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Abstract

The synchrotron self-Compton (SSC), a process where synchrotron emitting electrons upscatter
the same photons to high energies, remains one of the dominant mechanisms for ')'-ray production
inside homogeneous jets, explaining the observed broadband emission in blazars. Therefore,
the synchrotron-Compton blazars can provide information regarding production mechanisms of
Very High Energy (VHE) photons and possibly the acceleration mechanisms of particles to high
energies.

Synchrotron-Cornpton blazars have been observed by ')'-ray telescopes, both ground- and
space-based, for example the Eneryet-ic Gamnw-Ray Experiment Telescope (EGRET) on board
the Compton Gamma-Ray Observatory (CGRO) and the Large Area Telescope (LAT) on board
the Fermi Observatory and are believed to be radio-loud Active Galactic Nuclei (AGNs) with
their jets oriented at relatively small angles with respect. to the line of sight.

The main purpose of this study was to search for possible synchrotron-Compton blazars
among the southern high galactic latitude sources among the unidentified EGRET sources with
the aim to understand their nature. The identification of possible point sources, associated with
the EGRET ')'-ray sources, is complicated by the large EGRET gamma-ray error boxes, that is
between 0.5-1.5 degrees, which can harbour several potential sources, especially at low galactic
latitudes.

The initial phase of this study constituted the tedious search for extra-galactic flat spectrum
radio counterparts in the online and published catalogues inside the EGRET error boxes of
high galactic sources, with Ibl > 10°. The strategy was to select sources with lad < 0.7 for
further multi-wavelength studies. To enable t.he utilization of the 26-m radio telescope of the
Hortebeesthoek Radio Astronomical Observatory (HaT,tRAOJ, only sources with the declination
range -70° < Dec < +45° were considered. A further consideration was to single out only
those fiat spectrum sources with a fiux density above 200 rnJy at 12.4 GHz, the latter are those
sources with rising nonthermal spectra towards high energies. Based upon the above-mentioned
criteria, a selection of thirteen blazar-like candidates was made for further investigation.

In the second phase of this study, multi-wavelength photometric and spectroscopie obser-
vations of the selected sources were carried out in order to reconstruct their Spectral Energy
Distributions (SEDs) which are the signature of the main emission mechanisms (that is the
synchrotron and the inverse Compton processes) occurring in the jets. The main result of this



li

Abstract

investigation has been the determination of the redshifts of two radio sources selected initially
as radio counterparts of two unidentified EGRET sources, 3EG J0821-5814 and 3EG J0706-
3837. The Ca H & K line depression, occurring around 4000 A (in the rest frame of the source),
was used to diagnose the domination of the nonthormal emission ill the sources which helped
disentangle Flat Spectrum Radio Quasars (FSRQs) from normal radio galaxies.

In the third phase, the homogeneous synchrotron self-Compton model was used to constrain
the physical parameters of the emitting plasma in the sources. R.esults show that the model
can be successful, provided that there are sufficient data to pin down the observed parameters,
sucb as the position of the peaks in emission as well the spectral indices in different parts of the
SED. However, it has been pointed out that the SSC model could not provide a good fit for the
synchrotron low-energy radio emission and it has been suggested subsequently to consider an
inhomogeneous jet model. In the MeV to GeV energy range, the contribution of inverse Cornpton

scattering from external photons has been considered to explain the SED satisfactorily.

Keywords: radiation mechanisms: non-thermal, line: identification, techniques: spectro-
scopie, galaxies: jets, BL Lacertae objects: general, quasars: general.



Samevatting

Synchrotron eie-Compton (SEC), die proses waar synchrotron fotone opwaarts verstrooi word
na hoë energieë deur synchrotron-stralende elektrone; blyeen van die dominante meganismes vir
gammastraal produksie en verskaf 'n bevredigende verklaring vir die waargenome wye-band uit-
straling van blasars van radio-tot Baie Hoë Energie (BHE) gammastrale. Synchrotron-Compton
blasars kan dus inligting verskaf aangaande die produksie-meganismes van BRE fotone en moont-
lik op die versnellings-meganismes van deeltjies tot baie hoë energie .

. Synchrotron-Compton blasars is waargeneem deur beide grond-en ruimte gammastraal teleskope,
naamlik, die Eneryetic Gamma-Ray Experiment Telescope (EGRET) op die Compton Gamma-

Ray Obseruaioru (CGRO) asook die Larqe ATea Telescope (LAT) op die Fermi Observatory. Daar
word beweer dat synchrotron-Compton blasars sterk radio Aktiewe Galaktiese Kerne (AGKs)
is waar 'n gas-spuit met relatiwistiese deeltjies vanaf 'n kompakte kern 'n relatiewe klein hoek
vorm met betrekking tot die waarnemingslyn.

Die hoof doel van hierdie studie was die soektog na moontlike Synchrotron-Compton blasars
tussen die suidelike hoë galaktiese breedtegraad bronne van die ongeïdentifiseerde EGRET pop-
ulasie, met die doelom die aard en eienskappe van die bronne te ontrafel. Die identifikasie van
moontlike puntbronne, wat geassosieer kan word met die EGRET gammastraal bronne, word
bemoeilik deur die groot foutgrense (tussen 0.5 en 1.5 grade) van die EGRET bronne. Verskeie
moontlike bronne kan binne hierdie grense val, veral by lae galaktiese breedtegrade. Die aan-
vanklike fase van hierdie studie het bestaan uit die noukeurige soektog na ekstra-galaktiese plat
spektrum radio bronne uit webgebaseerde en gepubliseerde katalogusse, binne die EGRET fout-
grense, van hoë galaktiese bronne, dit wil sê met Ibl > 10°. Die strategie was om bronne te kies
met lal < 0.7 vir verdere multi-golflengte studies. Om die benutting van die 26-m radio teleskoop
by die H ortebeestlioek Radio Sterrcuioq (HaTtRA 0) te verseker, is daar op bronne gekonsentreer
met deklinasie hoeke tussen -70° < Dec < +45°. 'n Verdere oorweging vir die kies van bronne
was om die bronne te identifiseer met 'n plat spektrum, dit wil sê met 'n vloeddigtheid bo 200
mJy by 12.4 GHz. Net bronne met stygende nie-termiese spektrum na. hoër energieë. Gebaseer
op bogenoemde kriteria, is 'n seleksie van 13 blasar-agtige kandidate gemaak vir verdere studie.
In die tweede fase van hierdie studie is multi-golflengte fotometriese en spektrornetriese waarne-
mings gedoen van die gekose bronne, om sodoende die Spektrale-Energie- Verdeling (SEVs) van
die bronne te rekonstrueer. Hierdie SEVs is die kenteken van die hoof uitstralings-meganisme

III



Samevatting

betrokke in die spuit, dit wil sê die synchrotron en die inverse-Compton prosesse. Die hoof
resultaat van die ondersoek was die bepaling van die rooiverskuiwing van twee radio bronne wat
aanvanklik gekies was as radio ewekniee van tvVCC ongeïdentifiseerdo EGRET bronne, naamlik
3EG J0821-5814 en 3EG J0706-3837. Die Ca 11& K lyn depressie, wat rondom 4000A (in die
russisteem van die bron) voorkom, was gebruik om die dorninansie van die nie-termiese uitstral-
ing van die bronne te bevestig. Dit het gehelp om die Plat Spektrum Radio kwasars (PSRQs)
te onderskei van normale radio sterrestelsels. In die laaste fase was die homogene synchrotron
eie-Cornpton model gebruik om die fisiese parameters van die stralende plasma in die bronne
te begrens. Resultate dui dat die model suksesvol kan. wees, rnits daar genoeg data is om die
waargenome parameters te begrens, soos byvoorbeeld die posisie van die stralingspieke in die
spektrum, sowel as die spektraal-indekse in verskillende dele van die SEV. Daar is egter aangedui
dat die SEC model nie 'n goeie verduideliking vir die lae-energie synchrotron radio uitstraling
kan gee nie. As gevolg hiervan is 'n voorstel gemaak om 'n nie-homogene spuit model te oor-
weeg. In die MeV en GeV energie-band verskaf die bydrae van inverse-Conipton verstrooing
vanaf eksterne fotone 'n meer bevredigende meganisme om clie SEV te beskryf.

Sleutelterme: stralingsmeganismes: nie-termies, lyn: identifisering, tegnieke: spektroskopie,
sterrestelsels: strale, BL Lacertae: algemeen, kwasars: algemeen.
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Chapter 1

Int.rod uct ion

The Energetic Gamma-Ray Experiment Telescope (EGRET) on board the Compion Gamma-
Ray Obseroatoru (CGRO), during its 9 years of service between 1991 and 2000, produced the
first all-sky -y-ray map above 100 JvIeV. In the Third EGRET catalogue (3EG) (Hartrnan et al.
1999), 271 sources have been reported of which 130 are still unidentified, i.e. not associated
with any particular class of point source in the sky. Of the 130 unidentified sources, 69 are at
high galactic latitudes, i.e. Ibl > la degrees while the rest are confined in the galactic plane,
probably associated with diffuse -y-ray emission from hydrogen gas clouds bombarded by high
energy cosmic rays.

A serious complicating factor concerning possible identification of point sources that could
possibly be associated with the EGRET -y-ray sources is the large field of view, i.e, between
0.5-1.5 degrees in the sky. This implies that the EGRET field could harbour several potential
sources, especially at low galactic latitudes. This creates an intrinsic problem in the identification
of possible radio/optical and Xvray counterparts for the detected EGRET sources.

Since the large majority of EGRET-detected sources have been associated with blazars (Hart-
man et al. 1999), it can be assumed that some of the unidentified EGRET sources may also be
blazars, especially those at high galactic latitudes. The purpose of this study is therefore to
search for possible blazars among selected high latitude southern unidentified EGRET sources.

1.1 General p:rope:rties of blazars

An Active Galactic Nucleus (AGN) is a compact region at the center of a galaxy which has a
rnuch higher than normal luminosity over some, or all windows of the electromagnetic spectru.m.
A galaxy hosting an AGN is called an Active Galaxy. Galactic activity refers to one or more of
the following phenomena (Landt 2003):

o a central compact core brighter than that of normal galaxies,

1

f) continu urn radiation of the central core component , extending from the radio to the X-ray,
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and in some cases, to the -y-ray spectral band,

• mi sion lines produ ed in the central region (a er tion disk and it corona, Broad Line
Region (BLR) and arrow Lin Region ( LR)) by non- tellar proce se ,

• highly variable continuum and peetral line emission, and

• nonthermal radio emission emanating from the centre and collimated in the form of two
opposite jets.

The name Active Galactic ucleus (AG ) emphasize th fact that the activity is confined
mainly to the c ntral region. Schematic diagram illu trate the current under tanding of the
tructure of an AG in Figure 1.1 and Figure 1.2.

Figure 1.1: Illustration of the physical structure of an AGN (adapted from Urry and Padovani (1995)). The
central black hole is surrounded by a luminou accretion disk. Broad and narrow emi ion lines
are produced in clouds elo er (dark blobs) and further away (grey blobs) from the c ntral source
r spe tively. A thick, dusty toru (or warped disk) ob cures the broad-line region viewed edge-on.
Powerful radio jets manat from the region near the black hole in radio-loud AG .

2
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Figure 1.2: In terms of a unified model of AG s, blazars are vi wed face-on, implying a highly Doppler boo t d
jet being projected towards the ob erver, while the second jet i projected in the oppo ite direction.
For blazars, the Broad Line Region (BLR) and inner accretion di c will not b obscured by th
larger du ty accretion torus lying in a plane normal to the jet. The obs rved radio emission will be
dominated by a one- ided jet that may be variable in intensity and appar ntly superluminal. At a
slightly larger viewing angle (le s than 45 degrees), if the optical AGN emission i much brighter
than the starlight of the host galaxy, the object will be called a Quasi Stellar Object (QSO);
otherwise a Seyfert I galaxy. If the inclination angle is larger than about 45°, the optical core may
be obscured by the dusty toru and highly relativi tic radio jets may be Doppler-dimmed, and we
will see either a double-lobed radio galaxy or a Seyfert II galaxy (a Seyfert galaxy with only the
narrow emission lin directly visible).

According to this model, a supermassive (NI rv 106-1010 Me:), where Me:) is the mas of the Sun)
black hole lies at the centre, and it strong gravitational pot ntial dominates the dynamics of the
whole galaxy. For a 109 Me:) black hole, e.g. the blazar 3C453.31 (MBH = 1.9 X 109 Me:), z = 0.859
(Wao and Urry 2002)), the gravitational radius (Schwartzschild's radius) i Re = ~ rv 5 X 10-5

pc (comparable to the ize of th orbit of the plan t Saturn"), the accretion disk extends from
rv 6-200 Rc, i. . 3-100 X 10-4 P , the broad-line loud ar located betwen rv 5-50 X 10-2 pc
of the black hole (Urry and Padovani 1995, Kaspi t al. 2000) and the inner radius of the du ty
torus i approximately rv 1 pc. The narrow-line region extends approximately from 10 to a few
times 104 p and radio jet have been detected on cales from 1 to s veral Mpc (Fig. 1.3).

1Th brightest gamma-ray source in the sky (> 2.6 x 10-6 photons cm-2 8-1 in high state at z = 0.859.)
2 aturn: aphelion: 1.519 x 1012 km rv 5 X 10-5 pc
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Figure 1.3: Illu tration of the physical scale of different components of the AG in the blazar 3C454.3. Thi
a 3mm radio image of the source adopted from Wehrle et al. (2009).

The multi-wavelength emission in these systems is directly related to the accretion of material
into the superrnassive black hole (e.g. Frank et al. (1992; p. 4)). Through th con ervation of
angular momentum, the in-falling material forms an accretion di k, which radiates through the
conversion of potential to thermal energy as a result of viscous dissipation. It is through the
highly efficient matter-to-energy conversion that AG can produce in tiny volumes (rv 10RG)

extraordinary (up to 1047 erg -1) luminosi ties, which are much higher than what can be achieved
through ordinary, non-explosive stellar processes. The most common assumption about the state
of the thermal plasma within the accretion disk is that it is optically thick. This then implies
that the released energy extends roughly from optical through soft X -ray fr qu ncies, with a
sub tantial fraction emitted in the form of ultraviolet (UV) photon (blue bump).

In addition to the central black hole and the accretion disk surrounding it, ma ive clouds
of gas mov rapidly in the potential well of the black hole at somewhat larger di tances. These
clouds ar illuminated by the radiation from the accr tion disk and produce, mainly via the
proe sses of photoionisation and collisional excitation, the trong emission lines characteristic
of an AG 's spectrum (but enhanced in Seyfert galaxie ). Clouds closer to the black hole (rv
0.01-1 pc) are denser and move more rapidly. These give rise to broad (~ a few 1000 km
8-
1
) mi ion line in the object' pectrum, which ar usually permitted transitions. The most

prominent of the e are the Hydrogen lines from the Balmer and Lyman rie and tran ition of
Magnesium ion. These clouds are referred to as the Broad Line Region (BLR). Cloud located
further out (up to a few kpc, e.g. Schmitt and Kinney (1996), Bennert et al. (2002)) have lower
d n ities and velocities and form the o-called Narrow-Line Region (NLR). arrow emission lines
can b permitted and, taking advantage of the relativ ly low electron densities (ne rv 1010 m-3,
e.g. Safier (1992)), also forbidden line. The strongest of the latter type ar transitions of ionized
Oxyg n and eon.

4
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Since w do not obs rve broad emis ion lines in all AGNs, but almost always narrow emission
lin ,the exi tence of a thick, dusty torus (or warp d disk) ha been po tulated. Thi feature i
assumed to be located outside the accretion di k, ob curing the BLR at ertain orientations of
the AG with resp ct to our line of sight.

Additionally, we ob erv in radio-loud AGN (and sometimes aloin radio-quiet AG
although on much smaller cales) the so-called "jets". Th e are stream of plasma (most
likely electrons and positrons or electrons and protons) that are accelerated from th black hole
and collimated by strong magn tic fields, thus radiating via the synchrotron proc s. The jets
emanate from locations close to the central black hole at approximately 0.1 pc (e.g. Figure 1.4)
and are fe ding extended lob s at very large distance (up to everal 100 kpc) to ach side of
th central nucleus.

Figure 1.4: The jets emanate from locations elo e to the entral black hole at rv 0.1 1 pc anel feed extended
lobes at very large di tan es (up to several 100 kpc) to each ide of the central nucleus. Adopted
from Wehrle et al. (2009).

U ing th ir radio emis ion, AG are classified into radio-quiet and radio-loud (e.g. Fig-
ure 1.5). The radio-loud AG s are objects with radio (5 GHz) to optical (B band) flux ratio
above ten (they are r- 10% of the entire AG population, .g. Ivezié et al. (2002)). Within the
clas of radio-loud AG ,3 ubdivision can be made i.e.

• radio galaxies,

• quasar , and

Nonthennal Central
IonIZing Source
(Corona or Wind)

'i
.l!!
.!.
e
! Big Blue Bump

(Emitting Ragion)

Accretion Disk
Corona ..0.002 pc
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• BL Lacertae obje ts (BL Lacs).

Figure 1.5: AGNs are subdivided into radio loud (fr4diO bGU. > 10) and radio quiet (fr4d'O-OGH. < 10). Radio
fOp.-B fOp.-B

loud are also subdivided into radio galaxies (extended radio sources with strong optical absorption
lines), quasars (point-like sources at cosmological distances) and blazars (fiat spectrum radio sources
with jets oriented towards the Earth). Blazars are subdivided into BL Lacertae objects (BL Lacs,
characterised by narrow emission lines) and Flat Spectrum Radio Quasars (FSRQs, characterised
by strong emission lines). BL Lacs are subdivided into High Synchrotron Peaked BL Lacs (HSP-BL
Lacs) [vsllnc > 1016 Hz], Intermediate Synchrotron Peaked BL Lacs (ISP BL Lacs) [1014 < vsync <
1016 Hz] and Low Synchrotron Peaked BL Lacs (LSP BL Lacs) [vsllnc < 1014) Hz].

Radio galaxies reach the largest linear dimensions at radio frequencies and their (optical)
spectra show only narrow emission lines (if any at all), but more commonly absorption lines".
Therefore, these sources are believed to be oriented with their radio jets at relatively large angles
with respect to our line of sight. Their BLR is then most likely obscured by the dusty torus.
These galaxies present a radio luminosity of the order of 1025 W Ilz-1 at low radio frequencies
near 178 MHz ( rry and Padovani 1995).

BL Lacs and quasars are strong radio sources characterized by their distinct (optical) spectra.
In fact, in BL Lacs we observe no (or very) weak emission lines and their continuum emission
can often be fitted by a power-law, while in quasars both strong narrow and broad emission lines
feature.

sing their radio spectral indices, within the quasars class we can further differentiate be-
tween Steep Spectrum Radio Quasars (SSRQs) and Flat Spectrum Radio Quasars (FSRQs), de-
fined as quasars with radio spe tral indices ar > 0.5 and ar :::;0.5 respectively (where Sv v-a).

3A forbidden line is a spectral line emitted by atoms undergoing energy transitions not normally allowed by the
selection rules of quantum mechanics. However, such transitions do have small probability of their spontaneous
oe urrence, should an atom or molecule be raised to an ex ited state. Forbidden emission lines have only been
observed in extremely low-density gases and plasmas in which atomi collisions are low so that atoms can stay
relatively longer before being de-excited by collisions.
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The differences in radio spectra are the signature of their distinct morphologies: SSRQs have
weaker radio cores and show extended (steep spectrum) radio lobes similar to the ones '01' radio
galaxies (although on smaller lilwar scales), whereas the emission of FSRQs is dominated by
the (flat-spectrum] core compouent. The former Optically Violently Variable (OVV) quasars,
Highly Polarized Quasars (HPQs) and Core-Dominated Quasars (CDQs) are now often grouped
under the FSRQs class. In general, BL Lacs showed extreme properties more similar to the ones
of FSRQs, which led to their common name of 'blazars'. The word 'blazar' was suggested by
Edward A. Spiegel" in 1978 and combines BL (Lae) with (qu)asar.

1.2 Classification of blazars

The two components of blazars (BL Lacs and FSRQs) are separated based on the strength of
their emission lines.

The first blazar to be discovered and which gave it its name was BL Lacertae (BL Lac). This
is a compact and highly variable radio source that had first been identified with a star. However,
its optical spectrum is rather unusual, as it is featureless. lts spectrum could be explained as the
signature of Doppler-boosted jet emission (Blandford and Rees 1978) observed at small viewing
angles. At such orientations the core emission is strongly enhanced by relativistic beaming
which outshines the extended emission from the host galaxy and is therefore lacking absorption
lines. After the discovery of BL Lac other similar objects were found. Strittmatter et al. (1972)
suggested that they formed a new class of extragalactic radio sources named BL Lacs. Attempts
to classify blazars have been based on their optical spectroscopic features and on their Spectral
Energy Distributions (SEDs) over the whole electromagnetic spectrum.

1.2.1 Optical spectra of blazars

Originally BL Lacs were found with completely featureless spectra, i.e. neither absorption nor
emission lines. However, many BL Lacs turned out to have temporarily weak emission lines'
especially when in the low state. In order to separate BL Lacs from emission-line AGNs, BL
Lacs were defined as fiat-spectrum (ar::; 0.5) radio sources with emission lines of Equivalent
Widths EW" < 5 Á (Stocke et al. 1991) in the rest frame. The flat radio spectrum implies that
the objects were relatively core-dominated and therefore beamed.

Separating BL Lacs from normal galaxies, the blazars' signature is a Ca Il K & H (Calcium
depression at '"" 4000 Á) break value K4000 ::; 40%, in contrast to deeper depressions observed in
normal radio galaxies", As mentioned in the footnote this depression at '"" 4000 Á is the result

4Astronomy Department, Columbia University
5H & K lines are two absorption lines of singly ionised calcium Ca u in the intergalactie gas located between

the source and the observer. They occur in the near-ultraviolet at wavelengths of H: 3969 A and K: 3934 A and
result from the electronic transition from H: 48231-4]) 2P1 and K: 48 231-4p 2P;l (Goldberg 1964). The CaII

:ol 2 2 2
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of absorption of the thermal emission in the intergalactie gas. However, if the source has an
additional multi-wavelength nonthormal spectrum, the depression will be shallower; therefore
this can be used as a diagnostic tool to distinguish between blazars and other normal radio
galaxies. A comparison of the J{4000 depression in blazars (Figure 1.6) and in radio galaxies
(Figure 1.7) are presented. This was based on the finding that this stellar absorption feature
appears on average in rv 50% of non-active elliptical galaxies (Dressier and Shectrnan, 1987). It
is believed that any source with Ca Il K & H break depression ]{4000 ::; 40% is likely to have an
extra nontherrnal emission component and should be classified as a blazar. Figure 1.7 illustrates
how the depression caused by the Ca IIK & H absorption is found to be deeper in radio galaxies
than it is in blazars.

Dressler and Sheetman (1987) pointed out that the strength of emission lines in radio-loud
AGNs will depend strongly on the contribution from nonthermaljet emission, and, therefore on
the Spectral Energy Distribution (SED).

depression at 4000 A is calculated using the relation

where t: is the average flux between :n50 A and 3950 Á and ./"-1- is the average flux between 4050 A and 4250 A
in the rest frame (Caccianiga et al. 1999b). The depression materialises the absorption from Can ions around
A =4000Á.

8
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Wav.elength (A)

(a) RBS 1752 (BL Lac object). Adopted from Sbarufatti et a.l. (2008).
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(b) IHXS J072418.3-071508 (FSRQ)). Adopted from Marti et al. (2004).

Figure 1.6: (a) Optical spectrum of the BL Lac object RBS 1752 (z = 0.449) obta.ined with the Focal Reducer
and Low Dispersuni Speciroqraph-L (FORS1) at the VeT1JLarge Telescope (VLT). Apart from tel-
luric absorption lines, the spectrum consists of featureless nontharmal emission. Additional faint
absorption lines are due to intergalactie absorption.
(b) Optical spectrum of the FSRQ 1RXS J072418.3-071508 with a redshift of z = 0.270. The
presence of Ca II absorption lines close to their rest wavelength could be explained if a late type
star is almost superposed on the quasar line-of-sight (Mart] et al. 2004).
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Figure 1.7: Optical peetrum of a normal radio galaxy NGC 3368 (RA = 10 h 46 m 45. ,Dec = +11 d 49
m 10 ; B = 10 mag; z = 0.030; Type: Sab). Adopted from Kennicutt (2004). oticeabl is the
depression (known as 4000 A break) aused by the Ca II K & H ab orption line (K: 3933 A, and
H: 3968.5 A) h re in the normal radio galaxy which is de per than in th optical spectra of blazar
represented in Fig. 1.6.

1.2.2 Spectral Energy Distribution (SED) of blazars

Initially, using their SEDs, BL Lac were subdivided into Low-Energy Peaked BL Lac (LBLs)
and High-Energy Peaked BL Lacs (HBLs). Figure 1. displays the characteri tic SED of each
group. All exhibit two broad emis ion peaks - a low r-frequen y one, attributed to synchrotron
emis ion, and a higher-fr quency one, produced by inverse Compton emission. LBLs and HBLs
ar defin d as BL Lacs with a ynchrotron emis ion peak located at IR/opti al (LBLs) and
UV/soft-X- ray (HBL ) frequencies respectively. A recent r view of thi elas ification (Abdo
et al. 2010a), bas d on the l l-month Fermi data, introduces an intermediate subelas between
LBL and HBLs and now the three ubelass d nominations are: the High Synchrotron P aked BL
Lac (HSP-BL Lacs) with I/sync > 1016 Hz, the Intermediate Synchrotron Peaked BL Lac (ISP
BL Lac) with 1014 < I/sync < 1016 Hz and the Low Synchrotron Peaked BL La (LSP BL Lac)
with I/sync < 1014 Hz.
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(a) SC 279 (FSRQ)
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Figure 1.8: (a) SC 279 (FSRQ) (Adopted from Kusuno et al. 2003), (b) BL Lacertae (LBL)(Adopted
from Botteher 2002), (c) Mrk 421 (HBL) (Adopted from Takahashi t al. 2000) and (d) Mrk
501 (HBL) (Adopted from Katarzynski et al. 2001). For FSRQs and LBLs the synchrotron peak is
located in the IR-Optical part of the spectrum, with inver e Compton radiation contributing ignif-
icantly in the spectrum abov X-ray frequencie (~1019 Hz). For Mrk 421 (HBL) the synchrotron
process still contribute ignificantly to the X-ray part of th spectrum, with the inver e Compton
mechanism being re ponsible for the high energy emission. For Mrk 501 th peak at ~ 1014 Hz
represents the contribution of the stellar emis ion of the ho ot galaxy. The two superimposed plot
were obtained when the obj t was in high tate (top) and low state (below).

In practice, however, the divi ion between LBL and HBLs i based on their X-ray-to-radio
flux ratios. A value of f; = 1011.5 (with I, (in erg cm-2 -1) in th energy range 0.3-3.5 keY,
and Ir (in Jy) at 5 GHz) was proposed as a dividing line (Padovani and Giommi 1996).

(d) Mrk501 (HBL)
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1.2.3 Gamma-ray photon index in blazars

A review of the blazar clas ification based on 11months of the Fermi-Large Area Telescope (LAT)
data (Abdo et al. 2010a) how that the ,-ray photon index (F-y E-P) can b grouped as seen
in Figure 1.9. Based upon the di tribution of photon indice di play d in Figure 1.9, these
author grouped blazar ubclas s together based upon the average photon indice di played in
Table 1.1.

Clas mean rms

FSRQs 2.46 0.18
LSP-BL Lacs 2.21 0.16
ISP-BL Lacs 2.13 0.17
HSP-BL Lac 1.86 0.17

Table 1.1: Distribution of photon index in blazar subclasses. FSRQs = Flat spectrum radio Quasars, LSP-BL
Lacs = Low Synchrotron Peaked BL Lacs, ISP-BL Lacs = Intermediate Synchrotron Peaked BL
Lac and HSP-BL Lacs = High Synchrotron Peaked BL Lacs
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Figure 1.9: CIa sification fbIazars based on the gamma-ray photon index.
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A similar split for the more powerful blazar subclass, the FSRQs, does not exist. so far.
All known FSRQs were found to have SEDs similar to that. of LBLs. 'Within the sequence
FSRQs-LBLs-HBLs, the bolometrio luminosity is decreasing in the radio to X-ray region. Also
the frequency where the emission peaks increases in the spectral energy distribution of the
source (Stccker et al. 1996). Table 1.2 summarises the differences within the blazars class.

Class FSRQs BL Lacs

Defining property
Environment

Strong emission lines almost lineless
intense radiation field low radiation field
(disk, clouds, torus)

Redshift of EGRET blazars 0.1-2.3

Table 1.2: Summary of differences between FSRQs and BL Lacs,

The synchrotron and the inverse Compton scattering emissions appear to be the main mecha-
nisms explaining the multi-wavelength emission observed in blazars. A more' detailed discussion,
focussing on these mechanisms primarily, will be presented in the next chapter.

1.3 Motivation and structure of this thesis

The main objective of this study is the search for possible blazars among the high la.titude uniden-
tified EGRET sources. The methodology involves the search for flat spectrum (a < 0.7) radio
counterparts in the EGRET error boxes. Since it is believed that the ,-ray production in blazars
involves a synchrotron self-Compton process, a more detailed discussion of the synchrotron and
inverse Compton scattering processes will be presented in Chapter 2.

In Chapter 3, a brief discussion of EGRET and the methodology related to the search for
the flat spectrum radio counterparts in the error boxes of the Unidentified EGRET sources, will
be presented.

In Chapter 4, multi-wavelength observations of these sources and data analysis methods are
presented.
In Chapter 5, different models used to fit the observed data and constraining the very high
energy emission are described.
Finally, a final discussion and conclusions are presented in Chapter 6.

13



Chapter 2

Nonthermali Emission in Blazars

In Chapter 1, general properties of blazars have been discussed. It has been shown that the
Spectral Energy Distribution (SED) of blazars exhibits two peaks resulting from the combined
nontherrnal synchrotron and inverse Compton scattering emission from highly relativistic elec-
trons. This process is referred to as the Synchrotron Self-Compton (SSC) process. Nonthermal
emission is produced by particles accelerated to relativistic velocities. The acceleration mecha-
nisms in these objects are believed to be associated with strong shock waves in relativistic jet-like
outflows originating from a region close to a compact object which is, in the case of blazars, a
supermassive black hole.

The acceleration is the result of the scattering of particles off magnetic turbulence structures,
or irregularities, where the magnetic irregularities act as magnetic mirrors (charged particles
bounce back from the high-intensity magnetic field region). The acceleration is stochastic, and
was introduced by Fermi in 1949 to show that high energy cosmic rays can be produced by
charged particles colliding with clouds (scattering centres) in interstellar space (Fermi 1.949).

Due to the fact that the jet axis is close to the line-of-sight, some relativistic effects such as
the beaming effect and the blue shifting contribute to enhance the observed flux in blazars.

In this Chapter, a brief discussion of the acceleration of particles in blazar jets is presented.
This is supplemented by a brief discussion of the influence of relativistic effects in the flow and
cosmic expansion on the observed emission in the frame of reference of the observer.

14

2.1 Acceleration mechanisms in blazars

The total multi-wavelength emission of blazars from radio to ,-rays can be explained satisfac-
torily by an SSC model. It has been shown earlier (e.g. Section 1..2.2) that the entire spectrum
from radio to VHE ')'-rays is reconcilable with processes within the jets, accelerating a large pop-
ulation of electrons to energies between re f"V 103-104. These electrons radiate in the jet magnetic
field (via the synchrotron process), as well as scattering up the same synchrotron photons to
high energies (see Figure 2.1). In this section, a brief discussion is presented of the relevant
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particle a celeration process in blazar jets.

It is b lieved that the ignature of the multi-wavelength emi sion in blazars i I' concilable

with a Fermi-lik process, pr bably accompani d by an impulsive electrodynamic inj ction pro-

cess, (e.g. Petro ian and Bykov 200 ).

Figure 2.1: Graphical illustration of production of ,-rays. In both cenarios (inverse Compton scattering and
hadronic ea cade, particle are first accelerated to high energies by shock wave. Adopted from
http://inwfsunl.ugent.be/.

2.1.1 Fermi acceleration mechanisms

In the Fermi acceleration proces a fraction of particle kinetic energy is gained as a result of

the lastic scattering off magnetic turbulence or magnetic irregularities in the flow where they

are confined. As mentioned arlier, these irregularitie act as moving magnetic mirrors in the

flow. Th Fermi process can be divided into two regimes, i.e. a fast acceleration proce s (first

order Fermi process) as a re ult of scattering mainly head-on with scattering centres in strong

hock and a slow stochastic proce (second order Fermi proces) as a result of scatt ring off

magnetised clouds. The original version of Fermi' th ory is therefore known as second order

Fermi acceleration. In both r gimes, in ord r for the me hani m to be effective, the environment

ha to b ollisionless, i.e.

15
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where Pgas and Prnag represent the gas pressure and magnetic pressure respectively. This is
because frequent collisions with surrounding particles will result in severe energy loss and a.

resultant therrnalisation of the medium instead of creating a nonthormal spectrum of accelerated
particles. The attractive feature of the Fermi acceleration, first and second order, is the creation
of a. power-law spectrum N(E) cx: E-P; which is the general signature of a nonthormal spectrum
associated with virtually all nonthermal sources in the universe. A more detailed summary of
both these processes will now be present.eel.

2'.1.1.1 First order Fermi acceleration

The first order Fermi acceleration process occurs when charged particles are deflected off mag-
netic irregularities frozen into the plasma up- and downstream of strong shocks (e.g. Axford
et al. (1977); Krymskii (1.977), Bell (1978), Blandford and Rees (1.978)).

The beauty of this process is that particles scattering back and forth across the shock will
gain energy from mainly head-on collisions, which on average transfers energy (e.g. Bell (1978),
Longair (1994) for discussion)

where Vs represents the shock velocity and c the speed of light.
The key point of the acceleration process is that high energy particles hardly notice the shock

at all since the thickness of the shock will normally be much smaller than the gyroradi us of the
high energy particles. Because of turbulence on both sides of the shock, particles are scattered
when they pass through the shock in either direction, so that their velocity distribution rapidly
becomes isotropic on either side of the shock with respect to the frame of reference in which the
fluid is in rest.

The spectral signature of this process is a characteristic spectrum

dN(E) rv E-PdE, (2,3)

Uu
with JJ = ~ where p = - represents the ratio of the How velocities up- and downstream of the

p . 1Ld

shock. For strong shocks p ---+ 4, resulting in JJ ---+ 2. However, the spectrum may be modulated
by several physical processes (see Frank and Valenti (2007)) such as

o non-linear effects and multiple shocks which can harden the spectrum to indices JJ < 2
(e.g. Berezhko and Ellison (1999), 'White (1985)) and

o anomalous transport processes associated with magnetic field diffusion from the shock
region resulting in JJ ---+ 2,5 (Kirk et al. 1996).
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Electron acceleration in shocks is further complicated by rapid energy loss via synchrotron
radiation in strong magnetic fields. For effective acceleration of electrons, a fast and effective
pre-acceleration via. electric fields is required for Lorentz factors le > ~:~~, where VA represents
the local Alfven speed (Achterberg 2001, Longair 1994).

The first-order Fermi acceleration (diffusive shock acceleration) process represents the most
efficient and plausible mechanism for the origin of the inferred nonthormal power-law distribu-
tions in most of the inner AGN jets (Frank and Valenti 2007).

2.1.1.2 Second order Fermi acceleration

In Fermi's original version of the theory, the particles scatter off moving magnetised clouds in
a galaxy. In this process, the magnetic scattering centres are moving randomly with typical
velocity 1/,;, resulting in an effective energy transfer of

(d~)~(~Vs)2
E 3c

(2.4)

per scatter (e.g. Longair (1994) for a review). One can see on close inspection that the average
Vs

energy increase is only second order in -, hence second order Fermi acceleration. This process
c

is also significantly slower than the first order process since the random velocities in interstellar

clouds in the Galaxy is very small, e.g.
power-law spectrum

1/,;
-+ 10-4. However, this process can generate a

c

with JJ = 1+ ztz: where tese represents the time the particle spends in the accelerating region,
V2

and a = Hc~)' with L being the mean free path between clouds (e.g. Longair (1994)).
The estimated mean free path of galactic cosmic rays in the Interstellar Medium (ISM.) IS

roughly L rv 1pc, resulting in a collision rate of roughly one per year. This justifies second
order Fermi acceleration being a very slow process, and certainly not an effective mechanism to
accelerate the cosmic rays to the high energies.

