidence level are provided (see Mattox et al. 1996). Theesdata are also
shown in the top panel of Fig. 8.5.

In the second half of the observation of the Virgo region, aidentified
source associable to 3EG J128857 appeared at 5° from 3C 273, rather
bright in the second and third week of observation, with a éitithe order of 60
x 1078 photons cm? st in the third week (see Pacciani et al. 2009b). During
December 2008FermiLAT detected highy-ray activity from a source coin-
cident with 3EG J12360457, with a flux reaching 158 108 photons cm?
s1 (Tramacere et al. 2008). Thanks to tBwift ToO observation of the field
in X-rays and opticdUV bands (Tramacere et al. 2008) and subsequently the
KANATA optical observations (Ikejiri et al. 2009), this sme has been associ-
ated with an AGN at redshift z 1.76 of the Sloan Digital Sky Survey: SDSS
J123932.75044305. A tentative assocation between the EGRET sourcthand
SDSS source had been suggested also by Mattox et al. (2001).

Due to the presence of this bright source within a distanogpawable to the
GRID PSF and the brief exposure (only 4 days) the statistinakrtainties in
the estimation of the upper limit with the likelihood proced is higher for the
third observing block with respect to the first observingdklo

The SuperAGILE (SA) instrument (Feroci et al. 2007) is a dimaensional
coded-mask imager, producing two orthogonal one-dimeasisky images of
the observed sky, starting from photon-by-photon data en-dsfined time in-
tervals. SA provided images of 3C 273 in the energy range A 8e¥ simulta-
neously with the GRID observation. Based on the availallissics, we divided
the complete 3-week observation in 5 bins of 3-4 days eacle. fif$t two SA
bins are simultaneous to the first GRID observing block, tie two bins are
simultaneous to the second GRID observing block, while #isé $A bin is si-
multaneous to the third GRID observing block, due to the t&n@xposure in
the third week.

SuperAGILE data analysis was performed usingTbs sourcgpackage of the
standardASO#Apipeline (Lazzarotto et al. 2008), which extracts high lgved-
ucts from the photon-by-photon SA data. For each AGILE dHstsource count
rate was automatically extracted in the energy range 20e&Déxcluding the
events taken during the satellite passage through the Zdlahtic Anomaly
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and when the Earth occulted the line of sight of the source. ddtector images
accumulated from the event list are corrected using pantiformation from
the star tracker. Since SA is a coded mask, the attitude ct@mmnedepends on
the source position in the field of view of each detector. Bgithe AGILE ob-
servation, 3C 273 scanned the central part of the field of wiamging from 7.7
to -2.4 deg in the X instrumental coordinate and from 11.01tx4 deg in the
Z instrumental coordinate. Normalized count rates (insioftcounts cir? s2)
were then obtained by considering thteetive area of the exposed portion of the
detectors and assuming a Crab-like spectrum (e.g. Froatela2007). Fluxes
in units of the Crab flux were calculated by applying a norgatlon factor of
0.15 to the normalized count rates. The average 20-60 ke\hikesured by
SA over the complete 3-week observation is (28.9.2) mCrab, with a source
detection significance of 14-and 16¢ in the X and Z coordinate, respectively.
The results of a time-resolved analysis are reported in &-tims in the specific
panel of Fig. 8.5 for the 20—60 keV energy range.

8.3.2.2 INTEGRAL observations

The INTEGRAL mission (Winkler et al. 2003) observed 3C 278wall the in-

struments from 19 December 2007 to 3 January 2008 in theutons 633, 635,
and 637, with the rectangular dithering pointing stratégy,a total observing
time of 7.5 days. It corresponds to a net source exposuredkd 2or JEM-X,

580 ks for ISGRI, and 494 ks for SPI. The INTEGRAL observagiare divided
into uninterrupted 2000-s intervals, the so-called s@emndows (SCWSs).

The X-ray and sofy-ray observations were carried out with JEM-X unit 1 in
the range 3-35 keV (Lund et al. 2003), ISGRI (Ubertini et D) in the range
18-400 keV, and SPI (Vedrenne et al. 2003) in the 20 keV — 8 Mab The
effective energy ranges used in the analysis are 5-20 keV forXEM—-200
keV for ISGRI, and 100-500 keV for SPI, excluding the eneggions with too
low effective area and the lowest energiefeeted by electronic noise. For SPI
we reported the energy range where fteetive area is comparable to or higher
than the ISGRI one.

Data were processed using th&-One Scientific Analysis (OSA) 7.0 software
released by the Integral Scientific Data Centre. ISGRI lghtes and spectra
were extracted for each individual SCW. The spectrum froml-JEwas ex-
tracted from a mosaic image at the position of the source. tDtee dithering
pointing strategy, the source is not always in the JEM-X fadldiew. The SPI
data were integrated for the three INTEGRAL revolutionstbgr to achieve an
acceptable sensitivity up to 500 keV. The average measuneavtks: (13.81
0.25) mCrab in 5-20 keV (JEM-X, 56-detection significance), and (22.30
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Table 8.4: Spectral fitting parameters of INTEGRAL data in the 18-12V kmergy

range.2Flux in units of 101° erg cnT? s71.

15'week | 2"9week | 39week

(rev 633) | (rev635) | (rev637)
Photon index | 1.77+0.07 | 1.87+ 0.09 | 1.80+ 0.07
Flux (20-40 keVy¥ | 1.73+0.05| 1.44+0.05 | 1.69+ 0.05

0.32) mCrab in 20-60 keV (ISGRI, 7®-detection significance). SPI provides a
marginal detection of the source (4r4detection significance) with an average
flux of (41« 9) mCrab in 100-500 keV.

The light curves in the energy ranges 5-20, 20-60, 60—10B;20D keV from
the above instruments are shown in Figure 8.5 with a bin i28@ks (one IN-
TEGRAL revolution), except for the 20—60 keV energy rangkere the count-
ing statistics allowed for a 25 ks bin size. The simultane?@s60 keV flux
measurements by SuperAGILE and ISGRI appear in good agrégeme

The spectra taken during the three individual INTEGRAL tations, can
be fitted with a simple power law model in the 18-120 keV eneemnge. No
significant spectral evolution is detected, except for aginat evidence of soft-
ening in the spectrum from revolution 635. The best-fit pat@rs are reported
in Table 8.4.

8.3.2.3 Swiftobservations

To continue the monitoring of the source in X-rays until timel ®f the AGILE
observation pointing, after the INTEGRAL observation, wquested tw&wift
ToO observations on 3C 273.

The observations of the X-Ray Telescope (XRT; Burrows e2@D5) were
taken in two epochs: on 2008 January 4, starting at 16:10B4fola total ex-
posure of 454 s in Windowed Timing (WT) mode and 2.5 ks in Ph@ounting
(PC) mode and on 2008 January 6, starting at 11:56:44 UT, totahexposure
of 448 s in WT mode and 2.8 ks in Photon Counting (PC) mode. f®ifdl-
lowing analysis we used the dedicated XRT pipeliretpipeline v 0.11.6).
Grade filtering was applied by selecting the 0-2 and 0-12asrfgr the WT
mode and PC mode data, respectively. To account for thepress the bad
column, in the spectra extraction we used the exposure nuapputed for each
epoch and from them we generated the ancillay response files.latter are
very sensitive to the source centroid. In fact for the presenf the bad col-
umn we could not estimate accurately the XRT source cenamictherefore we
run the pipeline fixing the source position at the coordigaiigen from optical
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and radio observations in the SIMBAD archive, that is R.20@0)= 12" 29"
06.7C and Dec. (J20003 02> 03 08.6’. We then computed thedtfective area
over four diferent positions centered at a distance df’390% error radius)
from the SIMBAD one, in order to evaluate thfexts due to the uncertainty on
the source centroid. These resulted to be less than 10%.

Moreover, the data acquired in PC mode difeced by pile-up in both the
observational epochs (average count raecountgs), but for the presence of
a bad column crossing the source region, we could not apahdard methods
based on Point Spread Function fitting to evaluate the diroes the saturated
region to be excluded. We therefore selected a historical ¥Bservation of
3C 273 that shows similar source count rate but with no badnenlcrossing
the source region. For the comparison of the source cousd va¢ selected an
extraction region that does not contain the bad column gesgmi-annulus re-
gion). XRT observations of 3C 273 taken on 2005 November 1iSfgdahese
requirements. We found that an annular source extractigiomavith inner ra-
dius of 6 pixels and outer radius of 20 pixels enables to apd&lup dfects
and we applied this region to our analysis, centering it @SWMBAD position.
Varying the inner region of 1 pixel, we found that the finaluks vary of less
than 5%. Assuming an absorbed simple power law spectral inwile absorp-
tion fixed atNy = 1.79x 10?° cm? (Kalberla et al. 2005), we then computed
the 2-10 keV integrated fluxes using the corresponding langifile for each
position. We assumed the flux estimated at the SIMBAD pas@®the correct
one and we used the fourftirent values obtained at the four positions.at &
estimate the flux uncertainty. We found a flux of fjev = 1.8793 x 1071% erg
cm? st for the first epoch and £ ev = 1.9733 x 1071% erg cm? s7* for the
second epoch. However, considering that contemporaneessrxe of pile-up
effect and a bad column crossing the center of the source amtraegion in
both observational epochs, we use the data in PC mode ontpfoparison for
the results obtained with the data in WT mode, néeting by pile-up.

For the data collected in WT mode the signal was extracted fraectan-
gular region (40 pixels wide and 20 pixels in height), assigrdas nominal the
position centered on the SIMBAD coordinates of 3C 273. Thaftstar sensors
precision introduces a systematic uncertainty in the exadn of the satellite
pointing, providing a mismatch between the source cenwaithe CCD eval-
uated with the star sensors data and tlieotive one. In order to evaluate the
effects of this systematics on the flux and spectral index esbmawe com-
puted the &ective area also over two other positions shifted of 3.1"g@ion
that encloses 90% of the PSF from the SIMBAD source positidime difer-
ence between the results obtained at the SIMBAD positiortlaaaghifted ones
is then taken as a systematic uncertainty, denoted belo(Bys)’.

Assuming also in this case an absorbed simple power law rep@codel,
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with absorption fixed aNy = 1.79x 10?° cm2, we found a photon indek =
1.61+ 0.05, with an observed 2—10 keV flux of 1.85107%° + 0.04 (stat)+ 0.03
(syst) erg cm? st during the first epochyf,, = 0.9, 92 d.o.f.). No significant
variations were observed during the second epoch, whenghibten index id”

= 1.57+0.06 and the observed 2—10 keV flux is 178071° + 0.04 (stat}: 0.08
(syst) erg cm? st (y2,,= 1.0, 71 d.o.f.). The worst quality of the image in the
second observation with respect to the first observatiosezhthe systematics to
be higher. The star sensor systematics do ffetathe photon index estimation
in WT mode. The results obtained with the data collected inniicle are in
well agreement. XRT data are shown in Figure 8.5.

The UltraViolefOptical Telescope (UVOT,; Roming et al. 2005) observed
the source with all lenticular filters except for the Whiteeqiy, V, B, UVW1,
UVM2 and UVW2), with exposures of 213 s for each optical fatend 810, 610,
and 850 s for the UV ones in the first observation; 268 s for gieal filters and
537, 729, 358 s in the UV for the second observation. Data westeced with
the uvotmaghist task distributed within thélEAsoft 6.3.2 package and the
calibrations included in the release of 2007-07-11 of thaitation Database’
(CALDB). Source counts were extracted for all filters fromcaiar aperture of
5”radius, the background from source-free circular apemfire2” radius and
count-rates converted to fluxes using the standard zerdspoirhe count-rate
of the source is near the limit of acceptability for the ‘coaence loss’ correc-
tion factor included in the CALDB~ 90 cts s?) in filters U, B, UVW1 and
UVW?2 for both observations. Therefore we considered in oalysis only the
V and UVM2 filters for both observations, and also the B forskeond obser-
vation. The fluxes were then de-reddened using a value Br~E{) of 0.021
mag (Schlegel et al. 1998) wity,/E(B — V) ratios calculated for UVOT filters
using the mean Galactic interstellar extinction curve ffeitmpatrick (1999). No
significant variability was detected within each single @yre for both obser-
vations. UVOT data are shown in Figure 8.5.

8.3.2.4 RXTHASM and SwifyBAT data

With the aim to add to the INTEGRALSwiftand SuperAGILE observations a
long-term monitoring in the 2-10 keV and 15-50 keV energydhame used
the public light curve from the All Sky Monitdr(ASM; Levine et al. 1996) on
boardRossKTE and the Burst Alert Telescop€BAT; Krimm et al. 2006) on
boardSwift Due to their observing strategy, both instruments pravisigarse
observations of dierent durations. The typical exposure times are 90s for ASM

httpy/xte.mit.edyasmIgASM.html
2httpy/swift.gsfc.nasa.ggdocgswift/resultgtransients
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and 840s for BAT, and the typical observation rate is 20 anan@g per day,
respectively.

The flux measurements by BAT are sparse and wiffedint exposure, de-
pending on the specific satellite pointing strategy, theestve grouped the avail-
able data with a bin size of 3 days. To account for the hugeasigrethe signal
to noise ratio between data, a weighting factor inversebpprtional to the flux
error was applied during the rebinning operation. The BAJhticurve in the
range 15-50 keV is shown in Figure 8.5 and shows the sameaetite Super-
AGILE and ISGRI instruments but a slightly lower flux, likedye to the slightly
different bandpasses.

8.3.2.5 REM observations

The Rapid Eye Mount (REM) telescope (Zerbi et al. 2004) hasitared 3C 273
in near-IR and optical bands for a period of 34 days, from 2D8ember 11 to
2008 January 14. REM is a fully robotic, 60 cm telescope,dhatvs to execute
simultaneously optical and near-infrared photometry awvdtdesolution spec-
troscopy. It hosts two parallel cameras: ROSS for opticakolmtions covering
the range 0.45-0.9am (V, R, | filters), and REMIR for near-IR observations
covering 0.95-2.3m range with 4 filters (z, J, H and K). For this campaign we
used the two instruments with all their filters, except fag thon REMIR, to
obtain nearly simultaneous data in order to study the alms&intaneous spec-
trum of 3C 273 from near-IR to optical bands. The J, H, Kimagere exposed
for 30 s, while the V, R, | images for 300 s. The sets of 6 bandenfations
were obtained every 2—-3 days during this 3-week campaign.

