ISAS - INTERNATIONAL SCHOOL
FOR ADVANCED STUDIES

A Unifying View on

Blazars

Thesis submitted for the degree of
Doctor Philosophice

Astrophysics Sector

CANDIDATE SUPERVISORS

Giovanni Fossati Dr. Annalisa Celotti
Prof. Gabriele Ghisellini

October 1998

SISSA - SCUOLA
NTERNAZIONALE
SUPERIORE
| STUDI AVANZATI TRIESTE

TRIESTE
Via Beirut 2-4






S
"

SISSA ,;%g ISAS

SCUOLA INTERNAZIONALE S{}PERIORE DI STUDI AVANZATI
INTERNATIONAL SCHOOL FOR ADVANCED STUDIES

A Unifying View on Blazars

Thesis submitted for the degree of
Doctor Philosophice

Astrophysics Sector

CANDIDATE SUPERVISORS

Giovanni Fossati Dr. Annalisa Celotti
Prof. Gabriele Ghisellini

October 1998






Preface

What blazars are

Blazars are radio—loud Active Galactic Nuclei (AGN) characterized by strong variabil-
ity, high and variable polarization, and high luminosity. They are core dominated, flat
spectrum radio sources. Radio spectra smoothly join the infrared-optical-UV spectra,
and in all these bands flux is highly variable and polarized. These extreme properties
are successfully interpreted in terms of synchrotron radiation produced in relativistic
jets and beamed into our direction due to plasma moving relativistically close to the
line of sight (Blandford and Rees 1978; Blandford and Konigl 1979).

This interpretation is strongly supported by direct observations of superluminal
motions observed in radio cores in VLBI data (Vermeulen and Cohen 1994), and con-
stitutes the basis for the unified scheme of radio-loud AGN (Urry and Padovani 1995).

As was recently discovered by the Compton Gamma Ray Observatory (CGRO),
many blazars are strong and variable sources of high energy vy-rays. In a few sources,
the spectrum extends up to the TeV energies. The y-ray radiation forms a separate
spectral component, with the luminosity peak located in the MeV-TeV range. Vari-
ability of GeV/TeV radiation itself provides evidence for relativistic speeds of radiat-
ing plasma (Maraschi et al. 1992).

Why to study blazars ?

Because of their special properties, blazars offer an important probe of the very cen-
tral region of AGNs and the opportunity to shed light on the mechanisms of energy
extraction from the putative central black hole where jets form, a fundamental goal of
AGN research. The problem of energy production and jet formation/acceleration can
certainly enlighten the physics of (spinning ?) black holes. The first step is to under-
stand which are the fundamental physical parameters and processes at work in these
extreme power engines which are supermassive black holes and relativistic jets, able

for instance to power extended structures laying at several Mega parsecs distance.
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our approach

Moreover, in blazars jets most probably strong relativistic shocks occur, whose
physics is poorly known. In this respect, it is noteworthy the intriguing possibility that
blazars may also be the acceleration sites of exceptionally high energy (£ > 10'° eV)
cosmic rays (Biermann 1995).

The goal of my work was to make progress in the identification of the physical pa-
rameters ruling the rich phenomenology of blazars: the investigation of the mutual

relationships among them turned out to be especially enlightening.

(Our) Questions on Blazars

For a deeper understanding of the fundamental mechanisms at work in these sources
we think it is crucial to address the questions:

® within the blazar phenomenon which is the physical origin of the difference
among BL Lac objects and even more broadly between BL Lacs and Flat Spec-
trum Radio Quasars (FSRQ) ?

@ is it possible to identify continuity among them, with a limited number of phys-
ical properties determining the observational characteristics of all blazars?

® v-ray observations have raised again the question of similarities/differences of in
the y—ray properties of the various blazars subclasses. Understanding this issue
is essential to assess the role of different radiative mechanisms and to verify
whether the idea of blazars as a unitary class can be maintained.

d ok ok ok ok

In this thesis, we address these issues from both the observational and the theoreti-
cal side, following several lines of research, which we are going to illustrate in the
following Chapters.

In the introductory Chapter we present the framework in which we will be dis-
cussing the problematic of blazars. We will briefly go through the basic phenomenol-
ogy, illustrate the reasons supporting the study of Spectral Energy Distributions (SED),
and discuss the important change in blazars research occurred in the last few years,
when we “moved” from the orientation—based unification scheme towards the more
complex picture based directly on physical properties. This is the new and main result
of the work described in this thesis.

In the Introduction particular emphasis is given to BL Lac objects, because the
most important progress, leading to the change of “paradigm” has being done starting
from the study of the few complete samples of BL Lacs, available. Current ideas about
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the nature of the relation (similarities) between BL Lac objects and FSRQ are then
reviewed. In Section 1.1.4 we point out the relevance of the study of the high energy
emission, X and y-ray bands, which constitutes a fundamental tile in the picture that
we are going to study.

We then illustrate in Chapter 2 the very basic ingredients of blazars emission mod-
els, in particular synchrotron and inverse Compton radiative processes, and the effects
of relativistic beaming. We report a handful of equations useful to derive estimates
and constraints on physical properties, expressing them in terms of observational SED
properties.

In these first two Chapters we anticipate in many instances the new results of our work,

in order to present them as part of the general scenario of blazars unification.

In the second part of this thesis (Chapters 3, 4, 5, 6) we enter into the details of the
work, which lead to the proposal of our new (physical) unification scenario.

In Chapter 3 we report on the results of Montecarlo simulations of complete sam-
ples of BL Lacs, performed to test the new scenarios arising from the remnants of the
“orientation paradigm”.

In Chapter 4 we focus on a restricted sample of blazars selected on the basis of
their y-ray and soft-X-ray detection, in order to investigate the phenomenology and
relationship between high energy properties.

In the last two chapters we concentrate on the full broad band, radio to y-ray,
spectral distributions, with two complementary approaches. A purely observational
one based on complete sub-samples of blazars (Chapter 5), and a more theoretical
approach, by modeling individually the SEDs of all the y-ray sources with sufficient
available data to constrain their physical parameters (Chapter 6). This allows us to
derive trends between the physical quantities underlying the correlations between the
observed ones.

Finally, we summarize the emerging unifying picture and synthetically discuss a
few developments, consequences and perspectives arising in/from this “new” picture

of blazars.
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CHAPTER 1

INTRODUCTION

Among AGN blazars represent the most extreme and powerful sources. The funda-
mental property characterizing blazars is their beamed continuum, due to plasma mov-
ing relativistically along the line of sight.

This scenario seems to apply to objects with somewhat different observational

properties leading to different classifications/definitions.

X Objects with significant emission line equivalent widths are usually found as Flat
Spectrum Radio Quasars (FSRQ).

X Objects without emission lines (EW < 5 A) are classified as BL Lac objects.

Moreover, different “flavours” of BL Lac objects have been found in radio and X-ray
surveys, with marked differences in the overall spectral energy distributions, which
have been interpreted either as due to orientation, or as intrinsic (Urry and Padovani
1995). Nevertheless, while different blazars sub—classes have different average prop-
erties, the actual distinction among them is certainly fuzzy and so far several sources
have shown intermediate behaviour. How much the distinction between BL Lacs and
FSRQ is due to intrinsic properties or it is a consequence of the classification crite-
ria remains unclear, and it is one of our goals to clarify this point. In fact arguments
for a substantial ‘continuity’ in the continuum spectral properties leading to adopt the
blazar denomination as including both, BL Lacs as well as FSRQs, have been recently
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re-proposed by Maraschi et al. (1995), Sambruna et al. (1996), and Fossati et al.
(1997).

Parent Population

If blazars do indeed have relativistic jets oriented at small angles to the line of sight,
there must exist a substantial population of intrinsically identical sources seen at large
angles. This large class of objects is called the parent population, and its identification
constitutes a constraint to the study of blazars. On the other hand the knowledge of
their properties provide a source of further insight for the understanding of blazars,
imposing constraints on the supposedly isotropic properties.

The strong dependence of several observables on the aspect angle will cause these
sources to show a significantly different phenomenology due to the lack of the boosted
jet emission. However, they should match blazars in properties expected to be isotropic,
such as host galaxies, extended radio emission and its morphology, and cluster envi-
ronment. The suggested parent population for blazars are the radio galaxies classified
as Fanaroff-Riley type I and II (FR I, FR II, Fanaroff and Riley 1974), for BL Lac
objects and FSRQ respectively.

We will not further discuss this important topic, which will be only recalled in the last
Chapter in the context of consequences and perspectives of the unification scenario
that we are proposing for the beamed population.

1.1 Blazars phenomenology

1.1.1 Blazars signatures

Blazars constitute only a tiny fraction of the extragalactic sources, being only a few
percent of the Radio—Loud population, which in turn is only a 15-20% of the total,
dominated by radio—quiet AGNs. However, blazars can be readily distinguished from
other AGNs by a number of properties:

@ compact, core-dominated radio sources, which seems to be fundamental to the
blazar phenomenon, because searches for radio-quiet examples have been un-
successful;

@ strong millimeter emitters, yielding a flat/inverted radio spectrum,

@ bright at any observable frequency, with in particular comparable radio, optical,
and X-ray luminosities. Their optical counterparts dominates any host galaxy;
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@ strongly variable in any observed energy band, although for some sources (dif-
ferent classes ?) the nature of these variations requires long term observations
for proper classification;

® strong (i.e. P > 3 %) and variable optical linear polarization, an important

characteristic, because it directly indicates optically thin synchrotron emission;
® strong (i.e. P > 1 — 2 %) and variable radio linear polarization,
@ superluminal motion of VLBI components;

strong y-ray sources.

In particular properties @ and @ reveals to be of fundamental importance in the “hunt”
for blazars providing the most powerful way to look for and select them from large
survey samples, where the number of candidates can be very large. In fact cross-
correlation of radio and X-ray surveys catalogues is the main and powerful tool driving
to the selection and discovery of new blazars, with high efficiency in finding them
(expected success rate of ~ 20-30 per cent) (see e.g. Wolter et al. 1997, Perlman et al.
1998, Laurent-Muehleisen 1996).

It is worth noting that there is growing evidence that at least @, @ (especially
referring to the optical band), ®, ® and possibly ® are basically equivalent, in the
sense that are redundant and inseparable traits of a unique “character”.

On the other hand there are properties which play an important role in the recognition

and classification for other classes of AGNs, that do not help in distinguishing blazars:

© presence of strong extended radio emission,

® emission line widths are similar to other sources, although emission lines are
(sometimes) absent in BL Lacs,

® infrared luminosities and colors are not distinct as a population,

O optical luminosities and colors are not distinct as a population.

Of these properties, @ and @ are of fundamental importance in the understanding of
the blazar phenomenon, due to their probable connection with physical properties not

directly related to the presence of relativistic jets oriented close to the line of sight.

Historically by focusing on one or two properties we have been able to define
different types of AGNs, and in turn of blazars, growing a confused variety of classifi-
cations, partly overlapping, depending on which of the above characteristic were taken
into consideration. For instance for line—emitting blazars there were available at least
the names of High Polarization Quasars (HPQ), Optically Violent Variables (OVV),
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FSRQ

BL Lacs

and Flat Spectrum Radio Quasars (FSRQ). The distinction itself between BL Lacer-
tae and quasar-like objects has grown in a rather confused way, eventually towards a
nonsense, mainly pushed and maintained by a restrict community of researchers who
progressively lost the goal, concentrating in the maintenance of this sub-classification
as if BL Lacs were an endangered species.

We will treat blazars as a class, adopting different naming (like BL Lacs, FSRQ,
HBL, LBL) only for sake of simplicity, considering them only as convenient conven-
tions to grossly explain/understand what we are talking about, without ever meaning
anything more fundamental.

We will refer to quasar-like blazars as FSRQ. Eventually there seems to a rea-
sonable agreement in this sense, that probably developed from the mere fact that from
the observational point of view is far easier to recognize (and classify) a source on the
basis of its radio spectrum than it is starting from polarization (HPQ) and variability
properties (OVV).

Of course we keep the traditional name of BL Lacs for blazars with featureless
optical spectrum, and/or with very low equivalent width emission lines, and for their
further phenomenological subdivision we will introduce and adopt the Padovani and
Giommi’s HBL/LBL distinction (§ 1.2.2), having already in mind that the BL could
eventually stay for BLazars. A suggestive and handy nomenclature could be that of red
and blue blazars proposed by Laura Maraschi, where the color is assigned according
to the energy range of the synchrotron peak, directly reminding it in a very intuitive

way.

1.1.2 Blazars SED properties

In our work we concentrate on the study of the properties of the spectral energy distri-
butions, investigating differences, similarities and, mainly, regularities. Here we just
want to give some basic pieces of information, somehow anticipating the content and
the results of Chapters 3— 6, in order to provide the basic terminology on which is
going to be based part of the discussion of this two first Chapters.

In Fig. 1.1 we show a collection of data sketching the spectral energy distributions
of a few representatives BL Lacs and FSRQ. These enable us to illustrate the main
properties, namely the presence of two smooth prominent peaks, located at different
energies in different sources, but with the X-ray band falling in the middle in most
cases, and with the power in the y—rays equals or exceeding the power in the infrared—
optical band. According to the general accepted picture (see Chapter 2) the two broad
band components are interpreted respectively as due to synchrotron and inverse Comp-
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Figure 1.1: Some representatives examples of blazars spectral energy distributions, from radio to TeV y—rays. In the
top panel, FSRQs, and in the lower one BL Lac objects.

ton emission by relativistic electrons.

Why to study SED properties ?

There several reasons/advantages in studying SED:

¢/ take into account y—ray information; the recent discoveries of about 60 blazars

emitting in the y-ray band, by the Energetic Gamma Ray Experiment Telescope
(EGRET) onboard the Compton Gamma Ray Observatory (Fichtel et al. 1994;
Von Montigny et al. 1995; Thompson et al. 1995; Thompson et al. 1996) and
of a few BL Lac objects by ground based Cherenkov telescope, Whipple and
HEGRA (Weekes et al. 1996; Petry et al. 1996), have revealed that a substan-
tial fraction and in some cases the bulk of their radiative output is emitted in
the y-ray range, thus allowing us to discuss for the first time the characteris-
tics of blazars knowing their total emission output and their entire SED. Any
model of high-energy gamma ray emission in blazars needs to explain this basic

observational fact.

v’ excellent diagnostic tool for emission models. As we will discuss in the follow-

ing chapters there is a handful of very interesting information that we can get
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the top, fluxes are progressively scaled of one decade each and their reference “zero-level” is marked with a colored
segment on the left side (from Maraschi et al. 1995).

@

from SEDs which are quite directly related with the physical properties of the
emission region, such as magnetic field and electron spectrum. As far as vari-
ability is concerned, on the one hand detailed emission models are still not good
enough to reproduce and predict the observed “narrow band” fast variability fea-
tures. On the other hand the status of the most critical observations, that would
be simultaneous fast “broad band” tracing both the synchrotron and Compton
components, is not good enough. The better assessed accessible tool is then the

comparison of snapshot spectra.

¢ the striking differences: blazars SEDs show quite a large variety of behaviours,

with marked and somewhat striking differences, and it is easy to recognize them

only on the basis of a few observational data, thanks to......

V' lhe‘, internal coherence, or at least what we see as such, linking the spectral
properties in very different spectral bands, and greatly strengthening our insight.

Just to give an example, in Fig. 1.2 we show the radio to X-ray SED of a few

BL Lacs. They are ordered bottom to top according to the value of the radio-
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optical spectral index! ago. It is interesting to note how the overall spectral
shape changes smoothly and continuously along the aro sequence, and the same
happens for the X-ray spectrum.

These characteristics and regularities are worth a deeper study, and if proven to
hold would enable us to greatly improve our understanding, both because of the
need to explain them, and for the fact of being themselves a powerful tool.

v/ robustness of the method: to support the idea just illustrated, we can look at

Fig. 1.3, where about 200 sources belonging to a few complete samples of
blazars are plotted in the ago vs. aox diagram. Data points clearly follow a
pattern. Moreover there is a clear relationship between the position occupied
by sources in the diagram and their spectral (but not only) properties, as we are
going to argue in many occasions later on. At this stage it is enough to recognize
that different samples occupy different parts of the plane. We will “learn” that
different observational selections, and in turn different samples tend to select
different types of blazars. The same is true also in Fig. 1.4b, where radio and

X—ray luminosity are considered: different samples fill different regions.

¢ Dbetter and larger amount of available data/info: these last examples show a fur-

ther important point, i.e. the study of SEDs allows us to use larger samples and
variety of sources than it is possible, at present, by any other mean. Basically
the trivial point is that the only known way to discover and select blazars, is by
flux limited surveys at different frequencies and their cross-correlation (§ 1.1.1,
§ 5.3.2). Any other information will be available on a statistically significant
basis only afterwards.

1.1.3 Other general properties

We briefly summarize the more relevant blazars properties which are not directly re-
lated to the SED phenomenology.

emission lines By definition the emission line equivalent widths of BL Lac objects

are small. Since equivalent width depends both on line and continuum luminosity,
a better indicator of the “strength” of the line emission, and of the physics of the
source is probably the luminosity. Emission lines in BL Lacs are nearly always an

'Broad band spectral indices are defined as:

lOg(Lg /L1 )

== log(va/v1)

where L; and Ls are the rest—frame luminosities observed at the frequencies v; and vs.
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order of magnitude or more less luminous than those in FSRQs, although the line
luminosities for a few BL Lacs approach those of FSRQs. For any given optical
continuum luminosity there is substantially a continuity of line luminosities (see
e.g. Fig. 10 of Scarpa and Falomo 1997). This seems to be simply a selection
effect due to the definition criteria, according to which we expect to find that BL
Lacs (or better still, objects classified as BL Lacs) have smaller line luminosities.
A further and not negligible complication is introduced by the emission line vari-
ability that can be very large in some cases. This makes the object classification
time dependent.

Finally, there seems to be a sequence in emission line properties with at one ex-
treme FSRQ, and at the opposite end HBL, which really appear to have truly fea-
tureless optical spectra. This could be related with the fact that for these objects
the maximum of the synchrotron emission is occurring right in the optical-UV

band, and then likely overwhelming the emission line spectrum.

radio properties There are three major topics concerning radio observations:

v angle of polarization vector with respect to the jet axis,
v apparent superluminal speeds,

v/ morphology of the host galaxy extended emission.

Clear differences have emerged between the polarization properties of the parsec
scale jet, observed with VLBI, in FSRQ and BL Lacs: the inferred magnetic field
direction in FSRQ tends to be parallel to the local jet direction, whereas in BL
Lacs jets tend to be orthogonal to it. It is usually supposed that the longitudinal
magnetic fields in FSRQ are due to shear, while perhaps the most natural inter-
pretation of the transverse magnetic field structure observed in BL Lacs is that
polarized jet regions are relativistic shocks in which the transverse component of

the magnetic field has been enhanced by compression.

It has sometimes been suggested that the relevant distinction is not between BL
Lac objects and FSRQs but rather between low and high redshift objects. The
available VLBI polarization information suggests quite strongly that this is not
the case, since the transverse magnetic field in BL Lacs have been observed in
both low and high redshift sources. In terms of their VLBI polarization structure
high z BL Lacs more closely resemble low z BL Lacs than they do with FSRQs.

Recently it has been shown that the apparent speeds in the VLBI jets of BL Lac
objects are systematically lower than those of FSRQs, although there is clearly an
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overlap between the two distributions (Gabuzda et al. 1994). Again there does
not appear to be a distinction between high and low redshift objects, whereas
the difference between FSRQ and BL Lacs persists when considering a common

restricted redshift interval.

It seems more likely that the observed systematics difference in VLBI components
speeds of BL Lacs and FSRQs is associated with systematic differences in their

intrinsic speed.

Regarding morphology of the extended radio emission, there is a difference which
could be summarized by saying that BL. Lacs and FSRQ have properties similar to
those of Fanaroff-Riley radio galaxies of type I and II, respectively. Analyzing the
extended radio structure of BL Lacs, Kollgaard et al. (1992) conclude, however,
that the parent population of BL Lacs may include both FR I and FR II. Similar
results were also reported by Murphy et al. (1993).

variability Blazars are known to be strongly variable in all spectral bands, from radio,
IR, optical, UV, X-rays, up to y-rays at GeV and TeV energies, and this is maybe
their most striking property. The patterns of variability are usually complex, as
they cover a wide range of time scales (from hours to years) and depend on the
spectral band (see, e.g. Ulrich et al. 1997). Most of the variability data comes
from the low energy bands, optical and radio, often spanning tens of years. These
data show that, on average, the amplitude of variability is increasing with photon
energy, and the same was recently discovered in the high energy spectral com-
ponents, both in BL Lac objects and FSRQ. In addition to the amplitude/energy
dependence within the low energy and the high energy spectral components, there
is a clear trend observed in quasars showing higher variability amplitudes in the
high energy spectral component than in the low-energy spectral component (see,
e.g. Wehrle et al. 1998).
It is interesting to note that the largest variability is usually observed close to or
above each of the two peaks and is usually in the sense of a hardening of the spec-
trum at higher energies.
Furthermore, spectral variability properties in the low (synchrotron) and high
(Compton) components are more or less the same at, or above, the respective

peak frequencies.

evolution it has been so far established that BL. Lac objects selected in the radio band
show a slight positive evolution, consistent with no evolution at the 20 level (e.g.
Stickel et al. 1991; Wolter et al. 1994). The evidence for samples of X-ray
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variability

selected objects is quite different, and again recently Wolter et al. (1994) and
Perlman et al. (1996) confirmed the strong negative evolution in the X-ray band:
X-ray bright objects are much less luminous or common at high redshifts. FSRQ
share the general trend of positive evolution of the quasar population (e.g., for a
radio selected sample Impey and Tapia 1990).