2.1.2 Acceleration in electric fields

It has been mentioned earlier (e.g. Section 2.1.1.1) that for effective shock acceleration of elec-
trons in strong shocks; an effective pre-a.cceleration is required. It is likely that electrons are pre-
accelerated by electric fields induced in the plasma, for example, magnetic neutral sheets, double
layers, as well as a betatron process where electric fields are induced according to Maxwell's

17
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equation ___.
___. ___. 1aB
\J x E = ---.

c al; (2.6)

In all these examples mentioned above the electric fields are dynamic, since static electric

fields cannot he maintained in highly conducting ionised fluids. A brief discussion of the most

relevant aspects surrounding electrodynamic particle acceleration in highly conducting fluids will

be presented. The following discussion will focus mainly on processes that accelerate particles

like electrons in the turbulent pre- and post-shock plasma of strong shocks.

2.1.2.1 Magnetic reconnection

Magnetic reconnection as a mechanism to accelerate particles through current dissipation in

neutral sheets is well documented (e.g. Svestka (1976), Parker (1979) and references therein).

This mechanism occurs if magnetic field lines of opposite polarity merge at a neutral point.___.
where B = O. Dissipation of current may then be converted to kinetic and thermal energy in

the plasma under special conditions (e.g. Parker (1975), Lesch (1991)). The electric field induced

through the merging of magnetic fields follows from the application of Fara.day's induction law

(e.g. Biskamp (1989), Lesch (1991)). In the pre-merging magnetic field of strong B, a particle

spiralling in the field will find that the magnetic flux,

that passes through a hypothetical surface bound by its orbit with radius RL, i.e. the La.rmor

radius, decreases at a rate
o</J 71'RtB
at '" -~'

where TR = ~v.H represents the reconnection time scale. By Faraday's induction law, the work
rn

done per unit charge (emf-electromotive force) in a single orbit is

(2.8)

(2.9)

where V:n '" 0.1 VA represents the speed with which field lines merge in the fluid, typically a

fraction of the Alfvén speed in the magnetised fluid, which is

(2.1.0)
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---? ---?

The electric field induced in the merging region (MR.) as a result of the V x B motion of charge
acetoss the magnetic field is of the order

E·, B 11,n
MR~ --.

C
(2.11)

This field in the merging region must be of the same order as the electric field in the dissipation
region, i.e. the current sheet, which is (e.g. Benz and Courvoisier (1994))

(2.12)

with D = 4~(T' where J represents the current density and (J the electrical conductivity in the
plasma. To generate strong electric fields through current dissipation in the neutral sheet, the
conductivity (J must become anomalously low, i.e, much lower than the classical value, which
will inhibit reconnection in the first place as result of the freezing-in of magnetic field into a
highly conducting fluid (e.g, Parker (1975) for a review). The presence of large-scale turbulence
in the pre- and post-shock magnetised plasma may feed microturbulence into the plasma via a
Kolmogorov cascade process (e.g. Yepez et al. (2009)), which will result in a dramatic decrease
in the conductivity of the plasma ((J ---? 0). This results in the generation of very strong electric
fields which can accelerate charged particles to very high energies in the vicinity of strong shocks.

2.1.2.2 Double layers in field-aligned currents

The shear of magnetic fields as a result of strong shocks and turbulence may result in the
generation of field-aligned (Birkland-Dessler) currents (Jil) along flux tubes. Microturbulence
may.result in these currents to reach critical values

(2.13)

where ne and Cs represent the electron density and the speed of sound respectively. This will
result in the generation of an instability in the current, especially in highly collisionless plasmas
resulting in the generation of large field-aligned potential drops ePlIon dou ble layers.

It can be shown that the value of the potential drop (e.g. Haerendel (1994)) is of the order

which can reach significant values in regions of strong B-field and anomalous low electron density.
For strong collisionless shocks in a collisionless plasma, i.e. jJ = nkT / ~: « 1, the Alfven
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speed VA ----7 C: which implies that

can be achieved instantaneously.
For both these processes, if the induce-xifield exceeds a certain critical value (i.o. the so-called

Dreicer field), the electrons will accelerate freely in the plasma. The Dreicer field (e.g. Dreicer
(1959): Benz and Courveisier (1994)) is given by

(nc)ED cx T
eff

' (2.16)

which shows that collisionless plasmas, i.e. (3« 1., the critical field may be low enough that
the bulk of the electron population will be accelerated instantaneously, resulting in a so-called
runaway process where a large population of mildly to relativistic electrons can be injected into
strong shocks, where they can be accelerated futher to very high energies.

2.2 Relativistic effects in blazars

The plasma within the jets of radio-loud AGNs is believed to move at relativistic speeds (Rees
1978), transporting energy from the vicinity of the supermassive black hole to the distant lobes.
This, however, has strong implications for an observer who views the jet at relatively small
angles, as is believed to be the case in BL Lacs and quasars.

Let us assume that a source emits isotropically in its rest frame (5'). Then, in the observer's
v

frame (S), where the source moves at highly relativistic ((3 = - rv 1) speed, relativistic beaming,
c

Doppler blue shifting, and superluminal motion are manifestations of relativistic effects that
severely influence the observed emission in the observer's frame of reference. A brief discussion
of these effects will be presented, and is based upon discussions presented in Longair (1992),
Longair (1994) and Rybicki and Lightman (2004).

20

2.2.1 Relativistic beaming

The beaming of emission in the direction. of motion is a phenomenon following from. Einstein's
theory of Special Relativity (SR). It can be shown, using the Lorentz transformation, that the



(2.18)
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observed velocity of a particle, which can be a photon, in the laboratory frame is

7.1,'.+\1
u:c

~,= ,
u' \I1 :r.+-2-

C,
'u,y

"ll,y

u' \I (2.17)
1'(1 + -;-)

c
u'.

Uz =
'V

1'(1 +~)
c2

where ("ll,~,"ll,~,v,~) and ("ll'x,"ll,y,uz) are the components of the particle's velocity in the moving
(S') and stationary (S) reference frames respectively. Here \I and ~(represent the velocity and
Lorentz factor of the moving reference frame (S') relative to the laboratory frame (S). These
equations can. be genoralised into perpendicular and parallel components

'u,~

,
'u'v1+ _'11_

. c2

resulting in the aberration formula

tanB =
u_[_

7.1,(11 , )
1 u_[_
'Y v'll + V '

(2.19)

which in the case of a photon, reduces to

(
sin B' )tan e = 1. .

'Y cos B' + ~c
(2.20)

Further, since tan B' = ~~~~:,we can generate a second expression, i.e.

cosB
case' + ~c (2.21)

(1+ ~ cos B') ,

where in both cases B' represents the direction of propagation of the emitted photon in (S')
relative to the direction of motion (8). One can see that for B' = ~, tanB = 'Y~ and cosB = *,
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(2.22). (J 1sm ~-,,
where, represents th Lorentz factor of (S') r lative to (S). Thus the radiation emitted

within ~ < (J' < ~ is beamed into the dire tion -~ < (J < ~.
Thi beaming of radiation a a re ult of relativi tic motion i evident from Figure 2.2, showing

the emitted power of a charged particle moving with velocity V.

Figure 2.2: This figure (adopted from Longair (1994; p. 237)) illustrates the beaming off ct for a relativi tic
electron emitting synchrotron radiation. Left (a): In its rest frame (S'), an electron moving in a
magnetic field emits into two lobes with power proportional to sin2 4J' = 0 2 B', where B' is the angle
btween the emission direction and the velocity vector and 4J' is the angl between the emission
direction and the acceleration vector. Right (b): In the laboratory frarn (S), the main emission
power is beam d into a cone of opening angle B, given by sinB ~ B = *, in the direction of the
electron' velocity, where 'Y is the Lorentz factor.

It can b s n that in the ob erv r' referenc frame the emi ion i highly beamed into a
narrow cone with (J ~ 1. for, » 1.

'Y

Relativistic beaming will therefore result in a significant amplification of the ob erved inten-
sity of a source in the obs rver' reference frame, which can lead to overe timating th luminosity
of relativi tic ources.

Ob ervation confirm th blazar prop rtie bas d on j ts orientation and fluxcs beaming, in
the following way:

resulting in

1/'

(b) Laboratory frame (8)
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o Blazars (BL Lacs and FSRQs) show a core-dominated radio morphology; their continuum

emission is mostly nonthennal and extends from radio to X-ray and in some cases up
to ,-ray frequencies; their emission is strongly (> 3%, Visvariathan and Wills (1998))

polarized at most wavelongths (a property related directly to the nature of synchrotron

emission) and they exhibit rapid variability (on timoscales down to days - hours). In

addition, these sources often show apparent superluminal motion (this is explained in the

next paragraph). This is what was expected. In fact, strongly beamed sources are expected

to have multi-wavelength properties dominated by Doppler-boosted jet emission.

o Optical spectroscopic observations indicate that in BL Lacs there are weak or absent. emis-

sion lines (one of their defining criteria). On the other hand, quasars have (by definition

they are at cosmological distances) strong narrow emission lines, as expected. In fact, clue

to the fact that the flux is beamed along the direction of the motion and the jet is oriented

to the line of the sight of the observer, the emission, which could come from the disc and

from other regions surrounding the black hole, is swamped.

2.2.2 Doppler Blue Shift

The Lorentz transformation of the four-momentum of a photon, emitted in the moving reference

frame, to the laboratory reference frame can be represented as

hl/ , '1:!!. 0 0 11I/
c c C

hl/ cos e '1:!!. , 0 0 hl/' cos e'
c c c (2.23)
hl/ sin e 0 0 1 0 hl/' sin e'
c ' c

0 0 0 0 1 0

where, represents the Lorentz factor of (S') relative to (S) and when v' and 1/ represent the

frequency of the photon in (S') and (S) respectively. The zeroth component of this leads to

--t v=

It can readily be shown, using the inverse Lorentz transformations for velocities, that

cose - ~
cos e' = c

1- ~ cosec

(2.25)
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[

r ( cos e - J::: )]"( 1+1. c 1/
c 1 - ~ cos e

[
1 - J:::cos e C J:::cos e (J:::)2 ]

"( c. -I- c - ~ V'
1. - .!:..COS e 1. - J:::COS e I - l_ COS e
[

1 ~ \I;] C C

"( . c v'
1. - * cos (-) (2.26)
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which, if substituted back, results in

1.
(since "( = --;.==

/ v2 'V 1.- C2

=
1. v'

\1 ."((1 - C cos é)

This can be written in more compact form

1/= 61/, (2.27)

where
6 = 1.

"((1 - ~ cos e)
(2.28)

is the Doppler factor.

A consequence of this equation for motion of the source towards the observer (e = 0°) or

away from the observer (e = 180°) is'

v (
1+J:::)~--V V' for e = 0°
1- -c

and (2.29)

v
\I 1

( 1 - c:)"2 v' for e = 1800
1 +.!:.. 'c

leading to bl ueshifted (() = 0°) and redshifted (() = 180°) emission respectively. Changing to the

terminology of observed I/obs and emitted I/cm frequencies (i.e. v and 1/),

(
1+J:::)~--V for ()= 0°
1- -

C

and (2.30)

(
1 V) t
__ c for ()= 180°.
1 + J:::c

1According to the Equation 2.25, fJ = 00 in (S) corresponds to fJ' = 1800 in (S'), i.e. the photon is pointing
towards the observer and B = 1800 in (S) corresponds to fJ' = 00 in (S'), i.e. the photon is moving away from the
observer.
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I/obs C
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In the limit. of l:: « 1 one shows thatc

where the (-) sign corresponds to e = 0 (or e' = 180°) and the (+) sign corresponding to e = 180°

(or e' = 0°). This is now the time to introduce the Doppler redshift ZDoP as a quantity defined
by

I/cmit. 11ZDop = -- - 1= 4=-.
I/obs C

(2.32)

It can be seen that ZDop is positive when the I/cm > I/obs or /\rn < Aob~, that is for photons
moving away from the observer (i.e. redshifted), and is negative when I/em < Vobs or /\:nl > I/Ob8'

when photons are moving towards the observer (i.e. blueshifted).

2.2.3 Apparent transverse velocities (superluminal motion)

This phenomenon involves the observed projected velocity of a moving source in the sky, which
can lead to the bizarre effect of superlurninal motion if the velocity of the source is relativis-
tic (Rees 1966).

Consider a. source (see Figure 2.3) which moves from PI. to P2 in a time flt, as is measured
in the observer's reference frame.

The time difference between the time of reception of the photons emitted at PI. and P2 is

11fltrec = (1 - - cos e)flt.
c

(2.33)

The apparent distance moved by the emitting object is

l j_ = 11flt sin e, (2.34)

which translates to an apparent velocity of

.J...L
~trcc
VsinO

l-£cosO'
c

(2.35)

This can be written as

f3upp = \!;lPP =
c

(3 sin 0
1.-{3 cos O' (2.36)

For angles close to the line of sight, the effect of this equation can be drarnatic. This can
be illustrated in the following: The effect of the angle e between source and observer can be
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];.

Figure 2.3: (a) A chematic diagram illustrating the superluminal motion of a jet' ejected plasma from a
cosmological di tant object. (b) Superluminal motion in the FSRQ 3C 279. The stationary core
i the bright red spot to the I ft of each image. The ob erved location of the rightmost blue-green
blob moved about 25 light y ar from 1991 to 199 , h nee the changes appear to an ob rver to be
faster than the speed of light i.e. Vapp ~ 3.57. The blu -green blob is part of a j t pointing within 2
d grees to our line of sight, and moving at a true speed of 0.997 times the peed of light. Courtesy
of the National Radio Astr'onomy Obser"Vatory (NRAO) of the National Science Foundation (NSF)
operated und r cooperative agreem nt by Associated Universities, Inc (AUI).

It is evid nt from thi equation that when [ » 1, then 13 ~ 1 and th apparent v locity of

(a)

illustrat d by taking the derivative

af3app

a8
13 co 8 - 132
(1- f3co 8)2'

The maximum of f3app of this source is obtained for

af3app = 0
a8 '

which implie that

13 cos 8 - 132 = 0

for 13 = eo 8. Thi gives
«; f3 sin 8

I-f3 cos 8

= [13·
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/J app " 1fJapp = -- // . ,

C
(2.41)
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the source

i.e. Vapp appears to be much larger than the speed of light. The effect is actually seen in AGNs.

2.3 Cosmic expansion

The development of spectroscopy led to the surprising discovery that the universe is in a state
of dynamic expansion. A systematic spectroscopic survey of the "spiral nebulae" , i.e. galaxies
outside the Milky Way, showed that spectral lines are systematically shifted towards the red end
of the spectrum. The Doppler redshift, defined as

Z _ l/em - I/obs _ l/em
Dop - - -- -1,

l/obs l/obs
(2.42)

was found to be directly proportional to the distance of these galaxies as was determined using
distance indicators like Cepheid variable stars. Astronomers had known that the spectra of most
spiral galaxies tend to be redshifted, based on the observation of Veste Slipher at the LoweLl
Observatory in 1912.

The Doppler effect relates the redshift directly to the recession velocity of an emitting source
i.e. it has been shown earlier (Equation 2.30) that

l/obs C :~)j
c

(2.43)

This results in l/obs < l/em, or alternatively Aobs > Aem.

Using this relation, it can be seen that in the limit l:: < 1, using ZOop = .!ó!= - 1 that (in the
c ~~

limit ~ to first order) the following is obtained

Z - Vree
Dop --,

c
(2.44)

showing that the redshift relates to the recession velocity/ of a source away from the observer.
The wavelength of emission in an expanding Universe will be proportional to the scale length

R. If the wavelength at the time of emission is /\, when the scale length is R, then it will be Ao
when the scale factor has changed to Ra, i.e.

Ro
= R' (2.45)

2The recession velocity of the spiral galaxies can be explained in terms of an expanding Universe
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The cosmological redshift is then defined as

which is
Ra

---7 li = 1+ Zcosm. (2.47)

The cosmological redshift expresses the change of the scale factor since the light has been emitted.
It can be assumed that

\I;;p = ZDoP

Zcosm'
(2.48)

By measuring the redshifts of distant galaxies, using distance indicators like Cepheid variables,
Edwin Hubble plotted a velocity versus distance graph of the nearest galaxies, revealing the well
known relationship established by Hubble in 1929 (e.g. Hubble (1929)),

Vexp = Hod, (2.49)

where Ho represents the Hubble constant. Therefore, one can measure a galaxy's speed from
its redshift and using Hubble's law to determine its distance. The Hubble constant Ho ranges
between 68-74 km/s/Mpc based on the most recent estimates (Altavilla et al 2004). The
cosmological redshift relates directly to the expansion velocity, i.e.

Zcosm
Ro-R

(~~6.t
= (2.50)

R
~,xp6.t
R

where R represents the scale factor of the Universe when the light was emitted. For small
redshifts the scale length is proportiona.l to the light travel time

R ~ c6.t (2.51)

and
~,xp

Zcosm = --,
C

(2.52)

resulting in
(2.53)
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The principle of relativity states that the equations, describing the laws of Physics, have the
same form in all inertial frames of reference, i.e. Physics laws are said to be Lorentz invariant .

.Moreover, some physical quantities remain unchanged by a Lorentz transforrnatiou, i.e. are
independent of the inertial frame. Such quantities are also said to be Lorentz invariants. Any
scalar, and in general the norm of any four-vector, are examples of common Lorentz invariants.
Lorentz invariants are important in Physics as they help to establish how other physical quantities
are transformed between different frames of reference. In this section, a brief discussion of some
useful Lorentz invariants, relevant to this study, will be presented.

2.4.1 Power radiated, P = ~:

In this study we will focus on calculating the power [.] S-l] radiated by a source that is the
energy it emit.s per unit time, i.e.

p= dE.
dt (2.54)

Let P' = ~~' and P = (;; be the power measured in the rest frame of the source and in the
observer's frame respectively. The transformation relation of the power from the rest frame of
the source to the observer frame (or vice versa), depends on how the quantities dt and dE are
themselves transformed into dt' and dE' respectively.

The time interval dt is obta.ined from the Lorentz transformation between the rest frame and
the lab frame of the displacement element (cdt, d---:t)

(' dx') ,di; = , di; +{1- = ,dt ,
c

since in the rest frame dx' = O. dE is the zeroth component of the four-vector of momentum
---t

element (d:, dP) and transforms from the rest frame and the lab frame as

dE = ,(dE' + (3cdp~) = ,dE'(l + (3cosO').

Avera.ging over solid angle there is:

(dE) ( )
Jo11" (l + (3cos 0')21[" sin 0' dO'

= ,dE' 41["
= ,(dE').

Thus,
dE
dt

dE'
dt' '

i.e, ~ff= Lorentz invariant.
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2.4.2 Particles' distribution function, f(x,P)

The particles' distribution function f(;[;,j5), is the number of particles with position and momen-
tum vectors (x + d/i; j5 + dj]) at time (1;) per unit volume in phase space.

Alternatively, f(x, j})d3.'"Cd3p = Number of photons within a spatial volume element d3x and
within a. momentum volurne element d3p.

Consider a group of particles that occupy a slight spread in position and in rnomentum at
a particular time. In a frame (K') comoving with the particles, they occupy a spatial volume
element d:ix' = dx' dy' d.z' and a momentum volume element d:ip' = dp~clp~dp~, but no spread in

. _lU;' d.P: 0 Th 'I . 1 f h lV' d3' 3 ,energy, Le. (I.VI =,.ro =. e group t lUS occupies an e ement 0 p ase space G, xp = P d 1; .

In the observer's frame moving with the velocity parameter ,(i with respect to the (K') frame
along the X-axis, the spatial volume element occupied by particles is d3x, as measured by (K).
Since perpendicular distances are unaffected, dy = dy' and dz = dz', but there is a length
contraction in the X- direction, i.e. dx = lclx' leading to

'"Y

(2.55)

For the momentum volume element measured by the observer d3]), the components of the mo-
mentum transform as components of il four-vector, yielding

dpy clp~
dp; dp~
dp; = l(dp~ + ,(i dp~).

(2.56)

Since the particles have the same energy in the comoving frame, i.e. dp~ = 0 ---t dp", = ldp~,
the following is obta.ined

(2.57)

and
3 3 3 , 3 , ,dVpx = cl pd 1'; = cl p d .7: = dVpx' (2.58)

Le. the phase-space volume element is a Lorentz invariant.
It follows that the phase-space density (distribution function)

j. dN L . .= -- = orentz invariant
dVpx

(2.59)

since the number of particles within the phase element, dN, is a countable quantity and therefore
itself invariant.
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2.4.3 Transformation relation of the intensity

For a ource radiating en rgy, it is often nece ary to know the en rgy flowing from it through a
given urface dA at an angle e with respect to the normal of the surface in a given olid angle.
Consider the elementary urface dA' which i normal to the ray, and is the projection of dA (see
Figure 2.4).

- dAe sa

Figure 2.4: Intensity passing through a surface.

Th electromagnetic energy pas ing through the urface dA at an angle e to urfac is given
by

where Iv(e, cP) is the peetral intensity.
Th spectral intensity I,[J S-l m-2 sr-lj will be defined as the energy emitted p r unit time

per unit frequency from a unit projected surface area into a unit olid angle.
From the definition of the di tribution function, it i evident that the energy density of

photon within d3p is equal to

(2.61)

since d3p = p2dpdo' in spherical coordinates. The alternative expression for this involves the
energy density per unit frequency per unit solid angle, uv(o'), which is

Uv(o') = Iv.
c

(2.62)

H nee, the energy den ity within dl/ and within solid angle dO, is uvdl/do' = J; dl/do'. There-
fore,

(2.63)

which implies

(2.64)
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Since f is a Lorentz invariant, then

Thus, the transformation relation of the spectral intensity can be deduced using the invariance
principle, i.e.

Using Equation 2.27 it can be expressed as

(2.66)

with () presented by Equation 2.28. For an integrated intensity, there is

(2.67)

i.e.

(2.68)

2.4.4 Transformation relation of the absorption coefficient

Light is absorbed when it is crossing a medium (even within the emitting region, i.e. self-
absorption). The absorption coefficient, av, is a quantity that characterises how easily a material
or medium can be penetrated by a beam of light. A large absorption coefficient means that
the beam is quickly "attenuated" (weakened) as it passes through the medium, and a small
attenuation coefficient means that the medium is relatively transparent to the beam. Often
absorption is presented in the following form:

dlv _ j..
-d - -a,) V·.s (2.69)

Putting emission and absorption into the one equation, there is

dIv. I
-d =s» - av v,s

(2.70)

which is called the radiative transfer equation. This equation is fundamental in radiative pro-
cesses as its solution points to a way of estimating the output intensity from an emitting region
or source. Equation 2.70 can be rewritten as

dl; - i: I--_-- ,)
avds av

(2.71)
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or

wher dr; = avds is the differ ntial optical depth and S; = is: i called the" ource function'<'.
Qv

Having determined th Lorentz transformation propertie of th pecific inten ity, the tran -
formation properti of th source function can be d termined. In fact, since the source function
occur in the above-mentioned transfer quation under the difference S; - Iv, i.e. ~; = S; - Iv,
it is clear that S; must have th same transformation properties as Iv, namely,

Sv L . .3 = orentz invariant.
l/

(2.73)

To find the transformation of ab orption coefficient, material in fram (K) str aming with
velocity v betwe n two planes parallel to the x-axis is imagined. Let (K') be the re t frame of the
material. The optical depth T along the ray must be an invariant, since e-r gives the fraction
of photon passing through the material, and this involv simple counting. From the formal
d finition of the .optical d pth,

lo; l . .
T = --:--()= -.-() i/a; = Lorentz invariant.sm z- sm (2.74)

The transformation of sin () can be found by noting that l/ in () is imply proportional to the
y-cornponent of the photon four-momentum ky. But both ky and l are the ame in both frame,
being perpendicular to the motion (see Figure 2.5). Therefore,

i/a; = Lorentz invariant (2.75)

Laboratory frame (S) Rest frame (S')

Figure 2.5: Transformation of a moving and ab orbing medium.

3 ote that the emissivity can include scattering of photons from other directions into the direction being
c nsidered.
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2.4.5 Transformation relation of the emissivity

The emissivity (or emission coefficient) is a characteristic of spontaneous emission within a

limited volume. Various emission processes along a ray contribute to the specific intensity. The

emissivity, in principle, is angle dependent, e.g. synchrotron emission depends upon the angle

between the emission direction and the magnetic field. The emissivity i; [J S-l m-3 Hz-l sr-Il

is defined by energy radiated from a volume dV in time dt in a freqency interval dv into solid

angle dD i.e.

(2.76)

If the emissivity is isotropic, then
. _ 1 P
.7v - 471" v (2.77)

where Pv is the radiated power per unit volume. The emission may be considered to be isotropic

if:

• the emission mechanism is independent of direction .

• the emission is considered as the random superposition of a number of anisotropic emitters,

e.g. synchrotron emission from a tangled magnetic field.

Figure 2.6: Volume element dV = d.Ads.

d.E; = jvdV dDdtdv = jvdAdsdDdtdv. (2.78)

The energy added to the beam from emission within a volume element dV = dAds is given
by:

This energy is radiated into the solid angle dD emerging from dA and can be rewritten in terms

of intensity as d.E; = dlvdAdDdtdv = jvdAdsdDdtdl/. The change in specific intensity is then
given by:

dl .
~ ds = .7v· (2.79)

Combining Equations 2.73 and 2.75 we get ~3 x uo; = Lorentz invariant. Since the emission

coefficient is defined as i: = avSv, a Lorentz invariant directly related to it is

i- Lorentz i . t2 = oren z invanan .
u

(2.80)
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Thus a transformation relation of the emission coefficient can be written

"2J"u V'.

2.4.6 Transformation relation of the flux density

The spectral flux density (FI/ [J 8-1H [1 m,-2]) from a source is the power received by a detector
per unit projected area and per unit frequency.

The spectral flux density from an arbitrary source is given by

r» - _1 /. ,,2 ., d'V - ,,2 _2._ Iv -t dllrl/ - D2 . u JI/' - u D2 .l,l' ,I ,
. \I . V

(2.82)

where D is the distance between source and observer and V the volume of the source. The
apparent volume of the source is related to the volume in the rest frame, by

6.x'6.y'6.z' = 86.:c6.y6.z ==> dV' = 8d\l, (2.83)

in the limit" of 8 rv "t-

Observer

Figure 2.7: Flux from a. source.

4Frorn Equation 2.68 (i.e. ] '" 84]'), it can be established that the maximurn of the observed intensity is
reached for cS = '(1_1 0) maximum, and this is achieved when () '" 0 and (3'" 1 where 0 is the a.ngle between

1· c cos

the observer and the direction of motion of the source. If ()-> 0 then cos 0 '" 1 - ~ <=? 1 - cos 0 = ~.
Since cS = (1 1 . 0)' we have (l = -b-,.. Using Equation 2.22 i.e. sin 0 = 1. '" 0 (for 'Y »> 1), we obtain

"I . = cos "IT "I

li = ::A- => 6 = 2')'.
'2-?

However, in the limit of cos fI = ~, li = 'Y. In fact, the Lorentz factor is defined as ~f = J 1 ,,2' Therefore,
l-~

1
if cosO ::::::~, then Il = 2 = 'Y. This condition was earlier established (Equation 2.38) to explain

Jl~5- (1- ~2)
the maximum of of apparent speed in the section of superluminal motion. It is also compatible with relativistic
motions viewed at small angles.
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This is the result. of a factor of 0 expansion in the direction of mot.ion and no expansion in
the directions perpendicular to the motion. Hence the flux density is given in terms of the rest
frame parameters by:

f? 1 f' -t -'~ 1 j'., ,Fv = D2 .Jv,dV = O' D2 .Jv,dV .
,\I v

For a power-law emissivity (e.g. synchrotron radiation),

with II = Ov'. This leads to

(2.85)

Therefore (Blandford and Konigl 1979, Georganopoulos et a.l. 2001)

(2.86)

This gIves a factor of ÓHa increase of flux density radiation over and above what would be
measured in the rest. frame at. the same frequency, as much as F,J = 03+et F;J'(v), where F,J(v)
and F:,(I/) are respectively the fluxes in the observer's frame and in the rest. frame. The effect
of beaming is maximized for viewing angles f) :::: 00, in which case 0 ::::T This result indicates
that the bulk motion of the blobs responsible for the jet emission is also relativistic.

2.5 Nonthermal radiation in blazars

The dominant radiation from blazars is of uouthermal origin, i.e, not reconcilable with "black
body radiation". The multi-wavelength emission in blazars can be described satisfactorily in
terms of a synchrotron self-Conipton process, which justifies a brief but relevant discussion of
both these processes separately. This discussion will be concluded with a brief summary of the
SSC process and its implications.

2.5.1 Synchrotron radiation

2.5.1.1 Definition

T11.efundamental role that synchrotron radiation plays in astrophysical environments justifies
a detailed discussion. Synchrotron radiation is a continuum electromagnetic radiation emitted
by relativistic particles (essentially electrons in astrophysical environments) gyrating around
magnetic field lines.
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(a) (b)

Figure 2.8: (a) Graphical illustration of the ynchrotron emission. Adopt d from http://imagine .gsfc.
nasa.gov/docs/science/how_12/xray_generation_el.html. (b) X-ray imag of the Crab eb-
ula taken by Chandra X-ray satellite. Magnetised field lines (shown by gr en ring) are frozen-in
the magnetised plasma torus around the crab pulsar (white dot at the center). High energy elec-
trons trapped in the plasma torus are likely to move along the circular arrow. Straight arrows
indicate the rotation axis along which the pulsar wind is exp ct d to flow. Image adopted from
http://kipac-prod.stanford.edu/pogolite/collab/CrabPulsarNebula.png.

The force felt by a charged particle in a magnetic fi Id is perpendicular to the direction of the- - -field B and to the direction of the particle' velocity -;J (i.e. Lorentz force iL = e(-;J x B). The
n t effect of this is to cause the particle to spiral around the field. Since cir ular motion represents
accel ration (i.e. a change in velocity), the electrons radiate photons of a characteri tic energy,
corre ponding to th radiu of the circle. For non-relativi tic motion, the radiation spectrum
i simple and is called "cyclotron radiation". The frequ ncy of radiation is simply the gyration
fr quency, which is given in terms of the magnetic field as

wher B is the field trength, i the electric charge, me is the particle ( lectron) mass, and
c is the peed of light. The ituation becomes more complicated when the particle energy is
I' lativistic (i.. it pe d approache the speed of light). This is mor common in astrophysical
objects. In this case, the radiation i compre ed into a small range of angl around the
in tantaneous velocity v ctor of th particle. This was explain d in d tail in Section 2.2.1
as r lativistic beaming. Synchrotron spectra typically have a power law shap ,i.e. the flux
proportional to photon energy to som power, particularly when the partiel distribution is al 0

a power law. This meehani m xplains the nonthermal optical and X-ray continuum emission
from AGN (Longair 1994) particularly quasars and blazars.
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2.5.1.2 Synchrotron spectral emissivity

The spectral emissivity (energy emitted per unit time, per unit frequency interval and per unit
of solid angle [J S-l HZ-1 sr-I], j(I/), of a single electron by synchrotron radiation is given by
(Longair 1994; p. 246).

where

lOO 1/
F(x) = x 1(§.(z)dz with x = -

3 li. x c
(2.89)

where Vc is the critical frequency (see details in the next section) and 1(§. is the Modified Bessel
;j

function of order i (Maslanka 2001). At low and high frequencies F(x) is approximated by (Lon-
gair 1994; p. 248)

{

47r. x~, x« 1, (low frequencies)
F(x) ~ J3rW2'3

~x~e-x, x» 1 (high frequencies),

where I'(z] = Jooo tz-1e-t dt. Figure 2.9 shows the plot of the F(x) using the data tabulated in
Longair (1994; p248).

(2.90)

0.8 f\
i \ 0.1

I \
0.6 \

';( I x 113 \ ';( 0.01li:" x 112e"x li:"
0.4 !

0.001
0.2

x=O.29 x=1
0.0001

2 4 6 10 0.0001 0.001 0.01 0.1 10

(2.91)

(a) (b)

Figure 2.9: Intensity of spectrum of the synchrotron radiation of a single electron (optically thin). (a) Axes
in linear scale (b) Axes in logarithmic scale. The function is plotted as function of ti: = f;. The
critical frequency corresponds to :/;= 1 i.e. v = Ve- The peak occurs at :/;= 0.29 i.e. I/pca.k = 0.29vc'

Consider the case where the electron energy distribution is a power-law, i.e.
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where clN(E) is the number of electrons per unit volume in the energy interval from E to E+clE,

p is the electron spectral index and K, is the normalisation constant. Then it can be shown that

the emissivity of the distribution is also a power-law"

(2.92)

which depends on the spectral index (p) of the electron spectrum.

2.5.1.3 Synchrotron critical frequency

The spectrum of the synchrotron emission presents a peak of maximum synchrotron power

output but vanishes at higher frequencies (Figure 2.9). There is characteristic frequency, the

critical frequency I/Cl a frequency near which the synchrotron spectrum reaches the maximum

and after which the spectrum decreases dramatically, given by

3 2 .
Ve = 2'Y I/g sin e, (2.93)

---+
where e is the pitch angle, i.e. angle between the magnetic field B, and the velocity vector 11.
Typical values of the critical frequency of synchrotron emission in blazar jets are

2

Ve = 4.2 X 1014(1~4) (1~)sin e [Hz] (2.94)

or

Vc = 1.6 X 1013( GE )2( BG) sine [Hz],
1 reV 1·

(2.95)

where E = 'YIllec2 is the total electron energy".

Ghisellini et al. (1996), Tavecchio et al. (1998; 1999) show that in the observer's frame, the

frequency of the peak of the synchrotron SED is given by

4 2 [J
Vsync peak = -Vg'Yb--., 3 1+ z (2.96)

where [J is the Doppler factor and 'Yb is the Lorentz factor at the break (assuming the spectrum

is modelled by a broken power-law, which is often the case for most blazars, e.g. Katarzynski

et al. (2001)), and z is the cosmological redshift of the source. That is

5 Note the use of the capital letter to differentiate the electron emissivity j(l/) and the emissivity of a distri-
bution of electrons .1(1/) = ft~ j(I/)N(E)d(E) (Longair 1994)

6mcc2 = 0.511 MeVand E = 1 GeV corresponds to a Lorentz factor of 'Y ~ 2 X 103
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2.5.1.4 Power radiated in synchrotron radiation

The power radiated by a single electron can be obtained by integrating the emissivity over the
whole spectrum interval, resulting in

dE = J('loo .J ( 1./ ) du- dt

(2.98)

h . tl L f ,t {3 - v - e
4

- 6 6 10-29 2' I Tlwere "( IS le orentz ac or, - -:, O'T - f 2 2.4 - • x m IS t le 10msonc )1f(.orncc

scattering cross-section, 'U'mag = 2~:is the magnetic energy density and () the pitch angle.
The integral in the right-hand side of Equation 2.98 equals

9V3 i'oo 9V3 7 2- F(:c)(Lc = -f( -)f(-)= 2.4K ,0 4K 3 3
(2.99)

Thus 7, the total synchrotron power (energy per unit. time) radiated by a relativistic electron
is

(dE) 2 2 . 2- -d = 2"( {3 O'T C 'umag sin e.
,1;

(2.100)

For an isotropic distribution of pitch angles, the average energy loss rate is then

(2.101)

Le. numerically,

? )2
< _(ddf) > = 1.058X 10-14(1~ ) - (~ {32[Watt]. (2.102)

By using B = 11;;71 where r is the gyro-radius and O'T = 67r€g~1~c4 is the Thomson cross-section,
the above Equation ( 2.101) can be rewritten as

( )

4
_ dE _ 9 2 (. 4 __!!_ ~< d >- 4 x 10 ce ,3 2 2 't m.,« T

(2.103)

i.e. numerically,

< _ dE >= 3.17 x 10-14{34(me)4(~)4(_1_,) [Watt].
dl m 1GeV [_r_]2

lkm

(2.104)
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Equa.tions 2.102 and 2.104 can be interpreted as follows:

7The expression of the synchrotron power can also simply be obta.ined by using the ba.sic principle of radiation
in electrodynamics based on the Larmor Formula. Further details can be found in Longair (1994; p. 231).
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C!) The energy loss is proportional to ,,~,4 suggesting that low-mass particles, such as electrons
and positrons, emit synchrotron radiation much more efficiently. An electron with a mass
m, almost 2000 tirnes smaller than the proton radiates 16 x 1012 times more than a proton
with the same energy. In astrophysical environments, synchrotron emission from protons
will be neglected. This justifies the use of electrons (instead of any charge particle) in the
equations describing the phenomenon.

o As the synchrotron radiation results from the interaction between particles arid magnetic
field, it is clear that a higher electron energy, Ec, or a stronger magnetic field, B, increases
the generated photon energy production rate (Equation 2.101).

o The energy loss is inversely proportional to the gyro-radius squared, suggesting that the
particles gyrating close to the magnetic field lines radiate more energy than the particles
gyrating far from the magnetic field lines.

o The energy loss is proportional to the fourth power of the particle energy suggesting that
energetic particles radiate faster than low-energy particles, explaining the cut-off of the
synchrotron spectrum at high energy.