Data reduction and photometry of the near-IR and opticahés from the
REM observations has been carried out through the GAl#tware using im-
ages corrected by bias, dark and flat-field (see Stetson 198@)instrumental
magnitudes have been calibrated using the comparisonexjaesces reported
in Gonzales et al. (2001) for the optical and the near-IR banthree bright
isolated stars in the field of view were used as referenceltolede the instru-
mental magnitude shift.

The light curves over the 34 days monitoring for the J, H, KRY,l bands of
REM are shown in Figure 8.5. The large errors for some datat @oe due to
the presence of the moon, causing errors in the photometBCd?73 angbr

of the reference stars. Smallfid@rences in the simultaneous measurements in
V band by REM and UVOT are most likely to be due to the slighiilffetent
bandpasses.

3httpy/docs.jach.hawaii.edstaysun214.htssun214.html
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Figure 8.5: Complete set of light curves collected during the multitreqcy observa-
tions of 3C 273. From top to bottom: GRID data in the energyeah00-200 MeV, the
ISGRI data in 100-200 keV, 60-100 keV, 20-60 keV, SuperAGH.E0—-60 keV range,
BAT in 15-50 keV, JEM-X in 5-20 keV, ASM in 2-10 keV, XRT in 2-1@V, UVOT
fluxes with UVM2 and V filters, and REM fluxes with V (diamond$3, (crosses), |
(triangles) filters from ROSS, and J (triangles), H (crogskkqdiamonds) filters from
REMIR. The time is referred to MJD 54450.0, corresponding@67-12—-16 00:00 UT,
the starting day of the campaign [Pacciani et al. 2009a].
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8.3.3 Discussion

The complete set of light curves from the multiwavelengtimpaign is shown
in Figure 8.5, ordered by wavelengths (except for REMIR Xdd&teom the com-
parison of the light curves, the source exhibijedhy activity only in the second
week of the AGILE observation. At the same time, a reductibr @0% in the
soft and hard X-ray flux was detected by all the involved insients. Instead,
the near-IR, optical and UV fluxes remained constant withib0% variability.
From the analysis of the light curves no strong evidencedaretations can then
be derived between theray activity and the source emission in other bands.

In order to study the spectral variability, we divided thengaigns in 3
weeks, according with the GRID observing blocks and buigddbmplete SEDs
for the first two epochs, in order to understand the origiteftray activity. We
also try to briefly evaluate the possible contribution of f8e-like reflection
component in the X-rggofty-ray energy spectrum.

8.3.3.1 Limits on Seyfert-like spectral features

The broad band spectra of 3C 273 takerBapp®&AX between 1997 and 2000
allowed to disentangle the contribution of the jet and Seytikee features (Grandi
and Palumbo 2004). In case of our campaign, the possible XdR@ration un-
certainties between 0.4 and 0.6 keV (see Cusumano et al) 20@% not allow
us to study in detail the soft excess, whereas the Iron ludies (Yaqoob & Ser-
lemitsos 2000 and references therein) prevented to us byoti&ing statistics.
Instead, the INTEGRAL data allow us to study the reflectiompucontribution
to the spectra, emerging at 20—60 keV.

Unfortunately, results in this spectral region are verysgere to possible
uncertainties in the cross-calibrations between JEM-XI&@&RI instruments.
In the following we use the cross calibration factors foritetruments onboard
INTEGRAL fixed to the value (ggr = 0.99 and Ggy-x = 1.02, and keep free
the XRT normalization factor (also to account for the sysiBas in XRT data
relative to our specific observation). SPI data were not us#ds analysis. Itis
also important to note that the declared INTEGRAL cros#catlion factors are
reported for Crab-like spectra, while the energy spectri®®273 is harder,
and this could introduce a systematic error.

We built three energy spectra, each spectrum contains GiRl8ata for that
revolution. The first XRT observation was performed 1.5 dafysr the end of
the last INTEGRAL pointing, thence we used XRT data for thedtspectrum
only. In order to reach enough significance, all the JEM-Xaddtthe campaign
were merged together in the spectrum of the third week. Wectad the JEM-
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X multiplicative factor to account for the true normalizatifactor for the third
week (during the third week the JEM-X flux was 1.08 times thamfiéux of the
campaign).

The energy spectra of the three epochs were fitted simultahedNe first
attempted a fit with an absorbe( = 1.79x 10?° cm~2) simple power law plus
a Compton reflection hump (the PEXRAV model in XSPEC), withapaeters
set proposed in Grandi and Palumbo (2004) and only the PEXR#vhaliza-
tion allowed to vary in the fitting, but linked for the threeoghs. The power
law parameters also were linked for the three epochs, ekaetbteir normaliza-
tion, left completely free to vary. With this approach, wetezl the hypothesis
that the hard X-ray variability among the three epochs wasedy due to the
jet-component. The best-fit result is acceptahfe,= 1.15, 47 d.o.f., null hy-
pothesis probability= 0.24).

We then try to introduce a break in the description of the @hponent,
substituting the simple power law with a broken power lawg anlopted the
same fitting strategy, again under the hypothesis of a vityjaéntirely due to
the jet-component. An acceptable fit was achieygg, & 0.84, 45 d.o.f., null
hypothesis probability: 0.76) with photon indexeB; = 1.46+ 0.12 andl’, =
1.71+ 0.05 and break energ = 4 = 2 keV. The normalization factor for the
reflection component is (1385.0) x 1072 ph cnm? st keV, instead for the
broken power law is (27.% 9.3)(19.5+ 7.9)Y(25.4+ 8.6) x 1073 ph cnt2 st
keV-! for the revolution 633, 635, and 637, respectively. The salibration
obtained for XRT is Ggr = 1.01+ 0.11. We note that using only a broken power
law without a reflection component provides a slightly wdrest-fit result, with
ay2,=1.20 (46 d.o.f., null hypothesis probability0.17).

We note that the uncertainties on the normalization facottie PEXRAV
and broken power law seem to be correlated. Therefore, erdoccompare the
contribution of the jet in the three epochs, in terms of tHeeaf the normaliza-
tion of the broken power law, we performed another fit by fixihng PEXRAV
parameters to their best fit value. The uncertainty on thenabzation of the
broken power law under this assumption shows that the j@ipoment variation
between the first and the second week is indeed statistisigiiyficant, while
the diference between the values in the second and third is maggaualsis-
tent with the combined 90% uncertainties on the individ@bmeters.

Thus, from our analysis of the time-resolved X-to-spitay energy spec-
trum, we can derive that the variability observed from thghticurves in this
energy range is most likely due to the jet-component, desdrias a broken
power law in our emission model, although a non-variablectittn component
seems also to be required by the spectral data presented here
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Chapter 8. The Virgo region

8.3.3.2 Spectral energy distribution

With the aim of understanding the origin of theray emission, we build the
SED of 3C 273 for the first and second week. Due to the unceytearthe eval-
uation of they-ray flux of 3C 273 for the third week, we do not consider the
SED relative to that observation. For both the SEDs, we usedpectrum ex-
tracted from all three JEM-X observations together, apyya correction factor
to the spectra to obtain the observed count rate in the 5-2®&ad from each
revolution. Due to the statistics, the SPI data are obtaifreed the integration
of the three INTEGRAL revolutions together.

We modeled the SED including synchrotron emission, syriatmeself Comp-
ton and external Compton components (see Maraschi et a2; MArscher et
al. 1992; Sikora et al. 1994). The possible reflection humigaken into ac-
count in the SED model. The resulting SEDs for the first andseéaveek are
shown in Fig. 8.6.

The observed variability of the SED between the first and @ eeeek can-
not be associated with a synchrotron flare. In that case aaneeiment of the
emission at all the observed wavelengths is expected. Tinbugy behaviour
can be reproduced as a shift toward higher energies of tltr@bedensity,
thence related not to the injection of a new blob, but to ebecacceleration. Ac-
cording to this hypothesis, we modelled the variabilityfieg the bulk Doppler
factor, the blob radius and the disk luminosity unchangexdtelad, we varied
the parameters related to the accelerated electrons: ébals energy distri-
bution (e, v* and p,) and, slightly, the tangled magnetic field. But the choice
of the SED parameters allowing for a change from the first éosétcond week
is not unique. The chosen parameters of the SED model fomthepochs are
reported in Table 8.5.

The flux at frequencies higher thanx310** Hz, consistently with the large
viewing angle (8), appears dominated by thermal emission from the diskoaind
from the BLR. Thus, we expect that the emission in the rangkiegfuencies
observed by REM does not vary on daily timescales, and to Vadations of
the synchrotron emission except in the near-IR bands. Thd Bliservations,
show variations lower thar 10-15% in the near-IR and optical bands. Our
model, showed in Fig. 8.6, produces no variations of the lssoton emission
in the near-IR and optical energy regions. A moderate shifthe direct syn-
chrotron spectrum towards higher frequencies is detexialthe far-IR and in
the soft X-rays, if not hidden by other thermal component. (e components
suggested in Turler et al. (2006), and the soft excess tegpan Grandi and
Palumbo (2004)), but we do not have coverage of that energgne for all the
campaign.
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Figure 8.6: Spectral Energy Distribution of 3C 273 for the first (top plammck
second week (bottom panel). Triangles are for AGILE datae @tey data refers to
the XRT observations, performed in the third week. The satid is the model for the
simultaneous data of the week, whereas the model for the wotbek is reported for
comparison as dashed line [Pacciani et al. 2009a].



Chapter 8. The Virgo region

Table 8.5: Parameters for the SED for the first and second week of the aigmpp;
and p, are the pre- and post-break spectral index for the electopulption,y* is the
break energy Lorentz factoymin is the cut-d¢f energy of the electron population, B the
tangled magnetic field, the radius of the spherical blob in the comoving fradéhe
Doppler factorne the electron density.

P1 P2 Y Ymin B r 0 Lq Ne

(Gauss) (18 cm) (ergcm?s™t) (e /enr)
2 5 200 3 12 2 9 & 10% 150
2 47 300 3 10 2 9 & 10% 70

Variations are instead revealed in the inverse Comptoroogssing in the
X-ray andy-ray domain. The relative variations detected20-30% and a fac-
tor ~ 2—-3, respectively, together with the fact that theay flux appears anti-
correlated to the X-ray flux, indicates that a shift towardh@r energy in the
electron density is very likely responsible for the obsdrvariability.

Sikora et al. (2001) proposed a scenario in which, duringaiteeleration
phase, the accelerated electrons population increasestsag first at high en-
ergy. When the phase of electrons acceleration stops, #rg\ebreaky* of
the electrons population moves to lower energies, readhegritical energy
vc (balancing the radiative cooling time with the duration loé tacceleration
period) or even lower values. In that model, theay light curve reaches its
maximum before the hard X-ray, then decay faster than harayXight curve.
This scenario might be able to fit the data of our multiwavgtercampaign,
provided that the second week is related to an electronsematien phase, and
the first week to the late phase of a previous episode. Thé&egeray activity
and the high value of* during the second week of observation seems to be the
signature of the acceleration phase.

8.3.4 Summary and remarks

1. We presented the data collected during a pre-scheduleseR-multiwave-
length campaign on 3C 273 carried out between mid-Decenti¥f and
January 2008, covering from the near-IR to jhey energy bands.

2. The source was detected in a high state in X-rays, with 8Gk&V flux a
factor of~ 3 higher than the typical value in historical observatidbdsyr-
voisier et al. 2003). Instead, the AGILj=ray data showed a flux lower
than or equal to the EGRET measurements.
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3. The simultaneous light curves frogray to near-IR do not show any
strong correlation, except for an indication of an antiretated variabil-
ity between X-rays ang-rays: all the soft and hard X-ray measurements
show a decreasing trend at the time of the AGILE detectiohéytrays
in the second week of observation, preceded and followeddoy-ray
detections in the first and third week of our campaign.

4. Using a one-zone homogeneous SSC plus EC from an accdesionve
find that the spectral variability between the first and theoed week
is consistent with an acceleration episode of the electopulation re-
sponsible for the synchrotron emission. Even if the posssghchrotron
variations in far-IR and soft X-rays are not detectable bseave do not
have adequate coverage in these parts of the spectrum, gthetigie of
the acceleration is revealed by the inverse Compton pedieiXiray and
y-ray energy ranges.

5. A possible shift of the IC peak were proposed comparingJtiree 1991
multiwavelength campaign with the OSSE observation in&aper 1994
(McNaron-Brown et al. 1997). Our multifrequency obsermvatand mod-
eling suggest that this behaviour could be a more genertireeaf this
source, happening on shorter timescales.

6. Considering the weak X-ray flux in the second week, we stioeseyfert-
like disk reflection hump in this source. The wide band spé¢aata
from all the INTEGRAL instruments show that the jet emissione does
not describe perfectly the energy spectrum. A reflection pnumproves
slightly the X-ray spectral modeling. We then found thathe second
week the jet contribution to the X-ray emission gets dimndee to the
shift to higher energy of the electron population, making likely con-
stant disk contribution emerge.
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Chapter )

TeV blazars

9.1 Introduction

With the advent of the latest generation of Imaging Atmosich€herenkov
Telescopes (IACTs) the number of sources detected in theefevgy regime
has significantly increased. The majority of TeV sourcesgalactic, however
30 extragalactic sources are detected until now, of whicare8AGNs, the most
distant reported being 3C 279 (Albert et al. 2008a). Onlyhedj the 28 AGN
TeV-emitters were detected by EGRET (Hartman et al. 1998)aost of these
sources were discovered at TeV energies only by the new ggoreiof IACTS,
therefore the number of TeV blazars detected contempousnaoMeV-GeV
and TeV energy bands is very low.

Therefore, until recently multiwavelength campaings hasen large unable
to probe information on the part of the electromagnetic spetbetween 150
keV and~ 100 GeV as no instrument operating at those energies hasaxis
With the launch of two newy-ray satellites, AGILE and~ermi, a large part
of this gap in coverage have been closed giving the podsiltdiremove the
degenerecies in the modelling the spectral energy disimihSED) of these
objects. In fact, simultaneous observations from MeV to,wkere most of
the energy of blazars is emitted, could provide importafdrimations on the
physics underlying the emission from these objects.