1.1.4 High energy emission
The X-ray band

The knowledge of the X—ray properties is of special relevance because in this energy
range both the synchrotron and inverse Compton processes can contribute to the emis-
sion. The first mechanism is expected to produce a steep continuum in this band while
the second one should give rise to a flat component (ax < 1, rising in a vF, plot)
the shape of the X—ray spectrum can give a fundamental hint for disentangling the two
components and inferring the respective peak frequencies.

Further constraints on the emission mechanisms can be obtained from the variabil-
ity pattern and the slope of the X—ray spectrum. As steep X—ray spectrum is expected
if the emission is mainly due to the synchrotron process, the X-ray data coupled with
the radio to UV spectrum allow the measurements of the peak of the SED and the
determination of the physical parameters of the synchrotron emission. Rapid flux and
spectral variability is expected in this case. Viceversa, a flat X—ray spectrum, expected
if the emission is dominated by the Compton flux, suggests that the same process is
producing both the X~ and y—ray components, which therefore should show correlated
variability patterns.

X-rays in different sub-classes of blazars indeed have different origins.

¢ in most BL Lac objects X-ray spectra are steep (ax =~ 1 — 3 in the 0.1 — 10
keV band) and variable, and lay on an extrapolation of the UV spectrum, indi-
cating that X—rays in these objects represent high energy tails of the synchrotron

component.

v in FSRQs, the X-ray spectra are usually very hard (ox ~ 0.5 — 0.7), show-
ing weaker variability than in other spectral bands. These spectra are often
interpreted as low energy tails of the y-ray components; however, one cannot
exclude the possibility that they are superposed from two or more components
(see § 2.6).

v then there are intermediate objects where the soft X-rays are dominated (at least

occasionally) by the synchrotron component, while higher energy X—rays belong
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to the high-energy Compton component (Madejski et al. 1996; Cappi et al.
1994).

The differences in the X-ray spectra seem to follow the general trend where in less
luminous blazars, the peaks of the low-energy (synchrotron) component are located at
higher energies (Sambruna et al. 1996; Kubo 1997).

Constraints coming from y-rays

Discovery of strong and variable y—ray radiation in blazars by CGRO provided an ex-
ceptional opportunity to see at work non-thermal processes, and to study the structure,
energetics and matter content of jets. Some of the main results and constraints coming

from the study of gamma ray emission are for instance:

v’ As already mentioned in the previous sections the y-ray component contains
the bulk of the power radiated by blazars jets, and its discovery provided an

unprecedented challenge for emission models.

v Moreover the huge apparent y—ray luminosities, reaching in some FSRQ 10 —
10%° erg s~1, show that blazar jets must indeed be very powerful.

v ~y-ray observations have raised again the question as to whether and how the

various subclasses differ in their y—ray properties.

v ~-ray radiation provides independent evidence that blazar radiation is indeed
produced by relativistic jets. This is because the compactness of the source
derived from the observed v- and X-ray luminosities and variability time scales
is so high that if it was intrinsic (true) compactness, all y-rays would be absorbed
by 7 pair production process. This implies that the true source compactness
must be much lower than the observed one, and this is the case if the observed
radiation originates from plasma propagating in our direction at relativistic speed
(e.g. Maraschi et al. 1992).

v/ ~-rays can also be absorbed by external radiation fields, and because the com-
pactness of such fields decreases with distance, this gives the minimum distance
from which the y-rays can escape. This imposes a constraint on the location of
the y-ray emission region, where most of the energy is radiatively dissipated.
In the external Compton picture this region should be located far enough from
the central source to avoid attenuation of the highest energy y-rays observed.
This in turn imposes a constraint on the allowed means of transport (e.g. Poynt-
ing flux, pair dominated jet, cold e-p jet, etc...) of the energy from the very
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inner region where the jet is formed. The transport should be efficient (i.e. with
negligible dissipation), up to the region where energy is radiated away, since
any conversion of energy to relativistic electrons and photons would lead to a

catastrophic reprocessing of y—rays to X-rays, contrary to observations.

1.2 BL Lacs: the change of perspective

In the second part of this introductory Chapter we illustrate the current ideas about the
unification of the various “flavours” of blazars, in order to prepare the general frame-
work in which we will be “moving” afterwards. We anticipate some of the original
results of our work, that will be the subject detailed in this thesis and which are the
basis for the formulation of the unification picture that we are proposing.

For historical reasons, and for simplicity, we first concentrate (§ 1.2.1 to § 1.2.6)
on BL Lac objects. In fact, in the last few years, the more lively debate first devel-
oped within the restricted area of BL Lac research, whereas little attention has been
given to FSRQs. The problem seemed to be well bounded, the available statistically
complete samples were (are) a only few, and apparently there was a strong observa-
tional dichotomy in several properties, enough to attract some interest on the topic. It
is then easier, and more faithful to the actual growth of ideas, to present and discuss
the changes that affected the unification paradigm following the progresses as they
occurred in BL Lac research field.

In the last section we then go back considering blazars as a whole. We briefly
report on the main alternative ideas to relate BL Lacs and FSRQs, and we stress and
again anticipate our picture of blazars as a unique phenomenon and some observational

findings supporting this belief.

1.2.1 XBL & RBL

BL Lacs have been almost exclusively discovered through radio or X-ray surveys?.
However the properties of objects selected in the two spectral bands are systematically
different, posing a question as to whether there are two “types” of BL Lacs. The first
difference to be recognized and perhaps still the most striking is the shape of the SED,
in particular the relative intensity of the X-ray and radio emission, as first noted by
Ledden and O’Dell (1985) who spoke about X—ray normal and X-ray strong blazars
on the basis of their X—ray/radio flux ratio. The differences show up very clearly using

broad band spectral indices and color—color diagrams, e.g. ago vs. arx (see Fig. 1.3,

2Hereinafter, we will refer to BL Lac selected in radio or X-ray as RBL and XBL, respectively.
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Figure 1.3: The aro VS. aox plane. We plot the following complete samples: 1 Jy, EMSS, Slew, ROSAT-Green
Bank (Laurent-Muehleisen 1996) for BL Lacs, and for FSRQ the sample from Padovani and Urry (1992) (all symbols
are defined in the inlet).

Ledden and O’Dell 1985; Stocke et al. 1985; Maraschi et al. 1995; Sambruna et al.
1996). Others include optical polarization, variability, presence of (weak) emission
lines, radio luminosity, core—-dominance, all of which are less conspicuous in X-ray
selected objects (e.g. Kollgaard et al. 1992; Perlman and Stocke 1993; Kollgaard et al.
1996; Jannuzi et al. 1994; see Kollgaard 1994 for a recent review).

1.2.2 HBL & LBL

Giommi and Padovani (1994,1995) quantified the differences in SEDs between XBLs
and RBLs, and introduced the distinction between “High—energy peak BL Lacs” (HBL)

299

and “Low-energy peak BL Lacs™ (LBL), for objects which emit most of their syn-
chrotron power at high (UV—soft—X) or low (far-IR, near-IR) frequencies, respec-
tively.

Quantitatively a distinction can be done on the basis of the ratio between radio
and X-ray fluxes, defining an objective criterion (independent of the selection band)

separating two (putative) classes of objects. We define

v HBLs the objects with log(Fxev /Fsan,) > —5.5 and

¢/ LBLs the objects with a ratio smaller than this dividing value,
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where the fluxes are monochromatic and expressed in the same units (see also Wurtz
1994; Giommi and Padovani 1994, for similar definitions®). This dividing line corre-
sponds to d value of agx ~ 0.72. The definition is based on observed fluxes because
the number of HBL/LBL in a flux limited sample, depends on the depth of the survey,
and then on the flux limit, due to K—correction effects combined with the shape of the
blazar SED, flat in radio, and steep in X-ray (for a large fraction of objects, and for the
greater part of BL Lacs). Selection acts against HBLs, and we can only meaningfully
speak of derected fraction of a kind of objects, which in some cases could be not very
representative of the intrinsic one.

As can be seen from Fig. 1.4a HBLs (in this figure laying in the upper —left— half)

are found mostly but not exclusively in X-ray surveys and the same is true for LBLs
with respect to radio surveys.
The spread in spectral shapes and the smaller/weaker degree of activity of HBLs were
originally attributed to orientation effects, namely that the X—ray radiation was less
beamed than the radio one and that HBLs were observed at larger inclination to the jet
axis (e.g. Stocke et al. 1985; Maraschi et al. 1986; Celotti et al. 1993).

The main support to this idea came from the observational evidence that BL Lacs
discovered in radio and X-ray surveys actually show similar X-ray luminosities while
the radio luminosities typically differ by two—three orders of magnitude (e.g. Fig. 1.4b).
This could be accounted for if X-ray radiation had a wider beaming cone than radio
emission: observers would see similar X—ray luminosities over a wide range of an-
gles while the accompanying radio luminosity would be high for a small fraction of
objects seen at very small angles and strongly dimmed for the majority, observed at
larger angles (e.g. Fig. 5 in Celotti et al. 1993). Consequently the number density ratio
between the two “flavours” would be determined by the associated solid angles. Since
the X—ray emission is largely isotropic, X-ray surveys are not biased against any of the
two classes of objects, and can give the correct number ratio. The different beaming
affecting the various bands could be due to an accelerating (Ghisellini and Maraschi
1989) or an increasingly collimated jet (Celotti et al. 1993).

3We note that the definition of HBL and LBL by Giommi and Padovani is based on the X-ray flux
in the 0.3-3.5 keV Einstein TPC band (in erg/cm?/sec) and the radio flux at 5 GHz (in Jy). According
to this different definition, and for average values of spectral index and Ny , the value of —5.5 adopted
here corresponds to ~ —10.8
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“ruling out”
viewing angle

1.2.3 From “different viewing angle’ to ‘“different peak energy”

Substantial .progress in the data on the SEDs of BL Lac objects has been obtained in
recent years, in terms both of sensitivity and statistics, especially in the X-ray band*,
which is particularly insightful (see § 1.1.4).

This lead to a definite and fundamental improvement of our knowledge of the phe-
nomenology of spectral energy distributions which is nowadays quite stably assessed.
In terms of the power emitted per decade HBLs display a continuous rise up to the UV
and in extreme cases the soft X-ray band, while LBLs are characterized by a spectral
turn over in the IR domain. In HBLs the X-ray emission is dominated by a soft spec-
tral component which extrapolates continuously to lower frequencies. In LBLs the
X-ray emission is dominated by a separate harder component which at least in some
cases extends to the y—ray domain. A hard GeV to TeV component is present also in
HBLs though it does not show up in medium energy X-rays (e.g. Von Montigny et al.
1995, Lin et al. 1997).

Sambruna et al. (1996) then showed that it is difficult to model the detailed transi-
tion from an HBL to an LBL SED in terms of orientation only and suggested rather a
continuous change in the physical parameters of the jet. If the main role is played by
the aspect angle § of the jet with respect to the observer, the important parameter is the
relativistic Doppler factor §. Energy (and then peak position) goes as Vpeax ~ 6, while
luminosity changes as strongly as L ~ §37* (see Chapter 2, § 2.2 for definition and
details). For a jet with a bulk Lorentz factor I' = 10,6 >~ 10 for # ~ 5°,and § ~ 0.4
for # ~ 40°, with a change of only slightly more than one order of magnitude. It is im-
mediate to see that a change of the value of ¢ by a factor 10, shifts the peak up by one
decade, but at the same time luminosity will increase by at least a factor 2 1000. We
would end up having a strong trend with most luminous sources peaking at the highest
energies, contrary to known phenomenology. Even worse is the fact that in any case
it would be very difficult to account for the whole (broad) range of values covered
by synchrotron peak frequencies (10'* — 10'® Hz, see Chapter 5) with only a change
in the viewing angle without changing in correlated way any other source property.

Summarizing: angle certainly plays a role, but it cannot be the leading parameter.

It is then necessary to reconsider the HBL/LBL phenomenology in a new perspective.

The two main options are:

4e.g. Giommi et al. (1995), Comastri et al. (1995), Comastri et al. (1997), Lamer et al. (1996),
Perlman et al. (1996), Perlman et al. (1996), Padovani and Giommi (1996), Urry et al. (1996), Sambruna
et al. (1996), and more is coming with the strong observational programs with BeppoSAX, covering an
unprecedented wide band between 0.1 and ~ 200 keV.
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v the nature of the source is different, there is a real dichotomy, and we are dealing

with truly different phenomena, or

v they are different manifestations of an intrinsically identical phenomenon, but

the physical conditions of the emitting material are different.

On the basis of the substantial continuity in their properties, strongly contrasting the
idea of dichotomy, the fundamental ingredient to carry on a trustworthy “different
nature” scenario, we think that HBLs and LBLs are different representatives of a more

complex phenomenology, based on the variety of physical conditions.

1.2.4 Radio leading scenario

The first model developed along this line to explain the “statistics” of HBLs and LBLs
is the “radio luminosity + different energy cutoff” scenario by Giommi and Padovani
(Giommi and Padovani 1994; Padovani and Giommi 1995; hereafter we refer to it
as the radio leading scenario) alternative in many ways to the commonly accepted
“different viewing angle” model sketched above.

They propose that a single luminosity function in the radio band describes the full
BL Lac population. For each radio luminosity X-ray bright BL Lacs (i.e. HBLs) are
intrinsically a minority described by a fixed, luminosity independent distribution of
X-ray to radio flux ratios. In X-ray surveys however selection effects substantially
enhance the HBL fraction. According to this approach the intrinsic fraction of the two
types of BL Lac (HBL vs. LBL) would be objectively reflected in radio surveys. With
these hypotheses Giommi and Padovani were able to reproduce the observed X-ray
counts, luminosity functions and the distribution of BL Lacs in the aro — cox plane
(Padovani and Giommi 1995).

The basic radio leading hypothesis (Giommi and Padovani 1994; Padovani and
Giommi 1995) is that radio selection would be objective with respect to the intrinsic
spread of broad band spectral properties. The underlying idea is that the radio emission
is only weakly affected by the properties of the synchrotron component at higher ener-
gies, such as the peak frequency. Therefore the radio selection is not expected to suffer
of any bias regarding the SED shape properties and sources with different X—ray/radio
luminosity ratios are sampled from a common radio luminosity function.

In this approach, the X—ray counts (and X-ray luminosity function) are easily pre-
dictable from the radio counts (and radio luminosity function) and the results can be
compared with real data coming from surveys. It is worth reminding that there are

essentially no free parameters in the model.

Giommi &
Padovani
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According to this scenario, the observational evidence that HBL objects are more nu-
merous, apparently in contradiction with their assumption that HBL sources are in-
trinsically only 1/10 of the entire population, is due to selection effects. In fact, given
their Fyev /Fscqn, ratios, HBL have a relatively low radio flux. Therefore, at the same
X-ray flux level we are detecting together BL Lacs belonging to different parts of the
radio luminosity function, with LBLs coming from a brighter but poorer part of it.

The proposal of this simple, successful idea and its controversial meaning, suggested
us to elaborate and investigate other unifying pictures for BL Lac objects, which could
eventually include also FSRQ.

1.2.5 X-ray leading scenario

Beside the radio leading model we consider the “symmetric” alternative, assuming
that the common property of HBL and LBL is the X-ray luminosity. i.e. that the
X-ray luminosity function basically represents the whole BL Lac population. In this
case X-ray surveys would give objective results regarding the intrinsic abundance of
HBLs and LBLs. This scenario, which we refer to as the X—ray leading model, can be
considered as an evolution of the “different viewing angle” scenario, where the X-ray
luminosity was the basic property and the population ratio reflected the ratio of solid
angles.

As already mentioned, this idea originally comes from the observational evidence
that BL Lacs discovered in radio and X-ray surveys show similar X-ray luminosities,
while the radio luminosities typically differ by two—three orders of magnitude. This is
in general true also if the distinction between the two types of sources is made in terms
of the HBL/LBL classification as formally defined in Section 1.2.2 (see also Fig. 1.4a).

1.2.6 Unified bolometric scenario

In Fossati et al. (1997) we proposed a further completely alternative way of facing the
HBL/LBL issue, a new unified picture, in which the key feature is a link between
the shape of the SEDs, in particular the peak frequency of the synchrotron power
distribution, and the bolometric luminosity. In particular, we parameterize the shape
of the SED in terms of its synchrotron peak frequency.

We wanted to take into account the properties of the overall observed SED of BL
Lacs, as well as recent indication of a possible link, along a continuous sequence,
between the SED shape and the source luminosity (e.g. Sambruna et al. 1996; Fossati
et al. 1998; Ghisellini et al. 1998).
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The fundamental hypothesis of the model is still that HBL and LBL sources are
manifestations of the same physical phenomenon. The new ingredient is the idea that
HBLs and LBLs are different representatives of a spectral sequence that can be de-
scribed in terms of a single parameter, which we identify with the bolometric luminos-
ity of the synchrotron component, Lo sync. Both “flavours” of BL Lac objects share
the same bolometric luminosity function and the SED properties depend strongly on
this quantity.

The main positive feature of this approach is that it offers a more direct interpreta-
tion in terms of the physical properties of the sources. In fact:

@ the assumptions are largely independent of the details of the observed statistical
samples and moreover they are not based on the choice of a leading spectral
band;

@ itis based on the relative dependence of two quantities which are strongly related
to the physical properties of the emitting plasma, namely the emitted luminosity
and the cut—off in the synchrotron spectrum. One can therefore speculate on the
physical origin of this dependence. |

Moreover the “bolometric” picture can be naturally extended to include also FSRQ, as

we will discuss in Chapter 3.
% ook ok ok ok

A representation of the main features of the presented scenarios is shown in the car-
toons of Fig. 1.5a,b,c.

The radio and X-ray leading models (see Fig. 1.5a,b) are symmetric, and differ in
the choice of the leading parameter, i.e. the radio and X-ray luminosities, respectively.
These scenarios, being purely phenomenological, can be constructed from observed
properties, like the probability distribution P (Likev/Lsarz) of the flux ratios and the
luminosity functions, with basically no free parameters.

One important characteristic of these two scenarios is that they assume that the
fraction of each HBLs and LBLs is constant at any epoch and, even more relevant, for
any source luminosity.

The “unified bolometric” model (see Fig. 1.5¢), is based too on observational
trends, however has the peculiar characteristic to link the bolometric luminosity with
the energy of the synchrotron cut—off. It starts directly from a unified description of
the BL Lacs spectral energy distribution.

We will see in Chapter 3 that they can all correctly predict a significant number of
quantities in agreement with current observations, though they (and in particular the
radio leading one) fail to reproduce some of the observed distributions.
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Figure 1.5: Cartoons resuming the basic features and differences between (a) the radio leading, (b) the X—ray leading
and (c) the unified bolometric scenario. The plane defined by the two axis shows the leading luminosity function.
As shown in the panels in the first two schemes the SED distributions and populations ratios are independent from
luminosity, while the bolometric approach links the type of source (i.e. the SED) with the luminosity. The schematic
SED represented with thick and thin lines always refer to LBL and HBL, respectively, and the number of SEDs in each
panel is suggestive of the relative number density of sources.
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1.3 BL Lacs and FSRQ

After this introduction to set the renewed framework in which the study of BL Lacs
properties is now being discussed, we would like to summarize the current ideas about
the relationship between BL Lacs and quasar-like blazars. There are several ways in
which these different types of objects might be related. For example they could be:

@ identical, except that their emission is anisotropic and we view them from dif-

ferent angles;

@ identical, except that they (individual objects) have either stochastic or regular
variations in their behavior, which change their observed properties into those of

another class;
® evolutionary stages of the same physical objects;

@ based on the same physical process, but differing in some critical parameter,

such as the central massive object, or the accretion rate;

® definitely different.

About @, we already discussed the arguments against it in relation to BL Lac objects.
It would remain the possibility of interpreting the differences between FSRQ and BL
Lacs, as effect of different orientation, and in turn different amount of beaming. BL
Lacs would be featureless because of the greater beamed jet emission washing out
emission lines. They would represent the most extreme version of FSRQs, i.e. those
with the most highly boosted continuum. Actually this picture is ruled out both on the
beaming and the emission lines sides, because not only BL Lac are less beamed than
FSRQs, but also they have intrinsically weaker emission lines. -

Points @ and @ are somewhat difficult to address, and it can even be true that there
is an evolution of individual sources from FSRQ to BL Lac properties, or viceversa.
There have been several proposals of unification schemes based on the cosmological
evolution of some fundamental property, triggering different phenomenologies at dif-
ferent epochs. Vagnetti and collaborators (Vagnetti et al. 1991; Vagnetti and Spera
1994) proposed that the average bulk Lorentz factor of the jet increases with cos-
mic time, and thus the ratio between beamed and not-beamed emission components is
changing with redshift, with BL Lacs objects preferentially found nearby, and FSRQ
dominating at earlier epochs. On one hand, this picture has to overcome the same
problems of point @, concerning emission lines and beaming, and on the other hand
available data do not show any continuity in redshift between FSRQ and BL Lacs.

anisotropy

evolution
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same
phenomenon

They are both present at low z, always occupying different but adjacent regions of
“parameter spaces”.

Other possibly important physical parameters are the environment and the charac-
teristics of host galaxies (e.g. gas content). They are plausibly changing with cosmic
time, and they could certainly play an important role in determining the accretion rate
on the central black hole, its angular momentum, and the conditions of propagation of

jets.

We would like to put more emphasis on the hypothesis @. We have already men-
tioned (in § 1.1.3) the observational situation with respect to emission lines properties.
The main points is that although the division in emission line luminosities separating
BL Lacs and FSRQ is not sharp, a systematic difference between the two classes does
clearly exist.