2.5.1.5 Synchrotron flux density

Equation 2.92 shows that for a power-law electron energy distribution, the spectral emissivity is
also a power-law of the frequency. That is the same case as for the absorption coefficient" (Longair
1994; p. 262):

-1 ~ _ (1'.1-4)o:,/[m .] cx: B 21/ 2. (2.105)

The radiative transfer equation is written as

(2.106)

where dx is the element of length and 1,/ [J S-l .rn-2 sr-l HZ-I] is the intensity of the source,
By dividing the two sides by Qv, it follows that

~=-Iv+k
o:"dx 0'"

~ddI, = -1,/ + s; where dr; = Qvdx is the optical depth element
r"

i:..!..e.. +1 = Sdr" v v·

(2.107)

This equation is solved by multiplying the integrating factor er" on both sides. The solution is
written

I ]. (0) +rv ir
" -(r,,-r') (')d I

1/ = 1/ e + e " Sv Tv ,Tl/"
o ()

8A measure of the attenuation caused by absorption of energy that results from its passage through a medium;
expressed in units of reciprocal distance.

(2.108)
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The first term on the right-hand side (Iv(O)e-T,,) describes the background radiation (from
outside the emitting blobs) attenuated by absorption within the medium. The second term
on the right-hand side (JoT" e-(T,,-<) sv( <)d<) describes the spontaneous contribution of the
medium to the emergent brightness. Note that the emission from the mediuru is also absorbed
by the medium as it attempts to escape from it.

Assuming the source function is independent of the optical depth, Equation 2.107 becomes

Frorn Equation 2.109, the following results can be obtained

o For the optically thick case (Tv» 1 ::::}e-T" « 1),

5
I; ~ s; cx: 1.12. (2.110)

o For the optically thin case (Tv « 1 ::::}1- e:> ~ T'/)'

(2.111)

The flux density can be deduced from the intensity using the following relation

(2.112)

If the electron distribution is a power-law, then the flux is also a power-law

}~I cx: { l.I~u for oPt~cally th~ck
1.1 for optically thm,

(2.113)

where the spectral index Cl! == P;l, with p representing the electron spectral index. That is, in
the observer's frame (Equation 2.86 corrected for cosmic expansion),

{
83-~(1+ z)l.I~ for optically thick

F. cx:
Vobs 83+u(1 + z)l.I-u for optically thin.

(2.114)

Figure 2.10 summarises the spectral regimes in synchrotron spectrum.
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Equation 2.114 already shows the importance of the electron spectral index in modelling
the optically thin component of the synchrotron spectrum. In fact, the spectral shape of the
synchrotron spectrum is determined by the shape of the electron energy spectrum rather than
by the shape of the emission spectrum of a single particle, as it was described in Section 2.5.1.2.
In the optically thick regime, photons created by synchrotron emission are self-absorbed up to a
frequency where the plasma becomes optically thin. The frequency of the turnover, I/t, depends
on the plasma parameters. This thesis will mostly be concerned with synchrotron radiation from
optically thin emission from blazar jets for which I/t is expected in IR to X-rays. Synchrotron
radiation from a population of electrons is commonly used to explain observed radio and X-
ray spectra in blazars. Even though it is possible to produce gamma-rays through synchrotron
ra.diation it is less favourable in blazars because of the large magnetic field strength (typical
neutron star magnetospheres) required. The synchrotron peak frequency of typical very high
energy HBLs ranges between 1017 Hz and 1019 Hz. Figure 2.11 shows that with the blazar
magnetic field ranging from about l~l G, to about 1 G, the peak frequency of the synchrotron
emission responsible for the inverse Compton emission peaking at around 1 TeV is less 1017 Hz.

Low-frequency tail
of single particle
emission spectrum

+1/3

Emission peak of electrons
at lower limit of E-distribution

I
I

I

1+2.5
I

Low-frequency I

cutoff: Synchrotron I

Self -Absorption

Tired
electrons

Figure 2.10: Spectral regimes in synchrotron spectrum.
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Figure 2.11: Synchrotron peak frequency as a function of magnetic field for different expected peak of the
inverse Compton l'-ray photon energies.
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2.5.2 Synchrotron electron cooling

The question here is to estimate the time that an electron spends in orbit before a half of its
kinetic energy is radiated. In The rate of energy loss by an electron through synchrotron process
(i.e. Equation 2.100 with umag = ~:), is

Since E = "'tmec2, the rate of change of Lorentz factor is

This equation can be put in the form

Let "'to be the value of "'t at t = 0, assuming that Band e remain constant during the time t,
then

dE B2
. 2 2- = -C(7T- sm e"'t .

dt /-lo
(2.115)

(2.116)

(2.117)

"I
"lo

1
(2.118)
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The synchrotron cooling time (tsync) is the time before an electron spending a half of its total
energy, i.e. '"Y = ~'"Yo. It can be shown that

Equation 2.119 shows that

o tsync decreases with increasing '"Yo - higher energy electrons cool faster.

o tsync decreases with increasing magnetic field.

Typical values in the blazar jets can be B rv 0.2 G (Stecker et al. 1996), 'Yo = 104. Numerical
values of other parameters in the above equation are me = 9.1 X 10-31 kg, c = 3 X 108 mis,
O'T = 6.65 X 10-29 m-2 anel/LO= 47r X 10-7 SJ. units. Thus,

(2.120)

This may be the timcseale associated with variability in blazar jets, unless continuous injection
and acceleration replenishes the electron population. Estimates of the ages of elliptical galaxies,
which are believed to be the host. of blazars, exceed 109 years (Chiosi et al. 1994) suggesting a
strong need to continuously re-energise particles in the blazar jets. This introduces the need for
particle acceleration as discussed in Section 2.1.

2.5.3 Inverse Compton scattering

2.5.3.1 Definition

The inverse Compton scattering process is one of the most important processes in high-energy
astrophysics. In this process high-energy electrons scatter low-energy photons to high energy.
In this case, the photons gain and the electrons lose energy (Figure 2.12).
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,- ..... ~
", electron

(a) (b)

Figure 2.12: Inverse Compton . cattering.

This is in contrast to Compton scattering where lectrons are upscattered by high energy
photon, r sulting in photon lo ing energy.

2.5.3.2 Power radiated in inverse Compton scattering

Consider the collision between a photon and a relativi tic electron in the laboratory frame of
referen e (S) and in the r st frame of the el ctron (S') (Figure 2.13).

y

x
In rtframe of lectron (S')

x
In laboratory frame (S)

Figure 2.13: Th g om try of inverse Compton scattering in the laboratory fram of reference (S) and in th
electron rest frame (S').

The most effective energy transfer in the inv rsc Compton catt ring occur in the limit
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(Thomson scattering condit.ion c.g Longair 1994; p. 99)

hi/ "(hv .
--') = --2 « I,
1ncC- m'eC

(2,121)

where the primed and unprimed quantities are measured in the frame (S') and (S) respectively,
If the energy of the photon is hu and the angle of incidence e in (S), its energy in the frame

(S') is (e.g. Equation 2,27)
E' = E"((l - ~ cose),

c
(2,122)

In the Themson scattering regime, i.e. 1w'« 'lneC2, the energy loss rate of the electron in
(S') is just the rate at which the energy is reradiated by the electron, i.e.

_ (dE), = O'l"Cll'
dl rad'

(2,123)

with O'T the Thomson scattering cross section representing the probability of the scattering and

ll~ad = .I E'f' (f.') de:' (2,124)

is the energy density of radiation in the rest frame of the electron, where E' and f'( E')dE' are the
energy and the number density of incident photons in (5') (e.g. Rybicki and Lightman (2004)),

The function t,which is a Lorentz invariant, i.e, f'(f') = f(E), was introduced in Section 2.4,2
representing the particle's density in phase space, given by

2PSince the energy is related to the momentum by E then the above function can be
2m'

expressed in terms of energy E, i.e.

f(E) = d~(E) = dn(E),
d xtl« tie

(2.126)

dE' dE'
It has been shown earlier that - is invariant, i.e.

di' . dt'
measured in the laboratory frame (S) is

dE
di;

Therefore, the emitted power

which can be rewritten as
dE dE'

= CO'T I E,2 f(E')-, .
dl E

(2,128)
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However, f(E)~€ is invariant. It was mentioned earlier, f is a Lorentz invariant, i.e. f(c:) = f'(0.')·
Since (:= ,(' and de = ,dc', it follows that

de "ydE'
f(E)- = .f'(E')-

E 'l'E'
(LE'

= f'(E')- .. e'

(2.129)

Substituting Equation 2.129 into Equation 2.128, then

dE 2
-d = CiTT r c' l(r:)~·t " e

(2.130)

Now since e' = q(l - (3cos(1), Equation 2.L30 becomes

dE 2di = CiTT I ,2 (1 - (3cos e) E f( E)dE, (2.131)

which depends only on quantities in the frame (S).
This power radiated is associated with the photons incident at an angle e in the same frame

(S) and consequently arrive within solid angle 27f sin ede. Assuming that the radiation field in
(S) is isotropic, the average power emitted by the electron in (S') is obtained by averaging over
solid angle in (S), i.e.

(2.132)

Jr1f [1 - !! cos eF27f sin ede
where((1-(3cose)2)= 0 c =1+~(32. Itcanbeshownthat,2(l+~(32)=

47f
~(l2 _ ~). Thus Equation 2.132 becomes

(2.133)

with Uracl = I Ef(E)dE.
This equation gives the energy gained by the photon field due to the scattering of low-energy

photons. We therefore have to substract the energy of these photons to find the total energy
gain to the photon field in (S). The rate at which energy is removed from the low-energy photon
field is just (TT C 'Uracl and therefore, substracting, then

dE

dt
1(TT CUracl (,2 - ~) - (TT CUracl

~iTT CUracl (12 - 1).
(2.134)
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?
The identity ,2 - 1 = (~)t,2 is now used to get the final form of the energy loss rate:

The number of photons scattered per unit time is just

(2.136)

and hence the average energy of the scattered photons is just

(2.137)

The factor ,2 is interpreted as a result of the gain factor due to the transformation from one frame
to another frame during the steps followed to compute the power. In fact, the photon energy is
boosteel by a factor of, during transformation to the rest frame, i.e. hl.l'= ,11l.l(1 - f3 cos B) and
again it is boosted further by the same factor, when transforming the energy of the scattered
photon back to the lab frame.

A correction factor for the cosmologreal expansion gives

421
I.IIC := -, 1.10--'

3 l+z
(2.138)

This result makes the inverse Compton scattering process an important radiative mechanism
in high energy ,-ray astrophysics. In fact, in AGNs, electrons are accelerated relativistically
in an electromagnetic field such that the Lorentz factor reaches 1O:{- 104. In these conditions,
low-energy optical/UV photons are up-scattered to MeV - GeV -y-rays.

Equation 2.135 is similar to Equation 2.101 already obtained for the synchrotron power.
This similarity is explained by considering the fact that both synchrotron radiation and inverse
Compton radiation originate from the acceleration of the electron by an electric field. In fact, for
synchrotron radiation, the electric field is due to the motion of electrons through the magnetic
field, whereas for inverse Compton scattering the electric field comes from electromagnetic waves
(photons) incident on the electron. Therefore

<dE>-- ICdt 'Urad (2.139)
<dE >

- rit sync

The radiation losses due to synchrotron radiation anel inverse Compton radiation are in the
same ra.tio as the magnetic energy density and photon energy density, as long as the Thomson
approximation (,hl.l « mcc2) in the electron rest frame rema.ins valid. This underlines the
irnportance of the inverse Compton scattering for the electrons.
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For ,hI) »mec2: most of the electron energy is transferred into scattered radiation with

In this case", the Thompson cross-section in Equation 2.135 is replaced by the Klein-Nishina
cross-section, given by

3 1 1
CTKN = -;CTT-(ln 2x + -2)'

t) x (2.141)

where .T = 11112• in which case the highest photon energies attainable are limited by the energy of
rr1eC ' .

the electrons. Several sources of seed photons may contribute significantly to the observed X-ray
and gamma-ray flux produced by the inverse Compton scenario. Among the possible sources
are synchrotron photons produced locally inside the jet and external photons, i.e. produced
outside. The inverse Compton scattering of these types of seed photons leads to the synchrotron
self-Conipton (SSC) emission and to the external Compton emission (EC) respectively. These
two components are described in the next subsections.

2.5.3.3 Synchrotron self-Compton (SSC)

When a photon produced in the jet by electrons through synchrotron radiation acts as a seed
photon for the inverse Compton scattering, the process is called synchrotron self-Corapton scat-
tering (SSC). Equations governing the physics of the phenomena are the same as in the above
paragraph 2.5.3.1. In the Themson limit of SSC emission, the emitted frequency IJSSC is related
to the frequency of the incident synchrotron photon IJsync by

(2.142)

In the observer's reference frame

(2.143)

where l)sync-peak is the synchrotron peak frequency, defined in Equation 2.96. Therefore, if the
frequencies of the two peaks IJsync-peak and IJSSC-peak are determined from observations, the
energy of the electrons contributing most to the power output can be evaluated by

1

(
3 IJSSC-pcak ) 2'b - -4 IJsync-pcak

(2.144)

9The same applies when ')'lw ~ meC2. In this case :1: = ~.
m'1C
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Using the relation (2.97), it follows that

The last relation shows that for fixed IJsync-pcak and 1.JSSC,peak B and (j are inversely proportional
Assuming a typical (5= 10, one can estimate B by

(2.146)

Due to the fact that the population of electrons which gives rise to synchrotron radiation is
the same as that interacting with the emitted synchrotron radiation through inverse Compton
scattering, i.e. the synchrotron self-Compton is the inverse Compton scattering of the syn-
chrotron radiation, the full spectral energy distribution (SED) will therefore feature two distinct
peaks (Figure 2.14), both very similar-one for synchrotron (Radio-UV or in some cases up to
X-ray band) and another for the inverse Compton scattering (in ')'-ray band). The SSC model
successfully fits most of the observed spectral energy distributions of blazars, particularly the
BL Lacs objects.
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Figure 2.14: Spectral Energy Distribution of synchrotron-Compton blazars (adopted from Urry (1998)). Both
in HBL and in FSRQs-LBLs, the Spectral Energy Distributions are double peaked. The first peak
(located in IR.-Opt for FSR.Qs-LBLs and in X-rays in HBLs) is the signature of the synchrotron
emission from electrons in magnetic field while tbe second peak located in I'-ray band is interpreted
as the signature on the inverse Compton process between synchrotron produced photons and
electrons in the jet.

2.5.3.4 External Compton scattering (EC)

Apart from the case of synchrotron self-Conipton emission from incident photons originating from
the jet, several external low-energy photons can interact with relativistic particles of the jet by
the inverse-Compton mechanism, a process referred to as External Compton scattering (EC).
In blazars, low-energy seed photons can be (e.g. Figure 2.15):

o photons coming directly from the disk such as X-ray photons coming from the corona (Der-
mer et al. 1992),

E> photons coming indirectly from the disk, i.e, disk photons which have been reprocessed
in clouds producing the broad emission lines, and disk photons which have been absorbed
and thereafter thermally re-radiated by dust. Both types of photons are

Optical- UV photons from recombination in the Broad Line Region excited by the disk
radiation (Sikora et al. 1994a),
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- IR photons coming from dust heat d by the core of the AG . In fact, the dust
in the inner portion of the toru facing th central continuum ource is heated to a
temperature T ~ 1000K and emits infrar d radiation roughly as a blackbody (Sokolov
and 1arscher 2005).

Disk.Corona BLR UV Dust IR

--------. ••

-IOI7-18cm -IOI8-I<Jcm

Figure 2.15: Origin of external Compton photons.

Depending on the origin of the external photon ,the xternal Compton radiation i sudivided
into two types:

• the External Comptonisation of direct Disk radiation (ECD) and,

• the External Comptonisation of radiation from Clouds (ECC) including the thermal re-
radiation by hot dust.

Figure 2.16 illustrates all the different radiation components including ECD and ECC contribut-
ing to the jet radiation in the so-called leptonic model, i.. involving the electron (lepton) as
oppo ed to hadronic model, i.e. involving the proton-proton (hadrons) interactions as well as
their different relative contribution to the SED.
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L::l C> ~======~~~[)~~~- - .... - .....

(b)

Figure 2.16: (a) Leptonic jet model geometry for blazar emission. Electrons are accelerated to relativistic
speeds in the jet and emit photons through a variety of high-energy radiative processes, including
ynchrotron and inver e Compton emi sion, which involv photon and ga field surrounding the
accretion disk. Adopted from (Bëttcher 2002). (b) Blazar spectral energy distribution (SED) of
the I ptonic jet model. Four different components are represented: Synchrotron emis ion (Sy) in
red, synchrotron elf-Compton (SSC) emi ion in blue, External Comptoni ation of Direct di k
radiation (ECD) in green, and External Comptonisation of radiation from the cloud (ECC) in
yellow. Adopted from http://large . stanford. edu/ courses/2008/ph204/ eclovl/.

Depending on the details of geometry and kinematic in FSRQs jets, th radiation from
th inv r e Compton interaction will be dominated by ither the SCC (form d by the direct
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radiation field from the ntral jet flow) or th ext mal Camp ton radiation (ECD and ECC),
since the Broad Line Region i assumed to be bright, whil in BL Lacs it is b lieved that the
SC is trongly beamed so that it swamp the di k radiation leading to the faint BLR region

(see illustration in Figure 2.17).

Broad Line Cloud

•.•••••

BLLac FSRQ
• •

Figure 2.17: Graphical illustration of different contributions of radiation in blazars. In BL Lacs the accretion
disc and the Broad Line Region are faint. Th high nergy ,-ray photons ar produced via the
synchrotron self-Compton process. In FSRQs, the ac r tion di c is bright and a fraction of its
photons are scattered off the BLR into the jet. Both the synchrotron s lf-Cornpton and the
External Compton contribute to the production of th high energy ,-ray photons.

Consider an isotropic distribution of ambient photon of frequency voo These photons will
be boo ted in the blob frame to

where 8' i the Lorentz factor related to the motion of the blob frame with re p ct to the external
plasma frame (where the photon is coming from). The cattering of the above-mentionned
photons, by relativistic electrons in the jet of en rgy ,b will produce ,-rays at the observed
frequency

4 28' 8
VEC = 3,b Vo1+ z .

It can be shown that Equation 2.148 and 2.96 lead to th th ratio

(2.148)

V Á'"oEC-peak u v,

Vsync-peak - 2. B' (2.149)

which in this case yi Ids (Ghi ellini et al. 1996)

B = 3.6 x 1088,(vSync-peak) ( V~5)[Gl.
VEC-peak 10

(2.150)
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Since 1/08' t5 is different. from I/sync,peak (usually larger than I/sync, and typical values for I/o are
1()15 Hz, since the external radiation in FSRQs is dominated by the UV radiation of the accretion
disk, and 10 for 6' and 6), the two scenarios (SSC and EG) imply different values of, and B.
That is for the same observed spectrum, an interpretation of the garnln.a.-ray peak with an SSC
model yields a higher electron energy and lower magnetic field than for the EC model. The
differences disappear when I/sync,pcak ~ l/o()'6, that is for I/sync,peak ~ 1017 Hz.

The electron energy loss rate due to the external Comptonisation is given by (e.g. Sikora

et al. (1997))
dE 16 25:'2- ~ -aT, ()UD
dt 9 '

(2.151)

where 8' is the bulk Lorentz factor, , is the random electron Lorentz factor and 1)'D = ~;;J2\~
is the energy density of an external diffuse radiation field, where Luv is the luminosity of the
central source which in FSQRs, and in quasars in general, is dominated by Ultra-Violet (UV)
radiation of an accretion disk, and ( is the fraction of UV radiation, which at a given distance
T contributes to the diffuse (isotropized by reprocessing and rescattering) radiation field. For
FSRQs the fraction ( is expected to be rv 0.01-0.1.

The discussion presented in this section was aimed at introducing the reader to some of the
most basic aspects of radiation applicable to these sources. This will also aiel in providing a
theoretical framework to evaluate some of the model calculations that will be introduced in later
chapters.
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Chapter 3

Unidentified EGRET Blazar Candidates

EGRET detected 271 gamma-ray sources emitting high-energy /,-ray photons above 100
MeV. From the first sample of 101 EGRET sources initially identified, 92% of them belong
to the class of blazars", Efforts to identify more EGRET sources continued and up to now
about 131 remain unidentified, i.e. not associated with any known sources in other wavelengths.
Based on similarities with blazar properties, a sample of 13 high latitude extragalactic radio
sources has been selected in the unidentified EGRET error boxes for further characterisation.
In this section, a brief overview of the Compion Gamma-Ray Obseruaioru with emphasis on the
EGRET telescope and its detector is given. The selection criteria employed to isolate possible
blazars from the Unidentified EGRET sources for further study are briefly discussed and finally
gamma-ray and radio properties of the selected sources are presented.

3.1 A brief summary of the EGRET ry-ray telescope

3.1.1 The Compton Gamma-Ray Observatory (CGRO)

NASA's CGRO satellite was launched on 5 April 1991. After almost 10 years of service, it
was de-orbited and it re-entered the Eart.h atmosphere on 4 June 2000. CGRO incorporated
the following four different instruments designed to be sensitive to gamma-rays from 20 keV to
about 30 GeV:

e the HUTst And Transient Source Eaperimeni (BA TSE): 20 keV-1 GeV ),

e the Oriented Scintillation Speetrometer Experiment (OSSE): 50 keV-10 MeV),

e the Imaging Compion Telescope (COMPTEL): 1-30 M.eV) and

e the Energetic Gamma-Ray Experiment Telescope EGRET: 20 MeV-30 GeV).
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Figure 3.1: (a) Four instruments on board the Compton Gamma-Ray Observatory: BA TSE: The Burst And
Transient Source Experiment, OSSE: The Oriented Scintillation Speetrometer Experiment, COMP-
TEL: The lmaging Oompion Telescope and EGRET: The Energetic Gamma-Ray Experiment
Telescope. Image adopted Irorn http://www.am.ub.es/-josep/science/english/egret/index .
html. (b) Graphical illustration of the energy range of the instruments. BA TSE: 20 keV-I GeV,
OSSE: 50 keV-IO MeV, COMPTEL: 1-30 MeVand EGRET: 20 MeV-30 GeV. Image adopted
from http://ces.iisc.ernet.in/hpg/envis/Remote/section205.htm.

With an energy range from 20 MeV to about 30 GeV, EGRET was the more important of the
four instruments in terms of the detection of high-energy gamma-rays. In this study the focus
was primarily on the EGRET instrument and the high-energy "Y-raysources that it detected.
More information on other instruments can be found on the official CGRD website: http:

//heasarc.gsfc.nasa.gov/docs/cgro.

lRadio-loud AG s with jets pointing almost directly at the earth.
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3.1.2 The EGRET detector

",lITll ENERGY--~W#
IEASIR£IIEJlT COUNTER ~~~

Figure 3.2: (a) Graphical illustration of main part of the detector. Two sparks chambers and a calorimeter
all together surrounded by an anti-coincidenc detector protecting the system from the cosmic ray
background events, constitute the main elements of the detector. (b) Gamma-ray photon path
in the EGRET detector (Thompson et al. 1993). A "(-ray photon which enters the top of the
tel cope is converted into an electron-positron pair in one of th thin plate between the spark
chambers! in the upper spark chamber assembly. The pair is detected by the dir ctional time-
of-flight coincidence y tem as a downward moving particle. If there i no signal in the large
anti-coincidence'' scintillatoré surrounding the upper portion of the telescope, the track imaging
system is trigger d, providing a digital picture of the gamma-ray event. This is done in the lower
park chamber assembly which is between the two time-of-flight scintillator plan . It allows the
electron trajectories to be followed, and provides further information on the divi ion of energy
between the particle, p rmitting seeing the paration of the two particle for very high energy
gamma ray , and shows the entry points of the pair into the Sodium Iodide doped with Thallium
aI(TI) (in order to increase the energy resolution in scintillation) detector where the energy of the

"(-ray is determined.

1 Spark-chamber detectors consists of metal plates placed in a sealed box filled with a gas such a helium, neon
or a mixtur of the two. A a charg d particle travels through the detector, it will ioniz the gas between the
plates. A trigger system i used to apply high voltage to the plates to er ate an electric field immediately after
th particle goes through the chamber, producing sparks on it exact trajectory.
2 Anti coincidence is a method used to uppr 's unwanted, "eo mic -ray background" events in dete tors operating
in gamma-ray energy range above 100 keY. The anti-coincidence detector is a plastic scintillator in which incoming
eo mic ray harg d particles interact with atoms in the detector leading to exciting electrons to higher energy
lev Is giving rise to scintillation light. A gamma-ray photon pa ses through the hield .ince it is not charged.
3 Mat rial which xhibits the property of luminescenc when excited by ionizing radiation. When a particle
pa' s through th material it collides with atomic electrons, xciting them to high r energy level. After a very
short period of tim the eIe trons fall back to their natural I vel, causing emi ion of light.
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Figures 3.3(a) and ::U~(b) show that high-energy ,-rays with energy E: ~ 10 MeV interact
with matter mainly by electron-positron pair production. ,-ray detectors utilise this effect. An
incoming ,-ray is converted, inside theo:detector, into an electron-positron pair by collision with
atoms in CL caesium-iodide crystal and the energy loss rate ~: is measured in the scintillation
counters in the calorimeter where the electron and positron pair is brought to rest.
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Figure 3.3: (a) Photon cross-section (J" in lead as a function of photon energy. The intensity of photons can be
expressed as I = loe-ax, where x is the path length in radiation lengths. It can be seen that. pair
production process dominates other processes at energies above 10 MeV. Adopted from Review of
Particle Properties, April 1980 edition. (b) The relative importance of different forms of energy
loss mechanisms for gamma-rays as function of photon energy and the atomic number of material.
Adopted from Longair (1992) p. 199.

The direction of incident gamma-rays could be determined using high-voltage spark chambers
through the tracks produced as the ,-ray pair produce and initiate electromagnetic showers",
causing sparks in the chambers. The gamma-ray energy would then be measured by the amount
of energy deposited in the calorimeter, consisting of 36 NaI(TI) crystal blocks optically coupled
into an eight radiation length thick monolithic 76 cm x 76 cm calorimeter, located below the
spark chambers. The calorimeter was read out with photomultiplier tubes. A one-piece plas-
tic scintillator covered the spark chambers and the calorimeter, which is the anti-coincidence
detector. The instrument was 225 cm tall, 165 cm in overall diameter and weighed 1830 kg.

4An electromagnetic shower begins when a. high-energy elect.ron, positron or phot.on enters a material. At high
energies (above a few l\tleV) photons interact with matter primarily via pair production, that is they convert into
·an electron-positron pair, interacting with an atomic nucleus or electron in order to conserve momentum. High-
energy electrons and positrons primarily emit photons, a process called bremsstrahlung. These two processes
continue in turn, until the remaining particles have lower energy. Electrons and photons then lose energy via
scattering until they are absorbed by atoms.
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3.1.3 The EGRET's performance

The EGRET ,'-ray telescope provided the highest energy I'-ray window on board the Comp-
ton Gamma-Ray Obseruatori]. The main scientific objectives of EGRET were to survey the
high-energy gamma-ray sky and to study point sources emitting high-energy gamma-rays. It
surpassed its predecessors the COS-B and the Small Astronomy Satellite-2 (SAS-2), in both
energy resolution and sensitivity and the mission was a great success. With EGRET, the dis-
covery of previous gamma-ray telescopes was confirmed. For the first time, a. complete survey
of the gamma-ray sky was made and a large number of new point sources, many of them still
unidentified, were detected.

Although the instrument was designed with an energy range up to about 30 GeV, both
detection efficiency and resolution were poor for energies above 10 GeV. The detection efficiency
was limited not only by weak source fluxes, but also the decreasing effective area of the instrument
and self-veto due to particles in the electromagnetic shower propagating backwards and hitting
the anti-coincidence shield. The EGRET energy resolution was estimated to about 20% at 10
GeV and decreased rapidly with energy.

Note also that the long dead time, in the order of milliseconds due to the use of spark
chambers in the tracker, for reading out event data when the instrument triggered, limited the
use of the instrument in studies of fast transient sources.

However, major discoveries with EGRET include the identification of blazars as emitters of
I'-rays. EGRET provided the first all-sky map of the diffuse gamma-ray emission in the Galaxy,
showing that most of the diffuse emission comes from the so-called Galactic bulge, usually taken
as the slice ili < 30°, ibi < 5° around the Galactic centre.

The gamma-ray spectrum measured by EGRET showed an apparent excess of gamma-rays
above 1 GeV over what the model predicted. Several ideas, including contributions from dark

. matter annihilation and/or systematic errors in the data caused by an incorrect instrument
response function (Stecker et al. 20(8), have been forwarded as possible explanations for this
excess. It is expected that the Larqe Ar-ea Telescope OIl board Fermi will help to understand
and determine this excess. The 3rd EGRET catalogue contains a large number of unidentified
sources. The limitations of EGRET instruments such as its poor angular resolution, have made
it impossible to match these sources with known sources in other wavebands such as optical and
X-rays. Here also the LAT on board the Fermi gamma-ray observatory is expected to pin down
these sources and find matching counterparts.
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3.1.4 Comparison between EGRET and LAT

The Ferm i Gamma-Ray Larqe Obser-vator-y (Fer-mi), launched on 11 June 2008, is the new
generation space-based gamma-ray observatory. Its main instrument is the Larqe ATea Telescope
(LAT), comparable to EGRET on CGRO, which is designed to be sensitive to gamma-rays in
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y.

the 20 MeV to 300 GeV energy window. Fermi is al 0 quipped with a secondary in trument, the
Gamma-Ray Burst Monitor (GBM), for the specifi purpo e of monitoring gamma-ray bursts.
The GBM is sensitive to X-rays and gamma-ray in the en rgy btween 8 keV and 25 MeV. This
combination makes Fermi a very powerful gamma-ray det ctor. The GBM will not b de cribed
further in this thesis and the reader is referred to th d scription given on the Fermi-GBM web
page at http://www .batse .rosfe .nasa. gov/gbro/.

The LAT instrument reli on the pair-conversion t chnique for the detection of the gamma-
rays with energies in the MeV to everal hundr d G V range. The pair-conversion technique is
outlined in Figure 3.4(a).

Figure 3.4: (a) Graphic illu tration of the pair-conversion technique used by the LAT for gamma-ray detection.
An incoming gamma-ray interacts in one of th conversion layers and produces an electron-po itron
pair. The direction of the primary gamma-ray i recon tructed from the track of secondary charged
particles in th tracker and the energy is measur d by the calorimeter. The anti-coincidence shield
vetoes again t ba kground charged particles (b) LAT lements: a tracker, a calorimeter and an anti-
coincidence shield work together to measure the en rgie and directions of the incoming gamma-rays.
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Gamma rays that trik the LAT first meet several layers of tungsten metal in the tracker.
Tung ten's massive and highly charged atomic nuclei interact with the high-energy gamma ray
in a way that create a charged pair of particle : on ele tron and one po itron. Th e particle
travel in V-shaped traje tori s, with the electron going one way and the po itron going another,
which are detected by th sili on-strip sensor positioned ju t below each tungsten layer.

Later, these signal are r constructed by algorithm to obtain the direction and time of the
original gamma-ray photon. Aft r traversing through tracking layers, the particles pass into a
ca ium iodide imaging calorimeter and generate tiny amount of lightfla h s with brightn
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proportional to the particles' energies. The anti-coincidence shield provides veto against back-
ground charged particles. The LAT instrument design is modular, consisting of 16 identical
tower modules arranged in a 4x4 grid which are covered by a sectional anti-coincidence detector.
Each detector tower consists of a silicon. rnicro-strip tracker, a. calorimeter and a.data. acquisition
unit. A schematic view of the elements of the instrument is shown in Figure 3.4(b). A compar-
ison between the two detectors, i.e, EGRET and LAT, is presented in Table 3.1. Of particular
interest is the significant improvement in angular resolution and sensitivity of the LAT with
respect to EGRET.

EGRETParameter
20 MeV-30 GeV 20 MeV-300 GeV

Table 3.1: Performance of EGRET compared with Fermi (Mattox et al. 1996).

3.2 The EGRET sources

The 3rd EGRET Catalogue (Hartman et al. 1999) contains 271 sources detected by EGRET
during the period from April 1991 to October 1995 (four cycles with full functionality of the
detector). The first sample of 101 identified sources include a solar Hare (11.06.1991), the Large
Magellanio Cloud, five pulsars, 1 radio galaxy (Centaurus A), 66 blazars (BL Lac objects and

Energy range
Energy resolution (6E7HM

)

50 MeV
100 MeV
1 GeV
10 GeV
100 GeV

Angular resolution
(Single photon position error)
50 IvleV
1 GeV
10 GeV

Point Source Location
Effective area
50 fvleV
1 GeV
10 GeV
100 GeV

Field of View
Point Source sensitivity

E>100 MeV
E> 1 GeV
E> 10 GeV

Dead time per event

Femli-LAT

14 %
12 %
9%
12 %

12 %
8%
4.4 %
6%
18 %

5.60 2.50

1.50 0.420

0.50 0.100

5-30 arcmin 0.1-1 arcmin

250crn2 4000 cm2

1200cm2 8000 crrr'
700crn2 8000 cm2

8000 cm2

rv 0.6sr 2 sr

5.4 X 10-8 ph cm-2 S-l

1.2 x 10-8 ph crn-2 S-I

2.1 x 10-8 ph cm-2 S-1

100 ms

1.5 x 10-0 ph cm-2 S-1

1.5 x lO-ID ph.cm -2S-1

9.5 x 10-11 ph cm-2 S-1

10 /J,s
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flat-spectrum radio quasars) with high confidence, and 27 lower-confidence blazar identifica-
tions. Later on Sowards-Emmerd et al. in their papers (Sowards-Ernmerd et al. 2003; 2004)
contributed to the identification of an additional 39 sources. hi total about 131 of them remain
unidentified and it is believed that possible counterparts may include pulsars and their wind
nebulae, supernova remnants, massive stars, X-ray binaries, microquasars. blazars, nearby radio
galaxies, luminous infrared and starbutst galaxies, and galaxy clusters.

After October 1995, EGRET continued to observe for an additional 4.5 years despite the fact
that its sensitivity was reducing because of the aging gas in the spark chamber. In this period
it managed to detect an additional 30 sources (Casandjian and Crcnier 2008).