In this Chapter, we present the result of the multiwavelemgimpaigns in-
volving y-ray AGILE observations, together with MAGIC and VERITASVIe
observations of Mrk 421, W Comae and PG 15%33. The analysis and results
presented are published in Donnarumma et al. (2009a), Aatial. (2009b)
and Aleksic et al. (2009).
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9.2 Mrk421

Mrk 421 is a nearby blazar & 0.031), one of the brightest and best studied BL
Lac objects detected iprays by EGRET (Lin et al. 1992). It was the first ex-
tragalactic source detected in the TeV energy range usiagilmg Atmospheric
Cherenkov telescopes (Punch et al. 1992). Mrk 421 was adssaihrce with the
fastest observed flux variations among the TeV blazarsyédéfe very fast vari-
ability recently observed by Mrk 501 (Albert et al. 2007cpdPKS 2155304
(Aharonian et al. 2007).

Mrk 421 was detected and studied at all accessible wavéismgithe elec-
tromagnetic spectrum from radio to very high evergy (VHERays, extending
over ~ 19 decades in energy. It belongs to the class of High-eneegkeau
BL Lac objects (HBLs), showing a double-humped spectratggndistribution
with a first peak usually in the soft to medium X-ray range, arsgcond one at
GeV-TeV energies (Sambruna et al. 1996; Fossati et al. 198&)first hump is
interpreted as due to synchrotron radiation from high-gyetectrons in a rela-
tivistic jet, while the origin of the second peak is still @ntain. In the leptonic
scenario it is interpreted as inverse Compton (IC) scaigeoi the synchrotron
(synchrotron self Compton: SSC) or external photons (egleCompton: EC)
by the same population of relativistic electrons. The olesgicorrelated vari-
ability between X-rays and TeV energy bands (Maraschi eL289; Fossati
et al. 2008; Wagner 2008) seems to be well explained in the f&8aework,
whereas the EC scenario is unlikely to apply in HBLs, due ® ldw den-
sity of ambient photons. However, a recent multifrequerasngaign on the
HBL PKS 2155-304 during a low activity state with H.E.S.S=ermi, Swift,
RXTE and ATOM observations (Aharonian et al. 2009) showet&int spec-
tral and variability properties with respect to what usyalbserved for HBLs
in flaring states, challenging the SSC model. AlternativeBdronic models
invoke proton-initiated cascades @mdproton-synchrotron emission cannot be
excluded (Aharonian 2000; Mucke et al. 2003).

Leptonic and hadronic scenarios for HBLs predidfatient properties of the
y-ray emission in relation to the emission in other energydsarSpecifically,
the hadronic models, as opposed to the leptonic SSC onescipadlatter slope
of the IC emission at 100 MeV than that of the synchrotron emission in the
opticaJUV energy bands. Therefore, a way to distinguish betweenlitfierent
emission models is to close the gaps in the SED, as well astevndi@e the
position of the second peak in the SED and to obtain simuttas\g¢ime-resolved
data in a broad energy range. High Energy (HE) and \\Hfay observations
of flaring BL Lacs and simultaneous multiwavelength datathus the keys to
investigate these two scenarios.

During the AGILE ToO observation towards W Comae in June 2Q@®
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next Section), a hard X-ray flare of Mrk 421 was detected byeBAGILE on
2008 June 10 (Costa et al. 2008). This observation was latlewied by a
detection in HE/-rays by the Gamma-Ray Imaging Detector (Pittori et al. 2008
A prompt Swift ToO observation, complemented the ongoing multifrequency
campaign of Mrk 421 with also GASP-WEBT observation in opitidMAGIC

and VERITAS observation at TeV energies.

9.2.1 AGILE observations

The AGILE satellite observed Mrk 421 with its two detectorRIG and Su-
perAGILE, in the energy ranges 30 MeV-30 GeV and 20-60 keyeesvely,
between 2008-06-09 17:02 UT and 2008-06-15 02:17 UT forad h&tt exposure
on the source of 260 ks.

The GRID data were analyzed using the AGILE standard pipdkee Sec-
tion 4.3.6). Counts, exposure, and Galactic backgrouraly maps were created
with a bin-size of ®5° x 0.25°. Only events flagged asrays and not recorded
while the satellite crosses the South Atlantic Anomaly wareepted. We also
rejected all events with reconstructed direction withifi #®m the Earth limb,
thus reducing the contamination from Eartih’say albedo.

Mrk 421, observed at 20° off-axis with respect to the boresight, was not
regularly detected at a significance level higher than @ daily time scalés
Instead, a 4.%F significance level over the whole 5-day period resulted feom
maximum likelihood analysis in the energy range 100 MeV-8¥J he aver-
agey-ray flux is (42+ 13) x 1078 photons cm? s* for E > 100 MeV, about
~ 3 times higher than the average flux detected by EGRET3(x 108 photons
cm? s71; Hartman et al. 1999) and 1.5 times higher, but still consistent, with
the highest flux observed by EGRET during May 1994, 427) x 108 photons
cm 2 st Due to the relative faintness of the source and the shodsexp, the
GRID data do not allow us to extract a reliable energy spettru

On 2008 June 10, SuperAGILE detected enhanced hard X-ragsgmifrom
Mrk 421. The measured daily flux in 20—-60 keV was found to bevali@0
mCrab, almost an order of magnitude larger than its typical ith quiescence.
In the following days, the flux increased up to reach about & ah on 2008
June 13. The 20-60 keV SuperAGILE light curve between 9 andub@ 2008
is shown in Fig 9.1c. The flux increased by a factord? over 4 days, starting
to decrease the last day of the observation.

We use the publicly available light curves for this sourcarfrtheSwifyBAT
experiment in the 15-50 keV energy range (a bandpass similar to the Super

1The peak of they-ray activity, considering time-bins of 2 days, is detechksdAGILE
between 2008-06-10 23:00 UT and 2008-06-12 23:00 UT.
2httpy/swift.gsfc.nasa.ggdocgswift/resultgtransientaveakMrk421/
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AGILE one), in order to obtain good coverage also before dtett the AGILE
observation (black squares in Fig. 9.1c), revealing thaeBAGILE indeed ob-
served the maximum brightness of this hard X-ray flare. BogpeBAGILE and
BAT count rates were converted to physical units by assumi@gab-like spec-
trum (see e.g. Frontera et al. 2007), thus allowing a coraparof the two data
set despite the slightly flerent bandpasses.

SuperAGILE photon-by-photon data allows extraction of raetiaveraged
energy spectrum from the mask-convolved data. Given tHedasubstantial
spectral variability in the SuperAGI/BSM hardness ratio (Fig. 9.1e) we ac-
cumulated the average energy spectrum from the data of $hd ldays of the
observations, when the source flux varied between 35 and Satm@r a to-
tal net source exposure 6f140 ks. Despite poor statistics, this 4-point energy
spectrum is able to reasonably constrain the photon indaxsmhple power law,

I = 243708 (y2,= 0.8, 2d.o.f.). The average flux obtained over the 4 days is

F (20-60 keV)= (4.90+ 0.54)x 10 erg cn? s,

9.2.2 SwiffXRT observation

Following the SuperAGILE detection, on 2008 June 12 we &igd a ToO ob-
servation with theSwift X-Ray Telescope (XRT) that promptly observed the
source for~ 5 ks between 2008 June 12 19:33:20 UT and June 13 at 01:57:37
UT (MJD 54629.8-54630.1).

The XRT data were processed using the standard procexitipifpeline
v0.12.0), with filtering and screening criteria by using FJI5 in theHeasoft
6.4 package. Observations were taken in Windowed Timing )(W@de at a
count rate of 120-150 cts’s We selected XRT grades 0-2 (Burrows et al.
2005) and extracted the WT data in a rectangular region g8(ixels cen-
tered on the source. The background was also extractednvétiimilar rect-
angular region of 4020 pixels, far from possible background sources. Due to
calibration uncertainties of XRT, we restricted our spaldit to the energy range
0.7-9.0 keV and added a 3% systematics to the model (Cusuetaho2007).
The XRT spectral data are well described by an absorbeddogpbplic model.
We performed a joint fit of the XRT data and the SuperAGILE 4-deerage
spectrum using a log-parabolic model, defined as:

F(E) = KE~2?9E) photons cm? s

wherea is the photon index at 1 keV arilis the curvature parameter (Massaro
et al. 2004; Massaro et al. 2008). The log-parabolic modeécted for Galactic
absorption KIS = 1.61x107° cm™2; Lockman & Savage 1995) usually describes
adequately the featureless and curved spectrum in HBLse(gedramacere et
al. 2007). The log-parabolic distribution give an intetpt®n of this feature
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in the framework of energy dipendent acceleration thatmadijuleads to log-
parabolic spectral distributions, with a possible powertail at lower energies.
The joint fit providesa = 1.65'0.9%, b = 0.37*391 (x2,, = 1.4, 763 d.o.f.), which
implies a peak energy of@7*0-42 keV, and predicts fluxes;Figkey = 2.56x 107

erg cnt? st and Rpgokev = (5.7 + 0.6) x 1071% erg cn1? s71, comparable to the

stand-alone SuperAGILE best fit.

Interestingly, the 2—10 keV flux measured by XRT on June 12~23% x
107° erg cn? s71, is higher than the flux observed during previous multifre-
quency campaign on Mrk 42k (2 x 107° erg cnt? s!: Fossati et al. 2008;
Lichti et al. 2008). A joint analysis of the XRT and SuperA@&data, covering
the range from 0.7 to 60 keV, provides a best-fit spectral moolesistent with
a log-parabolic shape, with parameters implying a peakggnes keV, in good
agreement with the steeper positive correlation betweepélak energy and the
maximum of the SED found by Tramacere et al. 2007 (see thgilJyj although
our value of the peak energy shows a significant shift witpeesto typical val-
ues of 0.5-1 keV usually obtained for this source. We notedbang aSwift
observation on July 2006, the source reached a 2—-10 keV fltixeobrder of
~ 4 x 10°° erg cn1? s71, with a peak energy larger than 10 keV (Tramacere et
al. 2009).

9.2.3 RXTEASM

Given the high flux observed BwifyXRT, we retrieved the public light curves
provided by the All Sky Monitor (ASM) to trace the evolution of the soft X-
rays during the entire AGILE observation. Figure 9.1b shdvwesdaily light
curve of Mrk 421 in the energy range 2—-12 keV, obtained by @rgmveraging
the dwell-by-dwell data. The emission at soft X-rays is veelirelated with the
hard X-ray emission.

The ASM data show that the XRT observation took place whersthece
was at its maximum emission in soft X-rays (M3b54630). Comparing the
relative intensity of the two flares in Fig. 9.1, it appearatitine second peak is
significantly harder than the first one. This is also shownign &.1e, where we
computed the daily-averaged hardness ratio between har®QlkeV) and soft
(2—-12 keV) X-rays. The source appears to have undergoneatigest part of
this double-humped flare just during the AGILE detectionrays.

3httpy/xte.mit.edyasmIgASM.html
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9.2.4 Observations in the VHEy-rays

The 4-telescope array VERITAS (Acciari et al. 2008a) at thedA_awrence
Whipple Observatory (Arizona) and the single-dish insteatrMAGIC (Baix-
eras et al. 2004; Tescaro et al. 2007) at La Palma are IACTeric@van energy
range from~ 100 GeV to some tens of TeV. The instruments have a typical
energy resolution ok 20% (VERITAS) and 20-30% (MAGIC), and event-by-
event angular resolution 6f 0.14. Wobble-mode observations (Daum et al.
1997) at an 0.4offset from the camera center were taken on five nights (2008
June 3-8) with MAGIC at zenith angles (ZA) betweeri 28d 48 and on four
nights (2008 May 27, June 1, 5, 6) with VERITAS (wobbléset: 0.5) at ZA
between 32and 40 during partial moon light conditions. The total live-time
after applying quality selection is 2.95 hours and 1.17 Bauth MAGIC and
VERITAS, respectively. The data were analyzed using the MA@ \Ibert et
al. 2008c) and VERITAS (Daniel et al. 2007; Acciari et al. 8D8tandard cal-
ibration and analyses and image parameters (Hillas 198%)VERITAS, the
vy-ray direction and air shower impact parameter on the grawedeconstructed
using the stereoscopic techniques in Hofmann et al. (198®Xaawczynski et
al. (2006). Anyy-ray excess is derived from ti#8 distribution, wheres rep-
resents the angular distance between the source posititve isky and the re-
constructed arrival position of the air shower. For MAGIGs estimated using
the DISP method (Fomin et al. 1994). For VERITAS, 99.9% oflihekground
of cosmic-rays is rejected by using selection cut®fmean scaled width and
length, and by using quality cuts of each event. The MAGIQyama utilizes a
random forest method (Albert et al. 2008b) to discriminatedominating back-
ground of hadronic cosmic-ray events and for the energynasiton of they-ray
events. The energy andfective area of each event is reconstructed from Monte
Carlo simulations. The integral flux and energy spectrumhefdource is then
derived from the ffective areas for nights with a significant detection.

Two independent analysis of both the MAGIC and VERITAS data gielded
consistent results. In total, a signal corresponding t@aifscance level of 44-
o (VERITAS) and 666 (MAGIC) is obtained by following eq. 17 of Li &
Ma (1983). Taking advantage of the overlapping MAGIC and VEAS ob-
servations, we present a combined VHE light curve. The costbhMAGIC-
VERITAS data (Fig. 9.1d) show a transient flare peaking nedbM4622. The
VERITAS energy spectrum for June 6 is provided. A power lavwotier the
energy range 0.3-5 TeV resulted i, = 0.7, with a photon index = 2.78
+ 0.09. The intrinsicy-ray spectrum of the source reconstructed by removing
attenuation fects by the extragalactic background light (Hauser & DweB130
following the procedure of Raue & Mazin (20d8)ields a photon indeX =

“httpy/www.desy.dg~mraugeby
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2.59+ 0.08, which is not significantly harder than the measuredtsp due to
the relatively low redshift of the source £0.031).

9.2.5 Optical and UV observations

Mrk 421 is one of the 2§-ray-loud blazars that are regularly monitored by the
GLAST-AGILE Support Program (GASP) of the Whole Earth Blazelescope
(WEBT). The GASP observations of Mrk 421 started in early28@vember.
TheR-band data were calibrated according to the photometrigceseze by Vil-
lata et al. (1998). A careful data analysis is warranted bsedéhe source flux
is contaminated by the emission of the host galaxy and neabj@ets. The flux
contribution of these objects was subtracted accordingilssdh et al. (2007).
Moreover, we corrected for a Galactic extinction/f = 0.042 mag. The re-
sultingR-band light curve during the period considered is shown ¢n ila.