Moreover, the fact that some other phenomenological properties (see e.g. § 1.1.3)
are systematically different for BL Lacs and FSRQs corroborate the idea that the opti-
cal observational distinction between these sources is not arbitrary, but rather has some
physical basis.

However, it is worth stressing that the phenomenology of BL Lacs and FSRQs is
strictly “contiguous”, and in some sense complementary, basically in any observed
property. For instance the inclusion of FSRQ in Lixev — Lsgn, and colour—colour
distributions shows an interesting continuity of their properties with those of BL Lacs
(see Fig. 1.3, and Figs. 1.4a,b and more examples in the following Chapters), and
in those cases where there is a trend/correlation between two quantities, this is always
strengthened considering together BL Lacs and FSRQs (see Fossati et al. 1997; Fossati
et al. 1998; Ghisellini et al. 1998).

The morphology of the extended radio emission of some LBL (see Kollgaard et al.
1992; Perlman and Stocke 1993), and the radio luminosity functions of RBLs and
FSRQ also show continuity (Maraschi and Rovetti 1994).

On these basis we exclude that BL Lacs and FSRQ are definitely different (®).

® ook ok ok ok

All these pieces of evidence lead to the suggestion that there is actually a remarkable
progression in properties. We propose that blazars can be unified in terms of a luminos-
ity sequence HBL-LBL-FSRQ, which is also a sequence of increasing importance of
emission lines. It is very unlikely that the pieces of evidence illustrated here, and those
that we will discuss hereinafter, result from chance coincidence or from yet another
cosmic conspiracy. They rather point to an underlying physical mechanism operat-
ing in both classes of objects: they would simply be different “flavours” of a single
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family, where the physical processes are essentially similar allowing for some scal-
ing factor(s). The identification of these scaling factors would represent a substantial

progress in the understanding of the blazar phenomenon.



24

INTRODUCTION




CHAPTER 2

MODELS

2.1 Overview

The blazars broad band spectra consist of two broad components: one at low energy,
peaking (in vF,) between the infrared and soft X-ray band, the other at high energy,
peaking in y-rays. The overall energetics is often dominated by the latter, by as much
as two—three orders of magnitude over the former. Both components show rapid large-
amplitude variability, which indicates a very compact emission region.

Most current models for the structure of blazars, to avoid the problems with ex-
cessive opacity of y—rays to pair production, invoke beaming of the emission from the
radiating plasma moving in a jet pointed close to the line of sight towards the observer,

in an analogy to the jet-like structure inferred from other observations.

2.1.1 Radiative processes

The non-thermal shape of the spectrum of the low-energy component as well as its
polarization suggest synchrotron emission.

On the other hand several models, still in competition, have been proposed to ex-
plain the y—ray emission and the overall SED of blazars.

A flat inverse Compton component due to upscattering of the low energy photons
is expected to emerge at high energies as originally discussed in Jones et al. (1974a)

synchrotron

inverse
Compton
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and Jones et al. (1974b). The latter process is therefore a plausible candidate to ex-
plain the y—ray emission. Specific.models differ in the adopted geometry (one—zone
homogeneous models or inhomogeneous jet models), and in the nature of the target
photons which are upscattered in energy by the inverse Compton process.

Production of high energy radiation was predicted many years ago by synchrotron-
self-Compton (SSC) models (Kénigl 1981; Marscher and Gear 1985). In this pro-
cess, the same electrons that produce synchrotron radiation also upscatter some of
synchrotron photons to y—ray energies. However, as was recently recognized, the SSC
process is not necessarily the one which produces most of the y-rays. The competing
process, at least in quasars, may be the Comptonization of external radiation. Models
based on this process are called ERC (External Radiation Compton) and their orig-
inal variants have been investigated by Dermer et al. (1992), Sikora et al. (1994),
Blandford and Levinson (1995), Ghisellini and Madau (1996).

The target photons for ERC process could be produced in the accretion disk (Der-
mer et al. 1992; Dermer and Schlickeiser 1993), or in the Broad Line Region (BLR).
The BLR itself can be either illuminated by the disk (Blandford 1993; Sikora et al.
1994; Blandford and Levinson 1995), or self-illuminated by the jet (Mirror Model by
Ghisellini and Madau 1996; Bednarek 1998). Finally, target photons could be pro-
duced by a dusty torus surrounding the blazar nucleus (Wagner et al. 1995; Sikora
et al. 1997). All these different scenarios have been tested on specific sources, but of-
ten more than one model can reproduce the same data with similar accuracy (see Von
Montigny et al. 1997 for 3C 273; Ghisellini et al. 1996 for 3C 279; Comastri et al.
1997 for 0836+710).

Comparison of the energy densities of the external radiation fields with the energy
density of the synchrotron radiation field (both as measured in the jet comoving frame)
suggests that while the SSC model may be adequate to explain the y-ray emission for
BL Lac objects, the ERC models are probably more applicable for flat spectrum radio-
quasars (FSRQ) (see e.g.. § 2.5.2).

Production of v-rays is also predicted by so-called hadronic models, where ul-
trarelativistic electrons are injected by relativistic protons (Mannheim and Biermann
1992; Mannheim 1993; Bednarek 1993; Dar and Laor 1997). Mannheim (1993) pro-
posed that shock—accelerated electrons and protons give origin to two different pop-
ulations of particles (electrons and electron—positron pairs), responsible of the entire
SED through synchrotron emission. l
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2.1.2 Inhomogeneous vs. homogeneous

The fact that the synchrotron components extend up to UV, and even X-ray bands
indicates that jets contain highly relativistic electrons, with Lorentz factors up to v =~
10% — 108 (see § 2.3).

Energy losses of such electrons are so rapid that they must be (re-)accelerated/injected
in situ, i.e. at the locations where they radiate. These locations should be sites of the
energy dissipation, which propagate along the jet at moderate (I' ~ 10) relativistic
speeds.

The best developed detailed model of blazar spectra is then based on a shock front
moving down a jet (Marscher and Gear 1985).

Part of the available energy is converted to relativistic electrons and protons. The
dissipation/shock can result from interaction of the jet with external “obstacles”, and/or
collisions of inhomogeneities in a jet (Blandford and Konigl 1979).

Both the magnetic field and the particle distribution could vary with position, and
the observed radiation is a superposition of emission from different parts along the jet
(e.g. Ghisellini et al. 1985; Maraschi et al. 1992; Marscher and Travis 1996; Levinson
and Blandford 1995). These models are generally called inhomogeneous.

However, recent results concerning the rapid variability of blazar sources at all
frequencies (see recent reviews by Wagner and Witzel 1995 and Ulrich et al. 1997)
and the detection of their emission at energies of up to at least 10 TeV (Aharonian et al.
1997; Protheroe et al. 1997; Catanese et al. 1998) have provided new restrictions on
the possible acceleration mechanisms. Especially the observed simultaneous variations
in X-rays and TeV gamma-rays (Takahashi et al. 1996; Fossati et al. 1998) indicate
that a single population of particles in a relatively localized region is responsible for the
emission. Consequently, homogeneous models have been widely discussed and there
is rough agreement on the parameters of the emission region (Dermer and Schlickeiser
1993; Macomb et al. 1995; Macomb et al. 1996; Bloom and Marscher 1996; Ghisellini
et al. 1996; Inoue and Takahara 1996; Comastri et al. 1997; Mastichiadis and Kirk
1997; Stecker et al. 1996).

Proton blazar

In contrast to these models, the proton-initiated cascade (PIC) model (Mannheim and
Biermann 1989; Mannheim and Biermann 1992) predicts that the high-energy emis-
sion comes from knots in jets as a consequence of diffusive shock acceleration of

protons to energies so high that the threshold of secondary particle production is ex-

shock-in-jet

inhomogeneous

homogeneous

PIC
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ceeded.

Actually, in all particle acceleration processes, the injection of relativistic electrons
is accompanied by injection of relativistic protons, whose energy can be converted to
high energy radiation via processes as direct synchrotron radiation of protons, y-p pair
production, and photomeson production which is the dominant process giving rise to
the PIC, in typical blazar condition, the critical parameter being the ambient photon
field.

The weakness of the ”proton blazar” model is that it requires fine tuning in order to
explain the striking regularities in the shape of broad band spectral energy distributions
(see Chapters 4, 5, 6), because in principle it is very difficult to “stabilize” the energy
of the second synchrotron peak (that due to electrons emerging from the PIC). This is
in fact strongly dependent on the initial maximum proton energy, which in turn does
not have a firm relationship with that of the directly shock-accelerated electrons.

A further problem is to avoid excessive X-ray production from «-y pair production,
that would require an ad hoc solution. Finally, simultaneous variability of emission at
widely differing wavelengths is more easily interpreted in terms of directly accelerated
electrons rather than in the hadronic models, in which only the optical-UV photons

arise from directly accelerated electrons.
ok ok ok o

In the remainder of the Chapter we will first present the basic formulae of relativistic
beaming (§ 2.2) and synchrotron and inverse Compton emission processes (§ 2.3), and
we then illustrate some examples of constraints and estimates on models that can be
derived from the very basic SED properties. We will refer to the emission from where
most of the emission comes as blob, meaning a region throughout which physical
conditions are homogeneous (see also 2.3). This can be more realistically identified
with a shocked region, moving along the jet.

Unless otherwise noted we use primed variables for quantities measured in the blob
comoving frame, specifically frequencies, luminosities, energy densities. The electron
Lorentz factor v, the magnetic field B, instead will not be primed, as always referring
to the comoving frame. Moreover we drop all the cosmological redshift terms, assum-
ing that the observed quantities are already shifted back to their rest frame value, e.g.

Vem = Vobs(1 + 2).
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2.2 Effects of relativistic beaming
Superluminal motion

Consider a relativistic jet characterized by a velocity fc, corresponding to a bulk
Lorentz factor I' (= +/1 — ?), and an observer looking at it with an angle § with
respect to the jet axis. The observer will measure an apparent transverse speed Bags €

of the discrete components moving along the jet equal to:

B siné

Bapp = m 2.1)

For a moderately relativistic jet this can easily exceed 1 (e.g. § = 0.9, § = 45°
—+ Bapp = 1.7), yielding an apparent motion faster than the speed of light, from which

the well known phenomenon of the superluminal motion. The effect is maximized for
cos f = 3, with Bapp = ¥5.

Doppler boosting

The characteristics of the emission from the moving material as seen by the observer at
rest are altered with respect to those measured in the blob comoving frame. Hereinafter
primed quantities will refer to the blob rest frame.

Due to relativistic aberration effects, the radiation emitted isotropically in the blob is
beamed in a narrow cone in the direction of motion'. Photons emitted in the blob frame
at an angle @' = 7 /2 with the direction of the jet, are seen in the observer frame at an
angle # = 1/T. As a consequence of this the intensity of the emission is increased for
an observer looking close to the jet (approaching) direction, while it is decreased for
mis—aligned observers.

The fundamental parameter is the relativistic Doppler factor:

1
0= TA=F cosh)

(2.2)

which rules the conversion between the blob and observer reference frames. The
Doppler factor reaches its maximum value for ¢ = 0°, namely 0 ~ 2T,

It is worth noting, and convenient to remind, that at the angle # = 1/T, for T > 1,
such that sin § ~ 6, happens that

g = [ = Bys

langles are transformed as cos§ = (8 + cos8')/(1 + Bcos@').

beaming effects

§=1/T
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The basic relationships for frequency, time, specific intensity, and volume emissivity
are the following, where primed quantities refer to the blob frame:
v =201V
t=46"¢
L) = &I,
Juv) = 6% 4, (V)

For isotropic emission I/, does not depend on the angle and then the flux density F),

2.3)

obey the same transformation. For a power law spectrum F), (v') o v/~ %, and a moving

isotropic spherical source, we have
E,(v) = & FL (V) (2.4)

The additional factor 6 results from the fact that we are comparing now the emission
in the blob frame at the same frequency at which we are observing, and not at v/ =
v/é. For the case of a continuous jet the exponent of the Doppler beaming factor is
p = 2 + «, because one power is missed in the integration over the emitting volume
(Lind and Blandford 1985; Ghisellini et al. 1993). For the luminosity:

Ly, = &L (2.5)

where again p = 2 + o or p = 3 + « for a continuous jet or a spherical source.

If flux, luminosity and energy density, are integrated over a frequency band:

F = 6§ F (2.6)
L =461 2.7)
U= 6ty (2.8)

where ¢ = 3 or ¢ = 4 for a continuous jet or a spherical isotropic source, and the
integration limits are suitably transformed from on frame to the other (v = § /). It
is important to remind that this is approximately the case also for vF,, fluxes and vL,

luminosities, for which we will then use 2.6 and 2.7.

ERC exceptions

However in the case of the ERC, Compton scattered radiation, as measured in the blob
comoving frame, have quasi-isotropic distribution only for I' ~ Ty, where I, is the
Lorentz factor at which the drag force of the external radiation field on the blob is
zero (Sikora et al. 1996), which for typical blazar parameters is I'eq =~ 2 — 4, lower
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than observed I'. For I' > T, the external radiation is seen by the emitting cloud
of plasma moving as coming from the front, and the Compton scattered radiation is
produced with a highly anisotropic distribution. As measured in the observer frame,
ERC radiation is beamed more strongly than the synchrotron and SSC radiation and
the exponent changes to p = 4 + 2c (Dermer 1995).

However, for a given total emitted luminosity, the respective observed luminosities
for SSC or ERC are also comparable, if averaged over a cone of semi-aperture 1 /T,
corresponding to the “relevant” part of the emission pattern.
A further important relationship that changes in the ERC case with respect to the gen-
eral one, is that for the transformation of the energy density of the external radiation,

which does not obey eq. 2.8, but has weaker dependence:

U = T? Ve = 8" Uet 2.9)
This is valid under the assumption that the emitting blob is moving inside a volume
filled with photons, which are then approximately surrounding and approaching it
isotropically (Sikora et al. 1994). In the blob comoving frame about half of the ex-
ternal photons are thus seen beamed within the 6" < 1/T cone, and blue-shifted. On
the other hand, the average frequency of the ambient photons entering the blob from
all directions is v/, ~ T Vey, if they are narrowly distributed around Vex;. The factor
T results from the averaging of the blueshift of the frequency of the external radiation

when entering the blob, weighted on the aberrated energies and solid angles.

2.3 Synchrotron and inverse Compton (SSC & ERC)

As discussed the SED of blazars is explained in terms of synchrotron and inverse
Compton emission, by possibly a unique electron population. In this section we review
the basic equations which are necessary to investigate the physics of the emitting blob
starting from the study of the spectral properties. The most important features of the
SED are the frequencies and the luminosities of the synchrotron and inverse Compton
peaks, and we will focus on the relationships among them.

We restrict to the homogeneous case, assuming that the radiation is emitted by a
single blob emitting isotropically in its rest frame, with a tangled magnetic field B, and
size R. The blob moves through an external (isotropic) radiation field of energy density
U,y , resulting from a fraction £ of the observed Ley; (disk emission, broad line region
emission, etc...) which is reprocessed/scattered and “available” to the blob, within a
“reprocessing/scattering volume” of radius Re. This external radiation field is as-

sumed to have a peaked (vL,) spectrum, with a characteristic frequency Vexs, Which

1
Uyt V8. Uext

!
Vext VS. Vext

the picture
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will be blueshifted in the blob reference frame at v/, = I' v,,. As mentioned before,
dealing vL, spectral distribution then the appropriate factor for the transformation of
luminosities is g = 4.

In equations we will express the quantities in the more compact and convenient
form X,, = X/10™.

Frequencies and powers

For isotropic magnetic field and electron momentum distribution, the emitted syn-
chrotron and inverse Compton photon frequencies for electron having Lorentz factor
7y are:

4
Vsyne = g 72 Vg (210)

(where vp, = eB/(2mrmec) ~ 2.8 x 108 B Hz is the Larmor frequency)

Veyne =~ 3.7:-10°4? B Hz

out B
v, comp —

2 yin (2.11)

QI v

that can be considered monochromatic, since the emitted powers are peaked at these
values. It is worth reminding that Compton scattering becomes less efficient at high
energies, in the so called Klein-Nishina regime, resulting in a strong reduction of the
scattering cross section. The reduction has a threshold depending on the energies of
both electrons and photons, namely ~ hv/m.c? 2 1. For instance for an electron with
Lorentz factor v = 10%, the scattering is less efficient for photons having hv 2 50 eV.

The corresponding emitted powers, i.e. electron cooling rates, for synchrotron,
SSC and ERC (e.g. Rybicki and Lightman 1979, and Sikora et al. 1996 for ERC) are:

E.sync = ’ysync TneC2 = g orc 72 U]{D, (212)
. . 4

€ssc = Jssc Me® = 3 orc Y Ugyne (2.13)
. . 16

€BRC = YERC MeC” = 35 oT¢ vV Ul (2.14)

where o is the Thomson scattering cross section. Emitted luminosities will result

integrating these over the electron energy distribution, and will be proportional to the
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involved energy densities which are, respectively:

B2
e = === 2.15
Us 8 (2.15)
14 1 Lg
e = e = — 2.16
Usyne ArR?2c¢ {4 47 R2¢c (2.16)
L
Lo = T7 —r2 Sl 2.1
Uext F Uext 47]_ Rg}(t c ( 7)

From the cooling rate it is immediate to define the cooling timescale 7 = ¢/é = /%, a
very useful quantity when comparing different processes at work in the emitting blob.
It is immediate to see that in all cases 7 o 72, i.e. more energetic particles will suffer
more severe cooling.

Peak frequencies v & ¢

In this framework, of a unique electron population, the synchrotron and Compton peak
energies are strictly related, being produced by the same electrons, having a Lorentz

factor that we will call ypeax . The equations for the peak frequencies, are then:

vy ~ 3.7-10°+2,, B vs = 3.7-10° 12 6 B (2.18)
SSC 4 4
7 > 2 ’ygeakyé y35€ ~ 3 7geak Us (2.19)
1 ERC 4 2 ! ERC 4 2
Lo} = '3; Vpeaky ext Ve = g P)/peak 0T vy ext (220)

left column for blob rest frame, right column for the observed ones.

The ratio between (observed) Compton and synchrotron peaks frequencies is then:

- = 3 Vpeak (221)
( Vs ) SSC 3 °F
I' vex
(59> oy — 02 (2.22)
Vs / Erc B

Peak luminosities: I.s & Lc

Another important property is the ratio of the two peak luminosities, L¢/Lg, which is
usually referred to as Compton dominance, that traces the ratio between the radiation
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and magnetic energy densities.
L Ypea gy 1 2L
<—,C) = eSO Tame o o T8 (2.23)
LS SsC “peak,sync UB 6* B2R%¢
(L_C> = Dmmo e _ e 2ilat, (2.24)
LS ERC "Ypea.k,sync UB B Rext C

synchrotron
self-absorption

and it can also be interesting to consider the ratio between SSC and ERC luminosities

/ ] - ' 2
Lssc Ypeak,SSC Uy Ls RZ,

LErc _ YoeaEre . Uy ~ 542 Lext R (2.25)
The above formula hold also for the ratio of the observed synchrotron, SSC and ERC
luminosities, provided that the angular distributions of radiation fields are the same
(e.g. isotropic in the blob rest frame). For isotropic magnetic field, the synchrotron and
SSC radiation in the source frame are isotropic, and transforms with §*. As pointed
out in Section 2.2, this is not the case for the ERC process (o< §°), but provided that
we are looking at the source within the aperture angle of the beaming pattern § = 1/T
we can hold the approximate equality and assume that

/ /
Lerc _ Lgge Lerc _ Lgge
LSSC L,SSC Lsync L

sync

while it is already correct that:

!
LSSC _ Lssc
Lsync L

sync

(2.26)

2.4 Characteristic electron energies

In general the observed SEDs require curved electron spectra steepening at higher
frequencies, for both the synchrotron and inverse Compton components. There are at
least three characteristic energies at which the electron spectrum can change its slope
significantly. They are plausibly related to:

® minimum injected electron energy, Ymin

@ maximum injected electron energy, Vmax

® “cooling” break energy, Yoreak

These “break ’s” leave their signature in the radiation spectra at energies v o 2,
Moreover in the case of synchrotron radiation, there is a cut-off due to synchrotron self-
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absorption, which is not usually observed because it occurs at frequencies were the ra-
diation from the homogeneous blob falls below that coming from outer in-homogeneous
region of the jet, responsible for the bulk of the radio emission.
Spectra can also show a high energy cut-off due to y—ray absorption in the pair ~y-y absorption
production process. The ambient radiation field has to be transparent even for most
energetic y-rays to reach us, nevertheless TeV photons could interact with the diffuse
infrared background photons and be absorbed. Actually upper limits and detections
on TeV radiation from TeV-emission candidates (typically extreme HBLs, with syn-
chrotron peak in the X-ray band) can be used to estimate the energy density of this
diffuse component (e.g. De Jager et al. 1994; Stecker and De Jager 1998).

cooling break energy A very informative spectral feature is the one related to the

electron energy, Yureak, below which radiative cooling of electrons is inefficient.
This results from the equality of the cooling timescale T¢oq1 = v/%, with the
escape timescale. For this latter we assumed that 7. = R/vVesc >~ R/c. This
energy is (from eq. 2.12-2.14):

3 mec?
e T Uy + Ua) or R

(2.27)

where U!,, is the total energy density in target photons, on which electrons cool

via inverse Compton scattering.

maximum injected energy The energy of the injected electrons should have a limit

reflecting the balance between the efficiency of the acceleration and of the cooling.
Its value then reflects the properties of the acceleration mechanism, and it is worth
investigating. The most promising scenario for particle acceleration in blazars
relativistic jets, is shock acceleration, according to which particles gain energy by
being scattered by magnetic “disturbances”, repeatedly crossing the shock front
(e.g. Kirk 1997). In some scenario, shock acceleration can give rise to a maximum
acceleration rate on the order of the gyro-frequency of the accelerated particle
(e.g. Inoue and Takahara 1996; Kirk 1997).