Based on a new model of estimation of the galactic ,-ray background (Crenier et al 2005), a
revised catalogue for EGRET "t: ray sources, named the EGRET Revised catalogue (ECH.), was
recently produced (Casandjian and Crenier 2008). The new catalogue contains only 188 sources
against 271 sources catalogued in the 3EG catalogue. The number of EGRET sources in the
new catalogue has been reduced as a result of a total of 107 sources of the 3EG catalogue not
confirmed in the new catalogue. Most of these unconfirmed sources are assumed to be associated
with diffuse radiation from gas concentrations, particularly in regions located near the galactic
plane.

However, Thompson (2008) argued that the revised diffuse galactic gamma-ray emission
should not result in the exclusion of confirmed transient sources in the new catalogue, therefore
questioning the validity of the revised catalogue.

Fortunately, with its improved sensitivity and better source spatial resolution compared to
EGRET, the Fermi Gamma-Ray Telescope is expected to contribute significantly towards the
identification of the rest of the unidentified EGRET sources.

A detailed study (Sowa.rds-Ernrnerd et al. 2004; 2(03) of the EGRET sources, focusing on
the identifica.tion of blazars resulted in 140 EGRET sources being identified (Table 3.2).

Ref: Hartman et al. Ref: Sowards-Emmered et al. Total
1999 2003 and 2004 %

Blazars with 66 10 76 54.3
high confidence

AGNs-blaza.rs 27 18 45 32.1
with low confidence
Total biezere 93 (92%) 28 (71.8%) 121 86.4
Pulsa.rs 5 9 14 10.0
Radio galaxy 1 2 3 2.1
Normal galaxy 1 0 1 0.7
Solar flare .1 0 1 0.7
Total 101 39 140 100

Table 3.2: Identified EGRET sources.
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Together with 101 ource initially identifi d (Hartman tal. 1999) together with 39 id ntified
later by (Sowards-Emmerd ct al. 2003) & (Soward -Emm rd et al. 2004), about 131 EGRET
remain with no association with known object in oth r wavelength. Of th 131, 69 are at high
latitude, i.e. Ibl > 10 d g and other 62 are confined in the galactic plane.

The large number of blazar and blazar-like object " i.. 121 of the 140, motivated the search
for more po sible blazars among the high galactic latitude unidentified sourc .

ThirdEGRETCatalog
I!> lOOMeV

(a)
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Figure 3.5: (a) The 3rd EGRET catalogue: The ,-ray sky map from the 3rd EGRET catalogue. From: http: / /
heasare .gsf e .nasa. gov / does/ egro/ egret/3rd_EGRET _Cat. html. (b) Histogram of Distribution
of EGRET sources with r pective to the galactic latitude. Noticeable is the high concentration
of the gamma-ray sources in the galactic equatorial region. 140 EGRET sourc s (about 53%) are
confined within Ibl < 20°.
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3.3 . Selection criteria of blazar candidates among the high

galactic latitude EGRET sources

The ini tial phase of this study constituted the tedious search for flat spectrum radio counterparts

in the online and published catalogues inside the EGRET error boxes of sources that are possibly

extragalactic, i.e, with Ibl > 10°. The strategy was to select sources with IQI < 0.7 for further

multi-wavelength studies. To enable the utilization of the 26-rn Hartebcesthock radio telescope

in this study, only sources with the declination range -70° < Dec < +45° were considered.' A

further consideration was to select only those flat spectrum sources with flux density above 200
mJy at 12.4 GI-Iz.

Each and every source in the 3,·d EGRET catalogue has been assigned a statistical error box

of 95% confidence in source location ranging from. 0.0 to 1.5 degrees of radius from the centre of

the pointing position. A strong correlation of the -y-ray emission with the high frequency radio

emission, both from the same blazar, was identified by Yang and Fan (2005). This correlation is

a result of the fact that I'-rays are produced in radio jet via the synchrotron self-Compton process

which increases during high states. Consequently, blazars have been found to be strong radio

sources. The first step of the method is to analyse all radio sources within the error box. For

this, it "vas found that the catalogue SPECFIND, which can be acceseed using the on line Vizier

catalogue access tool, which is available at http://vizier.u-strasbg . fr / cgi - bin/VizieR,

gives the radio spectrum of all radio sources within the EGRET error box for different radio

surveys. Based on the general properties of blazars mentioned in Chapter 1; the following criteria

have been established to select good radio counterparts of EGRET objects which will be subject

to further follow-up studies:

The error box:
The counterpart has to be within the error box associated with the detection of the object

by EGRET (Hartrnan et al. 1999). Table 3.3 gives all radio sources in the error boxes of

the EGRET selected sources.

Extragalactic sources:
In order to limit any source confusion in the areas where there is a high sky density,

especially near the galactic centre, only sources with (Ibl > 10°) were selected. Also

because the sample is expected to consist most likely of AGNs, selected sources here had

to be confirmed in the NASA/IlJAC Extragalactic Database (NED) as extragalactic.

Radio brightness:
Only sources in the error boxes which are bright enough in the radio band are of interest

to this study. It was noted that sources classified in the 3rd EGRET catalogue as blazars

with high confidence, have flux densities above 100 m.Iy at 8.4 GHz (Sowards-Emmerd
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No Name RA Dec Spec.ind SI..! 5'4.85 SI2..t
h!TI S dm s m.Iy m.Jy mJy

1 9EG .70159-9(j09 Ol 5926 - :'"I() 0,148 -0.58 .567 276 160
Ol 5648 - 36 16 12 -0.82? 1300 471 219?

2 9EG .70500+2502 050027 +245929 -0.41 117 69.6 47.48
050259 24 16 12 -0.53 5480 2720 1661
04 57 14 -1-2545 51 -0.58 186 89.8 52.01
04 57 DG +25 57 41 -0.88 492 J64 71.51
04 56 27 +253752 -0.53 120 62.5 38
05 02 19.7 +244155 -0.87 440 149 65.75
045604 +2.518 :"16 -o.ss 157 65 24.12

3 9EG .70702-(j212 065702.4 - 61 39 26 -0.41 545 326 221
06 55 57 - 62 41 03 -0.97 228 68 27

4 9EG .70706-.9897 07 08 57 - :~8:n 52 -1.01 490 1:~9 .54
07 1043.6 - 38 50 36 -0.5 882 476 299

5 9EG .70724-4719 07 2:158 - 47 :"161:~ -0.81 418 152 71
072822.8 - 47 45 14 -0.11 358 311 280

6 9EG .70821-5814 082058.4 - 570535 -0.64 1501 675 369
7 9EG .71.'JOO-4406 130231 - 44 46 52 -0.85 1297 450 202
8 9EG .71659-6251 170337 -62 12 38 ? 587 ?
9 9EG .71709-0828 171306 - 08 17 Ol -0.64 1.350 609 334
10 :lEG .71800-014(j 18 01 45 - Ol 31 53 -0.88 316 106 46

18 00 37 - 02 17 22 -0.51 92 49 30
1.80250.1. - 02 07 44 -0.96 1.700 515 209

11 :lEG .71819-(j419 180754 - 641.350 -0.4 708 431 296?
12 9EG .71822+1641 18 22 56 + 16 1401 -0.19 118 93 78

1.822 11 + 160012 -0.15 620 513 445
18 19 46 + 170034 -0.71 63 26 1;~

13 9EG .71824+9441 18 24 09 -l- 34 53 15 -1.08 108 28 10
18 24 27 + 35 02 31 -0.62 52 24 13
18 26 50 + 34 49 52 -0.52 118 62 38
1822 Hi + :-1428 46 -1.1 55 14 5
182700 + 34 31 05 -0.07 481 440 411
18 23 46 + 34 0918 -0.9 603 198 85
18 22 37 + 35 07 16 -0.97 507 152 61
182642 + 34 00 45 -0.46 34 19 12
18 28 16.8 35 oi 44.4 -0.49 70 57 35

Table 3.3: All prominent radio sources in the selected EGRET unidentified sources. In bold are the
most likely radio counterparts of the EGRET sources. (*) The highlighted candidate was
later found to be a Seyfert galaxy (reference this thesis) therefore, it is suggested to also
study the other candidate in the same error box.

et al. 2003) & (Sowards- Emmerd et al. 2004), while all selected sources for this study have
flux densities above 200 mJy at 12.4 GHz, in order to select the strongest radio candidates.

Spectral index:
EGRET-observed sources classified as blazars with high and low confidence show spectral
indices lal < 0.7, for radio fluxes between 1.4 and 8.4 GHz, assuming a power-law B,> rv 1/'

(Sowards-Emmerd et al. 2003) & (Sowards-Emmerd et al. 2004). This includes all FSRQs
(with lal < 0.5) and BL lacs and excludes normal radio-quiet galaxies dominated by the
emission from radio lobes. In our sample more attention was given to objects which have
lal < 0.7 between 1.4 and 4.85 GHz (which is harder).

Variability:
In addition to the above conditions, any indication of the possible variability influences
positively the selection of the candidate. The variability can be an indication that the
emission is coming from the inner part (near the core) of the jet.
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Based upon the criteria mentioned above a selection of 13 blazar-like candidates (see Table 3.4)
was made among the high latitude unidentified sources. The positions of these sources have been
plotted on a galactic diagram (Figure 3.6) and their finding charts are illutrated in Appendix A.

No EGRET name Counterpart RA Dec b a 81.4 84.85 812.4 Vinde::r:: Class z
hms dms (0) (mJy) (mJy) (mJy)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

1 9EG J0159-9603 J0156-9616 01 5647 -36 16 14 -73.04 -0.82 1300 471 219
2 9EG J0500+2502 J0502+2516 05 02 59 +25 1624 -14.28 -0.51 5770 2720 1541 FSRQ 0.277
3 9EG J0702-6212 J0657-6199 06 57 02 -61 39 26 -22.56 -0.41 545 326 221 1.06
4 SEG J0706-S8S7 J0710-S850 071043 -3850 36 -13.76 -0.5 882 476 299

5 9EG J0724-471S J0728-4745 072822 -4745 14 -14.38 -0.11 358 311 280 FSRQ 2.28
6 9EG J0821-5814 J0820-5705 082058 -5705 35 -12.04 -0.64 1501 675 369 2.02
7 SEG J1900-4406 J1902-4446 13 02 31 -444652 18.74 -0.85 1297 450 202 1.05

8 SEG J1659-6251 J170S-6212 1703 37 -62 12 38 -12.47 -0.13 587 513
9 SEG J1709-0828 J1719-0817 17 13 06 -08 17 01 18.25 -0.64 1350 609 334

10 9EG J1800-0146 J1802-0207 18 02 50 -020744 10.39 -0.96 1730 1000 240

11 9EG J1819-6419 J1807-6419 180754 -6413 50 -20.32 171 FSRQ 1.02

12 9EG J1822+1641 J1822+1600 18 22 11 +160012 13.84 -0.15 620 513 445 2.26
13 SEG J1824+9441 J1827+94S1 18 27 00 +343105 20.14 -0.07 481 440 411 FSRQ 1.81

(1): EGRET Name (from 3rd EGRET catalogue; (Hartman et al. 1999)).
(2): Possible radio counterpart selected among the radio sources in the error box of the uniden-
tified EGRET source (e.g. Table 3.3).
(3) and (4): Right Ascension and Declination of the Counterpart.
(5): Galactic latitude given by EGRET.
(6): The radio spectral index (8v cx I/a) (calculated between 1.4 GHz and 4.85 GHz).
(7), (8) and (9): The 1.4, 4.85 and 12.4 GHz flux densities (e.g. VizieR online catalogue Ochsen-
bein et al. (2000)).
(10): Gamma-ray variability index (Me Laughlin et al. 1996).
(11): Existing classification.
(12): Redshift (J0502+2516: z = 0.28, e.g. Hewitt and Burbidge 1991 and Laing et al. 1983,
J0728-4745: z = 2.28, e.g. Véron-Cetty and Véron 2006, J1807-6413: z = 1.02, e.g. Healey
et al. 2008a and J1827+3431: z = 1.81.,e.g.Véron-Cetty and Véron 2001 and Zhang et al. 1998).
Selection criteria: Ibl > 10°,812.4 < 200m.Iy, lal < 1, Vlndex > 1.

Table 3.4: Radio properties of 13 possible blazar candidates selected among the unidentified EGRET objects.
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Figure 3.6: Po ition of the selected ources on the galactic sky map. All are outsid the Galactic Plane.

The identification of radio counterparts constitut the fir t step in the long run towards the
complete identification of the gamma-ray ources and has two significant interpretations:

1. th radio source position i known to be accurat for th source localisation, i.e. the radio
po ition is the one recommended for u e in the further search for counterparts in other
wavelengths,

2. the radio emission, of synchrotron origin, is the intrinsic characteristic of blazars as radio-
loud AGNs oriented at small angles relative to the line of sight.

The typical blazar spectra hown in Section 2.5.3.4 of Chapter 2 cover a broad band of photon
energie from Radio to high en rgy ,-rays. Th refore, in order to get the whole picture of the
true ,-ray source, information in all wavelengths n d to be collected. In the next Chapter,
the re ults of a multi-wavelength observation campaign of the selected sources aiming mainly
at building the Spectral Energy Distribution (SED) of the elected radio counterparts will be
reported.
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Chapter 4

Mult i-wavelengt.h Observations and
Data Analysis

The purpose of this study is the search for possible blazar-like candidates in the error boxes
of some of the high latitude unidentified EGRET sources. It has been mentioned that preference
will be given to those sources which contain flat spectrum extra-galactic radio sources in the
error boxes. Based upon this criterion a sample of 13 sources has been selected (see list in
Table 3.4) for further multi-wavelength scrutiny. In this Chapter, a. detailed discussion of the
observational multi-wavelength properties of these sources will be presented.

In fact, blazars are identified by their Spectral Energy Distribution (SED) (see Figures 2.14
and 2.16(b)). Therefore, since the IVleV-GeV part of the spectrum of the selected unidentified
EGRET sources can partly be generated from the EGRET data, multi-wavelength archive data
and observations of counterparts can be used to construct the rest of the SED. This will finally
be compared with typical blazars dominated by the SSC emission with a possible contribution
of the radiation from the external Comptonisation as mentioned in Section 2.5.3.4 of Chapter 2.

It is believed that radio-optical observations could possibly reveal the non-thermal syn-
chrotron signature of the SED while a signature of self- or external Compton component could
be identified from higher energy data. Optical observations over a sufficiently long base line
could possibly identify typical blazar-like variability. Spectroscopic observations could constrain
the redshifts of these objects in order to confirm their extragalactic location as well as to in-
vestigate the presence of ambient clouds which could contribute to the external Comptonisation
by reprocessing the radiation from the disk. These observations are supplemented by data in
online catalogues, particularly in the wavelength bands which are accessible only to space-based
telescopes.
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4.1 Multi-wavelength observations of the selected sources

The observational information that was obtained of the selected sources, both by using different
observing facilities and by searching in online catalogues, is listed in Table 4.l.

The observed radio data were obtained using the 26-m HartRAO radio telescope in 5 fre-
quency bands, i.e. 1.6GHz/18 cm, 2.3GHz/13cm, 5GHz/6cm, 8.5GHz/3.5cm, 12.2GHz/2.5cm
and 22 GHz/1.3 cm. This was supplemented with data obtained in online radio catalogues,
e.g. the SPECFIND Catalogue of radio continuum spectra (Vollmer et al. 2005), the 1.4
GHz NRAO VLA Sky Survey (NVSS) (Condon et al. 1998) and the Parkes Radio Sources
catalogue (PKS) (Wright and Otrupcek 1996).

The Near Infrared data have been obtained from the Two Micron All Sky Survey catalogue
(2MASS) catalogue (Skrutskie et al. 2006). The catalogue gives the magnitudes in the J, H
and K bands corresponding to the central wavelengths 1.235 Jl,m (2.425x 1014 Hz), 1.662 tui:

(1.805x1014 Hz) and 2.159 /-lm (1.389x1014 Hz).
The observed optical magnitudes in U, B, V, R and I bands were obtained using the

South African Astronomical Observatory (SAAO) telescopes such as the l.O-m, the 1.9-m tele-
scopes, and the Southern African Large Telescope (SALT). Together with the near infrared,
the magnitudes are converted into fluxes using the online converter at http://www .steef .

org/observing/tools/nicmos/nicmos_units_p .php or at http://www.astro.soton.ac .uk/

-rih/applets/MagCalc.html.

An important aspect of this study is to confirm the extragalactic nature of the sources that
have been selected in the error boxes by determining their redshift. Due to the unavailability
of the Robert Stobie Spectrograph (RSS)) on SALT for this initial phase of this study the
first spectroscopic observations were made using the the Goodman Spectrograph at the Southern
Observatory for Astrophysical Research (SOAR) at Cerro Pachón in Chile.

X-ray data of the selected sources were obtained from the ROSAT (0-2 keY), XMM-Newton
(0.2-12 keY) and the EINSTEIN archives using the VizieR catalogue access tool which is found
at http://vizier.u-strasbg. fr/cgi-bin/VizieR.

The 'Y-raydata were obtained from the EGRET (30 MeV-20 GeV) and the Fermi-LAT (100
MeV-300 GeV) archives. An overview of the multi-wavelength coverage of each particular source
has been presented in Table 4.1.. More detailed discussions related to the observations and data
analyses are presented in the following sections.

http://www.astro.soton.ac


Band/Instrument

Radio IRAS NIR Optical (Photometry) Opt (Spec.) X-ray l'-ray

Source HartRAO Online IRAS 2MASS 1.0-m 1.9-m SALT Online SOAR ROSAT XMM EINSTEJN ECRET Fermi-LAT

1.6-24 0.74-12.4 12-100 J, H, te U, B, \I, R and I \I 0-2 0.2-12 0.2 -20 0.0:3-20 0.1-:~OO

(GHz) (GHz) {,m (keV) (keV) (kcV) (GcV) (GeV)

3EC 10159-3603 x x x x

3EC 10500+2502 x x x x x x

3EC 10702-6212 x x x x x x x

3EC 10706-3837 x x x x x x x x x x

3EC J0724-4713 x x x x x

3EC J0821-5814 x x x x x x x x x x x

3EC J1300-4406 x x x x x

3EC 11659-6'251 x x x x x x x

3EC J1709-0828 x x x x x

3EC 11800-0146 x x x x x x

3EC 11813-6419 x x x x x

SEC 11822+1641 x x x x x

3EC 11824+3441 x x x x x x

-:t
tv

Table 4.1: Available multi-wavelength data for each target. The 26-01 Horili.A 0 radio telescope provided radio flux measurrnents in 5 frequency bands, i.e.
1.6GHz/18 cm, 2.3 GHz/13 cm, 5 GHz/6 cm, 8.5 GHz/3.5 cm, 12.2 GHz/2.5 cm and 22GHz/1.3 cm, other data are found in Online catalogues (Cat).
The Infrared data (12,25,60, 100 p,m) were obtained from the Infrared Astronomical Satellite (IRAS) (Online Vizier catalogue) whereas the Near
Infrared data (J H K) were obtained from the Two Micron All Sky Suroe) catalogue (2MASS) (Skrutskie et a.l. 2006). The observed optical
magnitudes in U, B, V, R and I bands were obtained using the SAAO 1.0-01, the 1.9-m telescopes as well as the Sonthem Africor: Larqe Telescope
(SALT). Online optical data have been found in the Hipparcos and Tycho catalogues (ESA, 1997), the Naval ObsCT1JcdMerqed Astrometrie Datasct
(NOMAD) catalogue (Zacharias et al. 2005) and the United States Naval Obseruaioru (USNO) catalogue (Monet et al. 2003)). Together with
tbe near infrared, the magnitudes were converted to fluxes using the online converter at http://www . steef. org/observing/too1s/nicmos/
nicmos\_uni ts\_p. php or at http://www. astro. sot on . ac" uk/-rih/applets/MagCalc .html. Spectroscopie obervatione have been made using
the Goodman Spectrograph at the Southem Obser-vator-yfOT Astmphysical Resear-ch (SOAR) at Cerro Pachón in Chile. The three X-ray satellites,
i.e. the Roentqen Satellite (ROSAT) (0-2 keY), 1 count=6x10-12 erg.cm-2), the European Space Agency (ESA)'s X-my Multi-Mirror- Mission
(XMM-Newton) (0.2-12 keY) and the Second High Encryy Astmphysical Obseruaioru (HEAO-2) (0.15-20 keY), named EINSTEIN after launch,
provided the X-ray fluxes for some selected sources. Finally, the gamma-ray data were obtained from EGRET (30 MeV-20 GeV) and the Fermi-LiA'T
(100 l\11eV-300 GeV).
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4.2 Radio observations

4.2.1 The 26-m HartRAO telescope

The Hartebeesthoek Radio Astronomical Observatory (HartRAO) is located northwest of Johan-
nesburg, ju t within th provincial boundary of Gauteng, at latitude -25° 53' 14.4", longitude 27°
41' 05.2" East and at an levation of 1415.821 m, in South Africa. It operat a radio telescope
with a diameter of 26 m, the only major! radio telescope in South Africa, quipped with radio
receivers operating in microwave bands centered on wavelengths at 18 cm, 13 cm, 6 cm, 5 cm,
4.5 cm, 3.5 cm and 2.5 cm. Th characteristics of the output of the receivers are summarised
in Table 4.2. For maximum n itivity, receivers are cool d down to 16 K (-257° Celcius). The
ab olute northern declination pointing limit is +45°.

Figure 4.1: The 26-m Har·tRAD radio tcle cope. Image adopt d from http://www.hartrao.ac.za/gallery/.

ISouth Africa has been shortlisted together with Australia to host the Square Kilometre Array (SKA), the
most powerful radio tele cope ev r. South Africa is building an SKA technology pathfinder telescop , the Karoo
A rmy Telescope (KAT)). At the time of writing thi the i the fir t phase of a even-di h prototyp interferometer
array (named KAT-1) i almost complete.

http://www.hartrao.ac.za/gallery/.


8(//)
2PSSLCPIRCP(I/) = KT [Jy/ K/pol],

s ALCP/HCP

(4.1)
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Band 18 cm 13 cm 6cm 4.5 cm 3.5 cm 2.5 cm 1.3cm
Polarization (L& R)CP u L&R L&R L&R L&R L&R L&R L&R

Standard frequency (MHz) 1666 2280 5000 6670 8580 12180 23000
Lower frequency limit (lVIHz) 1608 2210 4650 6008 8180 12048 22000
Upper frequency limit (lVIHz) 1727 2450 5200 6682 8980 12216 24000
Receiver bandwidth (lVIHz) 120 240 400 660 800 168 2000
Beamwidth: F\VHlVI (degrees) 0.49 0.33 0.16 0.11 0.09 0.06 0.03
.Bearnwidth: between first nulls (degrees) 1.19 0.8 0.36 0.32 0.23 0.16 0.07
Tsyst Minimum at Zenith (K) Il 39 44 50 57 60 95 220
PSS per polarization (Jy/K/Pol) C 5.1 4.8 5.8 5.1 5.7 5.8 6
SEFD per polarization (.Jy/Pol)d 200 210 290 290 340 670 1500
u LCP = Left Circular Polarisation, RCP = Right Circular Polarisation
b T_'1/Bt = Temperature System
c PSS = Point Source Sensitivity
Il SEFD = System Equivalent Flux Density

Table 4.2: Microwave receivers at the 26-m HariRA 0 radio telescope. Adopted from http: /lwww.hartrao.
ac.za/factsfile.html.

4.2.2 Calibration

The sensitivity of a radio telescope, i.e. the ability to measure weak radio fluxes, depends on
the surface area and efficiency of the antenna and on the sensitivity of the radio receiver used
to amplify and detect the radio signals from noise. The calibration is the process of measuring
the Point Source Sensitivity (PSS) of a telescope. The PSS is defined/ as a measure of the
number of Janskys of flux density required to produce one Kelvin of antenna temperature in
each polarisation. The PSS (in each polarisation) is easily determined experimentally from the
antenna temperatures measured for standard sources (ca.librators) of known flux density using
the relation

where S(I/) is the flux density and TALCP/RCP is the antenna temperature (in left or right circular
polarisation) and Ks is the size correction factor given by (e.g. Baars (1973))

.»: es 2 ;1;2
1....8 = 1+ (eA) or Ks = 21- e-X

(4.2)

for the Gaussian and disc-like brightness distributions respectively, where es is the beamwidth,
eA is the scan width and x = O.~A with R the radius of the disc. For sources that are very
small compared to the beam size, Ks ~ 1. The factor 2 in Equation 4.2 means that half of the

2This definition is commonly used for small antennas like the one at Hartebeeshoek, Otherwise, the correct
definition is the reverse i.e. the PSS is a measure of a number of Kelvins of antenna temperature per polarisation
obtained per Jansky of source flux density
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flux density is received in each polarisation. Theoretically, the values for the two polarisations
should be the same but in practice there is always a small difference between them, and data
from each polarisation should be corrected using the appropriate value to that polarisation.

The standard sources used as culibrators were 3C123, 3C218 (also known as Hudra A), 3C353

and Jupiter.
To be selected as radio standard, an object must

o be a non-variable source,

o be small in angular size and,

o show a flux density which is high enough and frequency dependent. The flux density is
related empirically to the frequency by

(4.3)

where v is the frequency given in MHz and a, band c are coefficients fixed for each calibrator
(Ott et al. 1994).

Specifically for observations at HaTtRAO, the pointing limit of the 26-m dish requires the stan-
dards to have a declination less than 45°. Finally the standard must appear in the same part of
the sky as the object to be observed during the observing period. Table 4.3 shows the charac-
teristics of the sources used as standards or calibrators.

Source Size Coefficients Flux density (in Jy)
a b c· 1.6 GHz 2.3GHz 4.8 GHz 8.5GHz 12.2 GHz 22.4GHz

3C123 23" x 5" 2.525 0.246 -0.164 42.1 31.68 16.25 9.17 6.24 2.88
3C218 47" x 15" 4.729 -1.025 0.229 37.87 26.92 13.55 7.98 5.72 3.08
Hydra A
3C353 210" x 60" 3.148 -0.157 -0.091 5l.25 38.96 21.65 13.32 9.67 5.16
Jupiter" 40.73" 0 - - - 1.47 4.32 8.47 -

"For Jupiter, the flux density for calibration is estimated using S = 2XI02:~TB!1s [.Jy], where 'IB and ns are the
brightness temperature and the solid angle subtended by the planet respectively. The brightness temperature of
the planet is related to the antenna temperature by TB = H;TA where TA and nA are the Antenna. temperature
and the beam solid angle respectively. The values of the flux density of .Jupiter at 6 ern (4.8 GHz), 3.5 cm (8.5
GHz) and 2.5 cm (12.2 GHz), which are used in this table, were adopted from Carr 2005.

I,Angular diameter (on 5 April 2007). From http://www.calsky.com.cgi/Planets/6/ 4?

Table 4.3: Calibrator's flux density dependence on frequency.

Figure 4.2 shows the raw data of the on-source (centered in the antenna beam) scans, in left
and right circular polarisations of the standards.
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,-.. 4
:i 3.5 3C218 at A.= 18 cm'-"'
p.. 3
U 2.5 Rep~
I 2
Z 1.50 II

<1:1 0.5f:-o
@Q' 3.5'-"'

p.. 3
U 2.5....l
I 2
Z 1.5
0 I
I

0.5<1:1
f:-o 0

-0.6 -0.4 -0.2 0 0.2 0.4 0.6
RA - offset (deg)

4g 3.5 3C218 at A.= I3 cm
p.. 3
U 2.5~
I 2
Z 1.50 II

<1:1 0.5f:-o
@Q'

'-"' 3.5
p.. 3 LCP
U 2.5....l
I 2
Z 1.5
0 I
I

<1:1 0.5
f:-o 0

-0.4 -0.2 0 0.2 0.4
RA - offset (deg)

(a) 3C218 at A =18 cm

(b) 3C218 at A = 13 cm

Figure 4.2: Calibration.
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(c) 3C218 at A = 6 cm
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(d) 3C123 at A = 3.5 cm

Figure 4.2: Calibration (continued).
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(f) Jupiter at >. = 1.3 cm

Figure 4.2: Calibration (continu d).

A los look (e.g. by comparing the scales on the Y-axi ) at the subfigure of 3C218 at
A = 1 cm, 13 cm, 6 cm and 2.5 cm, indicates that the radio continuum flux d n ity (which is

7
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proportional to the antenna temp ratur) of radio galaxie g nerally fall steeply with increasing
frequency. The big error bars at high fr quencies ( mall wav 1 ngths) are du to the atmo pheric
water vapour problem which increases with incr a ing frequency. This indicate that generally
the higher the frequency, the greater the difficulty in g tting good flux measur ment on radio
galaxies.

The different shapes of the source signals how how the real sources will b r presented as they
cro s the antenna beam for different wavelength (or frequencies). Th double-parabola shape
seen in the 6 cm and 3.5 cm receiv rs is due to dual-feed yst m permitting Dioke-switohed''
radiometry, i.e. signals from the ource are receiv d by two parallel feeds (A and B). The total
signal is obtained by subtracting the two components (A-B) as illu trat d in Figure 4.3.

B
,

Figure 4.3: Two feeds in the 6 and 3.5 cm receivers.

Table 4.4 displays the central fr quency and the wavelength of the ob ervational band, the
point source sen ritivity of the telescope in each polarisation (Left Circular Polarisation and Right
Circular Polarisation) for the sources used as calibrators.

4.2.3 Data

Subscans were examined and those affected by int rference, bad weather or instrumental prob-
lems were removed. Polynomials of the econd order wer fitted to individual scans e.g Figure 4.4,

The peak value of the fitted parabola corre ponded to the antenna temperature which was cor-
rected by multiplying it with the pointing corr ction. The antenna temperature (TA) relates to

3The Dicke- witch technique works by rapidly switching the input of th radio tele cope receiver between
the antenna and a resistor. Gain variations in the receiver can have their effects neutralized by measuring
not the signal from the antenna, but the difference in ignal btween the antenna signal and th noi einput
of the resistor. Thi difference signal is obtained by the use of a synchronous d teetor circuit (Adopted from
http://www.radiosky.com/dicke.html)
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TALCP/RCP = 2K PSS

s LCP/RCP

obtained from Equation 4.1 where I<.~and PSS are the size correction factor and the Point Source

(4.4)
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Frequency Wavelength Cal ibrator Beam LCP RCP
PSS Ap cff PSS Ap eff
.1y/K/pol Jy/K/pol

1.6 GHI.I 18 cm 3C353 6.550 0.400 5.800 0.452
Hydra A 6.424 0.511 5.676 0.602
average 6.487 0.456 5.738 0.527

2.3GHz 13cm SC12S 5.400 0.482 5.439 0.482
Hudra A 5.627 0.465 5.039 0.520
average 5.514 0.474 5.239 0.501

5GHz 6cm 8C128 A 5.794 0.452 5.940 0.441
8C128 B 5.901 0.444 6.187 0.418
Hydm A A 5.584 0.469 5.940 0.441
Hydm A B 5.780 0.453 6.117 0.428
average A 5.689 0.461 5.940 0.441

B 5.841 0.'149 6.152 0.423
8.5GHI.I 3.5cm 3C123 A 5.969 0.439 5.894 0.'140

3C123 B 6.101 0.429 6.201 0.422
HydmA A 6.307 0.415 6.421 0.408
HydmA B 6.182 0.424 6.266 0.418
average A 6.138 0.427 6.158 0.424

B 6.142 0.427 6.234 0.420
12GHI.I 2.5 cm 3C123 5.925 0.442 5.710 0.459

HydmA 5.537 0.473 5.720 0.590
average 5.731 0.458 5.715 0.525

24.04GHz 1.3cm Jupiter 5.362 0.489 5.952 0.440
5.477 0.478 5.972 0.439

average 5.420 0.483 5.962 0.439

Table 4.4: Measured point source sensitivity (PSS) for calibration. LCP: Left circular polarisation, R.CP: Right
Circular polarisation, PSS: Point Source Sensitivity, Ap eff: Aperture efficiency.

the flux density by"

Sensitivity. The total flux is obtained by summing the fluxes in the two polarisation modes i.e.
Left Circular Polarisation (LCP) and Right Circular Polarisation (RCP). The data reduction
was done using "lines" 5.

2k fn TB(0.)d0.
4The expression of the flux density at radio frequencies, S)., = .,>.2 with TB the brightness temper-

ua
ature defined by the black body radiation expression Iv = ~ ,wand 0.$ the solid angle subtended by the

'. (ek'fjj' - 1)
source, is obtained by combining the Rayleigh-Jeans approximation, i.e. at low frequencies ;~, « 1, I(u) = 21.:'[,,/2

and the equation Sv = J~lIvd0..
;,"lines" is a. software developed by M. Caylard to reduce and analyse spectra from the 26-m Harteheesthoek

radio telescope.
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ORDER 2 POLYNON:IAL FIT
Avrg- 2

ID.......... ....
b ....
ril

~ IDI'l .
SO
~ 0

-1 -0.5 0 0.5

RA....ottseLdell

DATA - POLYNOMLAL
Avrg= 2

~O)

~ '"~
Q

~ ....
li 0

-1 -0.5 0 0.5

RA....ottset_deg

(a) Polynomial fit of order two of the drift scan of PKS J0820-5705 (SEC
J0821-5814) at A =18 cm (LCP+RCP, day=237, flux den ity=1.4 ±O.13
Jy)

ORDER 2 POLYNON:IAL FIT
.q Avrg- 2

-0.8 -0.6 -0.4 -0.2 o 0.2 OA 0.6 O.B

RA....ott.eLdell

RA....otf.eLdeg

(b) Polynomial fit of ord r two of the drift can of PKS J0820-5705 (SEC
J0821-5814) at A = 13 cm (LCP+RCP, day=267, flux density= 1.3l±O.06
Jy)

Figure 4.4: Radio data reduction.
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ORDER 2 POLYNOMIAL rIT
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d

o.e 0.4
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~
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(d) Polynomial fit of order two of the urn of the drift scans (LCP+RCP)
of PKS J0820-5705 (3EG J0821-5814) at ). = 6 cm in A- feed (day= 24 ,
flux d n ity=0.64±0.07 Jy)
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(e) Polynomial fit of order two of the sum of the drift scans (LCP+RCP)
of PKS J0820-5705 (3EG J0821-5814) at ). = 6 cm in B- f ed (day=248,
flux d n ity= (-)0.65±0.05 Jy)

Figure 4.4: Radio data reduction ( ontinu d). The average flux in A and B feeds is 0.64± 0.06 Jy (= (A;Bl).
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Table 4.5 gives the radio flux densities in six spectral bands (1.6 GHz (18 cm), 2.3 GHz
(13crn), 5GHz (Gem), 8.5GHz (3.5cm), 12.2GHz (2.5crn), 22GHz (1.3cm)) using the 2G-111
Har·tRA 0 telescope during the periods of April and October 2007.