During theSwiftpointing on 2008 June 12-13, the UVOT (Poole et al. 2008)
instrument observed Mrk 421 in the W1 and UMN2 photometric bands. The
uvotsource tool is used to extract counts, correct for coincidencedssap-
ply background subtraction, and calculate the source flue. applied a stan-
dard 5 arcsec radius source aperture, and a 20 arcsec bac#genion. The
source fluxes are dereddened using the interstellar extmoarve in Fitzpatrick
(1999).

9.2.6 Discussion

Mrk 421 showed a very interesting broad-band activity ovZdécades in energy
during the first half of 2008 June as derived from GASP-WESWift AGILE,
MAGIC and VERITAS observations. Using the multifrequenatalcollected,
we were able to derive time-resolved SEDs. We distinguishgeriods:period

1 (2008 June 6), with the inclusion of optical, X-ray (RXTEJaBAT) and TeV
data (VERITAS); angberiod2 (2008 June 9-15), including optical, UV, X-rays
(XRT and SuperAGILE) ang-ray data (AGILE).

The source shows a very interesting time-variable broad leamission that
appears to be in overall agreement with a SSC model (see .Big.The optical,
soft and hard X-ray bands strongly constrain the SED arobadsynchrotron
peak, and its daily variability reveals the physical preessof Mrk 421. Possible
correlated variability is shown in Fig. 9.1 between the cgit{with an overall
decreasing trend with superimposed spikes of emissiamXtfays (with several
emission peaks lasting few days), and the high-energy pértise spectrum.
Based on the physical constraints obtained for the synahrgieak, we can
model both the HE and VHE-ray emission.
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We first model the synchrotron peak of emission using opt®aft X-ray
and hard X-ray data collected during tperiod 1. The short time-variability
observed (Fig. 9.1) constrains the size of the emittingoego R < cTs ~
5 x 10'%(5/20) cm. Hence, we consider a one-zone SSC model based on a blob
of comoving sizeR = 4 x 10 cm, with a relativistic Doppler factof = 20
and characterized by non-thermal comoving electron enéigfyibution func-
tion described by a double power law:

K)/gl
(y/yp)P + (y/ )P

ne(y) = (9.1)

where the comoving Lorentz factoy)(varies in the rang@min = 4x 10° < y <

Ymax = 1.3 x 10°, the normalization density constantds= 4 x 10™* cm 3, the
break energy iy, = 3.6 x 10°, with low-energy and high-energy photon indexes
p. = 2.22 andp, = 4.5, respectively (see Table 9.1). With these parameters we
found that the data foperiod 1 are best fitted with a comoving magnetic field
B=01G.

The variability observed between the two periods may beemhosainly by
two efects: (A) hardeningoftening of the electron energy distribution function
caused by particle acceleration processes; (B) incleéasease of the comoving
particle density, as a consequence of additional partigéeiionloss by shock
processes. For case (A) we expect TeV variability to be coaipa with the
X-ray one, because the emission is in the Klein-NishinamegiAlternately, for
case (B) we expect the TeV relative variability/F) to be a factor of 2 greater
than that of the X-ray flux variability.

The AGILE, MAGIC and VERITAS data seem to support the case \¥¢
compare the SEDs fgreriod 1 andperiod 2, to better assess the spectral evo-
lution. In Fig. 9.2 we show our optimized modelling of the énesolved syn-
chrotron peak and consequent SSC high-energy emissidmefpetiod1 as well
as for 2008 June 12-13 sub-interval of gexiod2. In the last case, the adopted
model parameters am = 2.1, p, = 5, yp = 42 x 10°, andK = 6 x 1074 cm3,
Our theoretical model predicts fgeriod2 a VHE flux at about 7 Crab units,
a factor of 2 larger with respect to that detectecgeriod 1, with an IC peak
slightly shifted towards higher energies. Unfortunatéig moonlight hampered
measurements by MAGIC and VERITAS in this second period.

However, the ARGO-YBJ experiment since 2007 November ifopming a
continuous monitoring of Mrk 421 and detected a VHE flux atgnsicance
level of 4.2¢, with a suitable events selection (see Vernetto 2009) nduthe
period 2008 June 11-13 (Di Sciascio 2009). The ARGO measmenappear
in fair agreement with the expected emission from the thememodel pre-
viously proposed, as shown in Fig 9.3, in which the ARGO mesmsents are
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overimposed to the SED reported in Fig 9.2. The soft X-rap daems to be
well correlated with the TeV observations, confirming thne flare observed in
period?2 is a factor 2 larger with respect to that observepeniod1.

From a more detailed investigation of the light curves in.Big a complex
optical vs. X-ray variability of Mrk 421 is observed. The mai light curve
shows variations of the order of 10% on a time scale- déw days, superim-
posed on a long decay during the entire period. Insteadjichehl soft and hard
X-ray peaks result in increased fluxes by a factor &.5 and~ 5, respectively,
and no long term decay appears. Thiatent behaviour of the X-ray radiation
and the bulk of the optical emission may interestingly ssfjgemore complex
scenarios than A) and B) ones previously proposed: optichMaray emission
comes from two dferent jet regions, each one characterized by its own vériabi
ity. A possible scenarios is that the inner jet region woulodpice the X-rays
and it would be at least partially transparent to the optiadiation. On the other
hand, the outer region can only produce lower-frequencyssion. The signa-
ture of the X-ray events visible in the optical light curvewa come from the
inner region and would be diluted by the optical radiationtead from the outer
region.

This behaviour could be explained by a geometrical model lickv the
emitting plasma flows along a rotating helical path (seeatéll& Raiteri 1999).
The mechanism producing the flux enhancement propagatesstteam, cross-
ing region with diferent opacity and triggering X-ray and optical outbursttas i
crosses the corresponding emitting region. Th&edent parts of the jet have
a different viewing angle and therefore the Doppler enhancenighemptical
and X-ray emitting region is éierent. This model has already provided an in-
terpretation for the long-term behaviour of other BL Lacemtg such as Mrk
501 (Villata & Raiteri 1999), S5 0716714 (Ostorero et al. 2001), AO 023856
(Ostorero et al. 2004) and BL Lacertae (Villata et al. 200%¢pwever, to test
this model also for Mrk 421 observations over a longer persodecessary in
order to investigate the possible orientation variatiohelfcal inhomogeneous
emitting jet.

9.2.7 Summary and remarks

1. A multiwavelength campaign was organized on Mrk 421 betw2008
May 24 and June 23, involving GASP-WEBSwift AGILE, MAGIC and
VERITAS observations.

2. The source was observed in high activity state betweed @adune 2009
in soft X-ray, hard X-ray, HE and VHE-ray bands.
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3. SuperAGILE, RXTEFASM and SwifyBAT show a clear correlated flaring

216

structure between soft and hard X-rays with a high/Amxplitude vari-
ability in hard X-rays. Hints of the same flaring behavioualiso detected
in optical band by GASP-WEBT.

. SWifyXRT observed the source at one of the highest 2—-10 keV flux ever

observed, with a peak of the synchrotron-a keV, showing a shift with
respect to the typical values of 0.5-1 keV.

. VERITAS and MAGIC observed the source on 2008 June 6-8 gt

state well correlated with the simultaneous peak in X-rays.

. They-ray flare observed by AGILE can be interpreted within theniea

work of the SSC model in terms of a rapid acceleration of lepto the
jet.

. The VHE flare observed by ARGO during 11-13 June 2008 corifiam

level of flux predicted by our theoretical model for the pdraf the AG-
ILE observation.

. The optical and X-ray behaviour suggests a possible morlex sce-

nario, in which optical and X-ray radiation comes from twéfelient re-
gions of the jet, with dierent variability and could be explained in the
context of a helical jet model.
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Figure 9.1: a) R-band optical light curve from GASP-WEBT (May 24—June 28)ASM (2—

12 keV) light curve and XRT (2—-10 keV) flux (blue triangle);SuperAGILE (20-60 keV, blue
triangles; 1 Crab= 0.20 ph cn7? s71) and BAT (15-50 keV, empty black squares; 1 Ca0.29

ph cnT? s71); d) MAGIC and VERITAS (E> 400 GeV, empty black squares and black circles,
respectively), the Crab flux at £ 400 GeV (horizontal dashed line), AGILE (E100 MeV,
blue triangle)e) the hardness ratio computed by using the SuperAGILE and A&l fdr each
day. The dashed vertical lines mar&riod 1 andperiod2 [Donnarumma et al. 2009a]. 217
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Figure 9.2: SEDs of Mrk 421 obtained by combining the GASP-WEBWiffUVOT,
RXTE/ASM, SwiffXRT, SuperAGILE,SwiffBAT, GRID and VERITAS data imperiod
1 andperiod 2 (red empty cirles and black filled circles, respectivelBpth are one-
zone SSC models (red dashed line fperiod 1 and black solid line foperiod 2) [Don-
narumma et al. 2009a].

Table 9.1: SSC model parameters for the SED of Mrk 421 on 6 June 2p68ad 1)
and 9-15 June 200®¢riod 2).

parameten period 1  period 2
b 3.6x10° 4.2x 10
Ymax 1.3x10° 1.3x 1C°
P1 2.22 2.1
P2 4.5 5
B [G] 0.1 0.1
Klem™3] | 4x10* 6x10*
0 20 20
0[°] 2 2
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Figure 9.3: SEDs of Mrk 421 with the ARGO-YBJ data collected on June 11tat3
gether with the data presented in Donnarumma et al. (200%8.inset shows a zoom
on the ARGO-YBJ data [Di Sciascio 2009].
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9.3 W Comae

W Com (ON 231; z= 0.102) is ay-ray blazar classified as an intermediate-
frequency peaked BL Lac (IBL) object (see e.g. Nieppola .€2@06), based on
the locations of the low-energy synchrotron peak in its spéenergy distribu-
tion.

The source has discovered at radio frequencies (Biraud) X9l later de-
tected at X-ray energies linsteinin June 1980 (Worrall & Wilkes 1990). Ob-
servations wittBepp®AX in 1999 clearly showed that the transition between
the low and the high-energy peaks in the SED occurs areuhkleV (Tagliaferri
et al. 2000). In April-May 1998, an exceptional optical autli was detected by
W Comae showing rapid variability on timescales of hours¢saio et al. 1999).
At y-ray energies W Comae was detected by EGRET in the 100 MeV -€10 G
band (Hartman et al. 1999) and in a re-analysis of the data @p eV (Din-
gus & Bertsch 2001). Due to its rather hard spectrum detdayeldGRET
= 1.73+ 0.18) with no sign of cut-fi the source become even more interesting
for very high-energy energy (VHE; E 100 GeV) observations. However, the
source was not detected by Whipple above 300 GeV (Kerrick @085; Horan
et al. 2004) nor by STACEE (Scalzo et al. 2004).

Due to the improved sensitivity of current-generation 1A3uch as VERI-
TAS, MAGIC and H.E.S.S., IBLs are became attractive targétsbservations
at VHE y-rays, particularly because theffer the possibility of extension of the
VHE blazars catalog to include non-HBL objects. VHE obsgoves of diferent
blazar classes, will help us in the understanding of theioglship of the difer-
ent blazar populations and the mechanism for particle acatbn and emission
in the highly-relativistic jets.

W Com was the first IBL to be detected at very high energies igkcet
al. 2008b). It was discovered at TeV energies by VERITASrynbservations
carried out over January—April 2008. In particular, durthgs period a strong
VHE y-ray flare was measured over a 4-day interval in the middle afdH.
VERITAS reported a steep photon spectrdm=3.81 + 0.35g + 0.345,9)° and
an integral flux of 9% of the Crab Nebula flux during the flaretsg The VER-
ITAS detection triggere®wift observations, and the multiwavelength data ob-
tained were adequately explained by an external Comptoh ifidel (Acciari
et al. 2008b).

In 2008 June, VERITAS detected a second VHE flare of W Comaenwh
the source was approximately three times brighter thamduhe 2008 March
observation. Considering the VHE flare observed by VERITAStiwave-
length campaign was triggered, including observation wie AGILE y-ray

5The subscriptstatandsysdenote the statistical and systematic error.
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telescope and th8wiftand XMM-NewtonX-ray telescopes. Observations in
radio, near-IR, and optical bands have been assured by GRSBT.

We describe the multiwavelength data collected by GASP-WEBvift XMM-
Newton AGILE and VERITAS throughout the flare and derive the SEDhaf t
source, discussing its theoretical implication for the &sin mechanisms.

9.3.1 VHEy-ray observations: VERITAS

VERITAS is an array of four imaging Cherenkov telescopested at the Fred
Lawrence Whipple Observatory in southern Arizona. It camebia large féec-
tive area (up to 10m?) over a wide energy range (100 GeV to 30 TeV) with
good energy resolution (15-20%) and angular resolutio.(°) and a field of
view of 3.8

VERITAS observed W Com for 230 minutes on 2008 June 7-9. All ob
servations pass quality-selection criteria, which remd&t taken during bad
weather or flected by hardware-related problems. Data were taken in Mobb
mode, wherein the source was positioned at a fixésebof 0.3 from the cam-
era center. This allows the simultaneous estimate of thiegnaand (Fomin et
al. 1994). The regions around the VHEay blazar 1ES 121804 (Acciari et
al. 2008c), located abouf 2orth of W Com, and around bright sta8-pand
magnitude brighter than 6) are excluded from the backgrastishation (see
Fig. 9.4). All observations were undertaken in moonlightaitions, where the
elevated background light levels lead to a lower sensjtifat the detection of
vy-rays at the threshold. TheftBrent elevations combined with the continuity
changing background light conditions due to the Moon resulta wide range
of energy threshold from 200 to 420 GeV for these observation

The VERITAS analysis data steps consist of image calibmatiod cleaning,
second-moment parameterization of the telescope imagkagH985), stereo-
scopic reconstruction of the event impact position andctime, y-hadron sepa-
ration (see e.g. Krawczynski et al. 2006), and the generafiphoton sky maps.
Most of the far more numerous background events are rejdstembmparing
the parameterized shape of the event images in each tetegdtbpthe expected
shapes of-ray showers modeled by Monte Carlo simulatioMean-reduced-
scaled widthand mean-reduced-scaled lengthts (see definition in Acciari et
al. 2008a), and an additional cut on the arrival directiothefincomingy-ray
(@2, defined as the square of the angular distance to the posftiétCom to the
reconstructed shower direction), reject more than 99.9%uo€essfully recon-
structed cosmic-ray background events, while keeping 46#eoy-rays. The
cuts applied here are: integrated charge per imagfe photoelectrons, mean-
reduced-scaled width and length between -1.2 and 0.5@énd 0.015 ded.
The number of background events in the source region amaastl from the

221



Chapter 9. TeV blazars

same field of view using the ‘reflected-region’ model with l&ckground re-
gions (Aharonian et al. 2001).