For electrons this yields a maximum Lorentz factor:

9eB 3

Tmax =0 (UL + UL,) o1 7

(2.28)

where 7 is electron mean free path in units of the Larmor radius (r, = ymec?/eB),
which enters in the definition of the acceleration timescale, which in this case we
assumed to be T ~ 771, (Inoue and Takahara 1996). The value of 7 is actually
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a big unknown and under some assumptions it can be related to the ratio between
the non-turbulent and turbulent components of the magnetic field in the accelera-
tion region. Inoue and Takahara (1996) comparing their model with the SED of
3C 279 and Mkn 421 found values ranging from 10° to 107.

For a reasonable choice of parameters we find that the maximum electron energy
is not likely to exceed a few TeV or so in the powerful sources (see § 2.5.4). Higher
energies may be attainable in faint BL Lac objects provided that the magnetic field
is sufficiently weak. The fact that Mkn 421 and Mkn 501 have been detected at
TeV energies implies that at least in these sources electron injection must be very
effective. It is not known whether the high energy spectrum of FSRQ extends into
the TeV regime.

minimum injected energy The role of v, and its nature are in some sense less “nat-

ural” to see than it is for Yureax and Ymax. There are some —independent— motiva-
tions to require the presence of a low energy cut-off in the electron distribution,
with Y €ven up to 100. One of the most important motivations is the need of
sort of pre-injection in the shock region: in order to be efficient current scenarios
of shock-wave acceleration require that electrons are already mildly relativistic.
Other directly phenomenological evidences are for instance related with the prob-
lem of bulk Compton scattering (i.e. optical depth), Faraday depolarization, or
kinetic energy budget (e.g. Sikora et al. 1997; Celotti 1997). Just to detail more
one of the argument we can mention the “Sikora bump”: cold electrons co-moving
with the blob with I', up-scatter UV external photons to v ~ 1 I'? ey 15 keV, pro-
ducing a bump whose intensity depends on the scattering optical depth of these
cold electrons. We can then set a limit on their density, since we the “Sikora

bump” has never been detected.

The point is that we don not want to have much more electrons in the jet than
those necessary to account for the emission we detect, on the other hand we are
not able to constrain their lowest energy from direct spectral observations. In fact,
a spectral break related to ¥,z < 100 could not be detected in the synchrotron
component, because it would occur below the frequency at which synchrotron-
self-absorption becomes important. Neither is the break expected to be imprinted
in the SSC component. For ERC, in the case of UV target photons, such a break
should be imprinted on the Compton spectrum in the range ~ 1 keV — 10 MeV,
while for IR targets, up to at most a few tens of keVs. In principle the presence
of a ymin (Or equivalently of a significant break in the electron spectrum with a
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flattening below some energy) can give rise to a very hard X-ray spectrum, and
there are a few sources with very hard medium X-ray spectra (e.g. 0202+149
and other sources in § 4), but it is difficult to firmly claim that this is due to the

presence of a minimum electron energy.

To avoid the presence of cold electrons one should require that they are re-accele-
rated, or that they escape from the emitting volume, but in both cases in seems to
be necessary to have a mechanisms able to produce a “truncated” electron injec-

tion.

At least a couple of ideas have been proposed, although both are pure specula-
tions: the “hot electron” picture by Sikora et al. (1997), and the “pre-shock”
acceleration. To explain the properties of the so called MeV blazars (Blom et al.
1995), Sikora et al. (1997) hypothesized that a significant fraction (=~ half) of
the energy available, rather than going into the shock-acceleration producing the
power law, is used to pre-heat all electrons which will be afterward accelerated.
" The pre-heating electron “equilibrium temperature” could be of the order of 100
MeV (i.e. Ymin =~ 2 - 10%), and from a simple estimate of the energy balance
it seems possible that this happens at a distance r along the jet compatible with
> 10" Mz cm (for My = M/108My)

~/

other independent requirements, e.g. 7
(Sikora et al. 1997). The second picture is very similar to this one, in envisaging
a mechanism to “pre-heat” electrons at a typical energy before experiencing the
shock-acceleration itself. It relies on the possibility that in a pre-shock phase there
can be a transfer of energy for instance from cold protons, having an energy con-
tent ~ I'my,c2, to electrons to a typical energy e ~ I'(myp/me) S 10%, depending

on the power in baryons which is dissipated.

The relative importance of Yimin, Vmax and Yoreak, and their role in the determination
of the SED shape, mainly which one is going to correspond to the observed vpeax,
i.e. Ypeak, depends also on the slope of the injected electron spectrum, assumed to be
a power law N(7y) o v~*, extending from Ymin tO Ymax. Since for thin synchrotron
emission the spectral index is related to that of the emitting electronas o = (s — 1) / 2,
then it is immediate to see that the peak in the vF, spectrum occurs where s = 3.

In a stationary case, there are a few basic “rules” telling how the electron energy
distribution is, and there are only a few possible combinations (Ghisellini 1989). First
of all, it is worth reminding that in the range of energies where cooling is dominant the
electron spectrum steepens to sip; + 1, due to radiative losses, while where escape is
dominant the spectrum keeps its injection slope, and finally below ymin itis s = 2. We
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can discuss a few cases (see also 6.2.2). If there actually is escape, then there are the

following possibilities.

3 < Sinj " Ypeak corresponds to Ymin

2 < 8inj < 3t Ypeak corresponds tO Yoreak

1 < sipj < 2 : since even above Ypreax the slope s < 3, then Ypeax Will fall between
Yoreak a0d Yrmax-

Sinj < 1 : again Yoreak < Ypeak < Ymax-

If there is not significant escape, in any case for si;; > 2 the peak will occur at the

energies corresponding to Ymin-

2.5 Diagnostics from SED peaks

By comparing ERC/SSC spectra with the synchrotron spectra, we can attempt to de-
rive physical parameters of radiating blob, namely magnetic field, characteristic (maxi-
mum/minimum/break) electron energies, in and in turn electron injection function (e.g.
Sikora et al. 1994; Ghisellini et al. 1996; Takahashi et al. 1996; Sikora et al. 1997;

‘Mastichiadis and Kirk 1997).

In Chapter 6 we will present the results of an extensive study of the SEDs of y—ray
detected sources, which have been fitted with a detailed jet model.

Here, starting from the basic equations we want to see what can be investigated by
simply taking advantage of the study of the basic properties of spectral energy distri-
butions. The main quantities that can be observationally derived from the SEDs are
the energies of the synchrotron and Compton peaks, vs and v, their luminosities, Lg
and L¢, or Compton dominance, and in some cases their relative variations estimated
comparing different “snapshots” of the same source.

Adding to these data estimates of other relevant quantities, such as the Doppler
factor §, or Lorentz factor I', the size of the blob, the nature of the external radiation
field, we can work out interesting results on the physics of the emitting blob, e.g.
magnetic field, electron energies. -

The size of the emitting region, R, can be constrained by measurements of vari-
ability timescales imposing the usual causality condition, i.e. R < dctya/(1 + 2),
and for ¢y, = 1 day and z < 1 this gives R ~ 3 - 10'® cm. About 6 (I'), there is
increasing evidence, from independent methods, that blazars jets are characterized by
Lorentz factor of the order of 10, with only a little spread (e.g. Ghisellini et al. 1993,
Vermeulen and Cohen 1994).
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Since we are looking at peaks of the SED, such analyses are not affected by the fact
that the observed spectra, especially their lower energy parts (in both the synchrotron
and the Compton components) may well result from the superposition of two or more

components (see discussion in § 2.6).

In the following sections we first discuss the constraints on SSC and ERC mod-
els (§ 2.5.1), we compare SSC and ERC models to investigate their applicability to
different SEDs (§ 2.5.2), in § 2.5.3 we derive estimates of the blob magnetic field for
SSC and ERC, and of the “typical” electron energies (§ 2.5.4), and finally in § 2.6 we
present the relevant variability features expected in different scenarios.

Hereinafter we will assume that always § ~ 1/T" ~ 1/6.

2.5.1 Estimates of vpeax, B, 6

First of all let us consider the SSC scenario. The important source parameters involved
are basically 4, i.e. R, Vpeax, B and 6. As already said, the blob size can be estimated

independently, from variability, and then we can write:

300\ V2
Ypeak = ’4—1/5'

2
— Vs
- v (e/2mmec) (2:29)

912
e 12 Lc

var

B*° = (1+2)

We see that since the SSC model is strongly constrained, we are then able to derive
Ypeak» B and ¢, fixing univocally the SSC parameters using only the main features of
the SED, if obtained from simultaneous data.

For ERC the situation is somewhat worse. The model parameters are (R, Ypeax, B, 9),
but there are also Rext, Lext, a0d Veyt, Which in turn depends on the nature of the ex-
ternal photon field. It is true that we can reliably estimate them, nevertheless the ERC
model is only weakly constrained. For vey it is very likely that for most sources of
external radiation it will be around optical-UV energies, Vey; = 10'® Hz. We can work
out estimates for Ley: for FSRQ, thanks to the fact that they show quasar-like emission
line spectra, or even UV-excesses, while it is more difficult for BL Lacs, for which we
can at most extrapolate or impose upper limits. The worst point is that about Rey;, for
which we can extrapolate results for radio-quiet AGNs for which there are ongoing ex-
tensive observational program for the monitoring of broad emission lines variability in
order to map the properties of the BLR (e.g. Collier et al. 1998 and references therein).

SSC

ERC
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Equations for peax, magnetic field and Doppler factor, for ERC, (for 8 = 1 /T, to
have 6 =T), are:

. 30\ V2
"fpeak B 4Vext
B Vs Vext
= B 2.
4 vo (e/21mec) 2:30)

and it is not possible to separate B and ¢, increasing even more the “degeneracy” of the
ERC case. In fact both the ratio between Compton and synchrotron peak frequencies
(egs. 2.18 and 2.20) and that between their respective luminosities (eq. 2.24) yield
the quantity B/J. We can then write the following relations for the ratio of peak fre-
quencies as a function of the parameters of the external radiation and of the Compton

dominance:

U B L 1/2
=~ 1.4-10° Vexs15 Rextiis (ELext)zs’” <—S) 2.31)
s L¢

2.5.2 ERCyvs. SSC, FSRQ vs. BL Lacs ?

The comparison of the ERC efficiency with the SSC efficiency for #ypical quasar radi-
ation fields seems to imply that the production of y-rays in FSRQ should be strongly
dominated by Comptonization of external radiation. In fact Equation 2.25 can be re-
written substituting typical values for the involved quantities. We plug-in I' ~ § =~ 10,
€Lexs ~ 10% (e.g. Falcke et al. 1995, Celotti et al. 1997) and Lg ~ 10 erg s7%,
which are appropriate in the case of FSRQs, and we set the dimensions to Rey; ~ 10

cm, and R ~ 10'7 cm.

Ut 3 o6 (ELext)ys RI
et — 10°§ 5 17 2.32
Uéync ' LS,46 Rgxt,ls ( )

The above formula seems to prove strong domination of the ERC process over the
SSC process for quasar-like blazars, for the production of the high energy peak. How-
ever, SSC can still contribute visibly to the X-ray band (Kubo 1997; Ghisellini et al.
1998)(see also § 2.6).

The situation is less clear in BL Lac objects, where the radiative environment in
the central region is not very well known. The lack of strong emission lines and of
UV excesses (even during lowest states) suggest that in these objects L.y can be very
low. Noting also that in BL Lac objects I" factors are typically smaller than in quasars
(Padovani and Urry 1992; Maraschi and Rovetti 1994; Vermeulen and Cohen 1994),
domination of SSC over ERC in these objects is very likely.
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It is also worth reminding that for BL Lac objects whose high energy spectra can
extend up to TeV energies the formula 2.25 (and 2.32) could not apply directly. This
is because the reduction of the scattering cross section in the Klein-Nishina regime

strongly reduces the efficiency of the Compton process.

The ERC mechanism is then likely to dominate in the powerful y—ray quasars. More-
over, SSC models have difficulties explaining the high ratio of luminosities of the high
and low energy spectral components often seen in the powerful blazars, with the y-ray
component dominating the synchrotron one as much as by 3 orders of magnitude (e.g.
see Chapter 4, 5, and 6). On the other hand low power BL Lacs, even, if not especially,
those emitting in the TeV range show an approximate equality of the power emitted
by synchrotron and inverse Compton. We can for instance compare equations 2.23
and 2.24:

L
<—C> ~ 0.7 6;*B? R} Lsus (2.33)
Ls / ssc

L
(—C) ~ 7-10% 67 B2} Roi1s (ELext)yss (2.34)
Lg ERC

Therefore, this is a further hint that the SSC mechanism is more likely to be important
in the weak BL Lac objects.

2.5.3 ERC, SSC and magnetic field

If both high energy and low energy spectral components are produced by the same
population of relativistic electrons, and the production of high energy radiation is dom-

inated by the SSC process, then

Lo _ Liso _ Uome (2.35)
Lg Lg Ug
Equations 2.16 and 2.35 give:
1 1 L2
/ S
&~ — =2 2.36
U 04 dr R? ¢ L¢ (2.36)

For the case of ERC dominating the equation for the magnetic energy density is in-
stead, from 2.26 and 2.17: |

2 fLext Pi

Ug ~ ¢
B 4 R%,, ¢ L¢

(2.37)

Compton
dominance
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From 2.36 and 2.37 we can derive estimates of the magnetic field based on observed
quantities. They are:

Lo\ 12

Bssc =~ 0.16;% Ry} Lg's (L—z) Gauss (2.38)
2 (Le\™?

Bgrc =~ 36, Rogis (ELext)4é (L_s> Gauss (2.39)

Thus, the observed high y—ray luminosities and Compton dominances can be explained
in terms of the SSC models only if one assumes that jets are very weakly magnetized.

2.5.4 ERC, SSC and characteristic electron energies

We finally report a numerical estimate of the characteristic electron energies, discussed
in § 2.4, expected to arise from the balance between acceleration, cooling and escape
of emitting particles. In particular we give expressions for Ypreak (cooling = escape)
and Y.« (cooling = acceleration), equations 2.27 and 2.28. They can be re-written
in terms of the measured or estimated parameters, both for the SSC and for the ERC

case, with their different estimates/constraints for the magnetic field:

L Lo\
Vorake = 3.5-10* 6} Ri7 Ly (—C) (H—c) (2.40)
’ Lg Lg
ERC 2 p—1 p2 -1 (L¢ L\t
Yoreak == 35077 Riy Ryt s ((Lexi)as | — 1+— (2.41)
Lg Lg
B B Lo 14 Lo\ ~1/2
135C ~ 1.5-10° ;% 6, Ry Loy <L—:> <1 + L—z) (2.42)

2
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Here for the parameter 7 entering in the definition of the acceleration timescale, we
used the fiducial value n ~ 10° laying in between the values obtained by Takahashi
et al. (1996) for the broad band fits to 3C 279 and Mkn 421.
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2.6 Variability and relative luminosities

The limited data that we have on most of blazérs prevent us from being able to dis-
tinguish between the different theoretical models on the basis of the spectra alone.
For example, both the SSC and ERC models have been able to reproduce the SED of
3C 279 rather well (e.g. Maraschi et al. 1992; Hartman et al. 1996). Similarly the
SSC model fits well the data of the March 1993 flare of PKS 0528+134 (Mukherjee
et al. 1996), while its low state (August 1994) were fitted well with the ERC model
by Sambruna et al. (1997). The SSC, ERC, and PIC models give good results when
compared with the SED of 3C 273 (Von Montigny et al. 1997).

It could then be important to consider the opportunity offered by the comparison of
different “snapshots” of the same source at different levels of activity and brightness.
Correlations between the fluxes at different energies over a broad energy range may
actually be anticipated, even though naively, from the basic properties of the different
scenarios. Presumably, different mechanisms would give rise to different characteris-
tics of the time dependent emission in blazars, For example, changes in either of the

following quantities might lead to variations for the SED properties:
w particle injection rate,
w magnetic field,
w the bulk speed,
s intensity of ambient radiation in ERC models.

According to the various models, variations in the above quantities can affect the syn-
chrotron and Compton components in different way. On the basis of equations 2.12
—2.17 we can work out the expressions giving the dependencies of the luminosities of
the various emission components on the magnetic field B, electron density N, jet bulk
Lorentz factor I', and external photon field energy density Uey. Under the assumption
that = 1/I" we have:

Ls « I'"* N, B? (2.44)
Lssc o I'* N2 B? (2.45)
Lgrc &« I® N, U (2.46)
Lyc o I'® N2 B? (2.47)

We added here the further case (2.47), not discussed before, of the mirror Compton
model (Ghisellini and Madau 1996), that show the strongest dependence on the jet
bulk Lorentz factor .
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2.6.1 Examples, comments and complications

Since both the ERC luminosity and the synchrotron luminosity scale linearly with the
injection rate of electrons, the ratio Lgrc/Ls is predicted to be constant during a flare.
Contrary to this prediction, the observations of the best studied blazar, 3C 279, show
much higher amplitudes of variability in the y—ray band than in the optical/UV band
(e.g. Wehrle et al. 1998). Such variability patterns are predicted by the SSC model,
where Lssc high/Lsscjow = (Ls nigh/Ls low)?. However, the amplitude ratio observed
in the January 1996 flare of 3C 279 was even larger than that predicted by the SSC
model (Wehrle et al. 1998). This behaviour instead can be reconciled with the one-
zone ERC model (either pure or in its mirror varieties) only if the increased injection
rate of relativistic electrons is accompanied by an increase of the bulk Lorentz factor,
upon which synchrotron and Compton components have a different dependence (for
an application of the mirror model to this case see Bednarek 1998).

Things are complicated by the fact that comparable contributions to the emission in a
band can come from different components, that have different variability properties or
even be not variable.

For instance the synchrotron emission from the jet can be diluted by a thermal
component from the accretion disk in the optical/UV, or from emission from dust (e.g.
from a nuclear torus) in the infrared band, or even, for low power sources, can be
diluted by the emission of the host galaxy.

Last but not least, there is even the possibility that the jet itself has a steady emis-
sion, over which highly variable flaring components are superposed.

A further point to stress is that not only the variability of the low energy compo-
nent can be diluted by the presence of non-variable contributions, but, because of the
different energy distributions of the target radiation fields, the corresponding Compton
components do not overlap entirely, giving rise to a complex phenomenology at high
energies.

For instance, in X-ray band, beside the mixing of the high energy tail of the syn-
chrotron component with the onset of the inverse Compton one, which however we can
reasonably believe to be able to recognize because of the marked difference in spectral
shape, there could also be the case of a mixture of ERC and SSC radiation, which is
more subtle to distinguish.

As aresult, a less luminous SSC component produced by up-scattering far infrared
radiation can still be visible in soft/mid X-rays, while ERC scattering on the external
UV radiation, blueshifted of a factor I'9, can produce a separate peak at higher energy.
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In the worst case, envisaged by Sikora et al. (1997), there could be a further ERC
component coming from the Comptonization of external near-IR radiation, originated
by the hypothesized dusty torus.

An interesting example of this mixing of Compton components is possibly pro-
vided by the FSRQ PKS 0528+134. Ghisellini et al. (1998) explain the peculiar re-
lationship between brightness and hardness shown by this source in X-rays, as due to
the mixing of two different components. In the 0.1 — 10 keV band flux this source is
apparently softer when brighter, at odds with what was so far believed to be the “nor-
mal” behaviour, i.e. harder when brighter. This can be due to the an extra contribution

from SSC occurring exactly in the medium X-ray band.

2.7 SSCvs. ERC beaming patterns
and source statistics

Another interesting aspect of comparing ERC and SSC radiation components with the
synchrotron component is the angular distribution of these radiation fields. As was
shown by Dermer (1995) and discussed in § 2.2, ERC radiation is much more strongly
collimated than the synchrotron and SSC radiation. Since SSC and synchrotron radia-
tion fields have the same angular distribution (they both are produced isotropically in
the source comoving frame), the predicted high-energy to low-energy luminosity ratio
does not depend on f,ps. In contrast, the ERC model predicts this ratio to drop very
rapidly with viewing angle outside the 1/I'—cone. Dermer proposed that this can ex-
plain why a significant fraction of FSRQ do not show y—ray activity, even though they
are otherwise recognized as typical blazars on the basis of the low energy component

properties.

0528+134
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CHAPTER 3

SIMULATIONS
OF BL LAC SAMPLES

3.1 Introduction

Given the general “panorama” that we summarized in section 1.2 and because of the
implications for physical models of relativistic jets and the understanding of the phys-
ical conditions within the emission region, we decided to explore more thoroughly the
fundamental hypothesis that BL Lacs are a single class, whose SEDs are character-
ized by different physical parameters, and to test any prediction against the available
observations.

Our aim here was to perform a further step with respect to the work done by
Giommi and Padovani (Giommi and Padovani 1994; Padovani and Giommi 1995) who
proposed the radio leading scenario (§ 1.2.4). We then started by considering BL Lac
objects, and we introduced the X—ray leading and bolometric models (see § 1.2.5 and
§ 1.2.6).

The predictions of these models, derived by a Montecarlo technique, .are compared
in detail with observations, in particular considering with care the redshift distribu-
tions.