1.6 GHz / 18 cm 2.;{ GHz / 1:-lern 5 GHz / fj cm 8.4 GHz / ;{.5 cm 12 GHz / 2.5 cm 24 GHz / i.s cm

date Flux date Flux date Flux date Flux date Flux date Flux
(day) (jy) (day) (jy) (day) (jy) (day) (jy) (day) (jy) (day) (jy)

SEC J0159-3603

2;{6.85 1.a4 ± 0.17 250 0.78 ± o.oa 2:'{6.07 (U8 ± 0.05 264.97 0.2:3 ± 0.01 2fj3.!J~J O.2;{ ± 0.05

266.95 LU ± 0.07 248.04 0.4 ± 0.06 272.98 o.ia ± 0.03 268.98 0.431

265.99 0.41 ± 0.06
2n97 0.39 ± 0.06

SEC J0500·/·2502

250.1!J 0.4 I 248.13 o.i ' 26:n:{ 0.101

267.05 0.3 1

SEC J0702-6212

96.66 1.07 ± 0.17 95.56 1.22 ± 0.2 94.64 0.3 ± 0.07 94.67 0.2 ± 0.02 96.6 0.13 ± 0
23().42 1.31 ± 0.1 97.61 O.;{4 ± D.09 264.14 0.21 ± 0.02

237.05 1.46 ± 0.1.1. 105.66 0.38 ± 0.07
236.26 0.26 ± 0.06
248.23 0.31 ± 0.06
266.18 0.41 ± 0.07
274.16 0.25 ± 0.07

SEC J0706-3837

267.14 0.73 ± 0.02 97.M o.aa ± 0.09 94.67 0.39 ± 0.02 94.64 0.211

104.65 0.35 ± 0.06 264.14 0.57 ± 0.01 96.6 0.22 ± 0.01
105.65 0.49 ± 0.05 273.13 0.59 ± O.O() 100.75 0.47 ± 0.02
248.27 0.5:3 ± 0.06 101.67 0.6S1

266.21 0.51 ± D.05 26;{.22 0.:34 ± o.oi
274..19 0.52 ± 0.06 264.22 0.25 ± 0.02

SEC .10724-471.'/

236.44 1.11 ± 0.13 95.6 0.61 ± 0.07 97.64 0.54 ± 0.08 94.68 0.49 ± 0.01 96.6 0.22 ± 0.01
237.07 0.9 ± 0.14 96.59 0.52 ± 0.09 104.66 0.3 ± 0.07 2D3.31 O.4D ± 0.02 235.32 0.34 ± 0.05

2:'-16.31 0.46 ± 0.06 105.66 0.5 ± 0.07 264.16 0.45 ± (l.01

236.38 0.91 ± 0.09 235.31 0.48 ± 0.05 273.15 0.42 ± 0.Q3

237.24 0.9 ± 0.09 236.3 0.5 ± 0.06
250.23 0.66 ± 0.05 248.28 0.44 ± 0.07

265.25 0.5 ± 0.06
266.22 0.47 ± 0.06
274.2 0.47 ± 0.07

SEC ./0821-5814

!J;U;-I U5 ± 0.14 96.61 U ±0.O6 94.66 0.64 ± 0.08 94.6n 0.52 ± 0.01 96.64 0.621 97.0:3 0.411

236.44 1.07 ± 0.12 236.39 1.3 ± 0.13 97.66 0.52 ± 0.07 263.31 0.4 ± 0.02 100.76 0.681

237.11 1.48 ± 0.13 267.19 1.31 ± 0.06 104.7 0.65 ± 0.07 264.2 0.39 ± 0.01 105.7 O.54J

105.7 0.65 ± 0.14 272.:-1:3 0.42 ± 0.02 235.:'-15 0.731

235.:35 0.68 ± 0.07 264.27 0.4 ± 0.03

248.31 0.64 ± 0.06
265.27 0.49 ± 0.06
266.26 0.55 ± 0.08

Table 4.5: Radio flux density measurements for all selected counterparts, using the 26-m dish at Ha:rtRAO.
Days correspond to day number of the 2007 observing year. A down arrow (1) represents a flux

upper limit.
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1.6 GHz /18 cm 2.3 GHz / 13 cm 5 GHz / 6 cm 8.4 GHz / 3.5 cm 12 GJ-)z /2.5 cm 24 GHz / 1.3 cm

elate Flux elate Flux elate Flux elate Flux date Flux elate Flux

(day) (jy) (elay) (jy) (day) (jy) (day) (jy) (day) (jy) (day) (jy)

3EC J1300-4406

(J:H)5 0.09 ± 0.09 95.82 0.82 ± 0.14 94.86 0.48 ± o.na 94.86 0.27 ± 0.02 105.9 O.:i41.

2:36.45 0.81 ± 0.05 250.47 0.81 ± 0.08 97.87 0 ..5 ± 0.02 26.3.52 0.26 ± 0.03

237.32 0.98 ± 0.15 104.91 0.58 ± 0.02 264.41 0.26 ± 0.02
105.9 0.46 ± 0.02

235.54 0.53 ± 0.01

247.51 0.54 ± 0.01
265.45 0.54. ± 0.01
27:H4 0.55 :I, 0.02

3EC J16S9-6251

236.49 1.36 ± 0.14 236.66 0.711 ± 235.69 0.84. ± 0.02 264.71 0.79 ± 0.02
247.66 0.77 ± 0.01

265.62 0.88 ± 0.02

3EC J1709-0828

94.12 1.15 ± 0.1 96 0.87 ± 0.0:3 95.0:~ 0.56 ± 0.02 95.04 0.41 ± ().01 2:~4.n 0.551

236.5 1.27 ± 0.28 97 0.79 ± 0.09 105.07 0 ..59 ± 0.02 263.69 0.42 ± 0.01 263.6 0.551

106.06 0.56 ± 0.02
2:35.60 0.57 ± 0.03

247.68 0.64 ± 0.03
265.62 0.58 ± 0.03

SEC .J1800-0146

94.17 1.09 ± 0.1 95.08 0.53 ± 0.02 95.12 0.21 ± 0.02
23().54 0.87 ± 0.15 f)8.2 0.52 ± o.oa 26:3.7 o.ai ± 0.01

105.09 0.54 ± 0.02

106.06 0.53 ± 0.01
2:~5.72 0.56 ± 0.01

247.68 0.55 ± 0.02

265.64 0.55 ± 0.02

SEC .I181S-641.9

94.18 1 ± 0.13 96.16 0.4.5 ± 0.09 95.ll 0.2 ± 0.03 2():n 0.22 ± 0.01
236.55 1.15 ± 0.11 236.69 0.63 ± 0.17 98.2 0.35 ± 0.02

105.11 0.29 ± 0.03

106.08 0.28 ± 0.02

235.7:i 0.:~5 ± o.oi

247.69 0.44 ± 0.02

265.67 0.49 ± 0.02

SEC .11822+1641

94.19 0.62 ± 0.1 96.13 0.55 ± 0.05 95.12 0.37 ± 0.02 95.13 0.36 ± 0.02
2:~6.69 0.71 ± O.W 98.21 0.:~8 ± 0.02 26:~.71 0.3() ± ().01

105.12 0.5.3 ± 0.01

106.ll 0.47 ± 0.02

235.74 0.48 ± 0.02
247.71 0.44 ± 0.02

3EC .11824+3441

94.2 0.51 ± 0.09 96.13 0.551 ± 0.03 95.12 0.31 ± 0.03 263.71 0.22 ± 0.01
236.61 0.49 ± 0.07 97.13 0.601 ± 0.02 98.21 0.36 ± 0.02

106.14 0.34 ± 0.02

235.77 0.28 ± 0.02
265.68 0.29 ± 0.04

Table 4.5: Radio flux density measurements for all selected counterparts, using the 26-m dish at HaltRAO.
Days correspond to day number of the 2007 observing year. A down arrow (1) represents a flux
upper limit (continued).
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A close look at the data, particularly at 5 GHz where there are more than 4 measurements
OIl average in each source, could not reveal any clear radio variability of the objects. However,
more data are recommended for a such study. The radio variability, if confirmed, can be an
indication that the radio emission (dominated mostly by the synchrotron emission) is earning
horn a region close to the AGN core.

4.3 Optical observations

In the initial phase of this study, optical photometric follow-up observations could be made for
only three of the selected sources, i.e. 3Ee J0702-6212, 3Ee J0706-3837 and 3Ee J0821-5814,

while spectroscopic observations could be made for 3EG J0706-3837 and 3EG J0821-5814. The
photometric observations, aiming at determining possible variability of those sources, were made
'with SALT6

, the 1.9-rn and l.O-m telescopes during observing campaigns in 2008 and 2009 (first
quarter). The spectroscopic observations were made during one night in February 2009. A more
detailed discussion will be presented later.

4.3.1 SALT observations

The Southern African Lorqe Telescope (SALT) is an ll-m telescope located close to the town
of Sutherland in the semi-desert region of the Karoo, in the North Western Cape province in
South Africa at latitude: -32 d 22 min 46 s , longitude: 20 d 48 min 38.5 s East and at an
elevation of 1798 m. It is operated by the Souiii Afr'lcan Astronomical Obseroatoru (SA A 0), the
national optical observatory of South Africa. SALTis the largest optical telescope in the southern
hemisphere. It enables imaging, spectroscopic, and polarimetric analysis of the radiation from
astronomical objects.

The SALT primary mirror is an array of 91 identical mirrors producing a hexagonal shape
of 11 x 9.8 meters in size. To compensate for the spherical primary mirror, the telescope has
a four-mirror Spherical Aberration Corrector (SAC) that provides a corrected, fiat focal plane
with a field of view of 8 arcminutes at prime focus. During an observation, the mirror remains at
a fixed altitude and azimuth and the image of an astronomical target produced by the telescope
is tracked by the "payload", which resides at the position of the prime focus and includes the
spherical aberration corrector (SAC) and prime focus instrumentation (see Figure 4.5). This
results in a limited observing window (called the window of visibility) per target. Therefore,

f SALT: S01dheT7~African Larqe Telescop is an 11-m optical telescope operated by the South. African Astronom-
ical Obseruatoru under a consortium consisting of the National Research Foundation of South Africa, Nicholas
Copernicus Astronomical Center of the Polish Academy of Sciences, Hobby Eberly Telescope Founding Insti-
tutions, R.utgers University, Georg-August-Universiti.i.t G6ttingen, University of 'Wisconsin - Madison, Camegte
Mellon University, University of Canterbury, United Kingdom SALT Consortium, University of North Carolina
- Chapel Hill, Dartmouth College, American Museum of Natural History and the Inter-University Centre for
Astronomy and Astrophysics and India.
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(a) (b)

Figure 4.5: (a) tructure of the SALT telescope. (b) SALT external view.

obj ct are not always acce ible to SALT, even though they may be above the horizon. However,
the times an object can be observed during the cour of a year are almost identical to those
of traditional telescopes. SALT has a fixed zenith angle of 37 degrees, but becau e of the full
rang of azimuths and the celestial rotation, SALT has access to rv 70% of the sky available at
the Sutherland site.

Th instruments at SALT include the SALT Imaging Camera (SALTICAM), the Robert
Stobie Spectrograph (RSS), a multi-purpose long slit and multi-object imaging spectrograph, a
sp ctro polarimeter and a fiber-fed High Resolution Spectrograph (HRS). This study has made
u of SALTICAM and a proposal for RSS ob ervation was submitted in February 2010. The
next two paragraphs briefly describe these instrument.

SALTICAM was in talled in early 2005 and ha b en operational ince then despite many
ob erving interruptions due for image quality improv m nt, while the RSS was installed on 11
October 2005, but was later removed due to technical problems encountered. At the time of
writing thi thesis, preparations were underway to put th pectrograph back on the telescope
and that any time soon the commi sioning phase could start. SALTICAM i a prime-focus
amera that images the entire science and guider fi Id of view (i.e. rv 10 x 10 arcmin) onto a 4K
x 4K Charg Coupled Device (CCD) detector. The CCD d teetor i a mosaic of two 2Kx 4K
pixel CCD chip of 15 tut: pixel size and 30.7 x 61.5 mm2 imaging area per chip. Ob ervations
can b made from 320 nm to 900 nm in mainly 5 filter, namely D, B, V, R and I.

Th Robert Stobie Spectrograph (RSS), formerly known as the Prime Focus Imaging Spectrograph
(PFIS), i named in honor of th late Director of the South African Astronomical Observatory,

6
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Dr Robert (Bob) Stewart Stebie (1941-2002). This is an efficient low to medium resolution

irnaging spectrograph operating from about 320 nm to 900 nm. There is an upgrade path for

a Near-IR ann (to 1.7 rnicrons) using a dichroic beam splitter. Efficient and tunable VolUIlH~

Phase Holographic (VHP) gratings provide resolutions of up to R rv 6000 with 1. arcsec slits

and R rv 10,000 with 0.6 arcsec slits. For 1110redetails on other SALT instruments the reader is

referred to the SALT official website http://www.salt.ac .zal.
The reduced number of observed targets is explained by the fact that during the course

of this study, the observing time requested at SALT was initially constrained not only by the

availability of the targets in the sky but also by the target "window of visibility" at SALT.
Further complications arose for a long term engineering programme which was given priority to

characterise, diagnose and fix a serious image quality problems, i.e. aberrations resulting in the

field image degradation, noticed in the SALT optics since the first phase of telescope operation.
This problem persisted resulting in the continuation of the observational programme using the

smaller 1.0-m and 1.g-rn telescopes.

The time-series imaging of the targets was performed using t.he SALT irnaging camera.

(SALTICAM) on the nights of February 14 and 15,2008, April 25, 26 and 28,2008, May 7, 2008

a.nd June 01, 2008. Exposure t.imes ranged between 20, 10, 15, 40 a.nd 100 s respectively for the

filters 1, R, V, B and U.The data were taken in full-frame mode, binned 4x4, and the instrument.

cycled through the filters in the sequence UBVRIRVBU. Figure 4.5 shows CCD images (8 arcmin

x 8 arcmin) of PKS J0820-5705, PKS J0710-3850 and PKS J0657-6139, counterparts of 3EC
J0821-5814, 3EG J0706~3827 and 3EC J0702-6212 respectively, using SALTICAM. The images

were taken with the I filter with 20 s exposure time and 4x4 binning during the nights 07/08

May 2008 (seeing=1.4"), 15/16 February 2008 (seeing=1.5") and 26/27 April 2008 respectively.

http://www.salt.ac
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Figure 4.5: CCD images ( arcmin x ar min) taken by SALTICAM at the Southern African Large Telescope
(SALT). (a) Image of PKS 10820-5705 (3EC 10821-5814) field obtained u ing the I filter for 20 s
exposure tim and 4x4 binning during the night of 07/08 May 200 (seeing = 1.4"). (b) Image of
PMN 10710-3850 (3EC 10706-3831) field obtained using the I filter with 20 s expo ure time and
4x4 binning during the night of 15/16 February 200 (seeing = 1.5"). (c) Image of PKS 10657-6139
(3EC 10702-6212) field obtained using the I filt r for 20 exposure time and 4x4 binning during
the nights 26 April 200 . It was reported by the se ing was good at the time of observation.

A li t of exposure time p r filter i pr sented in Table 4.6 and an observational log is
pre ent d in Table 4.7. The total observing time is f'V 7h 44 min.

9
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EGRET source name 3EG J0702-6212 3EG J0706-.'1837 3EG J0821-5814
Counterpart PKS .10657-61.'19 PMN J0710-3850 PKS .10820-5705
RA (h m s) 06 5702 07 1043 082058
Dec (d rn s) -61 39 26 -385036 -570535
Filter array Filter Exposure time Filter Exposure time Filter Exposure time

per frame per frame per frame
U 100 s U 100 s U 100 s
B 40 s B 40 s B 40 s
V 15 s V 15 s V 15 s
R 10 s R. 10 s R 10 s
I 20 s I 20 s I 20 s
R 10 s R 10 s R. lOs
V 15 s V 15 s V 15 s
B 40 s B 40 s B 40 s
U 100 s U 100 s U 100 s

Total time 350 s 350 s 350 s
(excluding dead time)
Number of iterations 12 6 9

Total time for observations. 6455 s 3228 s 4841 s

Source availability 8750 s 3998 s 6458 s
on the pt March 2008

Table 4.6: SALT observing payload configuration.

Target Date of observation Number of sequences Tota.l number Observation time Binning
UBVRIRVBU of fits files

3EG J0702-6212 14/02/2008 4 36 38rnin 4x4

26/04/2008 5 48 57.1min 4x4

27/04/2008 6.8 60 65.1min 4x4

.'lEG J0706-3837 15/02/2008 2 17 10.7rnin 4x4

.'lEG J0821-5814 14/02/2008 5 45 56min 4x4

28/04/2008 7 61 1 h 15rnin 4x4

07/05/2008 7.8 79 1h23min 4x4

01/06/2008 6.1 47 1 h 20rnin 4x4

Table 4.7.: Targets' observing tirne on SALT.

Basic processing of the data, like gam correction and bias subtraction, was done in the
instrument's pipeline. The counts of the objects anel of their reference stars in the same frame
were extracted using the command imexamine of IRAF. Magnitudes were calculated using a
comparison star in the nearby region, which was observed in the same period using the VCT
CCD at the 1.9-m SAAD telescope. Results are summarised in Table 4.8.
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Source Filter Observed magnitud per night and per filter Mag. in literature

SEG J0702-6212 14.02.2008 26.04.2008 27.04.2008 Averag obs. mag. Catalogued mag. (*)

U 21.07 ±0.19 21.07 ±0.19
B 20.11 ±0.06 20.04 ±0.14 20.21 ±0.1 20.12 ±0.1 20.75
V 21.16 ±0.04 21.07 ±0.09 21.17 ± 0.1 21.13 ±0.08
R 19.67 ±0.09 19.5 ±0.05 19.55± 0.1 19.57±0.0 19.93

19.76 ±0.09 19.72± 0.06 19.79 ±O.ll 19.76± 0.09

SEG J0706-38S7 15.02.2009 Average ob . mag.

U 17.04± 0.14 17.04 ±0.14
B 16.77± 0.29 16.77± 0.29 16.96
V 16.68± 0.31 16.68± 0.32 16.58
R 16.48± 0.29 16.48 ±0.29

15.32±0.35 15.32± 0.35

SEG J0821-5814 14.02.2008 28.04.2008 07.05.2008 01.06.2008 Average obs. mag.

U 19.54± 0.02 19.47 ±0.17 19.26±0.08 19.26 ±0.37 19.38± 0.18
B 17.6 ±0.05 17.38 ±0.08 17.36 ±0.07 17.13 ±0.07 17.37± 0.07
V 16.9 ±0.03 16.79 ±0.08 16.78 ±0.07 16.61± 0.17 16.79±0.08
R 16.69±0.26 16.31 ±0.28 16.4 ±0.07 16.19± 0.09 16.4 ±0.18 16.16

15.39 ±O.O2 15.18 ±O.02 15.17 ±O.02 14.95 ±O.OI 15.17±O.OI75

Table 4.8: Target' magnitudes per filter and per observing night obtained from SALT. (*) Targets' Magnitudes
from the NOMAD catalogue (Zacharias et al. 2005) which can be accessed via the online VizieR
catalogu ac tool at http://vizier.u-strasbg.fr/cgi-bin/VizieR.

4.3.2 1.g-m SAAD telescope observations

Suplementary optical photometric observations were performed using th SAAO 1.9-m telescope
( ee Figure 4.3.2) utili ing the Ik x Ik STE-4 CCD camera with a 5 x 5 arcmin field.

Figure 4.6: 1.9-m SAAO tele cop.

http://vizier.u-strasbg.fr/cgi-bin/VizieR.
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The characteristics of STE-4 are given in Table 4.12.

Parameter STE-4

(.) ADU: Analog to Digital Units

Table 4.9: Characteristics of STE-4 SAA 0 CCD camera.

Table 4.10 displays the observing log for 5 observing nights from 2009, January 9/10 to
January 13/14 with the 1.9-m SAAG telescope. Figure 4.7 shows a sample of two STE-4 CCD
frames of the objects taken during this observing period.

Day Night Flats Standard 8EG .70706-8887 3EG J0821-5814
Friday 9-10 Uflats No Science data, Guiding problem
Saturday 10-11 No data, pointing problem
Sunday 11-12 UBVRI BVRI(lX1) and U (2X2) UBVRI
Monday 12-13 All fiats UBVRl BVRI BVRl
Tuesday 13-14 UBVRl

Table 4.10: Observing log for the 1.9-m SAAO telescope observations.

With the STE-4, frames were binned 2x 2. The basic reductions (bias-subtraction, dark-
correction, flat-fielding) were carried out using the standard IRAF routines of duphot and
diffphot packages of the telescope (1.9-m) pipeline (e.g. O'Donoghue et al. 1999) performing
magnitude measurements using both techniques: aperture photometry? and PSF photometry''.
Final magnitudes, airmass-corrected, are presented in Table 4.11.

The Aperture Photometry (APP) magnitudes seem to be here more reliable than the ones
obtained using PSF photometry. In fact, compared with the magnitudes obtained from SALT'

7In aperture photometry, one aperture (usually circular) enclosing the source is defined, and another (usually
a. ring outside the first) that contains only the sky background. The mean counts per pixel from the sky aperture
is obtained, then subtracted from each pixel in the source aperture, and finaly the remaining counts are summed
to find the total in the stellar image.

8In Point Spread Function (PSF) photometry, photons are estimated using a 3-D gaussian function (the PSI")
fitted to the stars in the field.

Number of Pixels
Pixel size
Scale (1.g-rn)
Field of view (1.9-rn)
Read Noise
Scale Factor
Linear Count Limit
Readout Time
U zero point (lADU/sec)
B
V

I

1024 x 1024
24 microns
0,14 arcsec/pix
146 x 146 arcsec squared
6.5 electrons
2.8 electrons/ ADU (*)

65535 ADU
43 sec
19.2
22
22.35
21.8
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and others found in literature (e.g. Table 4.8) for the observed objects, the APP magnitudes
arc more close than the PSF rnagnitudes.

The differences between PSF magnitudes and APP magnitudes may be related to the settings
of the parameters (here we used the default) of the PSF function which may need to be adjusted
when the seeing is varying whereas for the APP photometry the annuli are reevaluated for each
observation. For the rest of the thesis, it is the APP magnitudes which were considered for
further analysis of the data.

Filter Night Julian date Exposure time (s) Seeing Aperture (pixels) ma.gpsr magAPP Error
3EC JO'106-383'l

V 12/13 Jan 2009 2454844.39 45 3.54 15 18.13 17.64 0.03
R. 12/13 Jan 2009 2454844.4 14 2.7 15 17.71 17.09 0.03
I 12/13 Jan 2009 2454844.4 18 2.51 15 16.92 16.25 0.02

3EC J0821-5814

V 11/12 Jan 2009 2454843.56 45 2.28 20 17.98 16.48 0.01
12/13 Jan 2009 2454844.52 45 3.19 20 17.82 16.35 0.01

R 11/12 Jan 2009 2454843.56 14 2.16 20 18.25 16.35 0.01
I 11/12 Jan 2009 2454843.56 18 2.02 20 17.09 15.67 0.01

12/13 Jan 2009 2454844.52 18 3.07 20 17.03 15.36 0.01

Table 4.11: Measurements of optical magnitudes for the two sources, SEC J0821-5814 and SEC JO'106-S8S'l
with 1.9-m telescope. magpsF = Point Spread Function magnitude and magAPP= Aperture Pho-
tometry magnitude.
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Figure 4.7: (a) Image of 3EG J0706-3837 (RA: 07:10:43, Dec: -38:50:36) obtained from the l.9-m telescope
u ing the STE-4 CCD camera (V-filter, expo ure time: 45 s, Date of observation: 12 January 2009
at 21:39:4 (UTC)).
(b) Image of 3EG JO 21-5 14 (RA: 0 :20:5 ,Dec: -57:05:35) obtained from the l.9-m SAAO
telescope using the STE-4 CCD amera (R-filter, xposure time: 14 s; Date of observation: 13
January 2009 at 00:30;37 (UTC)).
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4.3.3 1.0-m SAAD telescope observations

The SAAO 1.0-m tiescope ( e Figure 4.8) was used with the STE-3 CCD camera of 512 x 512
pixels siz .

Figure 4.8: l.O-m SAAD telescope (fir t from right).

Th characteristics of STE-3 are given in Table 4.12.

Parameter STE-3

Number of Pix Is 512 x 512
Pixel siz 24 microns
Scale (l.O-m) 0.31 arcsc /pix
Scale (l.9-m) 0.14 arcsec/pix
Fi Id of view (l.O-m) 15 x 158 arcsec squared
Fi Id of view (l.g-m) 73 x 73 arcsec quared
Read Noise 6.5 electrons
Scale Factor 2.8 electrons/ ADV
Linear Count Limit 65535 ADV
Readout Tim 10 c

zero point (lADV/ ec) 19.2
B 22
V 22.35
I 2l.8

Table 4.12: Characteristics of the STE -3 SAAD CCD camera.

Tabl 4.13 display the ob erving log for 7 ob erving nights from 2009, January 14/15 to
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January 20/21. Figure 4.9 shows a sample of two STE-3 CCD frames of the objects taken
during this observing period.

Da.y Night Flats Standard .'3EC .70706-.'38.'37 SEG J0821-5814
'Wednesday 14/15 I BVRI
Thursday 15/16 All flats (morning) No science data, Focus problem
Friday 16-17 U, BVRI
Saturday 17/18 UBVRI UBVRI U,BVRI
Sunday 18/19 UBVRI
Monday 19/20 UBVRI UBVRl B
Tuesday 20/21 B

Table 4.13: Observing log for the 1.0-m SAAD telescope.

The STE-3 CCD was used without prebinning. The basic reductions (bias-subtraction, dark-
correction, flat-fielding) were carried out using the standard IBAF' routines of duphot, diffphot
packages of the telescope (1.0-m) pipeline performing magnitude measurements using both tech-
niques: aperture photometry and PSF photometry. Final magnitudes, airrnass-corrected, are
presented in Table 4.1.4. As stated previously in the case of the 1.9-m, the PSF magnitudes seem
to be more reliable than the ones obtained using aperture photometry particularly in crowded
field (e.g. 3EG J0821-5814 which is close to a bright star) where apertures can be contaminated
by nearby bright star counts.

Filter Night Julian elate . Exposure time (s) Seeing Aperture (pixels) magpSF magAPp Error
3EC J0706-.'38.'37

B 19/20 Jan 2009 2454851.41 560 3.4 20 18.81 18.7 0.02
16/17 Jan 2009 2454848.38 560 2.4 25 19.43 18.89 0.02

V 16/17 Jan 2009 2454848.39 180 2.47 25 18.17 17.79 0.01
R 19/20 Jan 2009 2454848.39 56 2.26 20 17.54 17.04 0.02
I 16/17 Jan 2009 2454848.39 72 2.34 25 15.87 15.4 0.02

3EG J0821-5814

B 20/21 Jan 2009 2454852.43 560 2.61 20 19.02 17.76 0.01
17/18 Jan 2009 2454849.39 560 2.75 25 19.22 17.82 0.01

V 17/18 Jan 2009 2454849.:39 180 2.79 25 17.88 16.44 0.01
R 17/18 Jan 2009 2454849.39 56 2.79 25 17.46 16.1 0.01

Table 4.14: Measurements of optical magnitudes for the two sources, 3EC J0821-5814 and 3EG J0706-3837
with the 1.0-m telescope. magpsF = Point Spread FUnction rnagnitude and rna.gAPP = Aperture
Photometry magnitude.
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Figure 4.9: (a) Image of 3EG J0706-3837 (RA: 07:10:43, Dec: -3 :50:36) obtained from the 1.0-m telescope
u ing the STE-3 CCD camera (V-filter exposure time: lOs, Date of observation: 16 January
2009 at 21:27:10 (UTC)). (b) Imag of 3EG JO 21-5 14 (RA: 0 :20:5 , Dec: -57:05:35) obtained
from the 1.0-m SAAO tele op using the STE-3 CCD cam ra (I-filter, exposure time: 72 s; Date
of ob ervation: 17 January 2009 at 23:02:47 (UTC)).
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4.3.4 Optical light curves

Typical blazars show a variability on time cales from hours to months. Variability can be peri-
odic or irregular. It can b also intra-day/night (few minute to hours within a day), short-term
(day to months) and long-term variability (month Loyears). The intra-day/night variability is
believed to b related to relativi tic shock propagating down a j t and interacting with irregu-
larities in th flow. The short st intra-day/night variability time cale can be used to estimate
an upper limit of the mas of the black hole using Equation 5.16a and Equation 5.19. The short-
t rm variability is believed to be related to fiar of hot pots on the surface of the accr tion disk
while the long-term variability, which can only be obtained by analysing long-time data base, is
related to outbursts.

Diff rential photometry was perform d on 3EG J0706-3837 and 3EG J0821-5814 data ob-
tained using small telescopes i.e. 1.0-m and 1.9-m SAAD tele copes, with the aim of detecting
pos ibl intra-night variability in these objects.

Differential magnitudes of the targets (r lative to a set of comparison stars (named tar 1, 2,
3 and 4) in the same image) were measured for all images taken throughout an observing night
and compiled into the light curve . Figures 4.10 and Figure 4.11 show the optical light curves of
3EG J0821-5814 and 3EG J0706-3837 respectively, in different filters. Magnitud ar obtained
using the APP photometry.
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Figure 4.10: Optical light curve of SEG J0821-5814.
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Figure 4.10: Optical light urves of 3EC J0821-5814 (continued).
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Figure 4.10: Optical light curves of 3EC J0821-5814 (continued).

Optical light curves of 3EG J0706-3837

Figure below show the optical light curves of 3EG J0706-3837 in different filter. Magnitudes
are PSF differential magnitudes obtained using the 1.0-m and the 1.g-m tel cop s.
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(a) Light curve of 3EC J0706-3837 in I Filter (16/01/2009)

Figure 4.11: Optical light curves of 3EG J0706-3837.

101



CHAPTER 4. Multi-wavelength Observations and Data Analysis

12
Star 1:

t + ... + + t + t +
t ...... ... + Star 2:

13 Target: "
en
Q)
"0
.2'a 14bl)
es
El
:"§ . " " " " " " • ". " "ë 15Q).....
~
CS

16

Ol lIE JE
.lIl. ----- ~---,,---x----J!(--.......... • '-'--')1(".--- --. I<

li(

17
0 5000 10000 15000 20000

time-2454848.38(seconds)

(b) Light curves of 9EC J0706-9897 in R Filter (16/01/2009)

12
Star I: , .p- i

+ + t + + t .. + + + Star 2: ><+ + • +13
Target: ..

en
Q)
"0 14.2.~
c<S

El 15 " " " " " " " " " "ë<i "
OE
.....
~ 16
CS

17 .lIt w. ~ )Il ". MI- ___ 0_- __ ...... * ... ··-M---W--- . -..--.
Of JE ..

18
0 5000 10000 15000 20000

time-2454848.38(seconds)

(c) Light curves of 9EC J0706-9897 in V Filter (16/01/2009)

Figure 4.11: Optical light curves of 9EC J0706-9897 (continued).
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The light curves shown above s em to ugg st variability of the program object selected.
However, atmo pheric onditions during mo tof th e night were not favorable for photometry,
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Figure 4.11: Optical light curves of 3EG J0706-3837 (continued).
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and follow-up observation need to be cheduled to quantify the nature of the possible variability.

4.3.5 Spectroscopie observations

4.3.5.1 Goodman spectrograph observing conditions.

Th Southern Observatory for Astrophysical Research (SOAR) tel cope (Figur 4.12) i a mod-
ern 4.1-m aperture optical & near-IR telescope lo ated on Cerro Pachón, Chile at an el vation of
2738 metres. It was commi ioned in 2003 and is operated by th Cerro Tololo Inter-American
Ob rvatory (CTIO) (part of the National Optical Astronomy Observatory (NOAO)). The tele-
scop attains median image quality of 0.7 arcsec at 0.5 tui: wavelength. Multiple in truments
ar available on tandby. Thi tudy made u e of the UV-optical 16-million pixel Goodman
Spectrograph.

Figure 4.12: The 4.1-m SOAR telescope at Cerro Pachón in Chile.

Only two objects, 3EG J0821-5814 and 3EG J0106-3831, were submitted due to the fact
that they were only accessible in the southern hemi phere sky during the 2009A proposal season
(running from February 2009 up to July 2009).

Obs rvations of 3EG J0821-5814 and 3EG J0106-3831 with the SOAR/ Goodman pectro-
graph wer made during th night of 16/17 February 2009, in good observing condition with
seeing ofO.61 and airmas of 1.13. The Goodman p ctrograph i equipped with a 4Kx4K CCD9
with a field of view of 3.0x5.0 arcminute . Th spatial size of a CCD pixel is 15/-Lm, while its
angular siz is 0.15 arc onds. The low-re olution (resolving power R=1380) mod with the
300 lines/mm Volume Holographic Phase (VHP) grating covering the wavelength from 3600A
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to 9150Á and a spectral resolution of 1.3Á/pixel was used. Due to the fact that the e obj cts
are quite faint, a slightly larger slit of 1.68" was used. Each object was exposed for a period
of 30 minut s. For flux calibration the tandard star LTT1319 was u ed. During the period of
observation the exposures of bias, flats and comparison lamp (HgAr) for the wavelength cali-
bration were obtained. The spectra were extracted and calibrated using the standard methods
of the Image R duetion and Analysis Facility (IRAF). The process includes bias subtraction,
correction for the pixel sensitivity variations, localisation, optimal extraction and rebinning to
linear wavelength cale. The spectra, flux-calibrated, are plotted on Figure 4.13 and Figure 4.14.

4.3.5.2 Spectral lines analysis and redshifts

4.3.5.2.1 Spectral lines and redshift of 3EG J0821-5814

4e-16 PKS J0820-5705
z=0.06

"..., 3e-16I
oc:r:
'"I S NaDC,)

r 2e-16
<Jl

bO....
I1.l
'-'
><
::l le-16 A-band~

o Ca IIHand K

4000 4500 5000 5500 6000 6500 7000 7500 8000 8500
Wavelength(A)

Figure 4.13: Spectral lines of 3EG J0821-5814.

The red hift of z = 0.06±0.01 was determined using the shift of spectral lines in 3EG J0821-5814
(see Table 4.15).
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Line Arest Aobs z=~-l
..\rest

(Á) (Á)

Can 3933.66 4171.2 0.0604

3968.47 4201.17 0.0586
Mglb 5183 5493.97 0.0600

5172 5485.15 0.0605
NaD 5896 6253.28 0.0606

5890 6247.71 0.0607

Ha 6562.8 6977.27 0.0632

z = 0.06 ± 0.01

Table 4.15: Measuring the redshift of 3EG J0821-5814

The spectrum of 3EG J0821-5814 features some absorption lines at redshift z=O .06 (corre-
sponding to a recession velocity of 18 000 km/s), e.g. Can K & H AA 3933, 3968Á, MgI b
AAAA 5169, 5167, 5183, 5172 Á, Na D AA5890, 5896 Á, H,BA 4861 Á, and only one emission line
Ha + [Nnl AAA 6562, 6548, 6583 Á. An instrumental fringing at the wavelengths A 2: 7600 Á

was noted. The telluric lines resulting from the earth's atmosphere absorption (essentially by
Oxygen), consequently not redshifted, can also be identified, e.g. A-band AA 7594-7621 Á and
B-band AA 6867-6884Á. The emission line fluxes and widths were measured using the command
SPLOT in lRAF (Table 4.16).

Absorption Line center Flux Continuum Equivalent width
line (Á) (erg S-l cm=?Á-I) (erg S-l cm-2 Á-I) (Á)

MgI b 5485.709 1.641 x 10-16 6.64 X 10-16 4.036

NaD 6247.768 2.893 x 10-16 1.41 X 10-15 4.887

Table 4.16: Line widths in 3EG J0821-5814.
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4.3.5.2.2 Spectral lines and redshift of 3EC J0706-3837.

6e-16
3EG J0706-3837
z=().l29

4e-16

3e-16

le-16

2e-16

o L- __ ~ __ L- __ ~ __ ~ __ ~ __ ~ __ -L __ -L __ ~

4000 4500 5000 5500 6000 6500 7000 7500 8000 8500
Wavelength (A)

Figure 4.14: Spectral lines of 9EC J0706-9897.

The redshift of z = 0.129 ± 0.001 was determined using the shift of spectral lines in 3EC J0706-

3837 (see Table 4.17).

Line Arest Aobs z=~-l
Areat

(Á) (Á)
NaD 5890 6647.8 0.12 7
H, 4340.46 4917 0.132
H,8 4861.32 5489.12 0.1291
Om 4958.91 5595.74 0.1284
Om 5006.84 5649.21 0.12 3
Ol 6300.3 7116.37 0.1295
Ha 6562.8 7412.68 0.1295
II 6583.39 7436.81 0.1296

z = 0.129 ± 0.001

Table 4.11: Measuring the redshift of 9EC J0706-9897

The spectrum of 3EC J0706-3837 features strong and broad emission lines from the BLR
such as Ilo (A 6563Á) blended with [NIl] (A 6583Á) at redshift z = 0.129 ± 0.001, indicating
a ree s ion velocity of 3 400±300 km/so The spectrum aloshows emission lines coming from
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the NLR region such as [0 m] lines (/\/\ 4959 A, 5007 Á), H,B (A 4861 Á), Hl' (A 4~~40Á), and
[0 I] (/\ 6300 A) at the same redshift z = 0.129. Table 4.18 gives the widths of these highly
broadened lines. The presence of Ha. of velocity above 1000 km S-l and forbidden lines ([0 m]
and [0 JJ) of an average velocity of about 50D km SI suggests that the source is a Seyfert I
galaxy (e.g. Khachikian and Weedman 1974, Osterbrock and Veilleux 1986, Osterbrock 1987).