Table 9.2: Details of VERITAS observations of W Com on 2008 June 7-9. ditergy
threshold for fluxes and upper flux limits (99% confidence lleassuming a photon
index of ' = 3.68) is 200 GeV. Errors are given at therllevel.

MJID Observation Time  Significance Flux
min o (pre-trials) cm?st
54624.16 - 54624.23 100.2 8.9 Q% 0.8)x 1071
54625.17 - 54625.24 100.2 7.9 26-12)x 101!
54626.18 - 54626.20 32.0 -1.0 <321x 101

Figure 9.4 shows the sky around W Com as seen by VERITAS in YHE
rays. A significant flux from W Com is detected by VERITAS at VIt the
entire data set taken on 2008 June 7-9. A total of 117 excesde{1950n-
sourceevents and 78 normalizegf-sourceevents, normalization factor of 0.10)
are measured. This corresponds to a significance of 10.8at@udleviations,
calculated following Equation 17 in Li et al. 1983. Table @s2s the signifi-
cances and fluxes above 200 GeV in th&edlent periods, assuming a power law
spectral shape with a photon index of 3.68. Figure 9.5 shbedight curve
for these observations. W Com is not detected on 2008 JunelD (34626),
but observations were restricted to only 32 min due to vegh lbhackground
light levels caused by the Moon. The average flux on 2008 JuBes72.5-3
times higher than during theray flare from W Com in March 2008 (Acciari et
al. 2008Db).

The shape of the fferential photon spectrum between 180 GeV and 3 TeV
with the measurements from 2008 June 7—8 is consistent ywitkvar law dMdE
= C x (E/400 GeV)" with a photon indeX" = 3.68+ 0.22: + 0.3sysand a flux
normalization constant € (6.5 + 0.9t = 1.35y9 x 107 cm?s!TeVv. The
y? of the fit is 3.27 for 5 d.o.f. For comparison, the flare in VhtEays from
W Com in 2008 March (Acciari et al. 2008b) is well fit by a powaw with a
consistent photon indeX = 3.81 + 0.3544; + 0.34sys but smaller flux constant C
= (2.00+ 0.315 + 0.5¢y9 x 107 cm™?s7!TeV ™.

9.3.2 HEvy-ray observations: AGILE

The Gamma-Ray Imaging Detector (GRID) onboard AGILE pairievards W
Com continuously from 2008 June 9 18:00 UT to June 15 12:0(Rdaliminary
and partial results of this observation are reported indéminia et al. 2008. The
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Figure 9.4: Sky map of significance in-ray around W Comae. The position of W
Com derived from radio data (Fey et al. 2004) is indicated e cross. The dashed
circles indicate positions of bright stars and thHgiband magnitudes in the field of view;
regions around these stars are excluded from the backgmestimdation. Two sources
reported in theFermi bright y-ray source list and firmly associated with the blazars
W Com and B2 1215 (Abdo et al. 2009d) are shown with their 95%fidence area
as circles with ‘X’ in their center. The circle at the bottoight indicates the angular
resolution of VERITAS [Acciari et al. 2009b].

GRID data is analyzed using the AGILE standard pipeline within size of
0.25 x 0.25 (see Section 4.3.6). Only events flaggeg-aays and not recorded
while the satellite crossed the South Atlantic Anomaly axeeated. Events with
reconstructed direction less tharf td the Earth limb are rejected, thus reducing
contamination from Earth’g-ray albedo.

W Com, observed about 3 degrediaxis with respect to the boresight, was
detected at a significance level of 3r7¢pre-trials) for E> 100 MeV from 12
(03:00 UT) to 13 (03:00) June 2008, with a flux of (2082) x 10°8 ph cnt?

s 1. This flux is roughly a factor of 1.5 higher than the highest fiietected by
EGRET (Hartman et al. 2001) and significantly higher thanttbekly averaged
peak flux of (17.2+ 3.5) x 108 ph cnt? s7* reported byFermi-LAT during its
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first three months of all-sky monitoring (Abdo et al. 2009do excess at a
significance level 3-0- is found in the rest of the observing period and upper
limits at 2o are obtained; results can be found in Table 9.3 and Figurera®
paucity of photons prevents us from extracting a spectrum.

Table 9.3: Details and results of the AGILE-GRID observations of W Com2908
June 9-15 for B 100 MeV. Upper limits are estimated at 99% confidence levebrg
are given at the I level.

MJID Significance Flux (B 100 MeV)
o phcn? st
54626.75 - 54629.12 <3 <60x 1078
54629.12 - 54630.12 .8 (90+ 34)x 108
54630.12 - 54632.50 <3 <555x 108

SuperAGILE, the hard X-ray imager onboard AGILE (18-60 kedjserved
the source for a net exposure time of 253 ks. The source positithe orthogo-
nal SuperAGILE reference system~ig3,0) deg, which means that the exposed
area is close to the full on-axigtective area (see Feroci et al. 2007). W Com
was not been detected with SuperAGILE, and we estimateraifper limit in
the 20-60 keV energy of 6 mCrab6.9x 107! erg cnt? s~ (assuming a photon
index Crab-like of" = 2.1).

9.3.3 X-ray observations:Swiftand XMM- Newton

Observations of W Com with th8wift satellite were taken on 2008 June 7-9
and were partly contemporaneous with VERITAS and AGILE ols®ons. The
XRT data are reduced using tHBAsoft 6.5 package. Event files are calibrated
and cleaned following the standard filtering criteria ugimgxrtpipeline task
and applying the most recent XRT calibration files (v11). ddta were taken in
Photon Counting (PC) mode, with grades 0-12 selected oeeerikrgy range
0.3-10 keV. Due to the rates larger than 0.5 countpie-up in the core of the
point spread function (PSF) is present, therefore the soewents are extracted
from an annular region with an inner radius of 3 pixels and ateioradius of
30 pixels. Background counts are extracted from a 40 pixdiligacircle in a
source-free region. Ancillary response files are genenasat) thexrtmkarf
task, with corrections applied for the PSF losses and CCBatief To ensure
valid y? minimization statistics during spectral fitting, the spacire re-binned
to contain a minimum of 20 counts in each bin. The spectra eaddscribed
by a single power law convolved with Galactic and local apson. Table 9.4
summarizes the XRT observations with the best fit model parars.
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Table 9.4: Details and results of thewiffXRT observations of W Com on 2008 June 7—
9. The galactic N has been fixed to a value of 1.88.0°° cm~2 (Dickney and Lockman
1990). The redshift of the source was assumed to B®A02. Errors are given at the
1-o level.

MJD Exposure Photonindex Flux(2—-10keV)
ksec r 1012 erg cn? st
54624.97 - 54624.98 0.52 48+ 0.19 390+ 0.97
54625.04 - 54625.05 084 . 7A2+0.15 370+ 0.76
54625.11 - 54625.12 1.38 .55+ 0.09 475+ 0.55
54625.17 - 54625.20 2.51 .36+ 0.05 933+ 0.74
54625.24 - 54625.27 2.47 .59+ 0.07 462+ 0.37
54626.11 - 54626.21 5.07 .69+ 0.10 100+ 0.18

W Com was also observed by the XMMewtonObservatory (Jansen et
al. 2001) between 2008 June 14 and June 18 over three consemttits. The
three observations comprise data from the EPIC detectds10 keV) in Small
Window mode. The data have been analysed using SASv7.1 iGbabral.
2004). Several filtering criteria have been applied to théCE#ata, includ-
ing filtering for time periods of high background activityllfaving the standard
procedure, and filtering only for single- and double-pattevents for EPIC-pn
and single to quadruple for EPIC-MOS, as well as includinly @vents with
good quality (quality FLAG0). For the spectral analysis, circular source and
annular background extraction regions centered on theceane selected by
maximizing the signal-to-noise ratio.

The spectra are re-binned in order to oversample the intrerergy reso-
lution of the EPIC cameras by a factor not more than 3 and te hamber of
counts in each spectral channel larger than 25. This enarapplicability of
they? quality-of-fit estimator to find the best fit model. Fits arefpemed in the
0.2-10 keV energy range simultaneously for the three EPiG=cas, where the
systematic dierence between the EPIC cameras is beld% in normalization.
For the spectral analysis and fitting procedure XSPEC vRRused. The data
can be best described similar to the XRT data by a single ptameconvolved
with galactic and local absorption. Table 9.5 summarizes@M observations
with the best fit model parameters.

The measurements reveal strong variability in X-rays ortatales of much
less than one day. Figure 9.5 (panel C) show that the X-rayctanged by a
factor of two during the VHE high state on MJD 54625. This isnparable to
observations of W Com witlBepp®&AX in 1998 by Tagliaferri et al. (2000),
where flux variations of a factor of three in less than 5 hosneported. The
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Table 9.5: Details and results of the XMNNewtonobservations of W Com on 2008
June 14-18. The galacticq\has been fixed to a value of 1.8810°° cm2 (Dickney
and Lockman 1990). The redshift of the source was assumeslze 0.102. Errors are
given at the 1o level.

MJD Exposure N Ph. Index Flux(2-10keV)
ksec  16°cm2 r erg cnt? st

54631.50-54631.55 28.0 2202 279900 26972 x 101

54633.15-54633.17 160  139% 2.88002 153003, 1012

54635.14 -54635.16  11.0  1.09° 277092 189008 1012

X-ray flux during the VHE low state of June 2008 is very similarthe X-ray
activity measured during the detection of W Com in March 2008

9.3.4 Radio-to-UV observations

Optical observations of W Com were carried out at the follayvobservato-
ries (the majority part of the GASP-WEBT): Abastumani, Ggan, Roque de
los Muchachos (KVA), Talmassons, Torino, San Pedro Mairthern Optical
Telescope (NOT) and Sapienza University. Magnitude catlibn is obtained
with respect to the photometric sequence by Fiorucci eL8b§). Near-infrared
(JHK) data were acquired at the Campo Imperatore Observatory.

SwifflUVOT (Roming et al. 2005) observations were taken in the qinet-
ric bands of UW1, UVM2, and UMWW2 Theuvotsource tool is used to extract
counts from the UVOT data, correct for coincidence losspplyabackground
subtraction, and calculate the source flux. The standard€earadius source
aperture is used, with a 20 arcsec background region.

At radio frequencies, data at 43 GHz were taken with the 32 terara at
Noto (Bach et al. 2007), at 14.5 GHz with the 26 m telescopdefdMRAO
(Aller et al. 2003), and at 36.8 GHz with the 13.7 m Metsahadio telescope
(Terasranta et al. 1998). Data reduction of the optical rackib data followed
standard methods and procedures, and we refer to the abpgesgdar details.
The near infrared, optical and UV data are corrected forgbiem in our Galaxy
using the dust maps of Schlegel et al. (1998) and the extimctirve of Cardelli
et al. (1989). Since the blazar is observed in a bright staltest galaxy contri-
bution has not been subtracted.
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9.3.5 Modeling the SED

The spectral energy distribution of twofldirent time-interval is modelled using
the equilibrium version of the leptonic one-zone jet modaibed in Bottcher
et al. (2002b). This model assumes a population of ultravedtic electrons
and positrons into a spherical emission region of co-movawjusRg, which

is moving with a relativistic speegc, corresponding to the bulk Lorentz factor
I'. Lacking more detailed constraints on the viewing argjlaetween the jet
direction and the line of sight, we fito be the superluminal angle, for which
the bulk Lorentz factol” equals the Doppler factat = [I" (1 — 3 cosé)]?,
which determines the Doppler shift of photon energies atadivestic boosting
of intensities. We note that our results mainly depend @o that alternative
combinations of” andd yielding the same Doppler factor as the one used in our
model calculations.

The spectrum of the injected pair population is specifieoigh the injection
powerLe and a power law with low- and high-energy cuts)ymin andymax re-
spectively, and a specified index g. The particle escapa@peterized through
an escape time scale parameter 1 ast.sc = nR/c. The balance between escape
and radiative cooling will lead to a break in the equilibriparticle distribution
at a break Lorentz factoy,, wheretesc = teool(y). The cooling time scale is
evaluated self-consistently taking into account syncbmtSSC, EC cooling.
Depending on whethey, is greater than or less than, the system will be in
the slow cooling or fast cooling regime. In the fast cooliegime ¢, < v1),
the equilibrium distribution will be a broken power law witify) o« y~2 for
Yo < ¥ < y1andn(y) o« y" @ for y; < y < y,. In the slow cooling regime
(yb > y1), the equilibrium distribution will ben(y) « y=% for y; < y < v, and
n(y) « y~ @3 for v, < y < y,. The number density of injected particles is
normalized to the resulting power in ultrarelativisticatens propagating along
the jet

(o)

Le = nRET?Arcmc? f yn(y)dy (9.2)

1

The magnetic fieldB in the emission region is a free parameter. The corre-
sponding Poynting flux along the jetis = 7R2IBr ¢ ug, with the magnetic
energy densityig = B?/(8r). For each model calculation, the resulting equipar-
tition parametergg = Lg/Le, is evaluated. Modeling results of a large number
of blazars, in particular FSRQs, have shown that leptonidetsocan achieve
reasonable fits with the emission region being close to egijn, typically
0.1 < eg < 1. However, there is no physical justification for the souroen-
ponents being close to equipatrtition. It might be that theigda and the mag-
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netic fields energies in the source components tend towapgipaatition, but
there is no proof that this must be so. It has been conjecthadhe magnetic
field in the source components may be stretched and tangletbbigns in the
plasma, so there might be rough equipartition between tlgnetec energy den-
sity and the energy density in turbulent motions. The twebumotions might
also be responsible for accelerating the high energy pestiand these particles
might come into equipartition with the turbulent energy signif the accelera-
tion mechanism was venyfiicient. In this way, it is possible that there might be a
physical justification for the source components beingectoghe equipartition,
but there is really no more than a conjecture. Moreover, thepartition value
correspond to the minimum total energy requirements and@ease of the en-
ergy requirements can pose problems for some of the moshhusisources.
Therefore, while we disfavor possible fit results wihfar from unity, we can
not strictly rule out such scenarios.