We test the three pictures against the best (whole) body of data now available: the
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radio and X-ray fluxes (uniformly measured by ROSAT, Urry et al. 1996) of the 1 Jy
BL Lac sample (Stickel et al. 1991) and the radio and X-ray fluxes of the BL Lac
sample derived from the Einstein Slew survey sample (Elvis et al. 1992; Perlman et al.
1996), which we are going to consider quasi-complete.

Specifically, we compute the distributions of radio and X—ray luminosities and red-
shift, predicted for the sub-samples of HBLs and LBLs. The observational quantities
to match are therefore 16, 2 luminosities plus the redshift distribution plus the number
of detections, for two “classes” of objects for two surveys.

3.2 The reference samples

3.2.1 The1l Jy survey sample

The complete 1 Jy BL Lac sample was derived from the catalog of radio selected ex-
tragalactic sources with Fsgg, > 1 Jy (Kiihr et al. 1981) with additional requirements
on radio flatness (ag < 0.5, with F,, < v~%), optical brightness (my < 20) and the
absence of optical emission lines (EW, < 5 A, evaluated in the source rest frame)
(Stickel et al. 1991). This yielded 34 sources matching the criteria, 26 with a redshift
determination and 4 with a lower limit on it (Stickel et al. 1994). It is the largest
complete radio sample of BL Lacs compiled so far.

We computed the luminosities using the monochromatic 1 keV fluxes measured
by ROSAT (Urry et al. 1996, where the listed values are those from fits with Galactic
absorption) and the 5 GHz values from the Kiihr et al. catalogue. We considered only
the subsamples of sources with at least a lower limit on the redshift. The fluxes were
K—corrected using a radio spectral index ag = —0.27 and the average X-ray spectral
index measured in the ROSAT band, ax = 1.16.

3.2.2 The Slew survey sample

The Einstein Slew survey (Elvis et al. 1992) was derived from data taken with the IPC
in between pointed observations. A catalog of 809 objects has been assembled with a
detection threshold fixed at 5 photons. It does not reach high sensitivity, having a flux
limit of ~ 5 x 1072 erg/cm?/sec in the IPC band (0.3 — 3.5 ke V), but it covers a large
fraction of the sky (~ 36600 deg?). Based on radio imaging and spectroscopy Perlman
et al. (1996) selected from this sample a set of 62 BL Lac objects (33 previously known
and 29 new candidates) and, in a restricted region of the sky, a quasi—complete sample
of 48 BL Lacs. The sources are almost completely identified, and therefore constitute a
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quasi—complete sample of 48 BL Lacs. The redshift is known for 41 out of 48 objects.
Based on the data and the discussion by Perlman et al. we treat the Slew survey sample
available to date as a tentative, but quasi—complete one. This is the largest available
X-ray selected sample of BL Lacs (Perlman et al. 1996), with more than twice the
number of sources contained in the fairly rich X-ray selected sample derived from the
Einstein Medium Sensitivity Survey (EMSS, Morris et al. 1991; Wolter et al. 1994;
Perlman et al. 1996), extended to 23 objects by Wolter et al. (1994).

K-—corrections of the radio and X-ray monochromatic fluxes were computed using
spectral indices arg = 0.0 and ax = 1.5, respectively.
The values Hy = 50 km/sec/Mpc and gp = 0.0 have been adopted.

3.3 The “different energy cut-off”’ framework

The framework which we decided to investigate lies on the idea that BL Lacs are a
single population of objects whose SED can be characterized phenomenologically by
the distribution of the values of the frequency at which the peak in the energy emitted
per logarithmic bandwidth occurs (i.e. the peak in the vF, representation of the broad

band energy distribution) for the putative synchrotron component.

A good quantitative indicator of the overall broad band shape of SEDs is the ratio
between X-ray and radio fluxes, conventionally taken at 1 keV and 5 GHz, equivalent
to a characterization in terms of agx and/or agro. SEDs peaking at lower frequencies
correspond to higher ratios (see § 5; for a representation of the relation between SED
shape and for instance aro see Fig. 1.2). The X-ray to radio flux ratio is typically
two orders of magnitude larger in BL Lac objects derived from X-ray surveys than in

objects derived from radio surveys.

It is clearly more convenient to work with flux ratios since they are easier to de-
termine then the peak frequency of a broad band energy distribution. One can even
observationally derive a distribution for the X-ray/radio luminosity ratio as if this is
the relevant intrinsic quantity which characterizes the SED distribution. This is what
we consider hereafter, following the approach by Giommi and Padovani.

Starting from these hypothesis, one can derive the statistical properties of BL Lacs
simply by assuming a primary luminosity £ (radio, X-ray or “bolometric”), and rela-
tive luminosity function ®(L), and a probability distribution, P(Lx /Lg; £)(= Px/r)»
of the X-ray to radio luminosity ratio. In the following sections we present the as-

sumptions on these two quantities, according to different models.

Sflux ratio
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Figure 3.1: (a,b) Distribution of the observed ratio Lii.v /Lsch, for the two surveys. Dashed areas represent LBL,
while dotted areas indicate HBL sources. The distribution Px /g used in the computations of the radio leading scenario
is shown in (c). It is obtained summing up that observed for the LBLs in the 1Jy sample and that of the EMSS sample,
weighted by a factor 1/10.

3.3.1 Radio leading scenario

Since a radio selected sample would be unbiased with respect to the X-ray to radio
luminosity ratio, we considered the 1 Jy sample of BL Lacs (Stickel et al. 1991) and
built the probability distribution Px/r. To improve the statistics for the HBL objects
part of Px/r, we considered, following Padovani and Giommi (1995), the distribution
deduced from the EMSS sample, weighted by a factor 1/10 (see Fig. 3.1). In fact
the ratio of HBL to LBL objects derived from various radio selected samples (1 Jy,
Stickel et al. 1991; S4, Stickel and Kiihr 1994, S5, Stickel and Kiihr 1996) covers the
range Nypr./Nipr, = 1/16 — 1/6. Therefore, with the given hypothesis, this factor 1/10
represents the intrinsic ratio of HBL to LBL populations in the whole BL Lac class: in
the radio leading scenario only a minority of sources would intrinsically have the SED
peaking in the UV range, while most of the energy distributions would peak in the ~
IR range.

As “primary” (i.e. radio) luminosity function we used that calculated by Giommi
and Padovani in the luminosity range 102 — 10%® [erg/sec/Hz], extrapolating the ob-
served one to lower luminosities. The extrapolation is based on the beaming model
scheme (see Urry and Shafer 1984; Urry et al. 1991; Urry and Padovani 1991), ap-
plied to the luminosity function derived from the 1 Jy sample data (covering the range
10%2 — 10% erg/sec/Hz, Stickel et al. 1991), in the non evolutionary case. We note that
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the predictions of the model are indeed strongly dependent on the number density of
the low luminosity sources.

We used a third degree polynomial fit! to the luminosity function published in
Fig. 1 of Padovani and Giommi (1995).

Clearly, the assumption of a minimum radio luminosity Lsgn, min introduces a
limiting luminosity in the X-ray band, Ljyeyv min. However, it is worth noting that,
because of the different spectral shape of HBL and LBL objects, their corresponding
minimum luminosities will be different, with Likev min|1BL, < LikeV min|HBL-

Giommi and Padovani found a good agreement between the predicted X—ray counts
and those derived from all the main X-ray surveys (EMSS, EXOSAT High Galactic

Latitude Survey, HEAO-1 surveys; see Fig. 3 of Padovani and Giommi 1995) and with

the EMSS luminosity function.

3.3.2 X-ray leading scenario

Again, the starting points are the primary (X—ray) luminosity function and a probability -

distribution of luminosity ratios, but in this case this should be observationally derived
from an X-ray survey, that by construction is now supposed to be the objective one.

An important assumption, which we had necessarily to take into account in the
X-ray case, concerns the cosmological evolution of BL Lacs. Recently Wolter et al.
(1994) and Perlman et al. (1996) confirmed the strong negative evolution in the X—ray
band: X-ray bright objects are much less luminous or common at high redshifts. In
analogy with the radio case, we first evaluated the predictions of the X—ray leading
model assuming no evolution. The results have been presented in Fossati et al. (1996)
where we showed that they are not compatible with the 1 Jy survey sample properties,
predicting a number of LBL objects in large excess with respect to the observed one
(~ 140 instead of 32 observed).

Then, in order to be able to reproduce the observational results and in particular the
redshift distributions (see below), here we assumed a negative luminosity evolution in
the X-ray band.

We derived the distribution Px /g from the Slew survey X-ray selected sample,
but using only objects with redshift lower than 0.25, in order to better approximate a
distribution appropriate for a sample of sources at the same redshift, Fig. 3.1.

Unfortunately, the X-ray luminosity function for this sample is not (yet) avail-

IThe polynomial fit is expressed as log® = a + blog LscHz2s + ¢(logLsauz 08)® +
d (log Lsaz 28)® Gpe™ L1, where Lsgi, 98 = Lsanz/10%® erg/s/Hz, and the values of the coef-
ficients are a = —25.204616, b = —2.1376271, ¢ = —0.0455836 and d = —0.0059641.

warning on

Lrnin

evolution

luminosity
Jfunction
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able. For this reason we considered the EMSS and its well studied X-ray luminosity
function (Morris et al. 1991; Wolter et al. 1994). We tentatively adopted an X-ray
luminosity function matching that derived by Wolter et al. (1994), represented as a
single power law ®(L) oc L%, with slope ag = —1.62. Since the normalization of
the luminosity function would substantially affect only the total number of sources,
but neither their relative number nor the average luminosities, in order to recover the
correct absolute number of objects we fixed the normalization (for the case with best
results reported in Table 3.1) at the value log ®y(Likev) = —36.3. This value is within
the confidence range given by Wolter et al. (1994), for the Lyyy corresponding to
Lo.3-35kev = 10% erg/sec.

The luminosity evolution parameter is 7 = 0.142, according to the definition L(z)
=L(0) exp(—trp/7), where t1p is the look—back time in units of t (for go = 0.0, to =
1/Hp). The luminosity range is 10%* — 10 [erg/sec/Hz]. Also in this case we stress that
LBLs and HBL reach different values of the minimum radio luminosity (see § 3.3.1).

3.3.3 Unified bolometric scenario

We parameterize the shape of the SED in terms of its synchrotron peak frequency,
and assume a power law relation between peak frequency and bolometric luminos-
ity. Adopting an estimate of the bolometric luminosity function we can derive all the
observable properties and again compare them with observations.

The relation between the bolometric luminosity and the SED has been based on
observed trends. More luminous objects seem to have LBL spectral properties, with
the peak of the energy distribution in the IR—optical range and Compton dominated
soft X-ray spectra.

The less luminous sources tend to display HBL SEDs, steep soft X-ray spectra
and a synchrotron component peaking in the UV-soft X—ray band (e.g. Fig. 1.4b). The
distribution between this two extremes seems to be continuous and we propose that it is
governed by the now leading parameter Ly sync. Therefore, if we characterize the SED
with the frequency at which the (synchrotron) energy distribution has a maximum, a
fundamental (inverse) relation must exist between the bolometric luminosity and this
frequency. The inverse dependence is qualitatively based on the trend found by Fossati
et al. (1998), which will be discussed in Chapter 5.

SEDs parameterization

In order to reproduce the basic features of the observed SEDs we considered a simple
geometric two component model. The synchrotron radio to soft X—ray component is
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Lpeak -

. é —
5 GHz vjunct Vpeak 1 keV

Figure 3.2: Schematic representation of the parameterization of the SEDs, according to the “unified bolometric” model.
All the basic parameters are shown. Note that the difierence between radio and X-ray luminosities in the vL, repre-
sentation differs from the relative normalization of the two component, defined as K, by the term log(v1xev /VsGHz)-

represented with a power law in the radio domain, with spectral index ¢, smoothly
connecting, at Vjuct, With a parabolic branch ranging up 0 Vpeax. Beyond vpeax the
synchrotron component steepens parabolically.

The hard X-ray Compton component is simply represented with a single power
law with spectral index ;. The normalization at 1 keV of this hard component
(Likev,comp) 18 kept fixed relative to the synchrotron one at 5 GHz (Lsgn,). This imme-
diately implies a correlation between the radio and X—ray luminosity in sources where
the emission at 1 keV is dominated by the Compton emission.

The parameters describing this representation of the SED are then five: a;, o, the
hard (Compton) X-ray normalization K= log(Lixev comp/LsGHz)» Vjunct and either the
width of the parabolic branch o or vpe,.x. This is because we require that the parabolic
branch matches the flat radio component at vy also in its first derivative, and there-
fore we cannot fix independently both its width and peak frequency. A schematic rep-
resentation of this parameterization is shown in Fig. 3.2, while its analytical expression
is given in Appendix 3.6. ’

For simplicity, we use the luminosity at the peak of the synchrotron component,
Lboisync instead of the bolometric luminosity. In fact, for various complete samples
of BL Lacs, Sambruna et al. (1996) find that the ratio between Ly sync and Vpeax
Lpeak,sync 18 consistent with being constant, >~ 8.

We then specify the relation between vpeqr (the frequency at which the first peak in
the L, representation occurs) and the value of the corresponding luminosity vL, |, .
We note that for simplicity hereafter Lyeac indicates the equivalent of a bolomet-

Vpeak & Lpeak
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Figure 3.3: Set of SEDs used in the simulations of the “unified bolometric” scenario. The dashed SEDs are those
with log(Likev/LsaHz) > —5.5, corresponding to HBL objects. The solid SEDs, on the contrary, correspond to LBL
objects. Note that this subdivision is not strictly equivalent to the classification defined in terms of the flux ratio, that

differs by a term [(er — ax)log(1 + z)] ~ —0.3. The squares indicate the average observed SEDs of HBL and LBL,
as reported by Sambruna et al. (1996).
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ric luminosity, i.e. vL, evaluated at vpea. This is the key physical relation of the
proposed model. For simplicity we here consider a simple power law dependence
Vpeak = Vpeak,0(Lpeak/Lipear,0) ™" (7 > 0). We then have three more parameters: 7,
Lpeak,0 and vpeay -

In Fig. 3.3 a set of SEDs following the adopted parameterization is shown. The
dashed lines represent those with log(Ljkev/Lsgr,) > —5.5, roughly correspond-
ing to HBL objects, while the opposite is true for the solid ones, LBL objects. Re-
member that the distinction is actually defined in terms of the flux ratio, and that
log(Fixev/Fscrz) = log(Likev/Lscmz) + (ar — ax)log(l + 2).

To summarize: the adopted parameterization requires 8 inputs, 5 describing the
shape of the SED (as, 0, K, Vjuncts Vpeak) and three its relation with the luminosity
(Vpeak,0» Lipeak,0, 17). However, the family of SEDs is completely determined by a set of
7 parameters: s, o, K, Viunct Vpeak (Vpeak,0> Lipeak,0, 7). In addition we must specify
the normalization ®( and the slope as of the adopted luminosity function.

We adopted a luminosity function for Lpeax based on that calculated by Urry and
Padovani (1995) (see their Fig. 13) for the 1 Jy and EMSS BL Lacs. Their (bivariate)
luminosity function is obviously affected by selection effects both in the X-ray and
radio bands, but constitutes the available distribution closest to a truly ‘bolometric’
one. The normalization has been chosen in the range log ®(Lyeax = 45.0) = —44.8
to —44.5 and the index o = —1.90 to —2.3. Finally, we stress that for simplicity no
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evolution has been assumed in the bolometric scenario.

SEDs: parameterization vs. observations

We formally have 9 free parameters, but there is only a limited freedom in the choice

of their values, which are constrained by observations.

as @ itonly takes values in a narrow range around 0, and we perform our simulations
with the fiducial values 0.0, 0.1, 0.2.

oy . its value is constrained by the assumption that, in the case of extremely hard
X-ray spectra, we are only looking at the Compton component. We then con-
sidered a single value of ay, = 0.7 equal to the average slope of the flatter X-ray
spectra of LBLs (Lamer et al. 1996; Urry et al. 1996), for which we can think

that we are measuring only their Compton emission.

K: on the same basis, the relative normalization between the radio and the X-ray
components can be constrained by the value of log(Likev/Lsgn.) of extreme
LBL type objects, i.e. in the range [—‘8 ; —7]. We adopted the values K= —7.0
and K= —-7.5.

n: can be limited by the ranges of observed Ljeax and Vpeax, Which imply values

of n between ~ 1 and 2.

Viunet+ 1t is the parameter less determined by observations, being difficult to identify a
spectral break even in the case of the best sampled and simultaneous SED. We
considered values between 10'° and 10'2 Hz. In the context of this parameter-
ization the actual importance of vjyns is indirect: its position affects the width
of the parabolic branch extending up to the X—ray band. For a fixed value of
Upeak the higher is vjyn.t, the narrower will be the parabola (i.e. the steeper the

cut—off).

There is a limited freedom also on the luminosity function parameters. Note that the
normalization is not actually an interesting parameter and, as already mentioned in
§ 3.3.2, varying ®; only affects the absolute number of sources, neither the relative

number of the two kinds nor the average luminosities.

Let us consider now some observed properties of complete BL Lac samples, which
allow us to check the goodness of our parametric representation.

In Fig. 3.4 the aox vs. aro plane for BL Lacs is shown, with points representative
of the 1 Jy, Slew and EMSS samples. The line crossing the diagram is the locus of
points derived from our “best fit” SEDs. It basically reproduces the observed pattern

more checks
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Figure 3.4: Distribution of sources in the aox Vs. aro diagram (taken from Fossati et al. 1997). Different complete-
samples are considered: EMSS, Slew and 1 Jy BL Lacs, and FSRQ (here referred to as HPQ) from the Brunner et al.
(1994) sample. Symbols are defined in the inlet. The crosses connected by a dotted line show the spectral indices
predicted by the adopted “best fit” parameterization of the SEDs.

of two different branches, where LBLs and HBLs are concentrated, apparently with
no overlap. The fact that the “synthetic path” does not extend beyond aox =~ 0.8 is
related with the narrow range of parameters (and tight relation among them) adopted
in the samples simulation, namely to the minimum allowed bolometric luminosity.

It is also possible to compare the SEDs with the observed average spectral energy
distributions of LBLs and HBLs, taken from Sambruna et al. (1996). Their data points,
given in flux units and converted in luminosities (considering a typical redshift of 0.5
for the RBLs and 0.2 for XBLs), are plotted in Fig. 3.3 together with our SED family.
Also in this case the agreement is satisfactory.

We can say that our schematic representation of the SEDs well reproduces the basic

properties of the observed BL Lacs broad band spectra.

3.4 The simulations

Given these assumptions, we computed the predictions of the models. We used a
Montecarlo technique to simulate the distribution of sources in space and luminosity.
This method is very convenient because it allows us to store “single source” attributes
and not only to compute sample integrated average properties. In other words, we can
actually simulate a catalogue and from it compute the desired average quantities. In
all cases simulations have been performed within the redshift range 0 — 2.

In Fig. 3.1a,b the observed Ljyev/Lsgu, distributions are shown, taking into ac-
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count only objects with redshift estimate. The dashed histograms represent LBL ob-
jects, the dotted ones HBLs. Note that there is a superposition of the two classes due
the fact that the actual distinction between LBL and HBL is based on the flux ratio
(while here luminosities are considered). In Fig. 3.1c the distribution Px /R, used in
the calculations for the radio leading scenario, is shown. The actual computation can

be summarized in five steps:

@ “draw” a redshift and a luminosity from the luminosity function assumed as
primary (radio for the radio leading, X-ray for the X-ray leading scenarios);

Pl L) dedt. = MAal)dzdl
(3.1)

= ! ®(L; 2) %(z; qo, Hy) dL dz

where N, is the whole number of sources integrated both in z and L, up to
the maximum considered redshift. Since we are considering pure luminosity
evolution, i.e. the number of sources for unit of comoving volume is constant at
any epoch, the term giving the distribution in luminosity can be separated from
that of the distribution in space, and the two probabilities for z and £ can be
considered separately, yielding a great simplification of the computation.

The distribution in “space” is then only depending on the the comoving volume

element
dv ¢ 4ndi(z; q, Hy)
—(z; 00, H = — 3.2
dz (23 00, Ho) Hy (14 2)3/1+ 2¢p2 (3.2

which for our choice of ¢y = 0 yields:

av, B ¢\ 22(1+2/2)7

Due to the properties of pure luminosity evolution the probability for the primary
luminosity at any z is simply related to the “local” one:

P(L;z)dL = P(Ly= Le™L/T;2=0)dL,
EO:

CO max (3 .4)
dL() / £07 d‘CO
'CO min

@ the “secondary” luminosity (i.e. in the other spectral band) is deduced by choos-

ing a luminosity ratio by means of its probability distribution P (Likev /Lscaz; £).

For the radio leading and X-ray leading models this probability is not actually
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Slew sky
coverage

depending on the value of £, begin fixed a priori by the observational data, i.€.
P(Lixev/Lscn.). On the contrary for the bolometric picture there is a unique
value of Ly /Lsgu, for any given £, and so this second step is not actually
being performed.

radio and X—ray fluxes are computed for the simulated source taking into account

the “inverse” K—correction

L
= 1+ 2)t :
F = r@mahg 7 33

where « is the spectral index in the observed band. The “inverse” refers to the

fact that usually the K—correction is meant to convert observer—frame to source—

frame quantities, while here we are using it in the other direction.

check if the simulated source would be detected in a survey with a given flux
limit and, if so, store its set of parameters.