The absorption lines Na D (AA 5890Á, 5896Á respectively 38 2S-3p2p (yellow), 3p2P-3d2D
(near red)) can also be identified. These lines usually indicate a strong intrinsic absorption within
the galaxy.

The emission line fluxes and widths were measured using the command SPLOT in IRAF
(Table 4.18).

Line Center Continuum Flux Equivalent width F\VHM Velocity
(Á) .-1 -2 A-l ..-1 -2 A-I (A) (A) (km/s)ergs cm ergs cm

Ho: 7409 1.784 x 10-16 7.702 X 10-15 43.18 58.06 2350.92
[NIl] 7434 1.788 x 10-16 1.329 X 10-14 74.34 88.33 3564.57
[Ol] 7115.75 1.512 x 10-16 3.309 X 10-16 2.19 9.92 418.4
[OlII] 5648.5 1.396 x 10-16 4.419 X 10-15 31.66 8.95 475.35
[0 III] 5595.25 1.312 x 10-16 1.495 X 10-15 11.4 9.08 487
H,B 5486.97 1.488 x 10-16 4.874 X lO-Hj 3.28 11.52 629.86

Table 4.18: Line widths in 3EG J0706-3837.

4.3.5.2.3 Measurement of the ]{4000 depression

H & K lines are two absorption lines of singly ionised calcium Can in the intergalactie gas
located between the source and the observer. Ca Il lines in quasars and AGNs can also come
from the interstellar medium (ISM) or from late type stars located in halos of the host galaxies.

The question of the location of the absorbing material due to the fact these absorption lines
appear sometimes shifted has been a big debate in literature (e.g. Boksenberg et al. (1980),
Boksenberg and Sargent (1978)). In principle, these lines are supposed to be at rest wavelength
position on the spectrum. If they appear shifted, the absorbing regions may be intrinsic to
the objects, having been somehow ejected at observed velocities, or they may be cosmologically
distributed, in direct association with close galaxies or as intergalactie clouds (Boksenberg et al.
198D).

The Ca H & K lines featured in 3EC J0821-5814, i.e. H (Arcst= 3933.66 Á, Aemit= 4171.93 Á)

and K (Arcst= 3968.47 Á, Aernit= 4208.85 Á), present the same redshift (z rv 0.06) as the object
suggesting the absorption material is possibly located in an extended halo'" of the galaxy.

Ca II lines occur in the near-ultraviolet at wavelengths of H: 3969 A and K: 3934 Á and result
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Object. Ca Band Ca. Band Continuum Fh.LX
(in A, rest frame) (in A at z = 0.06) (erg S-1 crn-2 A -1) (ergs-Icm-2 A-I))

3EC J0821-5814 3750-3950 3975-4187 2.356 x 10-17 r: = 2.052 X 10-15

4050-4250 4293-4505 6.694 x 10-17 I" = l.870 x 10-15

8EC J0706-3887 3750-3950 4233-4459 6.32 x 10-17 r: = 1.297 X 10-15

4050-4250 4572-4798 1.099 x lO-lG r: = 2.451 x 10-16

8.8%

CHAPTER 4. Multi-wavelength Observations and Data Analysis

from the electronic transition from H: 4.s 2S!-4p 2P! and K: 48 2S!-4p 2p",l (Goldberg 1964).
2 2 2 2

The absorption around 4000A results in a depression in the emission at. these wavelengths. The
Ca 11 depression at 4000 A is calculated using the relation

. f+ - f-
lC!Ooo = i+ (4.5)

where f- is the average flux between 3750A and 3950 A and t: is the average flux between
4050Á and 4250Á in the rest frame (Caccianiga et al. 1999b). For sources like BL Jac objects
where the optical emission of the source is dominated by a strorig nonthormal emission from a
nucleus, J(4000 is less than 40% (Caccianiga et al 1999a, Calbiati et al. 2(05).

The spectrum of 3EG J0821-5814 displays a depression of J(4000 = 8.8 % (e.g. Table 4.19),
in accordance with what is expected from blazars. Although the H & K lines are not visible in
3EG .30706-3837, a depression of f{4000 rv 80 % is estimated (via calculation of r: and t: as in
the previous source), which is not in accordance with what is expected from blazars.

80.1%

Table 4.19: Ca. depression near 4000Á in 3EC J0821-5814 and in 3EC J0706-3837.

4.4 Multi-wavelength on line data

Data from own observations were supplemented by others found in online catalogues. This is
useful for the Infrared: X-ray and ')'-ray photon energy bands which are not accessible with the
ground-based telescopes.

4.4.1 -y-ray data

The high-energy gamma-ray data were obtained from the EGRET (30 MeV-lO GeV) on board
the Compion Gamma-Ray Ob8eT'l)atoTyand from the LAT (20 IvleV-300 GeV) on board the
Fermi observatory formerly known as Gamma-my Large Arm Space Telescope (GLAST) before
it was launched.

4.4.1.1 EGRET data

The EGRET telescope 011 board the. Compton Gamma-Rqy ObseTvatoTy was described in de-
tail in Chapter 3. As mentioned in that Chapter, the telescope detected -y-ray photons with
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energy between 30 Me'V and 20 GeV emitted by 271 objects. Efforts to identify the na-
ture of the EGRET-detected sources have been made so far, but a number of them still re-
main unidentified. The main purpose of this study is to search for possible blazars among
the unidentified EGRET population. TIJirteen EGRET sources were selected (see Table 4.20)

for further investigation. The EGRET ')'-ray data from these objects, were collected between
April 22, 1991 and October 3, 1995 (cycles 1, 2, 3, and 4 of the mission) and obtained via
ftp://legacy.gsfc.nasa.gov/compton/data/egret/. The data (see Table 4.21) include the
observed photon flux (photons cm-2 S-l 1'v[eV-1), as well the flux estimate obtained by fitting
the spectra with a power-law model over the equally spaced logarithmic energy bins (where the
spectral index was kept constant and equal to the value fitted over the whole range).
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Below-threshold may have been considered in assigning this symbol, so weak sources may be designated as confused despite no other catalogue
sources nearby. Sources with no entry in this column are consistent with the EGRET PSF for a single source.

No Source Name RA DEC I b 095 F±[',.!" "( ± [',."( Counts VTS VP Other names Note n
I

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) »
-0

3EG J0159-3603 29.84 -36.06 248.89 -73.04 0.79 9.8 ± 2.8 2.89 ± 0.51 47 4.3 P1234 2EG J0159-3557 -1
2 3EG J0500+2502 75.07 25.49 177.18 -10.28 0.36* 11.3± 3 2.52 ± 0.32 152 4.1 PI mcm ::tJ
3 3EG J0702-6212 105.58 -62.21 272.65 -22.56 1.04 13.5± 3.7 2.4 ± 0.33 70 4.3 P34 cm ~
4 3EG J0706-3837 106.72 -38.63 249.57 -13.76 0.9 52± 17.8 2.3 ± 0.43 22 4.1 44 ern

5 3EG J0724-4713 111.09 -47.23 259 -14.38 0.95 16.8± 3.5 2.6 ± 0.:36 122 5.5 P12 2EG J0720-4746 cm $:
c

1FGL J0724.7-4714 ;::;:-,.
CGR.aBS J0728-4705 ~

OJ

6 3EG J0821-5814 125.32 -58.24 273.1 -12.04 1.26 28.2± 8.4 3.22 ± 0.79 49 4 P4 cm <re
7 3EG J1300-4406 195.06 -44.1 304.6 18.74 0.84 1O.6± 2.9 3.07 ± 0.40 95 4.1 P12 1FGL J1304.3-4352 C re

:::::i

8 3EG J1659-6251 254.97 -62.86 327.32 -12.47 0.73* 47± 13.1 2.54 ± 0.37 43 4.6 314 2EGS J 1703-6302 ern Oq....
lFGL J1702.7-6217 :::r

CGR.aBS J17Da-6212 0
CT

3EG J1709-0828 12.86 12.6± 3.2 3 ± 0.35 P1234 2EGS J 1708-0927
(Il

9 257.26 -8.47 18.25 1.01 161 4.2 cm re

1FGL J1708.4-0755 <
OJ....

10 3EG J1800-0146 270.22 -1.78 25.49 10.39 0.77 26.l± 6.1 2.79 ± 0.22 151 4.8 P34 ern 0
3EG J1813-6419 273.34 -64.33 330.04 -20.32 0.68 14.2± 4 2.85 ± 0.44 64 4.2 P1234 C

:::::i
11 (Il

CGR.aBS J1807-6413 OJ
:::::i

12 3EG J1822+1641 275.57 16.7 44.84 13.84 0.77 40.6± 11.5 3.06 ± 0.68 45 4.5 328
o,

em
I-' 0
I-' 13 3EG J1824+3441 276.21 34.69 62.49 20.14 0.82 28.7± 9.3 2.03 ± 0.50 30 4 20 em OJ
I-' ....

OJ

Table 4.20: EGRET Gamma-ray parameters of selected sources. (1) EGRET name in the third catalogue. (2) Right Ascension in degrees. (3) Declination »
:::::i
OJ

in degrees. (4) Galactic longitude in degrees. (5) Galactic latitude in degrees. (6) The radius in degrees of the circle conta.ining the same -<
(Il

solid angle as the 9.5% confidence contour of the confinement of the source. An asterisk means that the value was obtained by multiplying the (Il

68% by l.62. This was sometimes necessary for unclosed or extremely irregular 95% contours (e.g. Hartman et al. (1999)). (7) Photon Flux
(xlO-8 photons.cm-2.s-1). (8) Photon spectral index, F = FoE-'. (9) Counts. (10) Test Statistics, .jT§ is equivalent to the well-known (J.

(Tl ) Viewing period. (12) Other names in other -y-ray catalogues e.g. the Second EGRET catalogue (2EG) (Thompson et al. 1995), the First
Fermi Gamma-Ray Large Area Telescope Catalogue (lFGL) (Abdo et al. 201Ob), the Candidate Gamma-Ray Blazer Stwvey (CRGaBS) (Healey
et al. 2008b). (13) Note: em=possibly extended source or multiple sources (based on source location maps inconsistent with single point source
or poor fit to the calibrated PSF, from observation of sum of observa.tions. C=source confusion may affect the Aux, significance or position).
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Source name Channel Ernin e--: Model flux Obs flux Error X
MeV MeV (*) (*) (*) (**)

:lEG J015.9-36"03 1 :~O 50 2.55 x lO 08

2 .50 70 7.38 x 10--on

3 70 100 2.71 X lO-09 2.97 X lO-09 1.63 X lO-09 O.W

4 100 150 B.04 x lO-lO 1.17 X lO-09 4.89 X lO-ID 0.54
5 150 300 1.91 x lO-ID 2.58 X lO-lO LU X lO-ID 0.6
6 :~OO 500 :~.27 x 10....11

7 500 1000 5.87 X 10-12

8 1000 2000 7.90 X lO-13

9 2000 4000 1.06 X 10-13

ID 4000 10000 1.08 X lO-14 8.88 X 10-13 8.12 X 1O-13 1.08
3EG J0500+2502 1 30 50 1.26 X 10-08

2 50 70 4.28 X 10-09 1.04 X 10-08 4.56 X 10-09 1.35
:~ 70 lOO 1.78 X lO-09 2.25 X lO-09 1.21 X 10-09 O.:~B
4 100 150 6.83 x 10-10

5 150 300 1.74 x lO-ID 1.55 X lO-ID 9.23 X lO-II -0.2
(i :~OO 500 :~.75 x lO-u 4.47 X lO-lJ a.oi x lO-Jl 0.24
7 .500 1000 8.30 x 10-12

8 1000 2000 1.44 X 10-12 1.80 X 10-.12 1.69 X 10-.12 0.21
!) 2000 4000 2.50 X 10-13 4.01 X 10-13 :1.99 x 10-13 0.:18

10 4000 10000 3.35 X 10-14

3EG .10702-6"212 1 30 50 9.19 X 10-09 G.52 X 10-08 2.69 X lO-08 2.08
2 50 70 :~.30 x 10-09

3 70 100 1.44 X 10-09

4 100 150 5.75 x 10-10 5.28 X lO-ID 3.53 X 10-10 -0.13

5 150 aoo 1.56 x 10-10

6 300 500 :~.63 x 10-11 5.45 X 10-11 2.72 X 10-11 0.67
7 500 1000 8.61 X 10-12 1.90 X 10-11 8.06 X 10-12 1.29
8 1000 2000 1.63 X lO-12

9 2000 4000 3.07 X 10-13

10 4000 10000 4.50 X 10-14

:lEG J0706"-:l8S7 1 30 50 8.36 X 10-09 4.00 X lO-08 2.86 X 10-08 1.11
2 .50 70 3.15 x 10-09 1..02 X 10-08 6.44 X 10-09 1.1

3 70 100 1.42 X 10-09

4 100 150 5.93 x 10-10

5 150 :~OO 1.69 x 10-10

6 300 500 4.23 X lO-Il 8.89 X 10-11 4.94 X 1.0-11 0.94
7 500 1000 1.07 x lO-u 2.87 X lO-li 1.47 X 10-11 1.23

8 lOOO 2000 2.17 X 10-12 1.82 X 10-12 2.41 X lO-12 -0.15

9 2000 4000 4.42 X 10-13

10 4000 10000 7.04 X 10-14

3EG J0724-471.'J 1 :~O 50 1.72 X 10-08 2.70 X 10-08 2.:~2 x 10-08 0.42

2 50 70 5.65 x 10..-09

3 70 100 2.30 X 10-09 2.47 x 10-09 1.30 X 10-09 0.13

4 100 150 8.54 x 10-10 1.08 X 1O-09 4.52 X lO-ID 0.5

5 150 300 2.09 x lO-ID 1.53 X lO-ID 8.84 X 10-11 -0.63

6 300 500 4.30 X 10-.11 5.35 X 1O-l.l 3.13 X 10-11 0.34

7 500 lOOD 9.10 x 10-12 1.16 X 10-11 8.85 X lO-12 0.28

8 l.OOO 2000 1..50 X 10-12

9 2000 4000 2.47 X 10-13

10 4000 !OOOO 3.11 X 10-14 :L-19x 10-13 3.04 X 1O-13 1.01

(*): Photon cm-2 8-1 MeV-I (**): Obs flux Model flux
X = . En-or

Table 4.21: EGRET ')'-ray data of selected sources.
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Source name Channel Emin Ernax Modal flux Obs flux Error X
MeV MeV (*) (*) (*) (**)

SEC .I()821-5814 :~O 50 2.92 x lO-08 :3.52 x 10-08 2.92 X 10-08 0.2
2 50 70 7.28 X 10-00

3 70 100 2.39 X 1.0-09 1.51 X 10-09 1.34 X lO-09 -0.66
4 100 150 7.06 x lO-lO 1.26 X lO-09 4.4(i X 10-10 1.25
5 150 300 1.27 x lO-ID

6 :300 500 1.76 x lO-ll

7 500 1000 2.6:3 x 10-12

8 1000 2000 2.82 X 10-13

9 2000 4000 3.03 X 10-14

lO 4000 lOOOO 2.40 X lO-15

SEC .11300-4406 1 30 50 3.21 X 10._.08 5.20 X 10--08 2.77 X 10-08 0.72
2 50 70 8.58 X 10-09 8.17 X 10-09 5.00 X 10-09 -0.08
:3 70 lOO 2.f)7 X lO-09 2.67 X lO-09 1.26 X 10-09 -0.24
4 100 150 9.26 x lO-lO 9.83 X 10-10 4 ..30 X 10-10 0.13
5 150 300 1.79 x lO-lO 1.48 X 10-10 9.03 X 10-11 -0.35
(i 300 500 2.74 X lO-Jl

7 500 1000 4.44 X 10-12 1.00 X lO-ll 7.56 X 10-12 0.74

8 1000 2000 5.29 X 10--13 3.45 X 10--12 2.21 X 10--12 1.32
9 2000 4000 6.31 X lO-14

10 4000 10000 5.59 X 10- ..15

3EC J1659-6251 30 50 5.04 X 10-08

2 50 70 1.53 X 10-08 1.95 X 10-08 6.88 X 10-0(1 0.62

3 70 100 5.82 X 10-09 7.67 X 1.0-09 1.84 X 10-09

4 100 150 2.02 x 1O-0!) 1.20 X 10-09 6.22 X lO-lO -1.32
5 150 300 4.50 x lO-lO 4.61 X 10-10 1.50 X 10-10 O.Oi
6 300 500 8.25 X lO-ll 1.52 X lO-lO 5.41 X 10-11 1.29
7 500 1000 1.57 X lO-ll 1.91 X lO-II 1.32 X 10-11 0.25
8 1000 2000 2.28 X 10-12

9 2000 4000 s.si x 10-13

10 4000 10000 3.63 X 10-14

SEC .1170.9-0828 :~O 50 3.96 x lO-08

2 50 70 1..1.7X 10-08 9.54 X 1.0-09 7.70 X 10-09 -0.28
3 70 100 4.37 X 10-09 4.29 X 10-09 2.15 X 1O-0!) -0.04
4 100 150 1.48 x 10-09 2.02 X 10-09 7.10 X 10-10 0.75

5 150 :300 :3.21 x lO-lO 3.4(i X 10-10 1.45 X lO-lO 0.18
6 300 500 5.66 X lO-ll

7 500 1000 1.04 X 1O-JI

8 lOOD 2000 1.45 x 10-12

9 2000 4000 2.02 X 10-13

10 4000 10000 2.12 X 10-14 4.79 X 10--13 5.48 X 1O-1~1 0.83

(*): Photon cm 2 s 1 MeV .1 (**): x = Ob.flux ModelAux
, Error

Table 4.21: EGRET l'-ray data of the selected sources (continued).
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Source name Channel Ernin e-;, Model Aux Obs Aux Error X
MeY MeY (*) (*) (*) (**)

!lEG J1800-0146 1 :-10 50 5.04 x lO-08

2 50 70 1.53 X 10--08 1..95 X 10-08 6.SS x 10-00 0.62
3 70 100 5.S2 X lO-Of' 7.67 x lO-ou 1..84 X 10-09

4 100 150 2.02 x lO-00 l.20 X lO-09 6.22 X 10-10 .r.az
5 1.50 300 4..50 x 10-10 4.61 X 10-10 1.50 X 10-10 0.07
6 aoo 500 8.2.5 x 10-11 1.52 X lO-lO 5.41 X 10-11 1.29
7 500 1000 1..57 X 10-11 1.91 X 10-11 1.32 X 10-11 0.25
8 1000 2000 2.28 X 10-12

9 2000 4000 3.31 x lO-I:!

10 4000 10000 :-1.6:-1x lO-14

3.EG J181.'1-641.9 30 50 3.96 X 10-.08

2 50 70 1.17xlO-08 9.54 x lO-ou 7.70 X 10-09 -0.28
a 70 100 4.:H x lO-09 4.29 X 10-09 2.15 X lO-09 -0.04
4 100 150 1.48 x 10-09 2.02 X 10-09 7.10 X 10-10 0.75
5 150 :300 3.21 x 10-10 a.46 x 10-10 1.45 X 10-10 0.18
6 :-100 500 5.66 x lO-lJ

7 500 1000 1.04 X 10-11

8 1000 2000 1.45 X 10._.12

9 2000 4000 2.02 X lO-13

10 4000 10000 2.12 X 10-14 4.79 x 10-1:) 5.48 X 10-13 0.83
JEG J1822+1641 30 50 2.92 X 10-08 a.52 x 10-08 2.92 x 10-08 0.2

2 50 70 7.28 X lO-09

3 70 100 2.39 X 10-09 1..51 X 10-09 1.34 X 10-09 -0.66
4 100 150 7.06 x 10-10 1.26 x 10-00 4.46 X 10-10 1..25

5 150 :-lOO 1.27 x lO-lO

6 aoo 500 1.76xlO-11

7 500 1000 2.63 X 10-12

8 1000 2000 2.82 X 10-13

9 2000 4000 3.0a x 10-14

10 4000 10000 2.40 X 10-15

:lEG .]1824+3441 1 :-10 50 2.67 x lO-ou

2 50 70 l.13 X 10-09

3 70 100 5.58 X 10-10

4 100 150 2.57 x 10-10 4.18 X 10-10 3.95 X lO-lO 0.41

5 150 300 8.42 x 10-11

6 300 500 2.48 X 10-11

7 500 1000 7.28 X 10-12 2.19 X 10-11 1.07 X 10-11 1.37

8 lOOO 2000 l.78 X 10-12 a.76 x lO-12 2.88 X 10-12 0.6~)

9 2000 4000 4 ..35 X 10-13

10 4000 10000 8.47 X 10-14

(*): Photon cm-2 s 1 MeY 1 (**): X = Obs Hux Model Aux
Error

Table 4.21: EGRET ')'-ray data of the selected sources (continued).

4.4.1.2 Fermi-LAT data

Details on the Fermi-LAT were discussed in Chapter 3 of this thesis. As mentioned in that
chapter, the Ferrni-LAT is a pair-conversion /,-ray telescope sensitive to photon energies between
20 Me'V and 300 GeV. Launched OIl l1 June 2008, Fenni-LAT started to collect high energy /,-ray
photons on 4 August 2008. The Fermi data are made public on a daily basis and can be accessed
online at the official website of Fermi Science support center (http://fermi.gsfc.nasa.gov/

cgi -bin/ssc/LAT /LATDataQuery. cgi). Results on the sources detected during the first 11
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months of operation were released in February 2010, in the form of the First Fermi Gamma-Ray
Large Area Telescope Catalogue (lFGL) (http://fermi .gsfc. nasa. gOY/ssc/data/access/
lat/lyr\_catalog/). Four sources in our sample of study were detected. These arc IFGL
,10724.7-4714, 1FCL J1304.8-4352, 1FCL J1702. 7-6217 and 1FCL .11708.4-0755, counterparts
of 8EC J0724-4713, 3EC J1300-4406 , 3EC J1659-6251 and 3EC J1709-0828 respectively.

The data. analysed for these sources and in general for sources in the IFGL catalogue were
obtained during 4 August 2008 4 July 2009 (LAT runs 239557414 through 268411953, where
the numbers refer to the Mission Elapsed Time UvIET) in seconds since 00:00 UTC 011 1 January
2001, at the start of the data acquisition runs). During most of this time Fermi was operating
in sky-scanning survey mode (viewing direction rocking 35° north and south of the zenith on
alternate orbits).

To minimize systematic errors, only photons with energies greater than 100 MeV were con-
sidered in the analysis. In order to avoid contamination from Earth limb gamma-rays, a selection
on the zenith angle, < 105, was applied. This ana.lysis was performed with the standard analysis
tool, gtlike, part of the Fermi-LATScience Tools software package (version v9r12). Photons were
selected in circular Region of Interest (ROl) centred at the positions of the sources of interest.
Figures 4.15,4.16,4.17 and 4.18 show the 12 degree-radius Region ofInterests (ROls) around the
selected objects.

The ROl was obtained using gtselect, followed by qimkiirru: of the FeTmi-LAT tools. qiselect

is applied to a list of input files of the raw event data file and creates a new FITS file of selected
rows based on specified cuts that are applied to each row of the input files.. The selection involves
mainly the type of event-class which is diffuse in this case, the time range (start time and end
time of the target observation) and the energy range (between 100 MeVand 100 GeV). The
qtmktime tool is used to read the spacecraft data file and, based on specified cuts, creates a
set of Good Time Intervals (GTls). These are time ranges when the data can be considered
valid. Briefly, GTIs are lists of times that the LAT was collecting good data over the time range
selected. All events outside this new set of GTI are removed from the file. The gtmktime tool is
finally applied to event data selected using gtselect and by default the event data will be filtered
according to the GTIs that are created. The default is to select times when the spacecraft is not
in the South Atlantic Anomaly (SAA).

It can be seen that the regions display bright caps at the top (when b < 0) or at the bottom
when (b > 0). These bright regions are diffuse galactic background '}'-rays. Different analyses
were performed by fitting the spectra with various models over the whole energy range covered
by the LAT above 100 MeV, or with a power-law model over equa.lly spaced logarithmic energy
bins (where the spectral index was kept constant and equal to the value fitted over the whole
range). Results are presented in Table 4.22. More on Fermi Science Data Analysis Tools can be
found at http://fermi .gsfc. nasa. gov/ssc/data/analysis/documentation/Cicerone/.
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Figure 4.15: Regions of Interest (ROl) centred at 3EC J0724-4713. It can be een that as b < 0°, th ,-ray
galactic diffu e emission contributes towards the North of the ROL
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(a) 3EC J0724-4713 (b=-14.32°)

(b) 3EC J0724-4713 (zoom-in of the ROl)
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Figure 4.16: Regions of Interest (ROl) centred at 3EC J1300-4406 . It can be seen ab> 0°, the ,-ray galactic
diffu emission contributes towards the outh of th ROL
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Figure 4.17: Regions of Intere t c ntred at SEC J1659-6251. It can be seen that for targ t with b < 0°, the
-y-ray galactic diffu e ernis ion contributes towards the orth of the ROL

(a) SEC J1659-6251 (b=-12.400)

(b) SEC J1659-625 (zoom-in of the RaJ)
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Figure 4.18: Regions of Interest centr cl at 3EG J1709-0828. It can be een that ab> 00, the -y-ray galactic
diffuse emi sion contributes t wards the South of the ROL

Ol! 20
Cl
II
:!!.
lJ

II

"E -20
!
u

ti -40.,
ai
Cl

80

60

40

-80

50 100 150 200 250 300 350
Galactic longitude I (degrees)

(a) 3EG J1709-0828 (b=l .7.400)

(b) 3EG J1709-0828 (zoom-in of the RaJ)

119



Parameters Units Sources
:mC_Namc (1) .70724-4714 J1.'jOO-44 06 .71659-6212 JJ709-0828

IFGLNarne (2) J0724· 7-4714 .71304·3-4352 J.1702. 7- 6217 JI708·4-0755

R.A (:3) deg Ill.OO 1!)6.09 256.00 257.00

DEC (4) cleg -47.20 -43.87 -62.30 -7.92

I (5) cleg 25B.OO :'~05.a9 :~28.00 I:'UO

b (6) cleg -14.32 18.94 -12.40 18.67
Flux_j)ensity (7) (XlO-12) photon/cm2/1'vleV/s 2.l6±0.45 1.43±0.1.5 7.08±0.1l 7.66±0.1l

SpcctraUnclex (8) 2.45±0.lG 2.05±O.O8 2.54±O.Ia 2.55±O.12
FluxlOOO (!j) (xl()-D) photon/crn2 Is O.8l±O.:i6 :Hi9±O.47 1.2l±0.41 Uil±O.44
Energy.Flux (10) (XIO-ll) crg/cm2/s 1.lO±0.38 3.45±0.62 1.75±0.48 2.37±0.45
Curvature_Index (Il) 1.79 1.18 2.98 1.04
FluxlO(LaOO (12) (x 10-9) photon/crn2 Is 8:'U3 54.70 55.08 50. 70±1:~. 70
SqrLTSlOO_300 (13) 1.20 1.09 2.30 3.76
Flux300_l000 (14) (x 10-9) photon/cm/ Is 5.59±1.5:2 7.60±1.76 6.14±1.74 7.36±2.l4
JTS:~()(LlOOO (l.5) 3.99 4.77 a.82 :~.62

FltlxlOOO_3000 (16) (x 10-9) photou/cmê Is 1.38 2.6l±0.43 1.13±0.38 1.36±0.41

JTSI000-3000 (17) 3.00 9.82 3.62 4.28
Flux:'~000_10000 (18) (x 10-9) photou/cm'' Is 0.28 O.86±O.20 0.22 0.55
JTS3000_10000 (19) 1.62 9.3f, 3.09
FluxlOOOO_lOOOOO(20) (x 10-9) photon/cm- Is 0.16 0.22±0.09 0.26 0.11

JTSlOOOO_100000 (21) 2.21 7.29 2.97

Variability.Jndcx (22) 11.70 8.63 11.80 12.30
Flux.History (23) (x10-S) photon/cm2/s O.80±2.05 3.70±1.27 3.55±2.58 3.10±2.98

2.28±1.80 3.49±1.31 U)4±2.26 5.88±3.13
:~.26±2.14 3.07±l.lO 5.45±2.85 1:~.20±3.14
0.62±1.67 3.2l±1.29 7.72±2.42 5.4l±2.88
1.92±1.62 2.17±1.05 6.94±2.98 2.02±2.52

0.00±1.55 4.52±1.42 3.57±2.71 6.54±2.98

5.17±2.23 6.73±1.40 1.96±2.38 6.20±2.86

2.18±1.98 4.71±1.55 2.09±2.53 3.4l±2.79

5.64±2.00 4.15±L'31 8.50±2.41 6.5l±3.17

0.39±2.08 2.70±1.51 1.34±2.15 5.56±2.81

5.28±1.94 3.89±1.36 7.1l±2.86 0.63±2.77

CHAPTER 4. Multi-wavelength Observations and Data Analysis

Table 4.22: Fermi-IiA'T observations of 4 selected sources (Abdo et al. 20l0a). (1) and (2): add 3EG and
lFGL resepectively to get the complete source names. (3) and (4): Right Ascension (J2000)
and Declination (J2000). (5) and (6): Galactic Longitude and Galactic Latitude (ï): Differential
photon flux derived for 100 M.eV-IOO GeV. (8): Photon number power-law index derived from for
100 MeV-lOO GeV. (9): Photon flux for 1 GeV-IOO GeV obtained by summing the photon flux
values in the three bands from 1 GeV to 100 GeV. (10): Energy flux from 100 MeV to 100 GeV
obtained by summing the energy values in the five bands (11): Result ofaX2 test of the photon
fluxes in the five bands against the predicted fluxes in those bands as derived from the best-fit
power law for 100 MeV-lOO GeV. A value greater than 11.34 indicates less than 1% chance that
the power-law spectrum is a good fit lo the 5-balld Iluxes, (12 and 13, 14 and 15, 16 and 17, 18
and 19, 20 and 21): Integral photon Iluxes, and the VTS in the bands 100 to 300 MeV, 300 to
1000 MeV, 1000 to 3000 MeV, 3000 to 10000 MeV andlOOOO to 10000 .J\I1.eVrespectively with fixed
photon power-law index from the 100 MeV-lOO GeV fit. (22): Result of X2 test of deviations of the
flux in 11 time Intervals from a flat light cutve over the full Ll-rnonth catalogue interval. A value
greater than 23.21 indicates less than 1% chance of being a steady source. (23): Integral fiuxes and
uncertainties from 100 :MeV to 100 GeV in each of the 11 time intervals of the 11 month.
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CHAPTER 4. Multi-wavelength Observations and Data Analysis

4.4.1.3 Gamma-ray spectra of the sources

Figure 4.19 show the gamma-ray spectra of th elected EGRET ources plotted u ing the
EGRET data in Table 4.21 combined with the F rmi data in Table 4.22. Red dots with Y-
errorbar represent EGRET data from 20 MeV to 10 GeV. Blue dots with Y-errorbar in four
sourc 3EG J0724-4713, 3EG J1300-4406, 3EG J1659-6251, 3EG J1709-0 28 represent Fermi-
LA T data for these after 11 months of Fermi op ration. The green straight lin is the fitted
power-law on the data. In the bottom panels, residual (.6.:) with respect to the fitted power-law
model are repre nted.

(a) 3EC J0159-3603

Figure 4.19: Gamma-ray spectra of the selected ECRETsources. Red dots with Y-errorbars represent ECRET
data from 20 MeV to 10 GeV. Blue square with Y-errorbars in four sources 3EC J0724-4713,
3EC J1300-4406, 3EC J1659-6251, 3EC J1709-0828 repre ent Fermi-LATdata for the e sources
after 11 months of operation. The green straight line is the fitted power-law on the data. In the
bottom panels, residual e~:)with re peet to the fitted power-law model are repr .ented.
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Figure 4.19: Gamma-ray spectra of the selected EGRET sources. Red dots with Y-errorbars r present EGRET
data from 20 MeV to 10 GeV. Blue dots with Y-errorbars in four source 3EG J0724-4713, 3EG
J1300-4406, 3EG J1659-6251, 3EG J1709-0828 represent Fermi-LAT data for these source after
11 month· of operati n. The green straight line is the fitted power-law on the data. In th bottom
pan I, r siduals (6;) with respect to the fitted power-law mod Iare repres nt d (continued).
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Figure 4.19: Gamma-ray spectra of the select d ECRETsources. Red dot with Y-errorbar represent ECRET
data from 20 M V to 10 GeV. Blu dots with Y-errorbar in four sourc 3EC J0724-4713, 3EC
J1300-4406, 3EC J1659-6251, 3EC J1709-0828 repr nt Fermi-LATdata for the e sourc s after
11 months of op ration. The gre n traight lino is the fitted power-law on th data. In the bottom
panels, re iduals (I~:)with respect to the fitted pow r-Iaw model are repre ented (c ntinued).

(d) 3EC J0706-3837

(e) 3EC J0724-4713
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(f) 3EG J0821-5814
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Figure 4.19: Gamma-ray spectra of the sel cted EGRET source . R d dots with Y-errorbars represent EGRET
data from 20 MeV to 10 GeV. Blue dots with Y-errorbars in four sources 3EG J0724-4713, 3EG
J1300-4406, 3EG J1659-6251, 3EG J1709-0828 repr . nt Fermi-LAT data for these sources after
11 months of operation. The green straight lin is th fitted power-law on the data. In the bottom
panels, residual (6:) with r speet to the Rtt d power-law mod Iare repres nted (continued).
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Figure 4.19: Gamma-ray spectra of the sel cted ECRETsources. Red dots with Y-errorbars represent ECRET
data from 20 MeV to 10 GeV. Blue dots with Y-errorbars in four sources 3EC J0724-4713, 3EC
J1300-4406, 3EC J1659-6251, 3EC J1709-0828 represent Fermi-LAT data for these sources after
11 months of operation. The green straight line is th fitted power-law on the data. In the bottom
panels, residuals (Ll.t) with respect to the fitted power-law model are represented (continued).
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Figure 4.19: Gamma-ray spectra of the selected ECRETsources. Red dots with Y-errorbars represent ECRET
data from 20 MeV to 10 GeV. Blue dots with Y-errorbars in four sources 3EC J0724-4713, 3EC
J1300-4406, 3EC J1659-6251, 3EC J1709-0828 represent Fermi-LAT data for the e sources after
11 months of operation. The green straight line is the fitted power-law on the data. In the bottom
panels, residuals (~:) with respect to the fitted power-law model arc represented (continued).
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(1) 3EG J1822+1641
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Figure 4.19: Gamma-ray spectra of th elected EGRET ource. R d dots with Y-errorbars represent EGRET
data from 20 MeV to 10 GeV. Blue dot· with Y-errorbars in four ourc s 3EG J0724-4713, 3EG
J1300-4406, 3EG J1659-6251, 3EG J1709-0828 represent Fermi-LATdata for these source after
11 months of operation. The green straight lin is the fitted power-law on the data. In the bottom
panels, residuals e::.;) with respect to the fitted power-law model ar r presented (continued).
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Except for the source 3EG 10702-6212, a single power-law model (represented by a green

straight line on log-log scale) is the best fit for the data. in the EGRET energy range. However,

the energy fluxcs predicted by single power-law models are below tbc observed data for photons

with energy above 1 GeV. This was reported in (Stecker et al. 2008) as an apparent excess of

gamma-rays above 1GeV over what models predict. Several ideas, including contributions from

dark matter annihilation and systematic errors in the data caused by an incorrect instrument

response function have been proposed as possible explanations for this excess. Consequently all

the EGRET fiuxes above 1 GeV can be taken as upper limits.

Above 1 GeV (particularly for the sources detected by Fermi-LA'T in its first 11months of

operation), data show a turnover with a positive slope. The turnover generally is interpreted as

the transition between two different modes of emission, or emission coming from two different

regions.