Once the quasi-equilibrium particle distribution in theission region is cal-
culated, the code evaluates the radiative output from spt@n emission, SSC,
and EC emission self-consistently with the radiative aapliates. For the EC
component, we assume an external radiation field which tsogi in the sta-
tionary rest frame and can be approximated by a thermal béabkwith peak
frequencyey and radiation energy density,.. The latter two quantities are free
model parameters. The direct emission from this externihtian field is added
to the SED. Absorption of high-energyrays by the extragalactic background
light is taken into account using the model of FrancescHial.g2008).

We try to fit the VERITAS flare detection and high X-ray stateJ(d54624.0
—54626.0) with two dierent models: a pure SSC model and a model that com-
prises also an EC component. A Doppler factor of 20 §i-eI” = 20) consistent
with all observational constraints, and well in the rang®oppler factors com-
monly adopted in other blazar modeling works, allowed atad@p fits to the
SEDs. We therefore fixeél= " = 20 for the rest of the fitting procedure.

The injection spectral index is tightly constrained by thserved X-ray en-
ergy spectral index = /2, since electrons emitting synchrotron radiation in
the X-ray regime are always above the critical Lorentz fagto In our calcu-
lations, the size of the emission region is constrained bystiortest observed
variability time scal&t,a;min throughRg < C6tyarmin D/(1+2). Together with the
value of the magnetic field, the low-energy cuf-@/,) determines the location
of the synchrotron ang-ray peaks in the SED, while the high-energy ctit-o
(v2) influences the location of the high-energy ctiisaf the SED, in particular
the synchrotron component. The cui-of the SSC component is, in addition,
strongly influenced by Klein-Nishindiects. Parameters of the SSC fit are listed
in Table 9.6.

No SSC model fit was possible with the emission region beingeclto
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equipartition. Since there is virtually no observationahstraint on the high-
energy emission in the low (MJD 54626) and intermediate KXstate (MJD

54631), we could choose a low injection power and relativegh magnetic

field to achieve a synchrotron peak flux comparable to thenfiastate, but at a
much lower SSC flux. In the SSC interpretation, the most Sant diference

between the various states consists of a change in theaianjection spectral
indexqfrom 2.55 in the flaring state to 3.50 and 3.40 in the low anérimediate

state.

Also for a model with an EC component, the electron spectrdéxq is
tightly constrained through the X-ray spectral index, whhe variability time
scale constrains the radius of the emission region. In dalaxoid the prob-
lem of required large injection powers (to obtain a high SS&)fand accord-
ingly small magnetic fields (not to overpredict the synctontflux), the VHE
y-ray emission can be interpreted as EC emission. In orde€&onptoniza-
tion of an external radiation field to befieient out toy-ray energies ot >
Evie = 300 GeV, the external radiation field has to peak at enefgigs<
(Mmec?®)?/Evpe ~ 0.9 eV, i.e. in the near-infrared. Therefore, line emissiamfr
a putative BLR, for which there is no evidence in W Comae, wWddve a too
high photon energy characteristic to serfieceently as a source photon field for
EC scattering to produce an IC spectrum with peak energytheaV HE y-ray
band. It is therefore more likely that infrared emissiomira dusty torus dom-
inates the external radiation field responsible for EC eimisat VHE y-rays.
We find that an external radiation field peakinggt = 1.5x 10** Hz can, at the
same time, serve as affieient source for EC emission and explains the slight
near-IR bump in the SED of W Comae. This bump could also bealtleethost
galaxy, and future observations of variability of the IR gmnent or very high-
resolution imaging are required to break this degenerdog.parameters of our
SSCHEC fit are listed in Table 9.6. With the assumption of such aeresl
radiation field, acceptable fits to each of the states of W &ocaa be achieved
within a factor of~ 3 of equipartition.

9.3.6 Summary

1. The IBL object W Comae was discovered by VERITAS duringrarsj
outburst on 2008 June 7-8, with a three times flux higher thahdb-
served in March 2008.

2. The VERITAS observations triggered a multiwavelengtmpaign in-
cluding AGILE y-ray, Swiftand XMM-NewtonX-ray, UV, GASP optical
and radio observations.
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3.

230

The SED of W Comae during the VHjzray flare (MJD 54624-54626)
can be modelled by a simple leptonic SSC model, but the wiparadon
of the two peaks in the SED requires low ratio of the magnetikd fio
electron energy densityd = 2.3 x 10°%), far from the equipartition.

In the SSC scenario, the most importarfietence between the high, in-
termediate and low states observed in the campaign is dimetohiange
of the electron injected spectral indexes.

. The SSGEC model returns magnetic field parameters closer to edusipar

tion, providing a satisfactory description of the broadh&&ED. A similar
result is obtained for the VHE flare observed in March 2008c{&c et
al. 2008b).
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Figure 9.5: Multiwavelength light curves of W Comae from MJD 54622 to M34636.
Panel a: VHEy-rays light curve (B> 200 GeV) as measured by VERITAS. Panel b: HE
v-ray light curve (E> 100 MeV) as measured by AGILE. Panel c: 2-10 KeWiffXRT
(circles) and XMMNewtonEPIC (squares) X-ray light curves. Panel SwiffUVOT
(UVW1: squares; UVM2: downward-pointing triangles; UVW2pward-pointing tri-
angles) light curves. Panel e: optid&iband light curve (filled circles: Tuorla; filled
squares: Abastumani; filled triangles: San Pedro Martaipdinds: Sapienza Univer-
sity; open circles: KVA; open squares: Crimean; open sti®T; open triangles:
Torino; open crosses: Talmassons). Panel f: Radio lightesu(circles: UMRAO at
14.5 GHz; triangles: Metsahovi at 37 GHz). Downward poigtarrows indicate upper
limits at 99% confidence level [Acciari et al. 2009b].
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Figure 9.6: SED of W Comae for the period MJD 54624-54626, including VERS,

Swift (XRT and UVOT), optical and radio data (filled circular maie The averages
of the optical, NIR, and radio fluxes calculated in the pefiddD 54610 to 54645 are
shown. Downward arrows indicate upper limit at 99% configdiewel. For comparison,
the VERITAS, AGILE, andSwift (UVOT and XRT) data for MJD 54626-54626.9 are
shown as grey open squares and grey downward arrows. ResnitSSC and SSEEC

models are shown as continuous and dashed lines, respectiMee single emission
components are indicated by dotted lines [Acciari et al 9200

Table 9.6: Parameters of the SSC and SSEC models for the SED of W Com on MJD

54624.0 — 54626.0.

Parameter Symbol SSC SSC+EC
Doppler factor 0 20 20
Electron power [erg$] Le 34x10% | 57x 103
Blob radius [cm] Ro 3x 101 10
Low-energy cut- Y1 9x 10° 8x10°
High-energy cut-& Y2 25x10° | 3x1C°
Electron injection index q 2.55 2.55
Magnetic field [G] B 0.24 0.35
B-field equipartition parameter €s 23x103 0.32
Electron escape time scale parameter n 300 300
Minimum variability time scale [hr] Otvarmin 1.5 51
External radiation peak frequency [Hz] |  vex - 1.5x 10"
External radiation energy density [erg T|  Uex - 24x 10
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9.4 PG 1553113

PG 1553113 was discovered in the Palomar-Green survey of UV-exstess
lar objects (Green et al. 1986). It is classified as a BL Laedpased on its
featureless spectrum (Miller & Green 1983; Falomo & Trev@dQ) and its sig-
nificant optical variability (Miller et al. 1988). PG 155313 is well studied
from radio to X-rays and has been the subject of several fradtiency cam-
paigns. In X-rays it has been detected bffatent observatories, with energy
spectra measured by boBepp&AX (Donato et al. 2005) and XMNMNewton
(Perlman et al. 2005). Based on its spectral energy distoiuPG 1553113 is
classified as a High-frequency peaked BL Lac (Giommi et &5)9

PG 1553113 was firmly detected at very high enengyays (VHE; E> 100
GeV) by MAGIC at a significance level of 8 8-above 200 GeV, based on data
from April-May 2005 and January—April 2006 (Albert et al.aZ@l). Observa-
tions with the H.E.S.S. telescope array in 2005 yielded tateme detection in
VHE band, at the level of 4= (5.3-v- using a low energy threshold analysis; Aha-
ronian et al. 2006), which was confirmed later with the corabon of the 2005
and 2006 datasets (Aharonian et al. 2008b). Both H.E.SBVEGIC Collab-
orations reported a soft spectrum with &eliential photon index of = 4.0 +
0.6 andl" = 4.2+ 0.3, respectively. These VHE data were used indipendemtly t
derive an upper limit on the redshift of the source af @.74.

In fact, the redshift of PG 155313 is essentially unknown. It was intially
determined to be z 0.36 (Miller & Green 1983), but later this claim was with-
drawn (Falomo & Treves 1990). Up to how no emission or abgampines have
been measured despite several observation campaigns pritialanstrument.
The host galaxies was not resolvedHabble Space TelescofdS T) images
of PG 1553113 (Scarpa et al. 2000). However, an ESO-VLT spectroscopic
survey of unknown-redshift BL Lac objects suggests for sloigrce a redshift of
z > 0.09 (Sbarufatti et al. 2006), while the absence of host gatketgction in
further HST images raises this lower limit ta>z0.25 (Treves et al. 2007). On
the other hand, the absence of a break in the VHE spectrumeciaitdopreted as
suggesting x 0.42 (Mazin & Goebel 2007). The possibility of a large redtshi
is of critical importance to VHE observations due to the apson of VHE by
pair production on the extragalactic background light (EEBL

The logarithmic ratio of its 5 GHz radio flux to its 2 keV X-rayifl has been
found to vary from logf,kev/Fschz) = —4.99 to —3.88 (Osterman et al. 2006;
Rector et al. 2003). Considering that a BL Lac is classifiedxdeme when it
has logEzkev/Fschz) = —4.5, this high value of this ratio places PG 15333
among the most extreme HBLs, together with 1ES G22W, H 1426-428 and
1ES 1959650 (Rector et al. 2003). PG 155813 seems to show an optidaV/
emission higher than X-ray emission (Tramacere et al. 2)G¥behaviour in
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agreement with that expected by an extreme HBL objects.

After the first detection of PG 155313 with MAGIC, a multifrequency
campaign on this source was conducted in July 2006 (Albeat. 2009). We
performed an extensive campaign on PG 15BBR3 between March and April
2008, with optical, X-ray, high-energy (HE}ray, and very-high-energy (VHE)
vy-ray observations with the KVA, Abastumani, RERpsSKTE/ASM, AGILE
and MAGIC telescopes, respectively. This is the first siandbus broad-band
(i.e., HE+VHE) y-ray observation, although the AGILE data allow to estimate
only an upper limit of the flux of the source. We present thetiwalelength
data collected during this campaign, determine the sgesiexgy distribution
in order to study the emission processes at work in PG 1553.

9.4.1 Optical and near-IR observations

The KVA (Kungliga Vetenskaps Akademien) telescope is ledat the Roque
de los Muchachos, in the Canary Islands of La Palma and isatggbby the
Tuorla Observatory. The telescope is composed of a 0/65Gassegrain de-
voted to polarimetry, and a 0.35m1l SCT auxiliary telescope for multicolour
photometry. This telescope has been successfully operatedtely since au-
tumn 2003. The KVA is used for opticaR{band) support observations during
MAGIC observations. Typically, one measurement per nigiat per source is
conducted. Photometric measurements are madeffiereintial mode, i.e. by
obtaining CCD images of the target and calibrated compassars in the same
field of view (Fiorucci & Tosti 1996; Fiorucci et al. 1998; \aka et al. 1998).

Observations at the Abastumani Observatory (Georgia) p&fermed with
the 70 cm meniscus telescop8jf The frames were acquired in the CousiRs’
band and were reduced with the DAOPHOT Il packadée source magnitude
was derived from dferential photometry with respect to a reference star in the
same field, which lies- 46 arcsec east and 5 arcsec south of PG 155313.
According to the USNO 2.0 Catalogue (Monet et al. 1998), ieggmtude is
R=132.

REM (Rapid Eye Mount; Zerbi et al. 2004; Covino et al. 2004i80 cm
robotic telescope located at the ESO La Silla observatoml€lC The telescope
simultaneously feeds two cameras, one for the near-idfrarel one for the
optical, by a dichroic. The cameras have imaging capadslitvith the NIR
(J, H, K) and visual large band¥/,(R, I) filters. REM acquired photometry of PG
1553+113 on 2008 April 18, 25 and May 2 with all available filters. eTtiata
reduction followed standard procedures (see e.g. Doltali 005). The mean
flux of observation is reported in Table 9.9. The NIR magresidere calibrated

6http ://www.star.bris.ac.uk/ mbt/daophot/
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against the 2MASS catalog. For the SED reconstruction, atimitudes have
been dereddened with the dust IR maps (Schlegel et al. 1998).

9.4.2 X-rays observations: RXTEASM

The All Sky Monitor (ASM) on board th&®ossiX-ray Timing Explorer satellite
(Levine et al. 1996) consists of three wide angle scanniagei cameras. The
cameras, mounted on a rotating drive assembly can covesalfi®o of the sky
every 1.5 hours. The measurements were done between 20@8 Wand May
31. The mean measured flux of PG 15833 is shown in Table 9.9 .

9.4.3 HE observations: AGILE

The Gamma-ray Imaging Detector (GRID) on board the AGILEelig ob-
served PG 1558113 in three dierent time intervals: 2008 March 16—-21, March
25-30 and April 10-30. The GRID data were analyzed using (B&_ & stan-
dard pipeline (see Section 4.3.6), with a bin size @50 x 0.25° for E > 100
MeV. Only events flagged as confirmeédays and not recorded while the satel-
lite crossed the South Atlantic Anomaly were accepted. V§e atjected all
events with a reconstructed direction withir? I®m the Earth limb, thus reduc-
ing contamination from Earth’g-ray albedo.