The detectability criteria take into account the sky coverage A(2 that in the radio
case is a step function of the monochromatic 5 GHz flux, while in the X-ray
survey it is an increasing function of the flux integrated over the whole IPC band
(0.3 — 3.5 keV). In the X-ray case we then simulated N surveys (typically 15 —
20) each with a different flux limit F; and a corresponding AQ;. The results of
the N surveys are then summed up to construct the full X-ray survey result.
The flux dependent sky coverage for the Slew survey has been derived from the
“exposure time” vs. “percentage of sky” diagram published in Elvis et al. (1992).
A limiting flux corresponding to a given exposure time is deduced considering a
detection limit of 5 IPC counts, and a conversion factor from IPC counts to flux
of 3.26 x 10! erg/cm?/sec (Elvis et al. 1992), valid for values of ax = 1.2
and Ng = 3 x 102 cm~2. In fact, in order to convert to monochromatic flux
we adopted an X—ray spectral index ax = 1.2, a fiducial average value for the
class of sources that we are considering. This gives the conversion relation: log
Fixev = log Fjo.3-3.5kev] — 17.776. This conversion factor varies only of a few
tenth for changes of the spectral index in the range 0.7-1.5, and of the Ny from
1to 3 x102° cm™2, intervals including most of the observed values of blazars.
It is important to stress here that we use an approximated sky coverage by using
the information currently available. An exact correction cannot be computed, but
plausibly this would mostly affect the normalization of the assumed luminosity

functions.

® finally, a detected source is classified as HBL or LBL according to its Fixev/Fsguz

ratio, as already defined.
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TABLE 3.1: SUMMARY OF RESULTS OF SAMPLES SIMULATIONS?

LBL HBL
Ntor NieL NupL Lo, Likev LsGHa Likev
(€] ()] 3 (C] 5 ) @) ®)
1Jy Survey

Observed 34.0 32.0 2.0 34.05 27.30 32.10 26.84
(0.76) (0.30) (0.30) (0.23)

Radio leading  29.1 26.7 2.4 33.73 26.83 33.54 28.93
(0.97) (1.24) (0.86) (1.05)

[ -] [9450%] [ 1 [ -]

X-ray leading  33.7 29.0 4.7 34.13 27.51 33.34 28.50
(0.80) (0.83) (0.78) (0.78)
[wee I [ ##e ] [ -1 [91.00%]

Bolometric®  35.1 333 1.8 34.87 27.83 32.43 27.31
(0.78) (033) (0.46) (0.21)

[99.93 %] [98.58 %] [ -1 [ ome ]

Slew Survey
Observed 48.0 80 400 33.74 27.56 31.60 27.53
0.88)  (0.96) (0.49) (0.64)
Radio leading 507 71 436 33.10 27.31 32.43 28.20
(0.99) (1.06) (0.98) (1.01)
[ 1 [ 1 [99.99 %]  [99.83 %]
X-tay leading ~ 49.4 67 427 34,10 27.74 32.07 27.72
(1.03)  (0.90) (1.10) (0.96)

[ -] [ -1 [97.74 %] [ -]
Bolometric® 472 82 390 33.57 27.64 31.85 27.28
' (0.76) (0.21) (0.49) (0.35)

Notes to Table 3.1

(2) A Poisson error should be considered on the source numbers. The variances on the average luminosities and the significance
of rejection of the “null” hypothesis as evaluated with the Student’s t—test are reported in “( )" and “[ 1", respectively. Dots
are reported when the significance is lower than 90 %.

3.5 Results and comparison of the models

The comparison of the three models with the 1 Jy and Slew survey samples are pre-
sented in Figs. 3.5a, 3.5b respectively. The average observed and predicted radio and
X-ray luminosities are reported in Table 3.1, together with the numbers of objects.

The consistency of the predicted and observed distributions has been quantitatively
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statistical tests

TABLE 3.2: SURVIVAL ANALYSIS RESULTS®

Radio X-ray

leading leading Bolometric
1ly Sm'veyb
z 95.80 93.45 92.70
LsGHz e e 99.85
Likev 94.00 s 94.80
Slew Survey®
z 99.96
LsaHz 99.96 95.60
Likev 97.20

Notes to Table 3.2

(2) A variety of statistical test has been applied: Gehan Generalized with both permutation and hypergeometric variance, Peto &
Peto and Peto & Prentice, all of them as implemented in the ASURYV package (Rev. 1.1, Lavalley et al. 1992). The reported
values are the simple averages of the results of these four tests, expressed in percentual probability. Dots are reported when
the significance is lower than 90 %.

(®) In the “1 Jy survey” case the tests have been performed only on the LBLs subsample.

(©) In the “Slew survey” case the tests have been performed only on the HBLs subsample.

estimated through the use of the Student’s t—test for comparison of the means, and
also of the more sophisticated survival analysis non-parametric and univariate methods
(Feigelson and Nelson 1985) allowing to take into account lower limits, and sensitive
to the shape of the distributions. Student’s t—test has been performed on all average
luminosities, while the survival analysis has been applied only to the cases with a sig-
nificant number of objects, namely for the LBLs subsample in the “1 Jy” and HBLs in
the Slew survey. The results of the statistical tests are reported as an entry in Table 3.1
for Student’s t—test, and separately in Table 3.2 for the survival analysis.

3.5.1 Radio and X-ray leading

We first discuss the results of the radio and X—ray leading scenarios

: let us consider first the comparison of the models with the 1 Jy sample

(Fig. 3.5a). Both models predict luminosities for the HBL in both bands more
than one order of magnitude larger than observed. However the extreme paucity
of objects does not allow these discrepancies to be significant from a statistical
point of view. The Student’s t-test indicates that the radio leading scenario
predicts the X-ray luminosity of the LBLs in disagreement, at the > 94.0 per
cent level, with the observed one, while the X-ray leading one has difficulties
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evolution

at reproducing the average luminosity of the HBL at the 91 per cent confidence

level.

The relative number of objects detected in both scenarios is in reasonably good

agreement with the observed one (5/29 and 3/27 instead of 2/32).
: the predictions of the two models concerning the Slew survey objects

are instead quite different (Fig. 3.5b).

The radio leading scheme leads to incorrect X-ray and radio luminosities of

HBL: from survival analysis 97.2 and 99.96 per cent confidence (Table 3.2),

respectively, and even worse according to the Student’s t—test (Table 3.1).

The average radio luminosity of HBL is also overestimated within the X—ray

leading scenario (> 95.6 per cent level). Again, nothing can be said from these

tests on the distributions of the less numerous source population.

The predicted numbers of HBLs and LBLs in the Slew survey (43/7 and 43/7)

are in good agreement with the observed one (i.e. 40/8).

Summarizing, in terms of source numbers and average luminosities the X—ray leading
model is better than the radio leading one, sharing with it the problem of HBL lumi-
nosities in radio surveys. Nevertheless, it should be noted that HBL objects in the 1ly
survey are only 2 and so their measured properties could mis—represent the true ones.
Moreover, in the radio leading scenario the average radio luminosities of the LBL
and HBL subsamples tends unavoidably to be the same: as immediate consequence of
the radio leading hypothesis, all BL Lac objects should share the same range of radio
luminosity, in contrast with observations of complete samples (see also Fig. 1.4b). In
the X—ray leading case the included negative luminosity evolution remove this “struc-
tural” problematic feature.

[Redshift distributwlt: finally, there is a significant disagreement on the redshift distri-
butions (see the panels of the first columns in Figs. 3.5a,b): both models predict

a sharp peak of simulated LBL sources at low redshift, in contrast with the ob-
served flat distributions.

This is a built—in feature of this kind of approach in which we take the relative
number of the the two types of sources fixed for any value of the leading lumi-
nosity.

We should however note that the inconsistency between the distribution pre-
dicted by the radio leading scenario and the one observed in the 1 Jy sample
is in agreement with the assumption of no evolution adopted here. If we had
introduced the slight positive evolution apparent from 1 Jy data we would have
(probably) obtained a redshift distribution completely consistent with the ob-
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served one.

As expected, the inclusion of the negative evolution in the X—ray leading model
tends to improve the agreement with observations. Indeed the redshift distribu-
tions obtained in the X-ray leading non evolving case were qualitatively similar
to the ones of the radio leading scenario (see Fossati et al. 1996). In fact in the
1 Jy survey HBLs are sharply concentrated at lower redshifts, while LBLs show
a “flatter” distribution. These trends are closer to the observed ones than those
derived in the radio leading scenario (Fig. 3.5a). The same is true for the Slew
survey (Fig. 3.5b).

The use of the survival analysis allowed us to perform a quantitative analysis.
The comparison of only the LBLs in the 1 Jy survey indicates that the predicted
distributions are not compatible with the observed one at the 95.80 and 93.45
per cent level for the radio and X—ray leading scenarios, respectively. A much
more significant disagreement is found in the Slew survey (considering only
HBLs), which is inconsistent with the predictions of the radio leading scenario
at the 99.96 per cent level.

Comment on Evolution

This last point on the redshift distribution is particularly important. In fact it indicates
that evolutionary effects should be taken into account. However it is possible that it is
the distribution Px /g which changes with redshift, rather than the luminosity in one of
the two bands: clearly one can re—express the different evolution in the two bands by
saying that Px /g evolves.

From an observational point of view, if one considers different intervals in redshifts
in the Slew survey sample there are 5 LBL and 7 HBL objects at high redshifts, while
these numbers become 3 and 26 at low redshifts (taking a dividing value at z = 0.25).
The only two HBL sources with known redshift present in the 1 Jy sample are both at
z < 0.1.

We then considered an evolving probability distribution Px g, i.e. we introduced
a redshift dependence on the relative ratio of the two populations of BL Lac ob-
jects. Basically Px/r has a bimodal shape, described with two gaussians centered
at log(Likev/Lscrmz) = —6.5 and —3.5 for LBLs and HBLs, respectively. The relative
normalization of these gaussians evolves as Ngpy,/Nrpr o (1 + 2)~7 (withy > 0), in
such a way that the RBL part of the distribution becomes more and more dominant at
higher redshifts. With this evolution of Px/r we can induce the observed difference in
the redshift distribution of HBLs and LBLs.

survival
analysis
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In this case the luminosity function is not self—consistently derived. Instead, we
have to deal with a tentative luminosity function, in the sense that it is by no means
consistent with the evolution that we are introducing. It would therefore be necessary
to derive “backwards” how the evolution of Py translates in terms of luminosity
function evolution.

We considered only a limited region of the parameter space of Nupr,/NrpL|(2=0)
and +y, without finding a solution which improves the results already obtained. Actu-
ally, in the case of the radio leading scenario, there is a hint that better solutions are
obtained by changing the parameters progressively towards the no evolution case, as
in the “original” model.

While we cannot exclude that a suitable solution could be found following these
assumptions, we did not yet go further with this investigation.

3.5.2 Bolometric

Even a simple “first attempt” set of the 9 input parameters gives a surprisingly good
output. In Table 3.1 the best results, found after a systematic check for a grid of
parameter values within the allowed ranges, are reported. The corresponding input

parameters are:

as= 0.2, log Vpeak g = 16.5, Vjunct = 9 X 10'° Hz
o, = 0.7, log Lipeak,0 = 44.5, $y = —44.76
K= -17.5, n= L.5, ag = —2.25

: the Student’s t—test implies that the model predicts too high luminosi-

ties for the LBL both in the radio and X—ray band (at the 99.9 and 98.6 per cent
level, respectively, see Table 3.1) when compared with the observed 1 Jy Survey
distributions. The result is confirmed by the survival analysis (see Table 3.2). It
should be noted that probably the discrepancy is strengthened by the fact that
the scheme in the used implementation is very rigid, and this for instance leads
to the very narrow histograms in Fig. 3.5.

X—ray survey|: for the Slew survey instead no significant disagreement has been found.

Redshift distributiorﬂ: a very positive consequence of this scenario is that it implies a

qualitatively ‘better’ redshift distribution, as can be seen in Figs. 3.5a and 3.5b,
with respect to the previous schemes. In particular we stress that the bolometric
scenario is the only one which predicts, as direct result of the SED dependence
on the bolometric luminosity, that the redshift distributions of the two popula-
tions can be such that LBL would tend to dominate at high redshifts, while the
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opposite would be true at low z (see Fig. 3.5b). This behaviour could be seen
as equivalent to either a redshift dependence of the X-ray-to-radio—flux ratio
distribution P(L1yev /Lsgn,) Or a negative X—ray luminosity evolution.

In fact, note that the different redshift distributions of the two kinds of BL Lacs
is a natural outcome of this scenario. HBLs objects come from the lower (and
richer) part of the luminosity function and so they dominate at low redshift, but
they disappear at large distances despite the increase of the available volume.
On the contrary, LBLs, even though coming from the poorer part of the lumi-
nosity function, become predominant at higher redshifts, being still detectable.

There is still a problem with LBLs in the radio survey. Even though the shape
of the z distribution is correctly flat (and this is the major difficulty of the two
other models), it extends well beyond 2z = 1, which leads to a disagreement sig-
nificant at the 92.7 per cent level (survival analysis, see Table 3.2). We believe
this fact is directly connected with the excessive average radio luminosities pre-
dicted by the model.

In order to explore the consistency of the shape of the predicted and observed
redshift distributions, we applied the survival analysis test only up to z = 1, and
did not find inconsistency between the two. with the observed one. Clearly, this
result only indicates that the shape of the predicted distribution can resemble
the real one over the considered redshift interval.

Comment on “Bolometric’” model results and problems

The main characteristic of the bolometric model is the link between the bolometric
luminosity with the energy of the synchrotron cut—off. We stress that while it is true
that the bolometric scenario contains a significant number of (quite constrained) pa-
rameters with respect to the two other models, it also predicts the statistical and cos-
mological properties of the two ‘types’ of sources directly from a unified description
of their spectral distribution. Despite the rigid formulation of the one—to—one corre-
spondence between the SED properties and the luminosity, in this scenario the main
observational data can be reproduced at least with the same “accuracy” as the other
two models. Particularly interesting is the prediction of the different HBL and LBL
redshift distributions, which tend to favour the detection of objects of the first class at
low redshifts and of LBL at higher z.

The predictions of the bolometric model of luminosities of sources detected in ra-
dio surveys higher than observed is plausibly related to the problem with their redshift
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problems

distribution.

We suggest that the excess of objects predicted at higher redshift (and/or their over-
estimated radio power) could be understood in the broader unifying picture, where BL
Lacs objects are the less powerful member of a sequence including also Flat Spectrum
Radio Quasars. If a fraction of the sources with the highest bolometric luminosities
could be indeed “classified” as FSRQ rather than LBL (in a way analogous to the tran-
sition from HBLs to LBLs), this fact could plausibly explain the discrepancies in the
high luminosities and redshift distributions predicted by the model.

In Chapter 5 and 6 we will illustrate and discuss some pieces of evidence which
are supporting this view, leading us to the definitive inclusion of BL Lacs and FSRQ

in a unique sequence.

3.6 Perspectives

We have considered three different scenarios, which assume that BL Lac objects con-
stitute a single population of sources, with different spectral energy distributions (mainly
different peak frequencies of the synchrotron component), which was considered as an
indication of the existence of two classes of BL Lacs. The discussed scenarios can
correctly predict a significant number of quantities in agreement with current observa-
tions. However they (and in particular the radio leading one) fail to reproduce some

of the distributions of observed quantities.

Predictions

To conclude, we consider here the predictions of the three models on the results of
deeper surveys. In particular we compute the expected ratio of objects of the two
“flavours” in more sensitive radio and X—ray surveys, as a function of their flux limits.
The results are reported in Table 3.3 as the relative ratio Ni,pr./Nggr, normalized to the
value predicted for the 1 Jy and Slew surveys.

From Table 3.3, one can clearly see the opposite trends expected from the radio and
X—ray leading scenarios in radio surveys. Distinct features of the bolometric scenario
are a rapid decline in the fraction of LBL in radio surveys and a weak decrease in
X-ray surveys. This behaviour follows from the one—way relation between LBL and
HBL SED properties with luminosity.

It should be stressed that predictions are a delicate matter to deal with, because
the change of numbers is not only responding to the detail of the specific model, but
it is very sensitive to a variety of other effects, basically selection effects induced by
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TABLE 3.3: MODEL PREDICTIONS?

- Radio Survey X—ray Survey
Flux limit®  Radio  X-ray Bolometric Flux limit®  Radio = X-ray  Bolometric
(Fsauz) leading  leading leading  leading
1.00 1.0 1.0 1.0 171 1.0 1.0 1.0
0.10 1.3 0.89 0.29 1/10 1.63 1.13 0.95
) 0.01 1.5 0.62 0.09 1/100 2.43 1.26 0.88

Notes to Table 3.3
(2) The numbers represent the predicted Ny, gr./Nupy, ratio normalized to the value predicted for the 1 Jy or Slew survey
() Radio fluxes are expressed in Janskys

(¢) The flux limit is expressed relative to the Slew survey one. The sky coverage used is simply that of the Slew survey shifted,
in logarithm, by the appropriate factor

observational limitations, sometimes not immediately recognizable. We would like to
mention here at least three of these sources of bias.

Browne and Marchi (1993) pointed out the possible effect of mis-identification of
faint BL Lacs caused by the lack of contrast of the active nucleus with the host galaxy.
It should be noted here that, while we were able to ignore the Browne and Marcha
selection effect for the results of the Slew survey, this would be progressively relevant
in surveys with decreasing flux limit, as the ones we are simulating here.

We noted in § 1.2.2 that the HBL/LBL ratio is a function of the flux limit even
in the radio survey for the radio leading scenario (and X-ray survey for the X—ray
leading one), despite the “construction” assumption that the intrinsic ratio is constant
at any epoch. This is due to the different dominant range of redshifts at different flux
limits, which causes objects at the border of the definition of HBL/LBL to “move”
into the LBL class, because of the term (ar — ax) log(1 + z) (always negative) in the
relation between flux and luminosity ratios.

Another factor to take into account in the interpretation of these predictions is the
role of the existence of the minimum luminosities. As mentioned in Section 3.3.1, a
minimum luminosity in the “leading” band leads to different minimum luminosities
for LBL and HBL in the “secondary” band, due to their intrinsically different SEDs.
Therefore, at flux limits which allow the detection of the faintest sources, only objects
with SEDs which favour very low fluxes in that band will be detected. This effect
is observable mainly in radio surveys in the X—ray leading scenario and in X-ray

surveys in the radio leading one.

In Fig. 3.6 we show another set of predictions for the radio leading, X-ray lead-
ing and bolometric scenarios. In the diagram we reported the predicted fraction (in

Browne-
Marcha

effect

K—correction

minimum
luminosity
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Figure 3.6: Fraction of objects having agx > 0.8, i.e. Figure 3.7: Fraction of objects having arx > 0.8, i.e.

extreme LBLS, in deeper radio selected samples, with extreme LBLS, in a deeper radio selected sample having

an additional optical flux limit my < 20. a flux limit Fsqu, = 0.1 Jy, plotted as a function of the
secondary optical magnitude limit.

percentage) of objects having arx > 0.8, i.e. kind of “extreme” LBLs. We focused
on agx > 0.8, in order to have a “cleaner” estimate, getting rid of the problem of the
drift of HBLs towards the LBLs due to the K—correction effect, which could hamper

the power of discrimination of the different scenarios.

We are here considering deeper radio surveys, with flux limits in the range 30 mJy
to 1 Jy at 5 GHz, with a secondary selection in the band optical at a limiting magni-
tude of my < 20. The addiction of the optical cut has been introduced to be make
these results more realistic. In fact the need of optical identification, in particular for
BL Lac objects, imposes a quite strong constraint on the observational properties of
the recognizable sources, that can not be ignored when going deeper in the “primary”’
selection band. To be more quantitative, a survey with a flux limit of Fsgn, = 0.1
Jy, and my < 20, is complete in spectral shape only up to aro = 0.68. Above
this value the radio—optical index is too steep to have an optical flux above the detec-
tion/identification threshold. Just to give a couple more of numbers, to be complete
down to aro = 0.95, the maximum know value reached by LBLs, i.e. to include all
LBLs, require a limiting magnitude my =~ 23.3 for Fsgn, = 0.1 Jy, and my =~ 24.6
for Fsqu, = 0.05 Jy.

To better illustrate this bias we plot in Fig. 3.7 the predictions (again fraction of
objects with agx > 0.8) for a radio survey with Fsgn, 2 0.1 Jy for several values of
the optical magnitude limit. The effect of the presence/change of the optical limit, i.e.
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the bias against LBLs for low radio flux limits, is clearly noticeable, as it is in Fig. 3.6,
where the fraction of LBLs decreases as the radio limits decreases.

The width of the strips marked by the dashed lines represents the poissonian error
computed for the case of a sample of 100 objects, and it should be taken with care.
Actually the real number of sources belonging to such samples is well above 100 for
Fsan, S 0.25 Jy, whilst it is smaller for higher flux limits, and therefore the 1 sigma
confidence width for these cases should be broader.

From the results presented in Fig. 3.6 we can say that it seems to be possible to
discriminate the three current unified pictures for BL Lac objects already with moder-
ately deep radio(—optically) selected samples (Fsap, = 0.1 — 0.2 Jy, my < 20). Such
kind of samples are going to be available soon.

Finally it is important to remind that these examples do not take into account other
observational quantities, e.g. absolute number of HBLs and LBLs, redshift distribu-
tion, average luminosities, that can be even more discriminant than it is the study of

the fraction of LBLs.
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Appendix:SED analytical expression

The analytical expression of the parameterized SEDs'in the “bolometric” model is
given by:

Ps1(z) = log(vF,)s1 = Bz — 9.698) + ¥s(5GHz)
2(z) = log(VF,)sz = — [(& — Tpear) /0] + 0.25 0% + 15,1 (z)
Yolz) = log(wF,)n = (1 —on)(z—17.383) + Yo(lkeV) =
= (1 — o) (z — 17.383) + 9s(5GHz) + K + 7.685

where z = logr,and 8 = (1 — as), and 0 = [2 (Tpeak —:cjunct)/ﬁ]l/Q.