4.4.1.4 Blazar subclasses in the sample

The spectral index from the single power-law models over the sample of the selected sources

ranges from 2.03 (3EG 11824+3441) to 3.2 (3EG 10821-5814). The recent classification based

on 11 months of Fermi LAT data (Abdo et al. 2010a), associates different BL Lac subclasses

to distinct photon index distributions (see Table 1.1). Flat spectrum radio Quasars (FSRQs),

Low Synchrotron Peaked BL Lacs (LSP-BL Lacs), Intermediate Synchrotron Peaked BL Lacs

(ISP-BL Lacs) and High Synchrotron Peaked BL Lacs (HSP-BL Lacs) have an average of the

photon index 2.46 ± 0.18,2.21 ± 0.16,2.13 ± 0.17 and 1.86 ± 0.17 respectively.

Using the same classification, it appears that only one11 source 3EG 10706-3837, is classified

as L- or ISP-BL Lacs while the rest correspond to FSRQs (Figure 4.20). It is therefore promising

that the ,'-ray spectral indices of the selected 13 EGRET sources display properties that are
reconcilable with extra-galactic sources like blazars, and justify more detailed investigation.

ll-:r:he second source, 3EC J1824+3441, which is falling in this category was classified as a FSRQ (e.g. Véron-
Cetty and Véron (2001) and Zha.ng et, a.l. (1998))
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Figure 4.20: Distribution of the photon index in the sampl.

4.4.1.5 'Y-ray light curves

4.4.1.5.1 'Y-ray light curves with EGRET

One mean of determining ource class is the tudy of flux variability on time cales of days and
even horter periods of time. For accretion-driven ystem like AG s, the rapid flux change
and large isotropic luminosity are consistent with an assumption that the gamma-ray emission
is b amed, which is one of the characterstics of blazars which are known to be highly vari-
able (Mattox et al. 1997). However, on timescal s of f"V 1 day, other 'Y-ray source like pulsars
are believed to be stable (Ramanamurthy et al. 1995).

Although many instance of flaring active gala ti nuclei have been reported, th EGRET
database has not been systematically searched for occurr nee of short-time cale (f"V 1 day)
variability. Thi is due to the fact that the EGRET was in apable of re olving variation on
timescal shorter than f"V 1 w k (Mattox et al. 1997), i.. the tatistics of th data are very
limiting, e pe ially for th 1 day light curves. In fa t, EGRET was sensitive to only the most
dramati hort-term variation in flux (Mattox et al. 1997). On th other hand, much of the
data i subject to large statistical uncertainties.
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To justify the variability, data have to be significant. enough. A minimum of 40" over all
single or combination periods is suggested (Wallaco et al. 2000), which is unlikely for most of
the unidentified EGRET faint sources, where in some single or combination viewing period the
average standard deviation (0") falls slightly below 2. However, it is possible for a source to
display a short-duration significance well above that of the entire viewing period. This is almost
always true for flaring sources. For most of the selected sources, the overall detection during
their viewing periods falls below the minimum required to justify the presence of variability in
the data, but it cannot be ruled out that they possibly have short-duration excesses above that
value.

Figure 4.21 shows the light curves of the selected sources. The vertical error bars indicate
the ranges of the 68% confidence flux estimates. In the lower panel of each figure, the square
root of the test statistics (equivalent. to the well-known 0",which indicates the level of statistical
significance of the detection) is plotted.

In the EGRET data, results with .JTS = 2 are considered to be significant. In upper panels,
the average of the fluxes were plotted for the full effective EGRET observing period that is the
sum of the 4 cycles (P1234). It appears that most of the significant measurements are above the
averages. This suggests that EGRET was sensitive only to flare events. In fact, EGRET was not
able to detect many high-energy gamma-ray sources, which remained quiet during its viewing
period, and some were observed by the Cherenkov telescopes before Fermi came online. During
11 months of operation, Fermi has already detected 1079 (about 4 times the number detected
by EGRET) objects emitting above 100 MeV.
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Figure 4.21: -y-ray light curve of the selected sources from EGRET ob rvations. For all light curves, th
dashed lines indicate the average flux for the viewing period. The vertical bars indicate the range
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4.4.1.5.2 Gamma-ray light curves with Fermi-LAT

Variability is very common in ,-ray sources (more g n rally in accreting systems) as a re ult of
a non-uniform injection rate of particles in the acceleration r gion. Many AG are een to flare
dramatically over period of months and years. Howev r, known pulsar are quite steady, while
most of the blazars are highly variable. The study of th variability of the unidentified EGRET
sources i therefore relevant.

Figure 4.22 presents the light curves of 3EG J0724-4713 (1FGL J0724.4-4714), 3EG J1300-
4406 (1FGL J1304·3-4352), 3EG J1659-6212 (1FGL J1702. 7-6211) and 3EG J1709-0828 (1FGL
J1708.4-0755), plotted u ing the data collected from the fir t 11 months (between 4 August 200
and 4 July 2009) of Fermi ob ervation (lFGL catalogue). The fluxes have been integrated from
100 MeV to 100 GeV using power-law fits and the error bars to indicate the 1 (Y tatistical errors.
Th full 11 months' tim interval is split into 11 qual intervals of about one month each (30.37
day). Apparently, none of these four ources are seen to be variable even by simply considering
the I v I of statistical uncertainty. For quantification, the catalogue has defined a variability
index as

(4.6)
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where i run over the 11 intervals, fT'el = 3o/cis the r lative systematic uncertainty appli d to
each flux Ei and (Ii is the statistical uncertainty in Pi' A source is interpreted to be variable if
V > 23.21. How ver, it has been reported that thi criterion is not sensitive to relative variations
8; smaller than 60% at (I = 10. This limit goes down to 20% as (I increases to 33. This is not
an indication that fainter sources are les' variable than brighter ones, but imply a failure of
measuring their variability. The variability indices of these sources are, respectively, 11.70,8.63,
11.80 and 12.30.
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Figure 4.22: Light curves of 3EC J0724-4713 (1FCL J0724.4-4714), 3EC J1300-4406 (1FCL J1304.3-4352),
3EC J1659-6251 (lFCL J1702.7-6211) and 3EC J1709-0828 (1FCL J1708.4-0755) plotted using
the data of the first 11 months (between 4 August 2008 and 4 July 2009) of Fermi observations
as reported in the 1FCL catalogue. The fiuxes are integrations from 100 MeV to 100 GeV using
power-law fits and the error bars indicate the 1 (J statistical errors.
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Figure 4.22: Light curves of 3EG J0724-4713 (1FGL J0724.4-4714), 3EG J1300-4406 (1FGL J1304.3-4352),
3EG J1659-6251 (1FGL J1702.7-(211) and 3EG J1709-0828 (lFGL J1708.4-0755) plotted using
the data of the fir L 11 months (betwen 4 Augu t 200 and 4 July 2009) of Fermi observations
as reported in the 1FCL catalogue. The fluxe are int grations from 100 MeV to 100 G V using
pow r-law fits and the error bar indicate th 1 (7 statistical error (continued).
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Figure 4.22: Light curves of 3EC J0724-4713 (1FCL J0724.4-4714), 3EC J1300-4406 (lFCL J1304.3-4352),
3EC J1659-6251 (lFCL J1702.7-6211) and 3EC J1709-0828 (1FCL J1708.4-075$) plotted using
the data of the first 11 months (between 4 Augu t 200 and 4 July 2009) of Fermi observations
as reported in the 1FCL catalogue. The fiuxes arc integrations from 100 MeV to 100 GeV using
power-law fits and th error bar indicate the 1 a stati tical errors (continued).

4.4.2 X-ray data

Th knowledge of the X-ray properties is of special relevance, because in thi band both the
synchrotron and inverse Compton proces es can contribute significantly to th emis ion. The
synchrotron emission is expected to produce a steep continuum in this band while the inverse
Compton process hould give ri e to a flat compon nt (a ~ 1, rising in a I/Fv plot). Therefore
the hape of the X-ray spectrum can give a valuable hint for disentangling the two components
and inferring the respective p ak frequencies (Fossati et al. 1998), i.e. the X-ray data help in
th elas ification of the sourc .

The X-ray fluxe of some of the elected sources wer obtained from the online catalogues
of the thr e X-ray satellites i.e. the Roentgen Satellite (ROSAT) (0-2 keY, 1 count= 6x 10-12

erg.cm=ê}, th European Space Agency (ESA)' X-ray Multi-Mirror Mission (XMM-Newton)
(0.2 12 k V) and the S cond High Energy Astrophysical Observatory (HEAO-2) (0.15 20 keY)
named Einstein aft r launch. Table 4.23 gives the energy-fluxes observed for th e ources.
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Source Photon energy Frequency vF" Uncertainty Reference
(keV) (Hz) (Wm-2) (Wm-2)

ROSAT (0-2 keV)
BEG J0500+2502 1.00 2.42 x 1017 1.32 X 10-16 (Rosat 2000)

2 BEG J0706-B8B7 1.00 2.42 x 1017 2.95 X 10-16 7.55 X 10-17 (Voges et al. 2000)
3 BEG J0821-5814 1.34 3.25 x 1017 1.24 X 10-14 1.24 X 10-15 (Voges et al. 1999)

4 BEG J1824+B441 1.00 2.42 x 1017 8.20 X 10-17 (Flesch and Hardcastle 2004)
Einstein (HEAO-2) (0.15-20 keY)

3EG J0500+2509 2.00 4.84 x 1017 1.60 X 10-16 5.03 X 10-17 (Feigelson and Berg 1983)
XMM-Newton (0.2-12 keY)

1 BEG J0821-5814 7.01 1.70 x 1018 3.64 X 10-15 (Saxton et al. 2008)

Table 4.23: X-ray data of the selected sources.

4.4.3 IR data

The infrared emission in blazars is believed to be dominated by highly beamed synchrotron
radiation from a relativistic jet. For most of the high-luminosity blazars (e.g. FSRQs and
LBLs), the synchrotron energy output peaks in the infrared wavelengths. The synchrotron IR
photons contribute to the SSC process when they are inverse Compton scattered to "'Iray energies
by the synchrotron emitting electrons.

Additional (thermal) infrared emission in some FSRQs may originate in a dust torus, lying at
hundreds of parsecs (e.g. Haas et al. (1998) and Meisenheimer et al. (2001)) and heated by the
radiation from the disk. Such infrared photons are likely to be targets for the jet's relativistic
electrons in the external Compton scattering process producing high energy "'I-rayemission.

The infrared spectrum resulting from the synchrotron emission is expected to be a smooth
continuation of the radio spectrum (on the SED representation). Therefore, the infrared spectral
shape is vital to constrain models of the broadband emission in high-energy "'I-ray blazars by
characterizing the physical parameters of the relativistic charged particles which do the scattering
(Terebey et al. 2002).

Two important infrared surveys, the lRAS survey (Mid and Far Infrared (MlR & FIR): 12-
100 Illn) and the 2MASS survey (Near Infrared (NIR): 1.2-2.2 j.tm) have been used to search for
the infrared counterparts of the selected EGRET sources. Due to their large angular resolution
between 0.5 arcminute to 2 arcminutes, most of the lRAS counterpart candidates could not be
reliable. In fact, the positions of the nearest IRAS sources compared to the positions of the radio
counterparts could lead to an offset of several arcminutes. Most of the sources were eliminated
by the fact that their fluxes don't match (smooth transition on the SED) with other data from
close wavelengths particularly for the NIR and Optical. Only IRAS 16588-6207 (e.g. Table 4.24)
could fulfill this condition and therefore was selected as a counterpart of 3EG J1659-6251.

However, 2MASS (Skrutskie et al. 2006), with much better angular resolution of 2 arcseconds,
provided most of the NIR counterparts of the EGRET selected sources. The NIR fluxes in J (1.2
j.tm), H (1.6 j.tm) and K (2.2 j.tm) bands obtained from some of the selected sources are given in
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IR.AS name R.A Dcc ~'Iux_12/Hn FIux_251'.rn Flllx_BO/JHl Flux_lOOp.lIl Search Offset,
(cleg) (deg) (Jy) (.Jy) (Jy) (Jy) (arcmin)

lRAS 16588-(i207 255.87 -62.2 0.25 0.25 0.45 :3.41 1.032 (17 03 :37 -62 12 38)

Table 4.25.

Table 4.24: TRAS point source counterpart of 3EG J1659-6251. Source of the data: IRAS online catalogue of
point sources.

No Name Near Infrared i/F; (YAlm-2) with 2MASS
Source J H K Reference

1.235 j.I.m 1.662 lml 2.159 fl;)ll

(2.425x1014 Hz) (1.805 X 1014 Hz) (1.389xIQI4 Hz)

1 3EC J0500+2502 - 4.40 x lO-016 1.04 X lO-015 (Lebofsky 1981)
2 3EC J0706-3837 6.41 x 10-015 4.62 X 10-015 5.59 X 10-O15 (Skrutskie et al. 2006)

3 3EC J0821-5814 6.00 x 10-014 5.73 X 10-014 3.66 X 10-014 (Skrutskie et al. 2006)
4 3EC J1659-6251 2.80 x 10-015 5.40 X 10-015 8.60 X lO-015 (Skrutskie et al. 2(06)

5 3EC J1800-0146 1.37 x 10-011 1.70 X lO-DIl 1.50 X 10-Oll (Zacharias et al. 2005)

6 SEC J1813-6419 6.72 x 10-016 1.85 X 1O-1l15 2.69 X 10-015 (Zacharias et al. 2005)
7 3EC J1822+1641 8.03 x 10-016 1.03 X 10-015 2.20 X 10-015 (Zacharias et al 2005)
8 SEC J1824+S441 5.94 x 10-016 5.72 X 10-016 1.06 X 10-015 (Zacharias et al. 2005)

Table 4.25: Near Infrared data for the selected sources.

4.5 Speenral Ene:rgy Distributions of the selected sources

Both current theoretical models and observations suggest that the broadband spectral emission
of blazars consists of two distinctive components: (a) the low-energy component which is the
result of synchrotron radiation of a beam of relativistic particles and which peaks in the IR to
soft X-ray region, and (b) a high-energy component, which is the result of inverse Compton
scattering of the same beam of relativistic particles off ambient. synchrotron-produced photons
in the jet or external photons, which peaks in the I'vIeV-GeV-TeV region.

In these models, the ,-ray spectral index should be correlated with the location of the low-
energy peak, with flatter gamma-ray spectra expected for blazars with synchrotron peaks at
higher photon energies and vice-versa (Maraschi and Tavecchio 2001). In the next chapter using
the homogeneous model, this correlation of these two components will be examined on the sample
of EGRET-detected sources. Figure 4.23 shows the Spectral Energy Distributions (SEDs) of all
the selected sources plotted using all the data collected on the objects.
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Figure 4.23: Spectral Energy Distributions of the selected EGRET sources. Red dots repre ent th data col-
lected or reduc d from online catalogues and archive. Data obtained from observation u ing local
telescopes are represented by blue squares (Radio data from the 26-m HartRAO radio telescope).
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Figure 4.23: Spectral Energy Distributions of the selected EGRET sources (continued). Red dots re pr nt the
data colle ted or reduced from online catalogues and archive . Data obtained from observations
using local telescopes are repr ented by blue square (Radio data from the 26-m HartRAO radio
telescop ), green squares (Opti al data from SALT), purple [rose-pink] squares (Optical data from
the l.g-m SAAO tele cope) and aqua [blue-green] square (Optical data from the l.O-m SAAO
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Figure 4.23: Spectral Energy Di tributions of the elected EGRET sources (continued). Red dots repre ent the
data collected or reduced from online .atalogues and archive . Data obtained from observations
using local telescopes are represented by blue squar (Radio data from the 26-m HartRAO radio
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Figure 4.23: Spectral Energy Distributions of the selected ECRETsource (continued). Red dots represent the
data collected or reduced from online catalogues and archives. Data obtained from observations
using local tel s op are represented by blue quare (Radio data from the 26-m HartRAO radio
telescope) .
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Figure 4.23: Spectral Energy Distributions of the selected EGRET sources (continued). Red dots repre ent the
data collected or reduced from online catalogues and archives. Data obtained from observations
using local telescopes are represented by blue squares (Radio data from the 26-m HartRAO radio
telescope).
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Figure 4.23: Spectral Energy Distributions of the selected EGRET sources (continued). Red dots represent the
data collected or reduced from online catalogues and archives. Data obtained from observations
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Figure 4.23: Spectral Energy Di itributions of the selected EGRET ources (continued) . Red dots r present the
data coll cted or r duced from online catalogue and archives. Data obtained from ob ervation
using local telescop s are repres nted by blue squares (Radio data from the 26-m HartRAO radio
tele cope).

To xamine the correlation btween the low-energy and high-energy peaks in the SED12 using
the data is challenging as this ideally needs to match these two peaks over broad en rgy ranges
that cover ub tantial segments of the spectrum. G neral challenge that are pr sent in the
existing data are the following:

• Due to effects of self-ab orption and inhomogeneity in the outer part of the jets, radio to
mm fl.uxes of the selected sources do not match the SED of the synchrotron s lf-Compton
model of beam d ynchrotron and inverse Compton cattering from the ame population
of electrons. However, thi result i not surprising. In fact, by comparing with the spectra
of typical blazars giv n in Figure 1.8, it can be een that the low-energy radio emission
is uncorrelated with the ynchrotron self-Compton SED. Thi i particularly noticeable in
3 279 (FSRQ), BL Lacertae (LBL) and in Mrk 501 (HBL).

• The isolated thermal IR- IR data in som source, sugge t an additional high luminous

12The Spectral Energy Di tribulion (SED) of typical blazars (e.g. Figure 1.8) pre cnts two p aks: the low-
energy p ak repr enting the ynchrotron emi ion (located in IR-Optical) and th high-energy peak repre nting
the inv rse Compton scattering emission (located in the high-energy gamma-ray band).
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o In Section 4.4.2 the importance of X-ray data was mentioned in helping to disentangle the
synchrotron and the inverse Compton emissions on the source SEDs. Unfortunately, from
the sample of this study, few sources have X-ray data. and in most of the cases where the
X-ray data exist, the latter were not pointed observations, but transient, presumably not
allowing for an to estimation of a reliable X-ray spectral index.

However, it has been noted that the "(-ray data from EGRET are on the steep side of the
inverse Compton scattering part. In some cases, where the "(-ray data from Fermi-LAT marks
a turnover, a second mode of emission has been suggested which is most likely the External
Compton component.

The interpretation of the observed Spectral Energy Distributions (SEDs) and the identifica-
tion of the involved astrophysical interactions require not only high quality observational data,
but also good knowledge of the contributing mechanisms, i.e. having accurate models describing
them. The typical blazar SEDs (e.g. Figures 2.14 and 2.16(b)) were discussed in Chapter 2.
It appears that in the low-energy band (from radio to UV), the blazar emission is dominated
by the synchrotron emission from the interaction of particles and the jet magnetic field, while
the high-energy gamma-ray band is dominated by the emission from inverse Compton scattering
between particles in the jets and internal synchrotron photons (SSC) or with external Compton
photons (EC). In the next chapter, detailed discussions on the synchrotron self-Compton model
will be presented.



Chapter 5

Modelling the SSC Emission from
Blazars

Blazars are powered by material falling into a supermassive black hole at the centre of the
host galaxy. Gas, dust and plasma from nearby stars are captured arid spiral into this black
hole, creating a hot accretion disc and corona in the form of photons, electrons, positrons and
other elementary particles.

Perpendicular to the accretion disc, a pair of relativistic jets (twin jets) carry highly energetic
plasma away from the blazar.

These jets are collimated by a combination of a strong magnetic field and outflows from
the accretion disc. Inside the jet", high-energy photons and particles intera.ct not only with
each other, but also with the strong magnetic field, releasing energy mostly through synchrotron
radiation and inverse Compton sca.ttering. This was discussed in detail in Chapter 2.

In the previous chapter, multi-wavelength observational data of the selected blazar-like
sources were presented and analysed. A close analysis of their SEDs showed that the braadband
multi-wavelength emission from these sources from radio to high-energy ')'-rays is nonthermal in
origin. It is believed that most of the VHE ')'-ray emission results from the scattering between
highly relativistic jet electrons and synchrotron photons in the jet, i.e. the so-called synchrotron
self-Compton (SSC), although external photons may contribute as well.

The aim of this chapter is to discuss a model of synchrotron self-Compton (SSC) emission
from jets and apply it to constrain both the nonthermal synchrotron and inverse Compton
radiation from the selected blazar candidates.

151

IThe jet can be considered as a set of blobs containing ultra-relativistic particles in a strong frozen-in magnetic
field.



5.1 Spectral data and proposed model fitting

CHAPTER 5. Modelling the SSC Emission from Blazars

The multi-wavelength data of the selected sources were described and analysed Hl detail ill
the previous chapter. Most of their Spectral Energy Distributions (SEDs) (see Figure 4.23),
commonly show three main parts:

The low-energy radio emission:

The radio data follow a simple power-law model, suggesting that the radio emission IS

nonthermal in origin, most likely synchrotron emission from electrons trapped in the jet
magnetic field. Katarzyriski et al. (2001) suggested that the radio component may originate
from more extended, dilute and inhomogeneous outer parts of the jet, implying an emitting
region with large jet radius and both low energy and density of particles, while Ciroletti
(2005) indicated that in low luminosity AGNs, the radio emission comes from less boosted
regions of the jet. However, when the dissipation region is compact, synchrotron self-
absorption/ is expected to play an important. role in the cooling at radio to millimetre
wavelengths, resulting in a typical S; cx LJ~ spectrum. Consequently, the radio data from
farther regions of the jet are sometimes not included in the homogeneous SSC model
(e.g. Figures l.8(a) and l.8(b), representing the SEDs of 3C279 (FSRQ) and BL Lacertae
(LBL)).

Due to the fact that its contribution at high energy is very low, further modelling of this
low-energy emission at high energies was not performed in this study.

The Near Infrared (NIR) and optical emission:
The observed and published optical and Near Infrared magnitudes of some selected sources
show a sharp thermal peak while others show nonthermal characteristics. The Near In-
frared thermal emission is interpreted as the signature of the dust, heated by the disk
radiation, while the optical thermal emission is believed to be coming from the stellar
emission of the host galaxy. The black body model was used to fit data in these bands.

2A self-absorption of photons produced by synchrotron emission occurs when the brightness temperature of
the source, TB = ;~~, where n is the solid angle that. the source subtends at the 'observer, approaches its kinetic

. 2

temperature Tc = )':;kc . The self-absorption is imposed because thermodynamica.lly the radiating electrons
ca.nnot result in a brightness greater tban their kinetic temperature. Since the spectrum of the radiation is peaked

1

at the critical frequency v = Vc = ,2//g i.e. , = (..!!....) 2 where, = band //g = 2eB is the non-relativistic
Vg nl,cC 1Tlno

2 1frequency, the effective temperature of the particle becomes a function of the frequency i.e. T; cv ("~r~)(,~g) 2 .

Therefore, for self-absorbed sources i.e. TB = 7;" in the Rayleigh-Jeans limit,

(5.1)
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where n cx 02. This result shows that in the bands where self-absorption becomes important (e.g. radio,
centimetre, millimetre wavelengths in the nuclei of active galaxies and quasars), the spectrum is in the form
S,/ cx v~ i.e. independent of the spectrum of emitting particles as long as the magnetic Held is uniform.
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The Near Infrared and optical nonthormal emission is believed to be the result of the syn-
chrotron emission from relativistic electrons spiralling along the magnetic field in the inner
part of the jet.

The -y-ray emission:
The SEDs of the selected sources show the high-energy gamma-rays from MeVs to GeVs
with a peak in MeVs. It is believed that the high-energy gamma-ray emission is produced
by the SSC process, although the EC may dominate particularly in the cases of FSRQs.

Few sources have X-ray data. The X-ray emission contributes either to the synchrotron
emission or to the inverse Compton emission depending on the effectivity of the acceleration of
particles in the jet. It is believed that in most of the FSRQs, the X-ray emission is part of the
inverse Compton emission.

5.2 SSC model description

The key point of the SSC emission model is to find analytical solutions for the synchrotron and
inverse Compton scattering radiative transfer equations as applied to homogeneous spherical
sources using a minimum of geometrical and physical input parameters, which can be observed
or constrained from the emitting system.

5.2.1 Basic assumptions

In the approach of the model, e.g. Katarzynski et al. (2001) and Krawczynski et al. (2004), it is
assumed that

o the emitting region, a blob of plasma positioned at a certain distance in the jet, filled by
relativistic electrons with the uniform density and uniform magnetic field is of spherical
geometry of radius Rb'

o the electron distribution as a function of energy (or as a function of Lorentz factor) IS

assumed to be a broken power-law function with a sharp cut-off at high energies, i.e.

where Ne("f) is defined such that Nc("f)d"( is the number density of electrons with Lorentz
factor3 in the interval "( and ("f + d"(), K, is the normalisation constant, PI = 20:1 + 1
and P2 = 20:2 + 1 are the electron energy spectral indices below and above the break
energy Eb = "(brnc2 with 0:1,2 the observed spectral indices and "(min, "(b, "(max are the

3For convenience, the Lorentz factor "I = ~ is used instead of the energy, otherwise Nc("t)d"l = Nc(E)dE.
111'eC
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Lor ntz factor at the minimum energy, at the energy br ak and at the energy cut-off of
the lectron population respectively (see Figure 5.1). The Tb is determined by the peak
frequency of the synchrotron radiation given by Equation 2.93, i.e. Vc = ~T2Vg sin e, where
VB = 2.8 X 106B Hz is the cyclotron frequency of electrons in magnetic fi Id B (expressed
in Gauss) and 8 is the Doppler factor.

E-electron energy (MeV)
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Figure 5.1: Broken power law of the electron distribution.

Th two-power-law shape of the electron energy spectrum can be explained by the fact that
within the shock acceleration scenario, newly accelerated electrons are continuously injected.
These electrons lose energy through radiative cooling, and the instantaneous electron spectrum
st epens above a critical energy Eb' All the electrons with energy greater than Eb radiate away
their energy within a time shorter than the dynamical time.

The broken power-law electron energy spectrum naturally gives rise to a piece-wise power-law
photon spectrum commonly observed:

where F; i the observ d flux density (in units of mJy), v-« and vp are the observed characteri tic
emi sion frequencies of the electrons with en rgy Tm and Tb , respectively, and vp is u ually the
peak frequency of the VF; spectrum. The low-en rgy power law V-Ol does not ext nd to low
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frequency indefinitely. Figure 2.10 shows that below a certain frequency I/a < vp , the synchrotron
self-absorption starts to play a significant role. In this case, the emitted photons are thermalieed
by the thermal electron population.

5.2.2 Modelling the synchrotron radiation

The synchrotron emission coefficient or synchrot.ron emissivity [J S-l m-:JHz-l sr "] (see Sec-
tions 2.4.4 and 2.5.1.2) of a power-law distribution of electrons, calculated in the rest. frame of
the emitting blob, is given by:

where 1/~is the synchrotron peak frequency, and j~(v~, 1') is' the mean emission coefficient for a
single electron [J s-1 Hz-1 sC 1] integrated over an isotropie distri bution of pitch angles.

The synchrotron intensity [J s-lm-2sr-1Hz-I] in the source frame is obtained by solving
the radiative transfer equation for the spherical blob geometry. In the specific case where the
local synchrotron emission coefficient is assumed to be uniform the solution is given by (Equa-
tion 2.109)

7" (v')1«v'.) = -'8_8_(1 - e-'1"),
S S k' (v.~)

with T = 2Rbk'(v~) representing the optical depth, where Rb is the radius of the emitting region
and k'(v') is the absorption coefficient [cm-I], (e.g. Rybicki and Lightman (2004), Longair (1994))

(5.5)

given by

'( ') 1 l1'cut 2 d [Nc(1')] "(' )k V« = - ,2 l' -l- --') - .le "«. l' d-y,
87rTncVs I'min C,1' 1'-

(5.6)

The synchrotron luminosity in the source frame for spherical geometry is then simply given
by

(5.7)

The emit.ting blob at the base of the blazar jet. is believed to have a bulk relativist.ic motion
towards the observer. Using the transformation relation, from the rest frame of the source to
the observer's frame, of the intensity (Equation 2.66), i.e. 1(v) = 5~1'(v'), associated with the
"Doppler boosting" effect, we can write the observed flux density as

(5.8)

where dl is the cosmological distance of the source, z is the redshift and bb = [1'b(l - ,8 cos 0)]-1
is the Doppler factor, where 1'b is the blob Lorentz factor, f) is the angle of the blob velocity
vector relative to the line of sight and ,8 = v/c. To fully switch to the observer's frame the rest
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frame frequency also has to be transformed into the observed frequency, i.e.

(5.9)

5.2.3 Modelling the inverse Compton radiation

The inverse Cornpton scattering emission coefficient. is given by (e.g. Inoue and Takahara (1996))

(5.10)

with q(E~) = J dE~n(E~)J d'YNe('y)C«", E~)representing the differential photon production rate

(i.e. number of the scattered high energy photons with Lorentz factor Ee'.= E;·2 = ~ve').· inmee 'rnt~C I

the energy interval (E~, E~+ dE~) per unit volume and per unit time).

(5.11)

The Compton kernel is given by (Jones 1968)

( ') 3 4IT j ~(v~) ( (' ( ') ))n Es = -4-h -' k.'( ') 1- exp -k Vs Rb
CEs Vs

(5.12)

--....,.....:.<.:..... --,...K,=

4E~,(!- <)

and < = E~. = ~v~ is the Lorentz factor of the synchrotron photon.rncc- mee.;l

Absorption of the inverse-Compton photons by electrons can be neglected as long as frequen-

cies of the emitted photons are high enough, but at higher energies, the inverse Cornpton photons

(5.13)

represents the number density of the synchrotron photons in the energy interval (E~, E~+ dE~),
where

may produce pairs by interacting with the synchrotron photons, leading to a. decrease in the ob-

served VHE radiation. The optical depth (Equation 5.5) associated with the pair absorption is

calculated by (e.g. Coppi and Blandford (1990))

(5.14)

Thus, Equations 5.5 and 5.8 are used to calculate the intensity and the flux density of the inverse

Compton scattering emission, i.e.

~Rb(1 - eT•n)
T"("(

IT~6~(1 + z)I~(v~).
(5.15)

The nonthormal optical to ,-ray emission is medeled using the homogeneous synchrotron
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self-Compton model, e.g. (Katarzynski et al. 2001, Krawczynski et al. 2004)). In this thesis,
only the synchrotron self-Compton model due to its broad band multi-wavelength coverage will
be analysed. Detailed formulas and calculations are presented in Katarzynski et al. (2001).
The source code of the model can be obtained from http: / / j elley. wustl. edu/mul tiwave/
spectrum/ download. htm. This code generates the synchrotron and the inverse Cornpton spec-
tra, provided that constrained input parameters for the source are presented.

5.3 Constraints of the input model parameters

Within the SSC computation scheme, nine free independent parameters describe the high-energy
part of the spectra. Four of them are related to the global properties of the emitting blob, namely

o z-the redshift

o Rb - the radius of the emitting blob,

o B - the uniform magnetic field, and

o 8b - the Doppler factor.

The five other parameters are related to the particle physics and describe the high-energy particle
distribution, namely

o ](1 - the density factor,

o Ib and Imax - the Lorentz factors at the break and cut-off of the electron energy distribution,
and

o PI, P2 the spectral indices of the electron energy distribution at low and higher energies
respecti vely.

Depending on the quality of the available multi-wavelength data of the source, a certain number
of constraints can be directly deduced. The more useful the data, the more parameters are
constrain able. The data are considered good quality if they allow the accurate determination of
the following observed quantities, i.e.

() the redshift z,

e the values of the break and the peak frequencies in the synchrotron spectrum (VSI>' vSp),

the peak frequency in the inverse-Compton spectrum (vc»),

157

Cl the slopes at the low-energy and high-energy ends of the synchrotron spectrum, i.e. al

and a2 respectively.
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The nine parameters mentioned above are constrained, using

bR = cLvar--'1+ z ' (5.1680)

'Yb = (5.1Gb)

'Ycut = 'Yb'
3.7 X 106,/sp

Cpl/Sh
(5.16c)

1/. 2

13b :::: (1 + z) 3 7 Sp 06 '
. xlI/cp

(5.1.6d)

PI - 1.
Ct1 = --2-' (5.16e)

(5.16f)

Fe U'rad=
F. UI'

S 13
(5.16g)

where Lvar is the time variability scale and Cp an empirically-estimated constant (e.g. Katarzyriski

et al. (2001)).

It can be seen that there are seven equations for nine parameters to constrain. Therefore,
depending on the spectral data of a source, the system stays analytically unconstrained, with
more than two degrees of freedom. Consequently, the solution to the problem may not be unique
and in this case, a number of parameters that the data allows to contrain are set in the code,
then other remaining (free parameters) are adjusted to obtain the best fit to the data.

Regarding the size of the emitting region: For confirmed variable sources, this is estimated
using Equation 5.16a. It has not been possible to detect the variability in the selected sources
due to the scarcity of the data collected in online catalogues and, for the sources which were
observed, significant variability could not be verified as it was noticed that any fluctuation in
the magnitudes could also be correlated to the fluctuation in seeing at the same time.

Instead of using the variability timescale method and assuming a compact source, the size
of the emitting region was estimated by the size of the black hole, which is related to the blue
absolute" magnitude (of the compact bulge) of the host galaxy (e.g. Kormendy and Richstone
(1995)). In fact, using data of the well-known galaxies found in the above-mentioned reference,
an empirical relation between the blue absolute magnitude of host galaxy and the mass of its

4The absolute magnitude is related to apparent magnitude by Mabsolllte- mapparent = -510glO( ~) + 5.

158



CHAPTER 5. Modelling the SSC Emission from Blazars

M
IOglO(M ) = aAlIs + b, with a = -0.52467 ± 0.435 and b = -2.03273 ± 2.015,

o
(5.1 )

where M is the mas of th black hole, Ms is the blue absolute magnitude of the bulge and M0
i th mass of the sun. Thi relation wa u ed to estimate th mas es of the black holes of the
galaxi s hosting the selected AGNs from our samplof study. With the mass of the black hole,
the Schwarzschild radiu r of a gravitating mass M was calculated using th Schwarzschild's
relation, i.e.

where G = 6.61 X 10-11 m-2 kg-2. The e radii wer u d as initial value when running the
model and then adju tments were made to find the best fit of the data. Table 5.1 gives the
Schwarzschild radii and the radii obtained from the best fit of the SSC model for ourc s with

Figure 5.2: R lation between the mass of the bla k hole and the magnitude of the buIg. Data were obtained
from (Kormendy and Richstone 1995). The error bars repre ent the e timated standard deviati n
of residuals, a.

central black hole was tablish d (Figure 5.2), i..
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Source z cl (*) m'B J\lfB loglO( :,;~) r r for best fit

(Mpc) (m) (m)

1 3EC J0500+2502 0.277 1085 21 -19.48 8.19 4.57 x lOll 1.00 X 1013

2 3EC J0106-3831 0.129 523 18.72 -19.9 8.41 7.59 x lOll 3.50 x lOu

3 8EC J0124-4113 2.280 5559 20.03 -25.45 11.32 6.20 x 1014 1.50 X 10]4

4 8EC J0821-5814 0.060 247 17.7 -19.3 8.09 3.68 x lOll 1.00 X 1013

5 8EC J1818-6419 1.020 3320 18.3 -25.24 11.21 4.81 x 1014 1.00 X 1014

6 3EC J1824+3441 1.810 4880 18.35 -26.57 11.91 2.40 x 1015 1.00 x 101:3

Table 5.1: Estimates of the black hole sizes for sources with redshifts. (*) The distances (comoving radial dis-
tances due to expansion) were calculated" assuming the following cosmology: Ho = 72km s-Il\tJpc-1,

Wlvl = 0.27, nvac = 0.73.