PG 1553113, observed at about 50 degreéfsaxis with respect to the bore-
sight, was not detected by the GRID at a significance |lev&lo- and therefore
the 95% confidence level upper limit was calculated. Comsigahat AGILE
has a higher particle background at very highaxis angles, we calculated also
the upper limit selecting only photons with energies gnettan 200 MeV in
order to minimize the possible contamination at low energi€he log of the
AGILE observations and the results of the analysis are tegan Table 9.9.
During March—April 2008, the source was substantiaffiyaxis in the field of
view of SuperAGILE, the hard X-ray (20—60 keV) imager onlibAGILE.

The HE data reduction results from AGILE are summarized ibld®.7.
The 2o upper limits obtained by AGILE are consistent with the agerélux
observed by th&ermiLAT for this source during August—October 2008 (Abdo
et al. 2009d). The upper limit obtained in the third time & has been used
for modeling the SED.

9.4.4 VHE observations: MAGIC

The MAGIC Telescope (Baixeras et al. 2004; Cortina et al22@0the most re-
cent generation IACT at La Palma, Canary Islands, Spain.nk$#o its low
trigger threshold of 50 GeV (25 GeV with a special trigger gpt Albert et
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Table 9.7: Upper limit at 2¢- calculated from AGILE data in threef@iérent time inter-
vals.

Timeinterval| Energy | U.L.[phcnr?s™Y]
March 16-21| > 100 MeV 56x 1078
> 200 MeV 36x 1078
March 25-30| > 100 MeV 55x 1078
> 200 MeV 28x 1078
April 10-30 | > 100 MeV 34x 108
> 200 MeV 21x 1078

al. 2008c), MAGIC is well suited for multifrequency obsetieas, together with
the satellites operating in the GeV range.

The MAGIC observations for this campaign were carried ou2@d8 March
16-18 and April 13, 28-30. The zenith angle of the data sejesfrom 18
degree to 36 degree. Observations were performed in wobbdke rfFomin et
al. 1994), where the object was observed at 0.4 dedifsetdrom the camera
center in opposite directions every 20 minutes. After defaction based on the
standard quality cuts and the trigger rate, 7.18 hours af &fective observation
time data was selected.

An automatic analysis pipeline (Dorner at al. 2005; Bretz &rimer 2008)
was used to process the data, which includes the muon dadibrgsoebel et
al. 2005), and an absolute mispointing correction (Riegedle2005). The
charge distribution and arrival time information of the g8 of neighboring
pixels was used to suppress the contribution from the nightackground in
the shower images (Aliu et al. 2009). Three OFF regions weee to determine
the background, providing a scaling factor ¢8 for the background calculation.
The shape and orientation of the shower images were usesdaninatey-like
events from the overwhelming background. To selecythke events a dynami-
cal cutin Area (Arear-WIDTH-LENGTH) versus SIZE (total charge contained
in an image) and a cut itt (angular distance between real source position and
reconstructed source position) were applied. More detailshe cuts can be
found in Riegel & Bretz (2005), and the above mentioned im@ayameters are
described by Hillas (1985).

The reconstructeg@-ray spectrum is shown in Fig. 9.7. For the spectral
reconstruction, looser cuts were applied to ensure thaeri@an 90% of the
simulatedy photons survived. Varying cutieciencies between 50% and 95%
over the entire energy range were applied to the data in eodelreck system-
atic dfects of the cut #iciency on the spectral shape (shown as grey area in
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Fig. 9.7). Data which has beeffected by calimahas been corrected following
the method described in Dorner et al. (2009).
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Figure 9.7: The MAGIC measured spectrum of PG 15333 (filled circles). The
szed/d.o.f. of the fit is 1.3@. The EBL-corrected points are shown as empty squares.
The spectrum obtained during the first MAGIC observationhiewan in dashed line
[Aleksic et al. 2009].

Analyzing the MAGIC data, an excess of 443ike events, over 1835 nor-
malized background events was found, yielding a signifieanfc8.0¢-. The
resulting diferential VHE spectrum of PG 15%313, averaged over all observ-
ing intervals, is plotted in Fig. 9.7 (filled circles). It céwe well described by a

-’ . . .
power lawdN = Fo(zo(f;ev) m~—2s1TeV?, whereF, is the normalization flux

at 200 GeV and' is the photon index, which are given in Table 9.8 . The values
obtained during our previous observations (Albert et a0720) are also given.

Table 9.8: TheFg andI" of the MAGIC observations during March—April 2008, consid-
ering single epochs and the entire period. As a referenodladsvalues obtained during
previous MAGIC observations are reported.

Observation period Fo [phTeVisim] r
March—April 2008 20+03x10°% [34+01
March 2008 1.9+04x10° 35+02
April 2008 21+04x10° 3.3+0.2
April-May 2005+ January—April200§ 1.8+ 0.3x 10° 42+0.3

’Calima is the sand dust from the Sahara in an air layer betweekm and 5.5 km a.s.l.
causing absorption of the Cherenkov light.
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The interaction of VHE/-rays with the extragalactic background light (EBL;
a recent review can be found in Mazin & Raue 2007), leads éma#tion of the
VHE y-ray flux viae" /e pair production. We computed the deabsorbed (i.e.,
intrinsic) fluxes using a specific ‘low star formation moaékhe EBL (Kneiske
et al. 2004), assuming a source redshift of £.3. The resulting deabsorbed
points are represented as empty squares in Fig. 9.7 .

9.4.5 Discussion and summary

The SED of PG 1558113 during March—April 2008 is shown in Fig. 9.8. The
VHE and HEy-ray fluxes from MAGIC and AGILE, respectively, are reported
The fluxes and correspondinffective observation frequencies of the other tele-
scopes which contribute to this multifrequency campaign reported in Ta-
ble 9.9. The X-ray point, provided by RXTESM, represents the average flux
between 2008 March 1 and May 31. The optiRaband point, provided by the
KVA telescope, is the average flux obtained on March 18 andrh@.flux pro-
vided by Abastumani is the average flux of April 1 — May 17 olagons. In
addition to these data, we also used the NIR flux measuredREM. To assess
the soundness of this addition, we checked the optical bitiaof the source
during this period using Abastumani data, and found thasthgce was essen-
tially stable, with a minimum and maximum values of lekg() are—10.14 and
—10.02, respectively. For comparison of the HE flux, we includesl average
flux detected byFermi-LAT, Flux (E > 100 MeV)= (8 + 1) x 10 phcnr?st
and photon indexX" = 1.7 + 0.6 (Abdo et al. 2009d). Moreover, the average
flux in the 14-30keV energy band obtained fr@wifyBAT during 39 months
of observation (December 2004 — February 2008) is alsoded uF(14—30 keV)

= (0.97+ 0.22)x 10 erg cn? s~ (Cusumano et al. 2009).

Table 9.9: Effective frequencies, and corresponding fluxes of PG 4333 from KVA,
Abastumani, REM and RXTE instruments obtained during thisgaign.

Instrument | log(v [Hz]) | log(vF(v)) [erg cnT? s7}]
KVA 14.63 -10.17
Abastumani|  14.63 -10.08
14.38 -10.33
REM 14.27 -10.34
14.13 -10.38
XTE 18.03 -10.3

We fit the resulting simultaneous SED with a homogeneouszone-SSC
model. The model assumes that the source is a sphericahregiasma of
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radiusR, moving with a Doppler factof towards the observer at an angleith
respect to the line of sight threaded with a uniforming distied tangled mag-
netic field of strengttB. The injected relativistic particle population is desedb
as a broken power law spectrum with normalizatitbnextending fromy,, to
vmax With indicesn; andn, below and above the break Lorentz facigr By
fitting the observed flux with the model, we obtain the follogiparameters:
Ymin =1, % = 3X 10%, Ymax = 2% 10°, K = 0.5 x 10° cm3, py = 2, p, = 4.7,
B=07G,R=13x10%cm, ands = 23. The optical and X-ray flux con-
strain on the slope of electron energy distribution (EED)ilevX-ray and VHE
spectrum fix the Lorentz factors.

The diference between the 2008 March—April observation and theque
one published in Albert et al. (2007d) is due to flux variatiorthe X-ray and
small variation of the slope of VHE spectrum. Comparing tlieDSf 2005—
2006 with that relative of March—April 2008, Doppler fac{@id and 23, respec-
tively) and the size of emission region (310 and 1.16x 106, respectively)
are comparable, while the magnetic field is 0.7 G in both cafke major dif-
ference in SED is arising from thefterence in EED.

During this campaign, no significant variability of VHE flug found. The
integral flux (E> 200 GeV) during these observations is (+.8.3)x 10~" cm2
s™1, while during the first MAGIC observations the flux was (£®.4) x 10~/
cm 2 st The X-ray flux increases by about a factor of two, while theraged
X-ray flux during 39 months oBwiffBAT observation agrees with our SED.
Optical flux during first MAGIC observation and current ohsgion does not
show any significant variability. ThEermi bowtie and lowest-energy MAGIC
data points together with the model fit indicate a variapditHE or VHEy-rays.

Our results suggest that the variability of PG 15333 at diferent frequen-
cies is time dependent: hence, only a simultaneous mujtiecy monitoring
campaign over a large time span will give more informationtib@ source.
Relative to this fact, it is worth mentioning that the AGILBAAMAGIC data
presented here constitute the first simultaneous broad-paay observation
(and ensuing SED) of any blazar, though the first simultaset®iection ac-
complished during the multifrequency campaign of Mkn 42briBarumma et
al. 2009a), and the first broad-bapday spectrum was obtained from PKS 2155-
304 (Aharonian et al. 2009) by H.E.S.S. drfetmi.
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Figure 9.8: The average SED of PG 1556813 measured in March—April 2008. The
empty triangles denote the REM data, the open square repsethee KVA data, the
open circle denotes the Abastumani data, and the open sdgproees RXTFASM data.
The arrow at HE denotes the AGILE upper limit. The empty sgsi@n VHE range are
the deabsorbed MAGIC data. We also show the non-simultanaeerage flux from
Fermi-LAT (bowtie) andSwifyBAT (small filled circle) [Aleksic et al. 2009].
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Chapter 10

Concluding remarks

Blazars are the most extreme subclass of Active GalactidaN(®GNSs), char-
acterized by the emission of strong non-thermal radiatayoss the entire elec-
tromagnetic spectrum, from radio to very highray energies. This emission is
interpreted as the result of the electromagnetic radidtiom a relativistic jet
that is viewed closely aligned to the line of sight of the akiee thus causing
strong relativistic amplification (Blandford & Rees 1978).

Considering that the large fraction of the total power ofzhlg is emitted
in the y-rays, information in this energy band is crucial to studg thfferent
radiation models. More than ten years after the EGREZ the AGILE satellite
(and subsequently also tirermi satellite) filled the gap in the MeV-GeV band
giving further impulse to the study of the high-energy gsitigsics phenomena
in blazars. However, notwithstanding the importance ofittfiermation pro-
vided by they-ray observations, correlated multiwavelength studieglae key
to achieve a better understanding of the structure of therijet, the origin of
the seed photons for the inverse Compton process and theiemisechanisms
at work in blazars.

In this Thesis | presented the results on multiwavelengitiiss of the bright-
est blazars detected by AGILE nrays (PKS 1510089, S5 0716714, 3C
454.3, 3C 279, 3C 273, Mrk 421, W Comae, and PG }333), together with
the data simultaneously collected from other observa@ueh aSpitzer Swift
RXTE, Suzaky INTEGRAL, MAGIC, VERITAS, as well as radio-to-optical
coverage by means of the GASP project of the WEBT and the Ridddepe.
This wide multiwavelength coverage gave me the opportunistudy the cor-
related variability among the emission affdrent frequencies and build time-
resolved spectral energy distribution from radig/toays, in order to investigate
in detail the emission mechanisms of the blazars, uncayenrsome cases a
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more complex behaviour with respect to the standard enmssindels. In this
last Chapter, | briefly focus on the most interesting resuittgined during my
studies.

The first general remark is that, because of the wide field efv\of its
Gamma-Ray Imaging Detector, in 2.5 years of operation AGHaE simulta-
neously monitored a large number of known and candiglatey blazars and
the number of intense-ray emitting blazars detected is low, and no nevay
blazars in flare were observed. During the EGREa9 blazars were observed
with a flux higher than 10& 1078 photons cm? s™* and only 3C 279 (Hartman
etal. 2001), PKS 0528134 (Mukherjee et al. 1996) and PKS 16287 (Mattox
et al. 1997) showed really highray fluxes. The AGILE results confirm the idea
that only a special class of blazars show significamdy activity on timescales
of yeaydecade. Also the preliminary results from the first monthBeyini op-
eration seem to show not only that the number of significativay emitters is
low, but also that, as noted by AGILE, at a distance of year®at always the
same objects seem to show inteps®y flares. What are the peculiar properties
of these objects, if any, is still not completely clear. Recgudies in radio of a
subsample of the blazars detecteddeymi-LAT in the first three months showed
that they-ray emitter blazars have faster apparent jet speeds (lestg. 2009),
wider apparent opening angles (Pushkarev et al. 2009),ighdhVLBI bright-
ness temperatures (Kovalev et al. 2009). Future invegtigaof a larger sample
detected iny-rays byFermiand AGILE could give firm conclusion on it.

Among the intense-ray flares of blazars detected by AGILE, the two bright
flares observed by the Intermediate BL Lac S5 07454 during September and
October 2007 £ 200 x 1078 photons cm? s™1) represent not only one of the
highesty-ray flux observed by a BL Lac object buffered us the possibility
to test the maximum power extractable from a roting supesimadlack hole
(SMBH) via thepure Blandford-Znajek (BZ) mechanism (Blandford & Znajek
1977). In fact, because of the high power of the source arkddisigns for on-
going accretion or surrounding gas, detectyagay emission from such sources
provides a direct probe of the emission mechanisms and ttheriymg power-
house. The BZ mechanism for electrodynamical energy extratrom a Kerr
black hole spun up to maximal rotation by past accretionagf@ds constitutes
a natural benchmark for the power of the jet. The recent asiom of the red-
shift of S5 0716714 and the simultaneous observations in optical, X-rags an
v-rays allowed us to modeling the SED of these two flaring efgscand es-
timate the energetics of the source. Recently, Nilsson.€R@08) pinpointed
the host galaxy of S5 072614 and derived a redshift ofz0.31+ 0.08. For
this host galaxy a My ~ 5 x 10 should accord with the fundamental plane of
BL Lacs (Falomo et al. 2003). The total jet power calculatedtiie two flares
of the source observed by AGILE;Biare = (3.5+ 1.0) x 10* erg s?, slightly
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exceed the jet power provided by the BZ mechanism for thekhtete mass
previously estimated, assuming a conservative valug (0 G): Ps; ~ 2 x

10" Mg erg s®. This result confirms the extreme energetics of S5 0716
during these flares and challenges the mechanism of enetacttan from a
rotating SMBH.