¥s1(z) and g o(z) are defined on the frequency ranges < Tjunct and > Zjunct
respectively.
The SED expression can be re-scaled as a function of the value of Lyeax = 10%(Fpeat)

and in particular the luminosities at 5 GHz and 1 keV can then be written as:

¥s(5GHz) = (1 + 0.5758)Upeax =
= — 0.5 8(Zpeak,0 + MPpeak,0 — Tjunct) — B(Tjunct — 9.698)
bs(1keV) = 1(Zpear) — [(17.383 — Zpear) /0]
Yo (1keV) = s(5GHz) + K + 7.685
bios (1keV) = log(10¥s +10%°)



CHAPTER 4

HIGH ENERGY EMISSION:
X— AND GAMMA—RAY BANDS

We have discussed the viability of unification scenarios for BL Lac objects, introduc-
ing the new “bolometric luminosity” model and envisaging the possibility to include
also FSRQ in the picture. In view of the work specifically focused on SEDs and the
extension of the unifying scheme from BL Lacs to FSRQs, which is matter of Chap-
ters 5 and 6, we consider here the spectral properties of the high energy emission, in
particular putting emphasis on the y-ray band. As mentioned in Chapter 1 these data
are crucial in many senses for the understanding of the physics of blazars. The main
purpose of the work presented in this Chapter is therefore to study, for a sizeable sam-
ple of bright y-ray sources, the role of the X-ray emission with respect to the SED,
with particular emphasis on the relation between the X— and y-rays.

4.1 The sample

A list of y—ray blazars has been compiled collecting all the data available in the litera-
ture up to September 1996 and contains about 60 sources. The y-ray bright source list
has been cross—correlated with the ROSAT PSPC pointed observations public archive.
About half (27) of the sources were either the target of pointed observations or in the
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field of view (within about 40 arcmin) of a different target. For 19 of the sources,
which were not observed in pointing mode, ROSAT All Sky Survey (RASS) data were
available in the literature (Brinkmann et al. 1994; Brinkmann et al. 1995). Finally
we have included 7 more sources with X—ray fluxes retrieved from missions other than
ROSAT.

This selection yielded 53 bright y—ray blazars which are listed in Table 4.1. A
concern regards the selection of the y-ray data, given the large amount of available
observations and analyses of the same data by different authors. For most of the ob-
jects there exist several EGRET observations and/or for some of these more than one
analysis is available. In these cases we have chosen the y—ray flux and spectral slope

according to the following criteria:
@ spectral index and flux referring to the same observation,
® data corresponding to a single observing period,

@ when the same data are analyzed by different authors, the results of the most

recent analysis are preferred.

Even though not complete, this sample includes about 80 % of all known y-ray blazars

and therefore we feel justified in considering it representative of the entire population.

4.2 ROSAT Observations and data analysis

4.2.1 Data reduction

The data reported here are from observations carried out with the ROSAT X-ray tele-
scope (Triimper 1982) with the PSPC in the focal plane (Pfeffermann and Briel 1986;
Pfeffermann et al. 1987). The PSPC provides a bandpass in the range ~ 0.1-2.4 keV
over a ~ 2° diameter field of view, with a moderate spectral resolution. Most of the
observations have been performed in the “wobble” mode. In this mode the detector
is moved from the pointing direction with a period of ~ 400 s and an amplitude of ~
3 arcmin. In this way the effect of shadowing of the X-ray sources by the detector
window structures like struts and wire mesh is minimized.

The spatial profiles of the images for all the observations in the ~ 0.1-2.4 keV
range are consistent with those of point sources convolved with the PSPC point spread
function (PSF) according to the source spectral properties and keeping into account the
background level. Source spectra were extracted from circular regions with radii large
enough (from 2 to 4 arcmin) to ensure that all the soft counts be included, given the
electronic ghost imaging which widens the PSF below ~ 0.2-0.3 keV (Hasinger et al.
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TABLE 4.1: X/y SELECTED SAMPLE?®

IAU Other class 2 ob VPe Ref. X—ray Ref.
Name Name class

D @ (3 4) ®) (6) @) (8 %
0202+149  4C1505  FSRQ 1.202 5.3 21.0 Ist/Lin%  pointed tw
0208—512  PKS FSRQ 1.003 21.5 10.0 Ber93/Lin%  pointed tw
0219+428  3C66A  BLLac 0444 6.3 I Din% pointed tw
0234+285 CTD20  FSRQ 1213 6.0 141 Din96 RASS  Br95
02354164  AO BLLac 0940 13.0 21.0 Lin96 pointed tw
0336-019  CTA 26 FSRQ 0.852 >4 6161 RASS B4
0420014  PKS FSRQ 0915 6.7 21.0 Lin96 RASS B4
0454-234  PKS FSRQ 1.009 >4 29.0 Tho93 — Wiod
0454-463  PKS FSRQ 0.858 >5 6.0 vMon95 RASS B4
0458—020  4C-2.19  FSRQ 2.286 44 29.0 2nd — Wiod
0506—612  PKS FSRQ 1.093 >4 I+ vMon95 RASS B4
0521-365  PKS FSRQ 0.055 >4 29.0 Lin95 pointed tw
0528+134  OG 147 FSRQ 2.07 13.0 1.0 2nd pointed tw
0537-441  PKS BLLac 0894 53 6.0 Lin96 pointed tw
07164714 S5 BLLac >03 59 18.0 Lin95 pointed tw
0735+178  PKS BLLac > 0424 4 I 2nd pointed tw
0804+499  OJ 508 FSRQ 1433 6.0 I Nol96 pointed tw
08274243  0J 248 FSRQ 0.939 52 LTI Nol96 RASS  B95
0820+046  OJ 049 BLLac 0.8 4.1 I 2nd — WW90
0836+710  4C71.07  FSRQ 2172 6.0 18.0+22.0 Tho93 pointed tw
08514202  0J287 BLLac 0306 40 Shr96 pointed tw
0906+430  3C216 FSRQ 0.670 >4 40 Tho93 pointed tw
09174449  S4 FSRQ 218 6.5 I+11 Sre96/2nd  pointed tw
0954+556  4C55.17  FSRQ 0.901 42 I+I Sre96 pointed tw
0954+658  S4 BLLac  0.368 57 227.0+228.0 Muk95 pointed tw
11014384  Mkn421 BLLac  0.031 8.5 I+I Sre96/2nd  pointed tw
1127-145  PKS FSRQ 1.187 6.0 206.0 Sre96/2nd  RASS  Bro4
1156+295  4C29.45  FSRQ 0.729 6.8 206.0 Sre96 RASS  BmS5
12194285 ON231  BLLac  0.102 5.0 I+ Sre96 pointed tw
12224216  4C21.35  FSRQ 0.435 >4 3.0+4.0 Sre96 RASS  BrS
12264023  3C273 FSRQ 0.158 41 3.0 2nd pointed tw
1229-021  PKS FSRQ 1.045 4.8 I+I Sre96/ 2nd — Wi94
1253—055  3C 279 FSRQ 0.538 446 3.0 Sre96/2nd  pointed tw
13174520 4C5227  FSRQ 1.060 40 I 2nd RASS  Bm5
1510-089  PKS FSRQ 0.361 47 L+ Sre96/2nd  pointed tw
1604+159  4C1554 BLLac 0357 49 25.0 Sre96 - Gio4
1606+106  4C 1045  FSRQ 1227 7.8 I 2nd 'RASS  B5
16114343 DA 406 FSRQ 1.404 7.9 il 2nd pointed tw
1622297  PKS FSRQ 0815  >25 421.0423.5 Mat96 RASS  Mat97

continued on next page
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TABLE 4.1: CONTINUED

1AU Other class z (o) ,ty) vPe Ref. X-ray Ref.

Name Name class

(6] ()] 3 @ ) (6) @) ) ®
1633+382  4C38.41 FSRQ 1.814 17.3 9.2 Sre96/2nd pointed tw
1652+398  Mkn 501 BL Lac 0.055 8.4 e Q964 pointed tw
1730—130  NRAO 530 FSRQ 0.902 5.7 I+IT Nol96 RASS Bro4
17394522  4C51.37 FSRQ 1.375 7.2 I+1I Nol96 RASS Br95
1741—-038  OT 68 FSRQ 1.054 >5 I+II vMon95 RASS Bro4
1933—400 PKS FSRQ 0.966 6.6 I+1I Din96 RASS Bro4
2005—489  PKS BLLac 0.071 3.7 I Lin%6 pointed tw
20324107  PKS BLLac 0.610 6.2 I+I Din96 — Gi%4
2052—474  PKS FSRQ 1.489 42 I 2nd RASS Bro4
2155-304  PKS BLLac 0117 ~4 404.0 Ves95 pointed tw
2230+114  CTA 102 FSRQ 1.037 7.0 19.0 2nd RASS Bro4
22514158  3C454.3 FSRQ 0.859 13.4 19.0 Har93/Lin%6  pointed tw
2344+514  PKS BLLac 004 ~5 e Feg964 — Per96
2356+196  PKS FSRQ 1.066 4.6 42.0 Lin96 RASS Br95

Notes to Table 4.1

(2) Meaning of columns: (1) IAU name and (2) other names; (3) classification; (4) redshift; (5) significance of the EGRET
detection of the (6) chosen viewing period; (7) the reference for the y-ray data; (8) the type of the X~ray observation and (9)
its reference.

(B) Significance of the y-ray detection. For EGRET data this corresponds to the standard estimator vT'S.

(¢) Viewing period number, or if “I”, “II”, “I+II”, data averaged over the whole phase one, phase two or phase one plus two
respectively.
(d) This source has been detected only by Whipple Observatory above 300 GeV.

References for Table 4.1:

(tw) = this work, see Table 4.2, and 4.3; (Ist) = Fichtel et al. 1994 (First EGRET sources catalog); (2nd) = Thompson et al.
1995; Thompson et al. 1996 (Second EGRET sources catalog, and Supplement); (6161) = Mattox et al. 1995; (Ber93) = Bertsch
et al. 1993; (Br94) = Brinkmann et al. 1994; (Br95) = Brinkmann et al. 1995; (Din96) = Dingus et al. 1996; (Fegd6) = Fegan
private communication; (Gi94) = Giommi et al, 1995; (Har93) = Hartman et al. 1993; (Lin95) = Lin et al. 1995; (Lin96) = Lin
et al. 1996; (Mat97) = Mattox et al. 1997; (Muk95) = Mukherjee et al. 1995; (Nol96) = Nolan et al. 1996; (Per96) = Perlman

et al. 1996; (Q96) = Quinn et al. 1996; (Shr96) = Shrader et al. 1996; (Sre96) = Sreekumar et al. 1996; (Tho93) = Thompson

et al. 1993; (Ves95) = Vestrand et al. 1995; (vMon95) = Von Montigny et al. 1995; (Wi94) = Wilkes et al. 1994; (WW90) =
Worrall and Wilkes 1990
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TABLE 4.2: ROSAT PSPC OBSERVATIONS OF EGRET SOURCES?

NameP RORS¢ Start Time  Off-axis  exposure count rate
(arcmin)  (seconds) (cts/s)

1) @ 3 (] 5 (6)
0202-+149 300003p  30/07/91 29.8 25174 0.019 = 0.002
0208—512! 701161p  30/05/93 0.2 1811 0.268 £ 0.013
0208-5122 701164p  01/06/93 02 1780 0.254 4 0.012
0208—5123 701156p  09/06/93 02 2160 0.270 £ 0.012
0208—5124 701158p  07/06/93 0.2 2149 0.277 £ 0.012
0208-5125 701157p  08/06/93 0.2 2220 0.267 % 0.012
0208—5128 701168p  06/06/93 0.2 2534 0.275 £ 0.011
0208—5127 701159p  28/05/93 02 2698 0.241 £ 0.010
0208—5128 701167p  05/06/93 0.2 2701 0.265 £ 0.010
0208—512° 701163p  01/06/93 0.2 2735 0.254 + 0.010
0208—5121°  701160p  29/05/93 02 4026 0.262 =+ 0.009
0208—51211  701162p  31/05/93 0.2 1472 0.252 £ 0.014
0208—512'2  701166p  04/06/93 02 1154 0.243 +0.015
021944281 500266p  05/08/93 41.1 31528 0.316 = 0.005
0235+164%1  701379p  21/07/93 0.2 2083

701380p  24/07/93 0.2 1903

701381p  26/07/93 0.2 1508 0.293 = 0.007
0235416492 701384p  04/08/93 02 2023

701385p  06/08/93 0.2 4099

701387p  12/08/93 0.2 1664

701388p  15/08/93 0.2 1708 0.108 + 0.003
0521—365 701179p  29/08/92 0.1 4845 0.780 % 0.013
05281341 700059p  15/03/91 0.5 3791 0.069 + 0.005
05281342 900340p  21/09/92 0.5 4514 0.091 # 0.005
0537—441 700199p  10/04/91 3.6 2598 0.355 £ 0.013
0716+714 700210p  08/03/91 0.2 21043 0.802 + 0.006
07354178 700829p  27/10/02 0.3 6684 0.089 = 0.004
0804-+499 700846p  26/10/92 0.3 2999 0.053 =% 0.005
083647101 700493p  23/03/92 03 6993 0.742 £ 0.011
08367102 701061p  02/11/92 0.3 5026 0.378 = 0.010
0851+2021 700219p  16/04/91 0.2 3622 0.273 £ 0.009
085142022 700426p  09/11/91 0.2 6785 0.606 % 0.010
085142022 701391p  17/10/93 0.2 3285 0.641 £ 0.015
09064430 700329p  13/11/91 0.2 23561 0.050 4 0.002
09174449 701398p  25/11/93 0.5 3367 0.201 % 0.008
0954556 701401p  07/11/93 0.2 4472 0.089 + 0.005
0954658 700042p  16/04/91 03 6772 0.052 + 0.003
1101+3841 700129p  04/05/93 0.2 4304 30.650 & 0.084

continued on next page
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TABLE 4.2: CONTINUED

NameP ROR® Start Time  Off-axis  exposure count rate
(arcmin)  (seconds) (cts/s)

(Y] @ 3 (€] (&) ©
110143842  700925p 04/06/93 0.2 9531 30.570 £ 0.058
12194285 700223p 14/06/91 0.2 15223 0.224 £ 0.005
12264023 700191p 14/12/91 0.2 6243 6.410 £ 0.033
1253055 700305p 02/01/92 0.2 8513 0.578 £ 0.090
1510—089 700854p 16/08/92 0.0 5153 0.191 £ 0.007
16114343 700842p 30/08/92 0.2 6804 0.122 4+ 0.046
16334382 700841p 28/08/92 0.3 5781 0.214 £+ 0.007
16524398 700130p 24/02/91 0.2 7649 6.950 £ 0.031
2005—4891  700488p 27/04/92 0.2 11487 2.780 + 0.016
2005—4892  701057p 28/10/92 0.2 11462 1.704 + 0.013
2155—-304 700924p 16/11/92 0.4 1537 36.390 £ 0.158
225141581 700076p 26/11/91 0.1 6413 0.269 £ 0.007
2251+1582  700759p 26/05/92 0.1 8154 0.441 £ 0.008
225141583  900339p 15/12/92 0.1 22156 0.358 & 0.004

Notes to Table 4.2

(2) compiled collecting all the data available in literature for ~y—rays, and ROSAT public archive for X-rays up to September
1996.
(b) The source numbering is for reference to Table 4.3 reporting the spectral analysis results.

(¢) ROSAT observation number (ROR).

(d) for AO 0235+164 eight RORs are available, covering the period 21/07/1993-15/08/1993. The inspection of the light curve
revealed a significant variability in terms of source count rate, SO that we have NOT merged the full data set. Instead we have
merged only the RORs having a source count rate at the same level, without including the two RORs: 701382p and 710383p.
The detailed analysis of the full data set is reported in Madejski et al. (1996).
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1992). Background spectra were taken either from annulii centered on the sources or
from circular regions uncontaminated by nearby sources with extraction radii as large
as 10 arcmin. The large extraction cells ensure a good statistics for the modeling of the
background spectrum and allow to average the background small scale spatial fluctua-
tions. Different background regions for each source have been extracted and compared.
In all the cases the background was stable without any appreciable variability within
the statistical errors. Corrections were included for vignetting, especially important
for the off-axis sources, and PSPC dead time. The ROSAT observation log is shown in
Table 4.2. The reported count rates are in pulse invariant (PI) channels and are back-
ground subtracted. The lowest channel used was 11, as the detector response matrix is
not calibrated below this channel, the highest channel depends on the source spectrum
and the signal-to-noise ratio of the observation, ranging from channel 200 to 240.

A major concern in the analysis of X—ray spectra is the uncertainty in the PSPC
response matrix calibration. Actually two matrices have been officially released in
order to take into account the ~ 60 Volts gain change applied on October 14, 1991.
The first matrix (MPE No. 06) has been adopted for the observations carried out
before this date (PV and AO1 targets), while the latest release (MPE No. 36) has been
used for all the other observations. The photon event files were analysed using the
EXSAS/MIDAS software (version 94NOV, Zimmermann et al. 1993) and the extracted
spectra were analysed using version 9.0 of XSPEC (Shafer et al. 1991).

For some of the sources in our sample X-ray data have been previously published
by different authors. In order to ensure a uniform procedure for all the sample we have
re—analysed all of them obtaining consistent results. For two of the sources in our sam-
ple (1226+023=3C 273 and 1253-055=3C 279) several tens of pointed observations
are available in the public archive as they were the subject of simultaneous multiwave-
length campaigns. In this case we have chosen only one (the longest) pointing in order
to derive the spectral parameters.

4.2.2 Spectral analysis

All the 27 sources have been clearly detected with enough counts to allow spectral
analysis. The source spectra were rebinned in order to obtain a significant S/N (> 95)
for each bin and fitted with a single power—law model plus absorption arising from
cold material with solar abundances (Morrison and McCammon 1983). The derived
spectral parameters are given in Table 4.3, where the reported errors are at 90 per cent
confidence level (Lampton et al. 1976). All the spectra were fitted with i) the column
density fixed at the Galactic value, ii) and free to vary. Accurate values for the Galactic

response
matrix
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molecular
absorption

0528+134

2251+158

column densities towards most of the objects in our sample have been retrieved from
21 c¢m radio surveys (Elvis et al. 1989; Lockman and Savage 1995; Murphy et al.
1996). The typical error in such measurements is estimated to be of the order of >~
1 — 3 x 10% cm~2. For the remaining objects the Galactic column density values are
from Dickey and Lockman (1990). The errors in this case are of the order of ~ 1 x 10%°

cm™2,

It should be noted that radio observations only detect interstellar atomic hydrogen
and not molecular gas (i.e. Hy, CO, etc.). Therefore the total effective absorbing col-
umn density could be underestimated by 21 cm measurements. Given this possibility
we checked for Galactic CO emission in the direction of all the blazars in our sample.
Carbon monoxide emission has been detected in the direction of two of the objects in
our sample namely: 0528+134 and 2251+158 (Liszt 1994; Liszt and Wilson 1993).
Accurate measurements of the CO profile intensity have been recently obtained by
Liszt (1996; private communication) as 2.15 K km/s for 0528+134 and 0.77 K km/s
for 2251+158.

The molecular hydrogen column density depends on the assumed CO-to—H; con-
version factor. For 0528+134 a rather conservative assumption of 3 x 10?° molecules
em—2 KL km~! s (Strong et al. 1988) yields an equivalent molecular hydrogen column
density N(Hs) ~ 1.3 x 10?! cm~2, which combined with the atomic value of 2.8 x 10%
cm~2 (Dickey and Lockman 1990) gives a total absorbing column of ~ 4.1 X 10%

cm™2.

Given the relatively high Galactic latitude of 2251+158 (b < —40°) a much lower
conversion factor of 0.5 x 102° molecules cm~2 K~! km™! s has been assumed (see De
Vries et al. 1987). The molecular hydrogen column density of ~ 0.77 x 10%° cm~?,
combined with the atomic value of 7.06 x 102 cm~2 (Murphy et al. 1996) gives a total

absorbing column of 7.83 x 10% cm™2.

In most cases a single power law spectrum with the absorption fixed at the Galactic
value provides an excellent description of the data, while for some of the objects either
the fits are statistically unacceptable and/or the column density inferred from the fit is
not consistent with the Galactic value, even considering the errors on the Galactic Ng
(see column 6 in Table 4.3), thus requiring a more complex description of the spectral
shape.