5.4 The SSC spectral fits of the selected sources

As mentioned earlier in Section 5.1, the low-frequency radio synchrotron emission from compact

sources follows the power law model of self-absorbed sources, i.e. S; rv 1./% B-~. Consequently,

in low luminosity AGNs, the radio data do not follow the homogeneous SSC fitting of the

SEDs due to the fact that they are believed to be generated in external regions which are

less boosted (Giroletti 2005), with respect to where optieal-to-v-rays are produced (Abdo et al.

2009). This case is illustrated on the SEDs of the FSRQ 3C279 and BL Lacertae in Figures 1.8(a)

and 1.8(b). This phenomenon is reflected in the selected sources. In fact, the radio data could

not be connected with the IR and optical data as part of the same synchrotron emission, leaving

the radio data alone unlinked to the homogeneous SSC fit.

Based on the quality of the NIR and optical data, the selected sources were subdivided into

two groups:

o The first group (Group I) includes sources for which the NIR and optical data belong to the

synchrotron emission and for which the redshifts of most of them have been determined.

These sources are 3EC J0500+2502 (z=0.28, e.g. Hewitt and Burbidge (1991) and Laing

et al. (1983)), 3EC J0106-3831 (z=1.29, reference this thesis), 3EC J0124-4113 (z=2.28,

e.g. Véron-Cetty and Véron (2006)), 3EC J0821-5814 (z=0.06, reference this thesis) 3EC
J1813-6419 (z=1.02, e.g. Realey et al. (2008a), 3EC )1659-6251 and 3EC J1109-0828.
The redshifts of the last two sources have not been measured yet.

e The second group (Group II) consists of sources for which the NIR and optical data

correspond to the thermal emission. These sources are 3EC J0159-3603, 3EC J0102-6212,
3EC J1300-4406, 3EC J1800-0146, 3EC J1822+1641 and 3EC J1824+3441 (z=1.81, e.g.

Zha.ng et al. (1998)).
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For the first group, good optical data played an important role to identify the ignature of the
syn hrotron emission in these sour es. This implies optical data allowing the accurat calculation
of the optical peetral index using a et of optical magniLudes in U, B, V, R and I optical bands.
IL i . [or this group that the homogen ou SSC model wa applied due to the fact that they are
th only ones which how synchrotron mission in the IR and optical data. However, it is only
in 3EG J0821-5814 that the SSC fitting incorporat the gamma-ray data ( ee Figure 5.3).
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Figure 5.3: Homogeneous SSC model applied to 3EC J0821-5814,

From the SEDs of the 3EG J0821-5814, it can be enthat through the homogeneou SSC
mod 1, the gamma-ray data are compatible with th optical data. However, in thi ource the
NIR to optical data and the X-ray data are not part of the same synchrotron spectrum suggesting
that th e emissions are produced in two different zone by two different el ctron populations.
A multi-zone SSC modelling was suggested by Zhang (Zhang et al. 2009) for Pietor A, a nearby
Fanaroff-Riley das II radio galaxy. Table 5.2 give the constrained param ters in thi source.

For other six source of this group, the SSC model pr diet the ,-ray fluxes b low the ob erved
data. The SEDs and the model parameters of these ourc are shown in Figure 5.4 and Table 5.2
resp ctively.

For th SEDs, the External Compton (EC) model i believed to be the be t model fit for
the observed gamma-ray fluxes. In th next paragraph d tailed discu sions on this model will
be given.
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Source SEG J0821-5814 SEG J0500+2502 9EG J0706-S897 9EG J0724-4719 9EG J1819-6419 SEG J1659-6251 SEG J1709-0828 n
:r:

Parameter Units SSC (opt) SSC (X-ray) »
iJ

z 0.06 0.06 0.28 0.13 2.28 1.02 --i
dL (*) (Mpc) 2.60 x 102 2.60 X 102 1.30 X 103 5.60 X 102 1.30 X 104 5.10 X 103 m

:;u
radius (m) 1.00 X 1013 1.00 X 1012 3.50 X 1013 3.50 X 1013 1.50 X 1014 1.00 X 1014 7.50 X 1014 1.00 X 1014 ~
B (T) 2.50 x 10-4 2.50 X 10-4 2.50 X 10-4 2.50 X 10-4 7.00 X 10-4 2.50 X 10-4 2.50 X 10-4 2.50 X 10-4

Lum (eV) 6.23 x 1020 3.81 X 1020 1.21 X 1020 1.74 X 1018 5.80 X 1016 5.99 X 1016 ~
0

Emin (log10(E/eV» 8.8 9.4 7 7 7.5 7.6 5 7.5 c,
~

Emax (log10(E/eV» 9.2 10.6 8.7 9 8.9 9 8.6 8.92
::J

Ebrea.k (loglO(E/eV» 9.2 10 8.5 8.5 8.8 8.7 7.5 8.6 (Iq

-2.2
rT

Pl -2.2 -2.4 -2.2 -2 -2 -2 -2 tr:
ID

P2 -2.8 -2.8 -4.2 - -4.2 -3 -2.6 -3.2 -2.6 Vl
8 3.8 15 11.5 12 7 7 12 8 Vln
lIsync (Hz) 1.80 x 1014 1.40 X 1017 2.30 X 1013 3.50 X 1013 6.1 X 1013 8.20 X 1013 1.60 X 1013 6.20 X 1013 m
Psync erg.cm-2.s-1 9.60 X 10-12 1.30 X 10-11 2.20 X 10-12 9.50 X 10-12 4.80 X 10-13 9.80 X 10-13 8.13 X 10-11 1.40 X 10-12 3

iii"
SSA up to (Hz) 6.90 x 1012 1.10 X 1013 6.20 X 1012 4.80 X 1012 4.30 X 1012 3.80 X 1012 9.85 X 1012 4.30 X 1012 VI

(Hz) 1.50 x 1021 6.90 X 1024 7.80 X 1018 1.60 X 1019 5.30 X 1019 9.10 X 1019 4.24 X 1017 4.80 X 1019
o·

VIe ::J

Pre (erg.cm-2 .S-l) 1.80 X 10-10 7.70 X 10-11 2.90 X 10-13 1.00 X 10-12 5.30 X 10-13 8.60 X 10-13 1.51 X 10-11 1.00 X 10-12 ......
0

rmaz 3.10 x 103 7.80 X 104 9.80 X 102 2.00 X 103 1.60 X 103 2.00 X 103 7.79x102 1.60 X 103 3
KNsync (Hz) 1.50 x 1017 2.40 X 1016 1.50 X 1018 7.60 X 1017 5.60 X 1017 4.40 X 1017 1.90 X 1018 6.10 X 1017 al

r-'
(erg.cm=ê) iiiOl UB 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 NCl!
(erg.cm-2 .s-l) DJ

tssync 6.39 6.21 0.04 0.03 0.38 0.31 0.35 0.24 ii!
up (erg.cm-2 .s-l) 15 15 0.6 0.3 0.3 0.3 0.3 0.3
toync (s) 4.00 x 104 6.30 X 103 1.00 X 105 2.00 X 105 1.00 X 105 1.30 X 105 3.16 X 107 1.60 X 105

rate at tsync (eV) 1.60 X 109 1.00 X 1010 3.20 X 108 3.20 x lOS 6.30 X 108 5.00 X 108 2.00 X 107 4.00 x lOS
(*) Luminosity distance calculated by the model.

Table 5.2: Homogeneous SSC model parameters of the targets.
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5.5 The External Compton (EC) model

In Chapter 2, Section 2.5.3.4, it has been shown that the high-energy spectrum results not only
from the SSC mechanism, where seed photons of the inverse Compton scattering are produced
by the synchrotron process inside the jet, but also from Comptonisation by the same population
of electrons in the jet oft"soft photons from the accretion disk or from a fraction of the disk
radiation that has been reprocessed and rescartered by the broad emission line clouds, dust and
inter-cloud medium, a process referred to as external Comptonisation.

In order for the inverse Cornpton scattering oft"external radiation to dominate over the SSC
emission, the energy density of the external radiation, as measured in the frame eo-moving with
the jet, must exceed the energy density of synchrotron radiation produced in the jet. This can
be achieved at long distances from the central engine, where the local magnetic field can be
very weak. In fact, the distance along the jet where most of the ,-ray flux is produced can be
estimated from the garmna-ra.y variability timcseale and from the location of the spectral break
where the luminosity of the Compton component peaks, i.e. using the two equations r = ctvar l!Z

1

and <5 rv ~(~(1 + Z)~)2 (Equation 2.148). Typical tirrieseales of ~(-ray outbursts between 1-3
days, . and the typical location of their spectral breaks in the 1-30 MeV range are consistent
with production of ,-rays by Comptonisation off light from the Broad Emission Line (BEL) in
the Broad Line Region (BLR) and dust clouds at distances lOli-1018 cm (e.g. Blazejowski et al
(2000)). Sikora et al (2002) also suggests that in the MeV-peaked gamma-ray sources, the ,-ray
active region is significantly further from the centre and that in this case thermal photons and
broad line emission play a crucial role in Compton scattering.

There are many variants of the external Compton radiation models. In some of them, ra-
diation sources are approximated by homogeneous "blobs" propagating along the jet (Sikora
et al. 1997), while in others they are approximated by an inhomogeneous flow (Blandford and
Rees 1974). They also differ regarding the dominant diffuse ambient radiation field. For small
distances, less than 1016_1017 cm, the radiation can be provided directly by the accretion disk
(e.g. Dermer and Schlickeiser (1993)), while at large distances, the Broad Emission Line (BEL)
and the near-Ill. radiation from hot dust are likely to dominate. A comparison of the contribu-
tions of direct radiation from the disc with the radiation from the BEL and the IR radiation
suggests that the contribution of the direct radiation from the accretion disk can be low as it is
strongly redshifted, measured in the source eo-moving frame (Sikora et al. 1994b, Celotti et al.
2007). In fact, since the highest temperature is reached in the innermost parts of the accretion
disc, therefore the angle between the energetic disc photons and the moving shell is typically
small, leading to almost a reflection back of the photons which will be in this way redshifted. It
becomes relatively large only in the vicinity of the disc, but there the shell has not yet reached
high bulk Lorentz factors. As a consequence, the observed typical frequency of the scattered
disc photons will not increase much. On the contrary, photons from the BEL are always seen
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head-on, and as such are maximally blueshifted (i.e. by the factor (l/O). BL Lacertae (see Fig-
ure 1.8(b)) illustrates this case of tbc domination of the external Comptonisation from clouds
(ECC), i.e. EC (BEL) and EC (IR) over the external Comptonisation of the direct radiation
from the disc (ECD).

Sikora et al. (1994 b) showed that the high energy galuma-rays detected by EC RET on board
the Compton Camnw-Ray Obseruatoru (CCRO) from FSRQs (or OVV quasars) can be produced
by the Comptonisation off the broad emission line light as well as by Comptonisation of infrared
radiation from dust heated by the disc radiation. Therefore, it is reasonable that the external
Cornptonisation model be evaluated (constrained) on our sample composed mostly by FSH.Qs.
In fact, most of the selected sources show the gamma-ray luminosity, represented by vFI/ in the
SED, peaking in the lVleVband.

The application of the EC model to 3EC J0500+2502, 3EC J0706-3837, 3EC J0724-4713,
3EC J1659-6251, 3EC J1709-0828 and 3EC J1813-6419 is justified by the fact that the SSC
model failed to connect together the NIR to optical data and the ,-ra.y data considered to be
the signatures of the synchrotron and of the inverse Compton scattering emission respectively
(see Figure 5.4).

The six sources forming the third group, i.e. SEC J0159-3603, 3EC J0702-6212, 3EC J1300-
4406 , 3EC J1800-0146, 3EC J1822+1641 and 3EC J1824+3441 showed no indication of the
signature of the synchrotron emission at low frequencies by analysing the portion of their SEDs
in the NIR and optical bands (see Figure 5.5).

More detail on the modelling aspect and on the constraining of parameters in the Exter-
nal Compton model can be found in Moderski et al. (2003), Sikora et al. (1994b; 1997) and
Blazejowski et al. (2000). An appropriate code for this model was provided to us by Moderski
R. and Sikora M.

In Section 4.4.1.3, it was shown that in some sources, the ,-ray spectra could not be fitted
by a simple power-law model, as a turnover with a positive slope for energies above 1 GeV was
observed. It was suggested that the transition could indicate an additional (different) mode
of radiation mechanism. In fact, it appears that the External Comptonisation can be divided
into two components: the "MeV" component that peaks in the 10-30 MeV energies, which
can be interpreted as a result of the Comptonisation of the IR photons from dust heated by
the disk radiation, and the "GeV" component, which peaks in the 1-10 GeV energies, can be
interpreted as the Comptonisation of the UV Photons reprocessed and rescattered in the BLR
region. Results of the constrained parameters of these sources are summarised in Table 5.3.

167



CHAPTER 5. Modelling the SSC Emission from Blazars

Figure 5.5: Application of the EC model (Group II). For sourc s with no known redshift (e.g. SEG J1659-6251
and SEG J1709-0828), th n rgy-fluxes w re estimated u ing z = 1.
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Source R r Oobs B "Ïmi n 'Ybr "Ïcu t l'max PI P2 1(e UBEL vBEL «net, Urn ut n. n
I

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (ll) (12) (13) (14) (15) (Hi) »
1.0x1017 2.0 x 102 2.5 X 103 1.0 X 104 1.0 X 104 5.0 X 1054

""0
3EG J0159-3603 15 1 15 2 4.2 3 10 -1 15 0.1 -i
3EG ,]0500+2529 1.0 x 1017 10 1 2..5 2.0 x 102 2.4 X 103 2.4 X 104 1.0 X 105 2 3.9 4.0 x 1053 7 10 -1 15 0.1 m

:::0
3EG ,]0702-6212 (BEL) 1.0 x 1017 15 1 15 4.0 x 103 9.0 X 103 5.0 X 104 5.0 X 104 2 3.8 9.0 x 1053 7 1 -1 15 0.1 <..n

3EG .10702-6212 (IR) 5.0 x 1016 15 1 15 1.0 x 101 2.0 X 102 2.0 X 103 2.0 X 103 2 4.4 1.0 x lO56 4 1 -1 15 0.1
3EG J0706-3837 1.0 x 1017 10 1 2.5 2.0 x 102 2.4 X 103 2.4 X 104 1.0 X 105 2 3.9 8.0 x 1052 7 10 -1 15 0.1 ~

0
3EG J0724-4713 1.0 x 1017 10 1 2.5 2.0 x 102 2.0 X 103 2.4 X 104 2.4 X 104 2 3.9 4.0 x 1055 7 10 -1 15 0.1 0..m
3EG J1300-4406 (BEL) 1.0 x 1017 15 1 15 1.0 x 103 2.0 X 104 5.0 X 104 5.0 X 104 2 3.8 6.0 x 1053 4 1 -1 15 0.1

::::l
3EG J1300-4406 (IR) 1.0 x 1017 15 1 15 2.0 x 102 3.0 X 103 6.0 X 103 6.0 X 103 2 4.2 4.0 x 1054 4 1 -1 1·5 0.1 oq

3EG J1659-6251 (BEL) 1.0 x 1017 2.0 X 102 2.U X 103 1.0 X 105 1.0 X 105 6.0 X 1054
r-t-

10 1 2.5 2 2.6 4 10 -1 15 0.1 zrm
3EG ,]1659-6251 (IR) 1.0 x 1017 10 1 2..5 2.0 x 102 2.0 X 103 1.0 X 104 1.0 X 104 2 4.2 3.0 x 1055 4 10 -0.5 15 0.1 (./"l

3EG ,]1709-0828 1.0 x 1017 10 1 2.5 2.0 x 102 2.0 X 103 1.0 X 104 1.0 X 104 2 4.2 3.0 x 1055 3 10 -1 15 0.1 (./"l

n
3EG .11800-0146 2.5 x 1016 15 1 15 2.1 x 102 .5.0 X 102 .5.0 X 103 .5.0 X 103 2 4.2 3.0 x lO55 4 1 -1 1.5 0.1 m
3EG J1813-6419 1.0 x 1017 10 1 2.5 2.0 x 102 2.4 X 103 2.4 X 104 2.4 X 104 2 4.1 1.3 x 1055 7 10 -1 15 0.1 3
3EG .11822+1641 5.0 x 1016 1.0 X lOl 2.0 X 102 2.0 X 103 2.0 X 103 4.4 1.0 x 1056

li>
15 1 15 2 4 1 -1 15 0.1 li>o·

3EG J1824+3441 (BEL) 3.0 x 1015 15 1 15 1.0 x 102 8.0 X 103 3.0 X 104 3.0 X 104 2 3.8 4.0 x 1054 5.5 1 -1 15 0.1 ::::l

3EG J1824+3441 (SSe) 1.8 x 1015 15 1 15 1.0 x 101 2.0 X 103 1.0 X 104 1.0 X 104 2 3.8 1.0 x 1054 7 1 -1 1·5 0.1
.....,
(3

(1): Radius of the emitting region (in cm), (2): Bulk Lorentz factor of the jet, (3): Viewing angle (in degrees), (4): Magnetic field (in Gauss), 3
(5): Minimal electron Lorentz, factor, (6): Electron Lorentz factor at spectral break, (7): Cut-off in electron energy, (8): Maximal electron OJ,_. ru--J
Lorentz factor, (9): Electron distribution index ('y < '"Ybr), (10): Electron distribution index ('y > ~fbr), (11): Electron normalization constant, N,_.

CJ.....
(12): Energy density of BEL (in erg crn-3), (13): Characteristic frequency of BEL (in eV), (14): BEL distribution photon index, (15): Energy

li>

density of dust IR radiation (in erg cm-3) and (16): Radiation characteristic frequency of IR (in eV).

Table 5.3: Parameters of the External Compton (EC) model.
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5.6 PMN J0710-3850 versus PMN J0708-3833

The SED of PMN J0708-3833 (see" Figure 5.6(b)), obtained by using the available online data,
does not show any consistent indication that the 'Y-ray data belong to it rather than to PMN
J0706-3850. In fact, the low-energy radio emission is too steep (ar "'> 1 assuming S; '" v-a)
and is unlikely to correlate with other radiation emission in other wavelengths, while the optical
emission is fitted by a black body spectrum of temperature T '" 6700 K. This has made it
difficult to trace the existence of the synchrotron signature in the low energies of the spectrum
of PMN J0708-3833, which is a property of the synchrotron self-Compton source. Therefore,
PMN J0710-3850 can be maintained to be the best radio counterpart of the EGRET source in
the whole error box. If the source is confirmed, it will be the first Seyfert I galaxy discovered
emitting the VHE 'Y-ray photons.

Parameter Value

R (cm) 1.0 X 17

r 10
Bobs (deg) 1
B (G) 2.5

Tmin 2.0 X 102

Tbr 2.4 X 103

Tcut 2.4 X 104

Tmax 1.0 X 105

PI 2

P2 3.9

te, 8.0 X 1052

uBEL (erg cm-3) 7

liBEL (eV) 10
aBEL -1
UIR (erg cm-3) 15
IIIR (eV) 0.1

Table 5.4: EC model parameters of 3EG J0706-3837b (PMN J0708-3833).

6Parkes-MIT-NRAO catalogue (PMN)
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Chapter 6

Discussion and Conclusions

The main purpose of this study was to search for possible synchrotron-Compton blazars
among the southern high galactic latitude unidentified sources, detected by the Eneryetic Gamma-
Ray Eiperiment Telescope (EGRET) on board the Compton Gamma-Ray Obser'val;oTY (CGRO),
during its 9 years of service between 1991 and 2000.

Synchrotron self-Cornpton-dominated blazars are assumed to be among the unidentified
EGRET sources, especially those at high galactic latitudes, since the large majority of EGRET-
detected sources have been associated with blazars (Hartrnan et al. 1999).

However, a serious complicating factor concerning possible identification of point sources
that could possibly be associated with the EGRET /,-ray sources is the large field of view, i.e.
between 0.5 and 1.5 degrees in the sky, implying that the EGRET field could harbour several
potential sources, especially at low galactic latitudes .

. The initial phase of this study constituted the tedious search for extra galactic flat spectrum
radio counterpa.rts in the online and published catalogues inside the EGRET error boxes of high
galactic latitude sources, i.e. with Ibl > 10°. The strategy was to select sources with lal < 0.7
for further multi-wavelength studies. To enable the utilization of the HaTtRAO radio telescope
in this study, only sources with the declination range -70° < Dec < +45° were considered. A
further consideration was to single out only those flat spectrum. sources with flux density above
200 m.Iy at 12.4 GHz, i.e. selecting those sources with rising nonthormal spectra. (vF" versus
v) towards high energies. Based upon the above-mentioned criteria, a selection of 13 blazar-like
candidates was made (see Table 3.4) for futher investigation.

174

6.1 Spectral Energy Distributions (SEDs)

The multi-wavelength observations conducted on these objects and subsequent data analysis
were discussed in Chapter 4. Radio observations were conducted using the 26-m dish of the
HaTtebeesthoek Radio Obeeroatoru (HaTtRAO) during the year 2007. Due to the observing time
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allocation, it was possible to conduct optical observations on only three sources 3EG J0702-

6212, 3EG J0821-5814 and 3EG J0706-3837, with the aim of verifying their variability. This
was performed using SALT, the l.9-Ill and the 1.0-In telescopes, all operated by the South African

Asirorurmical Obseroatoru at. Sutherland in South Africa, during 2008 and 2009 (first quarter).
Spectroscopic observations of the two objets, 3EG J0821-5814 and 3EG J0706-3837 were

obtained from the SOAR/ Goodman spectrograph during the night of 16/17 February 2009. One
of the highlights of this study is the determination of the redshifts of these objects as well as
their classification according to their spectral lines. It turned out that 3EG J0821-5814 and 3EG

J0706-S837 have redshifts of 0.06 and 1.29 respectively and that the former is a Flat Spectrum
Radio Quasar, while the latter is a Seyfert galaxy.

X-ray data were obtained from the ROSAT (0.2-2 keY), XMM(0-12 keY) and EINSTEIN

(0.15-20 keY) X-ray satellites. However, in most ofthe cases, results were not for pointed obser-
vations, but transient, not allowing to estimate the X-ray spectral index, which is a measurement
of the slope of the spectrum.

The high-energy ,-ray data from 30 MeV to 20 GeV were obtained from the EGRET telescope
(thanks to David Thompson, former member of the EGRET team, for the link to the EGRET

reduced data as the EGRET data reduction software was not made public), while another set
of data of energy ranging from 100 MeV to 300 GeV was obtained from Fermi-LAY. In fact, in
its first 11 months of operation, 4 sources, i.e. 3EG J0724-4713, SEG J1300-4406 , 3EG J1659-

6251 and 3EG J1709- 0828, were detected. Most. of the informa.tion used for these Fermi- LA T

detected sources was in the recent published first catalogue of Fermi-LAT sources. However, a
proper follow-up will be possible as the daily raw data can be accessed, being released by the
satellite.

The Spectral Energy Distribution showed a peculiar behaviour, which needs to be mentioned
here. In fact:

o The radio data of all sources are of nontherrnal origin while the Nlfi-to-optical emission
is for some sources a power law and for others a black body emission. Since the blazar's
thermal emission comes mostly from the disc, where the nonthermal emission dominates
it is an indication of the existence of relativistic jets, which are responsible for nonthermal
radiation. Due to relativistic beaming, it is believed that this nonthermal radiation is
beamed such that it swamps the disc emission.

175

o Due to the effect of self-absorption and inhomogeneity in the outer part of the jets, radio
to mm fluxes of selected sources do not match the SED of the synchrotron self-Compton
model of a beamed synchrotron and inverse Compton scattering from the same population
of electrons resulting in a poor correlation between the radio to mm with ,-rays, as it was
supposed to be in blazars and in particular in HBLs.

e The thermal NIR-to-optical ernission in some sources suggests an additional high luminous



thermal dust component as a result of the heating hy the accretion disk.
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e The knowledge of the X-ray properties is of special relevance, because in this band both the
synchrotron and inverse Compton processes contribute to the emission. The first mecha-
nism is expected to produce a steep continuum in this band, while the second mechanism
shoulcl give rise to a flat component (cx:::;1, rising in a i/F; plot). The shape of the X-ray
spectrum can give a fundamental hint for disentangling the two components and inferring
the respective peak frequencies (Fossati et al. 1998), i.e. the position of the X-ray data
remains crucial for the determination of reliable peaks, for both synchrotron and inverse
Compton radiation, which could help to classify sources in BL Lac subclasses.

6.2 Modelling

The total multi-wavelength emission of blazars from radio to "(-rays can be explained satisfacto-
rily by a synchrotron self-Compton (SSC) model, which is a combined nonthermal synchrotron
and inverse Compton scattering emission from highly relativistic electrons. It has been shown
that. the entire spectrum from radio to VHE 'Y-rays is reconcilable with processes within the jets,
accelerating a large populat.ion of electrons to energies between "le f'.J 103-104. The acceleration
mechanisms in these objects are believed to be associated with strong shock waves in relativistic
jet-like outflows originating from a region close to a compact object which is, in the case of
blazars, a supermassive black hole. These shocks are believed to be accompanied by impulsive
electrodynamic injection processes (Petrosian and Bykov 2008).

Interpretation of the observed Spectral Energy Distribution (SED) and identification of the
involved interactions require not only high-quality observational data, but also a solid under-
standing of the contributing mechanisms. A model for the SSC process (Krawczynski 2004) is
widely used to constrain physical parameters of the blazar-ernitting region. However, due to the
scarcity of the data, it was not possible to constrain all the relevant parameters satisfactorily in
the sources under consideration for this study.

The model is successful, provided that there are sufficient data t.o pin clown the observed
parameters, such as the position of the peaks in emission as well the spectral indices in different
parts of the SED. In the MeV to GeV energy range, consideration of the contribution of the
external photons is highly recommended in the model due to the fact that the majority of the
selected sources are confirmed FSRQs, in which this type of emission is believed to dominate. In
most of the targets, data in this energy range were well fitted by the External Compton model,
in which predominantly UV photons from the Broad Line Region and Near Infrared photons
from the hot dust are inverse-Conipton up scattered to "(-ray energies.
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CHAPTER 6. Discussion and Conclusions

6.3 Classification

In. Chapter 1, different criteria defining the blazar class have been described and were used later
to classify the selected sources. The dividing criteria between radio loud and radio quiet are

fraclio 10 f di 1 d cl ~ . 0 f di . 1 . h b d . f-. - > or ra 10 ou an' fr" 10 < 1 or ra 10 quiet, w llC can e expresse 111 terms 0
fOPt "pt

vF"/npt
energy flux as "il' , < 104 for radio loud. It appears that except 3EG 0706-3837 which showed

vl'Jradio
to be a Seyfert I galaxy, other 12 selected sources display properties of radio-loud AGNs.

In all sources, the SEDs extend from radio to the VHE I'-rays, but due to the quality
of the data, in some sources of the sample, it is difficult to establish clearly the correlation
between different components (e.g. synchrotron emission and inverse Compton scattering) when
compared to blazars where the correlation is clearly defined. In all sources, it was found that
there was no correlation between low-energy radio and high I'-ray emissions. This is interpreted
by the fact that low-energy radio emission comes from the outer and inhomogeneous part of
the jet while the gamma-rays are produced by upscattering off synchrotron-produced photons
in the inner part of the jet or external photons from the BLR region and dust by relativistic
relativistic electrons. The gamma-ray photon index of the selected sources ranges between 2 and
3.4 qualifying them to be either LBLs and FSRQs candidates. In published literature, already
4 sources from the list were classified FSRQs. These are 8EG J0500+ 2502 (e.g. Hewitt and
Burbidge (1991) and Laing et al. (1983)), 3EG J0124-4118 (e.g. Véron-Cetty and Véron (2006)),
3EG J1813-6419 (e.g. Healey et al. (2008a)), and 3EG J1824+3441 (e.g. Zhang et al. (1998)).

Spectroscopic observations using the 4.1-m Goodman Spectrograph at the Southern Obser-va-
tory [or Astropluisicol Reseereli in Chile, of the sources PMN J0820-5705 and PMN J0710-3850,
which were selected as radio counterparts of 3EG J0821-5814 and 3EG J0106-3831respectively
revealed that P:rvIN .10820-5705 could be classified as an FSRQ, while Pl\!IN .10710-3850 as a
Seyfert galaxy. Due to their relatively large viewing angle, Seyfert galaxies are not normally
associated with blazar emission. This prompted re-analysis of another radio source in the same
error box i.e. PMN J0108-3833. The SED of PMN J0108-3833, obtained using the available
online data, does not show any consistent indication that the -y-ray data belong to it rather than
to PAiN J0106-8850. In fact, the low-energy radio emission is too steep (ar rv> 1 assuming
S; rv v-a) and is unlikely to correlate with other radiation emissions in other wavelengths, while
the optical emission is fitted by a black body spectrum of temperature T rv 6700 K. This has
made it difficult to trace the existence of the synchrotron signature in the low energies of the SED
of PMN J0108-3833, which is a property of the synchrotron self-Compton sources. Therefore,
PMN J0106-3850 appears to be the best radio counterpart of the EGRET source in the whole
error box. If the source is confirmed, it will be the first Seyfert I galaxy discovered emitting
VHE I'-ray photons.

The photon indices of the high-energy I'-rays are between 2 and 3.4, maintaining these sources
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6·.4 Future studies

Appendices

in the class of either LBLs or FSRQs.

A follow-up of the Fermi-LAT survey:
The high sensitive Large Area Telescope on board the Fermi Gamma-Ray Larqe A1'ea Space
Telescope (FermijGLAST), already in operation surveying the high-energy gamma-ray
universe, has started to provide high-quality data in the 20 MeV to 300 GeV energy band.
During its 11 months of operation, 4 sources horn the list have been already detected. It is
expected that the rest of the sources on the list will possibly show up as a result of a long
integration for faint sources. With its orbital period of 95 minutes, the Fermi-LA'I'w able
to sweep out accross rnost of the sky about 16 tirnes per day, which is suitable for studying
the variability down to a time scale of 2 hours. This is particularly necessary to constrain
. the size on the emitting region and justify a continuous follow-up of the Fermi-LiA'T survey.

RSS spectroscopy:
In future studies in particular high-quality spectroscopy of weak-lined radio-loud AGN is
needed, i.e. spectra with high resolution and good SIN, in order to detect even the faintest
emission lines. It is believed that this will disentangle the FSRQ and LBL-like behaviour
in these sources. In fact, it is necessary to measure with high accuracy the Ca break
around :1000Á (in the rest frame of the object), so that any confusion with radio galaxies
be eliminated and then to make possible the measurement of the equivalent width down
to any faintest line so that the problem of lack of emission lines in BL Lacs be addressed
without confusion. In this regard, the Robert Stebie Speciroqraph. (RSS) at the Southern
Africos: Large Telescope (SALT) will play a vital role. A proposal in this regard has been
submitted.

Magnetic field:
The jet magnetic field plays an important role in the synchrotron emission process. This
can be constrained through polarization measurements.
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(a) 3EC J0159-36'03
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Finding Charts
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(b) 3EC J0500+2502
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(c) 3EG ,]0102-6212

(d) 3EG J0106-3831

Figure 1: Finding Charts (Continueel).
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(e) 8EC .10724-4718

(f) 3EC .10821-5814

Figure 1: Finding Charts (Continueel).
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(h) 3EC J1659-6251

Figure 1: Finding Charts (Continueel).



" "- . " /0'" '.""
, ........ ..

. . "

Appendices

•
'PI; ~oo.:nt.j e"s&Pli-ene-as
'3EGJ1709 - 0828 ."
band: DSS.. - " -.. ",

'-
:

I., ...- .. ..-"• . " .
-. .. ._ '•. ~",N.

, .'
. E • .. . .

(i) 3EC J1709-0828

- ,. . .... . ..- ~
"PI: . Mein~'es&Phen.eas .•-
.3.EGj~800.: 0'146 .... ".. " ." -
band: DSS· ......... ... ...

" .. .
'. " ...... ...

'.- • ol .... ...'
"..

". " --::d":" :N. _ ... - .. '"
... E' ..::. . ... ~:I:~'· .. .'

• -,,~--- -"-----=.-~"

r

----~

(j) 3EC J1800-0146

Figure 1: Finding Charts (Continued).
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(k) 3EG J181.'l-6419

(I) .'lEG .71822+1641

Figure 1: Finding Charts (Continueel).
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(m) 8EG .11824+8441

Figure 1: Finding Charts (Continued).
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1 SALT RSS 0.6n dark April-Oot April-Dec

Appendix B:
Scientific Justification for the SALT RSS
Proposal

Title: Investigation on the Ca H & K Lines in the EGRET Southern Blazar Candida.tes

P.I: P. Nkundabakura!
Co-I: Prof. P.J. Meintjes!

(1) University of the Free State, Phsjsics Department, P. O. Box 339, Bloemfontein, 9300, South Ajrica.

Summary of observing runs requested for this project

1. Abstract

Research is undertaken on 13 radio sources isolated from the error boxes of EGRET
unidentified sources based on their similarities with blazars, in broadband multiwavelength
properties. The recent spectroscopic data (acquired from the Goodman spectrograph at
SOAR/CTIO) of two sources from this sample, i.e. 3EG J0821-5814 and 3EG J0706-3837,
opened a way to do a classification of these objects based on their spectroscopie features
resembling blazars.

Blazars are fiat-spectrum (ar:::; 0.5) radio sources (BL Lacs and FSRQs) with very narrow
emission lines (or no lines at all) with rest-frame equivalent widths El;{l.x< 5 A (Stocke
et a1.1991). The narrowness of the lines ensures that the emission from the objects is
dominated by a beamed nontherrnal emission coming from their jets which are oriented to
small angles with respect to the line-of-sight. Caccianiga et al. 1999 and Landt et al. 2008
showed that a source with Ca H & K break values K4000 :::; 40% was likely to have an extra
component of nonthermal emission. The present observing proposal aims to investigate
the possible domination of the nonthermal emission of the 6 Southern blazar candidates
selected among the unidentified EGRET sources, as well as to determine their redshifts.
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The V magnitudes of these sources range between 17 and 19 and therefore fall under the
limits of SALT RSS. The observations will make use of the gratings pg3000 (resolving
power rv 3000; Wavelength band covered: 3952-4683 A) and pg0900 (resolving power rv

1000; Wavelength band covered: 4504-7589 A) suitable for the measurements of the Ca
depression in the UV and the redshift respectively, using the Balmer lines HO' and H(3.
As sources seem to be faint, medium wide slits (of width l.2" (on pg0900) and l.5" (on
pg3000) of height 8") have been selected to allow the entrance of enough light. With its
high resolving power, pg3000 will be able to resolve the two nearest lines separated by l.3
A at 4000 A) which is enough to resolve the two Ca H & K lines (separated by 63 Á in
the rest frame) as mentioned above. The present proposal concerns 6 targets. The table
below gives their coordinates as well as their visibility on SALT.

Appendices

2. Feasibility

No EGRETnarne RA DECL V mag Visibility on SALT
(3rd catalogue) hms dms months hours/day (*)

1 3EC J0159-3603 Ol 56 47 -36 16 14 18 Oet-Dec 2h
2 SEC J0102-6212 06 57 02 -61 39 26 18 Oet-Dec Ih
3 3EC J1300-4406 13 02 31 -4446 52 19 May-August 1h
4 3EC J1659-6251 1703 37 -62 12 38 18 May-August 2h
5 3EC J1109-0828 17 13 06 -08 17 Ol 19 Apr-Sept 1h
6 3EC J1800-0146 18 02 50 -02 07 44 17 Apr-Sept l.5h. .
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(*) These are slots of contmuous availability with no interruption .

List of targets,

Each target will have its own block in which it will be cycled twice with the grating pg3000
(4 min exposure per cycle) and 4 times with the grating pg0900 (1 minute exposure per
cycle). The total duration for all observations is about rv 19179 seconds ~ 5.3 h rv 0.6 n (
where 1 n = 9 observing hours) to be calculated.

Exposure tirnes were calculated by ensuring a reasonable SIN ratio 40-60. Calculations
were clone using the RSS simulator tool.

3. References

1. Stocke et al. 1991, APJ, Supplement series, 76: 813-874
2. Caccianiga et a1.l999, AP J, 513, 5l.
3. Landt et al. 2008, M.N.R.A.S., 391, 967985
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