Moreover, a one-zone synchrotron self Compton (SSC) madlsltb repro-
duce the SED of the two flares occurred on 11 September and 2®& @007,
built with AGILE, Swift and GASP-WEBT simultaneous observations. The
guadratic dependence observed between the synchrotrd@ dlinctes ruled out
an external Compton contribution, whereas two SSC comgsmeproduces the
complex variability observed, suggesting the presencefadtavariable compo-
nent responsible for the optical, soft X-ray apday emission and a slow vari-
able component responsible for the radio and hard X-raysams This is in
agreement also with theftierent variability observed during ti&wift monitor-
ing of the source in October—November 2007, during whicbrgirvariability
was observed in soft X-rays, moderate variability at optid®e frequencies and
a constant behaviour in hard X-rays.

The modeling of the SEDs of S5 074614 indicated as, even if the broad
band emission appears in agreement with the SSC paradigroreagomplex
model with two SSC components is needed to interpret our. dett@ case of
S5 0716714 is not unique among the BL Lacs, also for the multifreqyesb-
servation of Mrk 421 and W Comae in June 2008 a one-zone SSEImeems
to be a good representation of the broad band spectrum, éuilibervations
collected during the multiwavelength campaigns seem to t@enore complex
interpretations of the data. In particular, the optical XAy light curves of Mrk
421 during June 2008 showft#rent variability: a decreasing trend of the op-
tical emission with superimposed spikes of emission, wdgeseveral emission
peaks lasting few days without a general trend is observedrays. Although
the X-raygvery high energy (VHE)-rays correlation seems to confirm the in-
terpretation within the framework of the SSC model, théedent behaviour at
optical and X-rays suggests a more complex scenario, inhwthie optical and
X-ray radiation are produced infterent regions of a helical jet, with the inner
jet region that produces the X-rays and it is partially tparent to the optical
radiation, whereas the outer region produces only the tegtfency emission.
This implies not only a dierent variability, due to the fferent opacity of the
two regions, but also a filerent flux enhancement, due to the fact that the dif-
ferent viewing angle of the two regions with respect to theesber leads to a
different Doppler boosting.

For W Comae instead a simple SSC interpretation is chalttbgehe request
in the modeling of the SED of a equipartition parameter fanfrunity. Even
if there is not a physical justification for a source compdriEing close to the
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equipartition, considering that the equipartition cop@sds to the minimum to-
tal energy requirements, a value far to the equipartitiarcovolve an increase
of the energy requirements and therefore it is disadvantagen favour of the
addition of an external Compton component with seed phatoggated from

the dusty torus that could explains also the slightly n&&blmp observed in
the SED of the source.

The possibility to build time-resolved SEDs from radigjtoays gave us the
opportunity to challenge the emission mechanism modetsfalsFSRQs, and
in particular the long term monitoring of 3C 454.3 over 18 iti@rhas been the
best case for test the emission models in FSRQsfterént epochs (and there-
fore different activity states). The modeling of the SEDs collectedng the
several multiwavelength campaigns organized by AGILE od3€ 3 confirmed
the previous findings that the dominant emission mechamsyarays, for this
object as well as for the FSRQs in general, is the inverse Gamgeattering of
external photons from Broad Line Region (BLR) scatterifigjte relativistic
electrons in the jet, but even if true for most of the actistates it is not an
assumption valid for all the states observed by AGILE. Ir,fa€ 454.3 during
the December 2007 campaign was observed infarént state with respect to
the other observations performed by AGILE. In particulaithwespect to the
observation of November 2007 optical and UV fluxes appeareei of a fac-
tor 2, with the synchrotron radiation, well defined by the fmérared Spitzer
data and the GASP-WEBT optical data, peaked at frequenc§ Briks lower
than in November. Despite the softer synchrotron pgalay data showed the
persistence of a hard peak atl GeV, similar to the state observed by AG-
ILE in July 2007 and November 2007. We attempted to fit the Sk&idls a
one-zone SSC model, adding the contribution of external pbetons coming
from an accretion disk and a BLR. In order fit the synchrotreakpas well as
the Swift soft X-ray data a low break Lorentz factorpfeax ~ 350) is required,
implying a peak of the contribution of the external Comptooni the BLR at
hy =~ hveorl'y26/(1 + 2) ~ 10°eV. This is in contrast with the hardness of the
ray spectrum up to 1 GeV observed by AGILE. Therefore, a &rrdontribution
is needed to model the-ray data in the SEDs of 3C 454.3 of December 2007
and the best candidate is a hot corona with temperatur&0® K and luminosity
Leor = 10% erg s?, distant 0.5 pc from the blob.

Another example of the fact that not in all the activity staté FSRQs the
main source of seed photons for IC is the accretion disk eomsgprocessed
by the BLR is provided by the AGILE detection of an intensey flare by 3C
279 during July 2007. In that case, the spitay spectrum observed by AGILE
during a highy-ray state could be an indication of the low accretion stdite o
the disk some months before the AGILE observations, suggeatdominant
contribution iny-rays of the external Compton scattering of direct diskatidn
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compared to the external Compton scattering of the BLR. Asatienof fact, a
strong minimum in the optical band was detected by REM two tiiobefore
the AGILE observations and the reduction of the activityhad tlisk causes the
decrease of the photon seed population produced by themtiskan a deficit of
the external Compton of the photons reprocessed by the Bi.Bfect delayed
by the light travel time required to the photons to go fromitiveer disk to the
BLR.

Therefore, from the modeling of theftBrent SEDs of BL Lacs and FSRQs
observed by AGILE seems to emerge that the SSC and the ECviianks re-
spectively, are good approximation for describing on ayertde high activity
states of the two flavours of blazars, but going into detdith® single observa-
tion more complex scenarios sometimes are requested.gfumbine, most of the
previous multifrequency observations of blazars, esfigdiaose that involve
vy-ray observations were triggered by a high state of the souhe study of
low/quiescient states of these sources is still an unexploesd dihe investiga-
tion of they-ray emission from blazars, together with simultaneougnlagions
from radio to TeV energy bands, during l@yuiescient activity states could open
a new window to further correlated investigations of thezhta over the whole
electromagnetic spectrum, comparing the behaviour anpghsical parameters
of those observations with those obtained during flaringestan order to reach
a deeper insight on the jet structure and the emission messharat work in
blazars.

Moreover, long-term monitoring of blazars give us the ploisigy to look into
the time scale along which the activity state of blazarsegin the diferent parts
of the spectrum and to observe these blazars durtiigrdnt emission states: not
only the most intense activity state of the source, duringclvbthe jet emission
is dominant but also during the faint states in which is kkil observe also
features usually overwhelmed by the non-thermal emission.

3C 454.3 and PKS 151®89 have been the sources monitored over the
longer timescales by AGILE. These blazars showed high b#it\ain y-rays
with several flaring episodes, even if the overall behaviwfuthe two blazars
seems to be dierent. A diminishing trend ir-ray flux intensity between July
2007 and January 2009 was observed for 3C 454.3, with a dmegeaf the to-
tal power of the jet. A diminishing trend of the flux with time ebserved from
near-IR toy-rays, the flux at 15 GHz instead increases, although no reee-
ponentin radio seems to be detected. Thigedent behaviour of the light curves
at different frequencies could be interpreted by a changing ofehggometry
between 2007 and 2008. Considering this regular dimingstiend of they-ray
activity observed over almost two years it is even more ssirgy the extraordi-
nary flare of 3C 454.3 observed by AGILE in early December 20@%n the
source became the brightest source imthray sky for at least one week, reach-

245



Chapter 10. Concluding remarks

ing the highest flux ever observed by a blazay4rays ¢ 2000x 108 photons
cm2s?),

PKS 1516-089 instead in the last two years exhibited rapid flaresfésmeint
time detected by AGILE an&fermi, and also during the extraordinary activity
of March 2009 diferent flaring events seems to be due to the overlapping of
subsequent episodes, suggesting a complex structure @dathng episodes in
this source. Moreover, after theray flares of March 2008 and March 2009
a significant increase of the flux density was observed aldogdt radio fre-
guencies, suggesting that a common mechanism producesatimg fepisode
at radio andy-rays. Notwithstanding the possibleffdirence in the long-term
behaviour, a hint of spectral evolution jarays is present in both the source,
with a harder-when-brighter behaviour during the mostrisgsflaring episodes,
a feature already observed by EGRET in 3C 279 and PKS 9528, but not
confirmed as general behaviour of the blazars.

Even if the study of the correlation between optical ancy emission in
blazars has always been venyffidiult, because a common long-term monitor-
ing is necessary in order to obtain firm results, the longteronitoring of 3C
454.3 provided by GASP-WEBT and AGILE in optical as wellyrray en-
ergy bands fiered the opportunity to investigate this correlation by nseaf the
Discrete Correlation Function (DCF; Edelson et al. 1998)particular during
the longer continuos observation period, November—Deeerab07, the cor-
responding DCF shows a maximum ©f0.38 for a null time lag. However,
calculating the centroid we obtained a time lag of —0.42 deye/eeny-ray and
optical band, i.e. a delay of theray emission of about 10 hours with respect to
the optical emission. This result is in agreement with wbanfl if the Novem-
ber or December 2007 dataset is analyzed separately; neyr¢ios time lag es-
timated is in agreement with what found for 3C 454.3 by Bograhal. (2009a)
analyzing the publie/-ray data ofFermiLAT and the optical SMARTS data.
However, it is interesting to note that the correlation kewthe emission in the
two energy bands is not strong, suggesting that, even ihduhe high activity
state the signs of the jet activity is visible in both the gyedomains and at a
bright synchrotron state usually correspondes a bigiaty state with an overall
correlation, some dlierences can be observed in detailed comparison on long
timescale.

On the other hand, the comparison of theay and optical light curves of
PKS 1516-089 during March 2009 seems to show a possible time lag of 1-2
days between the optical andrays, suggesting one more time a more com-
plex behaviour for the optical-ray correlation, especially for FSRQs, where
not only the synchrotron emission but also the thermal disission contribute
to the optical emission observed. The almost continuos antemporaneous
observation of all the-ray sky with the AGILE and-ermi satellites is assur-
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ing a formidable opportunity to monitor several blazarshet $ame time and
together with the radio-to-optical observations from gratbased telescopes
(such as GASP-WEBT, SMARTS, REM, the F-GAMMA projects, ptwill
allow a long and deep monitoring of a large number of souroeddiaally a de-
tailed study of correlated variability atféerent frequency, up to now limited to
only few objects.

The broad band coverage provided by the multifrequency esgnp orga-
nized by AGILE gave me also the opportunity to investigaie pinesence of
Seyfert-like features in some blazars. In particular,cgUV observations of
PKS 1516-089 in March 2008 and March 2009 showed the presence in tlagl bro
band spectrum of the source of two thermal features: the litte bump, due to
the Fe Il, Mg Il and Balmer continuum produced by the BLR, amel lvig blue
bump, due to the accretion disk emission. The fact that tinelsyptron com-
ponent of PKS 1510089 usually peaks around #Hz (see Bach et al. 2007;
Nieppola et al. 2008) allow us to observe these thermal featin this source.
However, during the huge-ray flare of PKS 1510089 of 25-26 March 2009
the radio-to-UV SED seems to show a flat spectrum in the dptiv¥asuggesting
the presence of the synchrotron emission in this part of peetsum and there-
fore a shift of the synchrotron peak. In that case, the irsgred the synchrotron
emission leads to the decrease of the evidence of the Iitdebag blue bumps
in the spectrum of PKS 153@89. A significative shift of the synchrotron peak
seems to be a behaviour more common in HBLs with respect taQsSSich
as PKS 1510089. Interestingly this is not the only behaviour typicaHBLS
observed in PKS 151@89. In fact, during the observations of March 2008 (and
partially also in March 2009) a harder-when-brighter betnaswas observed in
its X-ray spectrum. Usually in FSRQs as PKS 15089 only little variability is
observed on short time scales from hours to days, and alsungel timescales
the X-ray spectral shape is almost constant with only snaaikations. We in-
terpreted the spectral evolution observed during3wtobservations of March
2008 in just two days, soon after the raptday flaring episode, as another hint
of the rapid change in activity by this source likely due te tihange in contri-
bution of one of the two components that contributes to thayspectrum, the
SSC and EC components, and therefore to an indicationfi&rent variability
of this two components.

To conclude, as described in my Thesis, the blazars are ainveetnyguing
class of objects that shows a variety of peculiar behavioat itnmediately at-
tracted the attention of astrophysics around the world. &l@r the studies of
blazars were always maddfiltult by the impossibility to obtain detailed obser-
vation of these objects over the entire electromagnetictagp®. In particular,
the y-ray domain remained inaccessible for over 10 years afeeetid of the
EGRET experiment, depriving us of important informatiom émderstanding
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the emission mechanisms at work in the blazars. Finallyj wib y-ray satel-
lites in orbit a new window on these sources is now openedpniyt for the
observations iry-rays but also for further coordinated investigations @fziaks
over the whole electromagnetic spectrum. As some resultsi®ihesis show,
the behaviour of blazars could be more complex of that expotthe canonical
SSC and EC frameworks, but the key to substantially improgeihderstanding
on location, size, structure and dynamics of the emittiiggores and on particle
acceleration mechanisms in blazars are the simultanealisrand band multi-
frequency studies on the largest possible number of objdatgially we have
the opportunity to involve together a great number of grebhaded and space-
born observatories. It will allow us to expand the numberaefrses studied and
the amount of information on them, finally shedding light oasinof the mys-
teries of this exciting class of objects. What you have reze hprobably, is just
the beginning.
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