A double—power—law model has been fitted to all these objects and the results are
reported in Table 4.4. We point out that for all of the objects the improvement with re-
spect to the single power law fit with Ng = N&a! is statistically significant, as indicated
by the F—test, at > 99.9% level.
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TABLE 4.3: SINGLE POWER LLAW SPECTRAL FITS

Name Nf‘_lal‘a ab Fikev® x2/d.o.f.d Free Ny ® ab x2%/d.o.f.4  Ref
(€)) 2 3 ) (% (6) ) (®) 9)
02024149 589 —0.32733% 006 5.94/5

0208—5121 291 10873153 061 19315 2.02(1.02-3.27) 0.7913:43 16.8/14
0208—5122 2,91 L11t342 058 6.68/10 2.38(1.13—3.90)  0.93703-5 6.03/9
0208-5123 291 1101512 060  24.1/16 1.75(0.72—-3.06) 0757532 20.4/15
0208-5124 291 0881012 071  13.4/18 1.94(0.77 —3.38)  0.587347 11.2/17
02085125 291  0.98%0ll 066 15218 1.97 (0.87 —3.35)  0.671347 13017
0208-512 291 095701 067 259721 1.76 (0.91 —2.77)  0.57733¢ 201710
0208-512" 291  1.08%512 055 26119 0.85(0.58 —1.95)  0.36134  126/18
0208—5128 291 1.01%319 063 34522 1.88(0.93—3.05) 066104 30821
0208-512° 291 1201319 056 20121 2.46 (1.43—3.68) 1.0510%2 194121
020851210 291 1.0473% 062 42773 1.80 (0.98 —2.77)  0.681503% 36822
02085121 291 0.99%31° o060 13911 1.75 (0.50 —3.41)  0.6010%% 115710
0208-51212 2091 0.98+31% 060 8.8/8 2.27(0.76 — 4.29)  0.7872-82 8.2/7
0219+4281 915 1.49%50% 125 8.9/19 10.1(8.9-11.5) 1.601317  6.19/18
0235+1641 760  0.51%3% 115 2556/16 | 24.6(124-41.3) 1.59%0%7 133215 M9
0235+164> 760  0.41FGIT 041 175812 | 26.12(10.3-48.9) 1.547088 100111 M9
0521365 337 080%Q005 212 1476722 | 3.83(345-4.23) 104701 10mp1  pos
0528+1341 410 075733 059 47/8 794
0528+1342 410 045733 o070 8.9/9 794
0537—441 291 1161308 081 21114 2.94(1.97 - 4.04) 116793 211113 T93,C95
0716+714 305 1767092 128  782/69 2.91(2.69 —3.14) 171709 765/68 C94
0735+178 435 1257018 024 8.72/8 3.04 (1.64 —4.28)  0.89%9:50 5.74/7 C95
0804-+499 461 0561335 017 2.8/4

0836+710' 2383 042739 220  156/18 3.23 (274 -3.75)  0.52+0:14 12.5/17 B94
0836+710> 283 0.44%59% 111 27818 3.60 (2.72 — 4.61)  0.63722%  243/17 B94
0851+202' 275 114332 o062 82511 3.06 (2.11 — 4.14)  1.25710-37 7.8/10 C95
0851+202%2 275  1.6073%% 100  24.0729 2.29 (1.89 - 2.71)  1.43¥917 13628
08514+202° 275  1.29799% 130  16.0120 2.68(2.11-3.31) 1278022 150119
0906430 140 0571012 011 23913 < 0.58 0.0113:28 6.1/12
0917+449 150 0391510 047  203/14 2.82(1.70 —4.12)  0.8013:38 13713
0954+-556 088 1171313 010  13.0/10 0.79 (0.09 — 1.89)  1.13+9:32 13.0/9
0954658 371 0.2310:2¢ 017 5.53/7 7.19 (2.42 — 32.22)  0.6711:38 3.6/6 €95
1101+384LF 161 1957098 315 56225 5.06 (3.57 — 6.95)  2.237013 18.5/24
110143847 161 1824007 361  1255/55 | 533(4.23-6.57) 2101000 43554
12194285 195 1.19%008 041 228619 | 2.25(1.76-2.70) 1.30102L 2120118
12264023 169 0951000 123 88.6/47 1.53 (1.42 —1.64) 0.89700%  79.4/46
1253055 222 0831303 134 27836 2.40(1.99 —2.82) 0.89751% 27035
1510089 788 0901317 074 13615 | 8.17(5.82-12.76) 0931322 - 136/14
16114343 144 0767038 024 15412 0.87(0.28 - 1.62) 0531032 12611
1633+382 102 0531330 042 27716 1.68 (0.91 —2.58) 0.78%9-32 24415

continued on next page
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TABLE 4.3: CONTINUED
Name Nghe  ab Frev® x?/do.fd Free Ny ® ab x2/d.o.f4  Ref.
(0)) 2 3 @ (5) (6 @) ®) (€]
16524398 173 135t9%2 101 200.0/110 | 237 (226-249) L160¥ggy  117.0/109 €95

)

20054891 496 2.2173%2 530 227294 3.97 (3.79 —4.15)  1.89%507  99.8/93 (95,595
)
)

2005—4892 496  2.39700% 279 245.0/94 3.51 (3.29 — 3.73 1.89F0%8  775/93 95

2155-304 136 1381001 4390  146.1/93 127 (1.19—1.36)  1.347303  141.4/92
225141581 783 046721 104 14716 | 10.01 (6.78 —16.98) 0.6573%  13.1/15
2251+158% 783 0.501095 170  28.3129 8.61(7.06 —10.96) 057707 27.3128
225141583 783 0.727398 138 35028 7.07 (6.28 —8.02)  0.65%915 319727
Notes to Table 4.3

(8) Galactic column density (units of 1020 cm—2). For 0235+164, 0521365, 0735+178, 0851+202, 1611+343, 16414399,
16524398, 2251+158 the Galactic column densities are from Elvis et al. (1989). For 0537-441, 0716+714, 0836+710,
09064430, 0954+556, 1633+382 from Murphy et al. (1996). For 08514202, 1101+384, 1226+023, 1510—089, 2155—304,
22514158 from Lockman and Savage (1995). For the other objects the values are from (Dickey and Lockman 1990).

(®) Energy spectral index. (¢) mathrmFlux at 1 keV (in pJy). (d) Total x2 and degrees of freedom.

(e) Column density obtained from the X~ray spectral fits (units of 1020 cm—2). For the weak sources only spectral fits with
N fixed at the Galactic value are reported. Errors are quoted at 90% confidence intervals for one interesting parameter
(X2,;n, + 2.71, column 3), and for two parameters (2,;, + 4.61, columns 6 and 7).

) Due to problems related with a gain shift the data were fitted only in the interval 0.5 — 2.2 keV.

References for Table 4.3:

(B94) Brunner et al. 1994; (C94) Cappi et al. (1994); (C95) Comastri et al. (1995); (M96) Madejski et al. (1996); (P96) Pian

et al. (1996); (S95) Sambruna et al. (1995); (T93) Treves et al. (1993); (Z94) Zhang et al. (1994)

TABLE 4.4: DOUBLE POWER-LAW SPECTRAL FITS

Name N%al' & 1P Ebreak®  Fikev? az® Fievi x%/d.o.f®
(O] @) 3 (C0] ®) 6) @) (®)
0235+1641  7.60 <0.21 0.86 0997037 129 12.8/13
0235+164>  7.60 <—0.1 0.68 0777335 044 8.2/9
0906+430% 140  6.57T01; 6210 0.10 0.10 5.8/12
0.16 +0.29
110143841 161 1697035 085 2157929 325 17.2/23
2 0.08
1101+3842 161 144023 075 1.95109% 367 49.4/53
1226+023 169 1.3779715 4.50 0.54 7.66 61.3/46
+0.31 -+0.05
1652+398 173 0437331 031 157730 985 122.1/108
2005-4891 496  4.697105 0066  1.88F709% 532 97.8/92
2005—4892 496  4.8571% 0.049 1.867039 284 72.1/93
Notes to Table 4.4

(8) Galactic column density (units of 1029 ¢cm—2). (®) Energy spectral index of the soft component. (¢) Break energy in keV for
the sources fitted with a broken power law model. (d) Flux at 1 keV (in ]y) of the soft component, for the sources fitted
with a double power law model. (e) Energy spectral index of the hard component. (f) Flux at 1 keV (in pJy) of the hard
component. (8) Total x2 and degrees of freedom.

(h) The adopted value for the hard X-ray spectral index has been fixed at the best fit value' found in the fit. Due to the poor
statistical quality of the PSPC spectrum the errors on the soft component have been computed freezing all the other fit
parameters.

(i) The hard slope has been fixed at the best fitting value of Ginga (2-10 keV; Lawson and Tumer 1997), which is consistent
with our fit.
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On the basis of the analysis presented in this subsection it appears that a two com-
ponent (i.e. a double—power—law) model is required to describe the soft X-ray spec-
trum for some of the objects, usually the ones with the highest counting statistics in the
sample. It is suggested that deeper and/or broader band (~ 0.1-10 keV) observations
will reveal spectral complexity for other objects.

4.3 X-ray spectral properties

The range of measured values of the energy spectral indices is quite large, going from
~-0.3 to 2.3. We find a significantly different distribution of spectral indices between
BL Lacs and FSRQ, as can be clearly seen from the histogram shown in Figure 4.1.
The mean spectral properties have been computed assuming the slopes derived with
Ng = N§? if the X-ray absorption is consistent with the Galactic value (col. 3 in
Table 4.3), while the slopes derived from the fit with Ny free have been adopted in the
other cases (col. 7 in Table 4.3). This choice allows a better estimate of the continuum
shape for the objects showing either intrinsic absorption or soft excess emission (cfr.
Table 4.4). We have also included the FSRQ 11564295 using the 2-10 keV Ginga
slope (Lawson and Turner 1997). When more than one observation was available (see
Table 4.2) a weighted mean spectral slope for each object has been adopted.

A method for estimating the mean and the intrinsic dispersion of the parent pop-
ulation is the maximum-likelihood algorithm (see Maccacaro et al. 1988). The algo-
rithm assumes that the intrinsic distribution of energy indices is Gaussian, and allows
the determination of the mean «, the intrinsic dispersion o, and the respective errors,
weighting the individual energy indices according to their measured errors. The results

are as follows:

BLLacs: (ax)=143£021  (0a,) = 0.43102

FSRQ : (ax) =0.67£0.13  (04) = 0.2973 42

where the confidence intervals are at the 90 per cent confidence level for one interesting
parameter.

In order to test if the obtained values are dominated by the brightest sources a
simple unweighted mean has been computed. The obtained values: (ax) = 0.63, 0 =
0.23 for the 16 FSRQ, and (ax) = 1.43, o = 0.50 for the 12 BL Lacs objects, where
o is the dispersion on the mean index, are consistent with the maximum likelihood

analysis.

maximum
likelihood

simple mean
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maximum

likelihood

simple mean

ax and oy

The two means are significantly different at > 99.99% level according to a Stu-
dent t—test and taking into account the unequal variances of the two populations. A
Kolmogorov—Smirnov (K-S) test for the distribution of the observed values gives al-
most identical results for the significance of the difference between the two populations
(> 99.99 %).

The obtained results indicate that the X-ray spectra of BL Lacs objects are steeper
than FSRQ as first suggested by Worrall and Wilkes (1990), and that the intrinsic
distribution of spectral indices is not consistent with a single value.

Among the BL Lac objects present in our list, 4 are classified as HBL (110143 84,
1652+398, 2005489 and 2155-304), according to their radio to X-ray flux ratio. The
mean X-ray slope for these 4 objects is 1.756 & 0.33, while for the remaining 8, LBLs,
we find (ax) = 1.26 & 0.46. Despite the low number of HBLs, the two slopes are
different at > 96.6 % as indicated by the Student t—test.

4.4 ~-ray spectral properties

In Table 4.5 we list the y—ray fluxes for all the sources in our sample, together with
spectral indices if available. With the same maximum-likelihood algorithm applied in
Section 4.3 we have computed the mean y-ray slope for BL Lacs (10 out of 16 objects)
and FSRQ (30 out of 37 objects); the results are as follows:

BL Lacs : (ay) =0.87£0.13 (0a,) < 0.26

FSRQ: (@) =125£010  (oa,) = 0.2570¢

where the confidence intervals are at 90 per cent level for one interesting parameter.
The fact that the intrinsic dispersion of BL Lac spectral indices is consistent with zero
is probably due to the small number of objects.

A simple unweighted mean returns almost identical values:

BL Lacs : (ay) = 0.87 o =0.32

FSRQ : (o) = 1.29 o=0.34

The two means are significantly different at > 99.7% level according to a Student t—
test. Similar results (> 99.8 %) for the significance of the difference between the two
populations are returned from a K-S test on the distribution of the observed values.

The distributions of spectral indices indicate an opposite behaviour at y-ray ener-
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Figure 4.1: Histograms of the X~ray and y-ray spectral Figure 4.2: ~y-ray vs. X-ray spectral index for the
indices for BL Lacs and FSRQ. The adopted values for sources in our sample. The adopted values for the X—

the X-ray spectral indices are those listed in Table 4.5.

ray spectral indices are those listed in Table 4.5. Filled
symbols refer to BL Lac objects, empty symbols refer to

FSRQ.
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Figure 4.3: Correlation between the broad band spectral indices aro and ax, for the objects in our sample. Filled
symbols refer to BL Lac objects, empty symbols refer to FSRQ. HBL have been highlighted with their name, they
cluster in the lower-right part of the diagram. We have also labeled the object with the steepest ago. For 1652+398
and 2344+514, which have not been detected by EGRET, we have assumed a y-ray flux of 0.8 10=7 photons cm—2
s—1, approximately equal to the sensitivity threshold of EGRET.

gies with respect to the X—ray band (Figure 4.1). For the subsample of 23 objects for

which both X— and y-ray spectral slopes are available, a significant, at > 98.6% level

using a non—parametric Spearman rank test, anti—correlation has been found between
the two spectral indices (Figure 4.2) when both FSRQ and BL Lacs are considered.
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The correlation is however much weaker considering FSRQ only (82 %) and is not

present for BL Lacs only (15 %). FSRQ and BL Lacs occupy two different regions in,
the ax — ., plane. A flat X—ray spectrum is thus associated with a steep y—ray slope

for FSRQ while the reverse is true for BL Lacs. A similar correlation was found by

Wang et al. (1996) with a smaller sample (10 objects) and inhomogeneous X—ray data.

These findings suggest that either the ax — o, correlation is just the result of a

fortuitous proximity of the loci occupied by BL Lacs and FSRQ in the ax — oy plane,

or the correlation points to an underlying physical mechanism operating in both classes

of objects.

4.5 Spectral energy distributions

Radio and optical data for all the 53 objects in our sample have been collected from
the literature in order to characterize the SED (Table 4.5). Since the y-ray detection
is likely to be associated with a high state of the source we have chosen to list the
brightest radio and optical fluxes, the latter corrected for reddening.

We have computed the broad band spectral indices a2 using the rest—frame lumi-
nosities observed at the frequencies v; and v,, where vg = 5 GHz, Vopt = 5500 A, v, =
1 keV and v, = 100 MeV. The K—correction has been applied using the listed values of
ax and o, whenever available and the mean spectral indices for BL Lacs and FSRQ
derived in the previous sections (cfr. § 4.3 and 4.4) for sources with unknown spectra.
Finally, ag = 0 and s = 1 have been assumed at radio and optical frequencies.

A highly significant anti—correlation, (at > 99.99 % using a non—parametric Spear-
man rank test), has been found between aro and ax., (Figure 4.3), when considering
the entire class of blazars. A similar level of significance is present applying a bi—
dimensional K-S test (see Press et al. 1992). The correlation persists for each class of
objects, although with less significance (99.3% for BL Lacs and 96.9% for FSRQ).

Moreover, BL Lacs and FSRQs occupy different regions of the aro — ax, plane.
A relatively steep radio to optical spectral index implies a flat X-ray to y-ray flux
ratio and is common among FSRQ, while the opposite is true for BL Lac objects. The

average values are as follow:

BLLacs: (apo) =047+0.12  (ax,) =0.83£0.18

Even if the broad band indices aro and ax, are independent quantities, so that the ef-

fects of spurious correlations are minimized, the observed correlation could be induced
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TABLE 4.5 CONTINUED

1AU Name z FsGHz Ref. 138% Ref. Fikev ax Ref. F, 2 Oty Ref.

dy) (mly) (Jy)

(D 2 3 “ (6)) © )] ®) ()] (10) (1 (12)
13174520 1.060 0.66 GC91 0.62 HB93 0.06 . B95 0.77 2nd
1510—089 0.361 3.35 K81 139 WP85 074  0.90 £0.16 tw 2.30 1.51 £ 0.36 Sre96
16064106 1.227 1.78 K81 0.155 K8l 0.08 e Br95 3.35 1.2+40.3 2nd
1611+343 1.404 3.08 Ge94 0.39 K81 024  0.76 £ 0.06 tw 479 1.0£0.2 2nd
1622—297¢ 0.815 1.92 K81 0367  Mat97 0.8 . Mat97  27.0° 1.240.1 Mat97
16334-382 1.814 4.08 WP85 0246  WP85 042  0.5340.08 tw 1051  1.03£0.09 Sre96
1730—130 0.902 6.9 W94 0.52 RS85 0.63 . Br94 2.18 1.39 £ 0.27 Nol96
17394522 1.375 1.98 K81 0.155 K81 0.16 - Br95 2.38 1.23 +0.38 Nol96
1741—038 1.054 3.72 K81 0.486 K8l 0.61 disvs Bro4 3.4 20404 vMon95
1933—400 0.966 1.48 K81 0.13 K81 0.30 . Br94 1.3 1.4£0.2 Din%6
2052474 1.489 2.52 K81 0.296 K81 0.23 . Br94 222 1.4+ 0.4 2nd
22304114 1.037 4.1 Pe82 0.47 K81 0.29 . Bry4 2.69 1.6 +£0.2 2nd
22514158 0.859 233 WP85 1.58 K81 137  0.6240.04 tw 8.0 1.18 4 0.08 Har93
23564196 1.066 0.70 Be9l 0.246 Pr85 0.28 . Br95 3.02 e Lin96

MULTIFREQUENCY DATA FOR BL LACS

02194428 0.444 1.04 vVv93 3.96 vV93 1.25 1.49 + 0.04 tw 1.63 09402 Din%6
0235+ 164 0.940 2.85 St91 6.6 Gh86 078  1.57+0.86 tw 8.25 0.90 = 0.20 Lin96
0537—441 0.894 4.00 $191 2.05 93 0.81 1.16 4 0.09 tw 3.64 1.0+£0.2 Lin96
07164714 >0.3 1.12 K81 205 Bo90 1.28 1.76 = 0.02 tw 2.0 1.04 4+ 0.33 Lin95
07354178 > 0.424 3.65 Ge94 6.9 Gh86 024  1.2540.17 tw 1.29 2nd
08294046 0.18 1.65 Ge94 1.4 Gh86 1.07 . WW90 1.9 . 2nd
08514-202 0.306 277 K81 40 Gh86 0.97 1.45+0.18 tw 29 . Shr96

continued on next page
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one population

by other variables such as redshift and/or luminosity.

Indeed significant correlations (at > 99.9 %) have been found between both axy
and ago with redshift and y—ray luminosity. This is not surprising given that BL Lac
objects have, on average, lower luminosities and redshifts, compared to FSRQ.

The dependence on redshift and luminosity in the aro — ax, correlation can be
removed applying a partial correlation analysis (Kendall and Stuart 1979).

The results indicate that excluding the effect of 2, the aro — axy correlation is
significant at the 99.1 % level. By the same partial correlation analysis, we have inves-
tigated the dependence of the aro — aixy correlation upon the y—ray luminosity L.
The significance, excluding the effect of L., decreases to the 97.2 % level. Therefore
we conclude that the ago — ax, correlation is not induced by redshift and it is signif-
icant even when considering the dependence on L., which however plays a relatively
important role.

4.6 Implications for emission models

The findings of § 4.5 coupled with the aux — ¢, relation described in § 4.4 points to an
underlying physical mechanism linking the two classes of objects. We briefly discuss
here a couple of issues which will be again and thoroughly considered in the next
Chapters (§ 5, § 6): the nature of the emitting particles, and of the inverse Compton
target photons.

4.6.1 One or two electron population ?

As discussed in the Introduction and in the overview of models (Chapter 2) the over-
all vF, spectrum of blazars shows two peaks: the low energy one at IR/soft X-ray
energies, and the high energy one peaking in the MeV/GeV range.

These two peaks can be due to a single population of electrons, emitting syn-
chrotron and inverse Compton radiation, or can be the result of the emission of two
different electron populations, emitting both by the synchrotron process, as in the ‘pro-
ton blazar’ model of Mannheim (1993). In the former case (one population), the two
frequencies at which the overall emission peaks are obviously related, being produced
by the same electrons. This holds whatever the origin of the seed photons to be upscat-
tered at higher energies. If this is the case, then one expects correlations between fluxes
and slopes in different energy bands, of the kind reported here in the previous sections,
between the slopes at X—rays and y—ray energies, and between the broad band spectral
indices connecting the radio with the optical, and the X~ray with the y-rays.
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Figure 4.4: Examples of SEDs illustrating the difference among BL Lac objects and FSRQ. The data have been
collected from the literature and references are reported in Table 5.1. Model parameters are listed in Table 4.6. The
SED of 0836+710 is fitted with the SSC model (solid line) and the ERC (external Compton) model (dashed line), as
explained in the text. For Mkn 421, the SEDs refer to the May 1994 flare (circles) and to the preceding quiescent
period (squares) (Macomb et al. 1995; Macomb et al. 1996). Both states have been fitted with a pure one—zone
homogeneous SSC model.

To illustrate our findings, we plot in Fig. 4.4 the overall spectra of two blazars:
the low redshift BL Lac object Mkn 421, and the high redshift low polarized quasar
0836+710. We have chosen these two sources because they are representative of the
BL Lac and FSRQ classes and have very different SEDs.

Note that the X-ray emission of Mkn 421 connects smoothly with the lower en-
ergy part of the spectrum, suggesting that in this source the X-rays are due to the
synchrotron mechanism. This implies the presence of very energetic electrons, whose

inverse Compton emission can then account for the observed emission in the TeV band.

Instead, the SED of 0836+710 suggests that the synchrotron peak occurs in the IR
part of the spectrum, indicating that the electrons radiating at this peak have smaller
energies than in the Mkn 421 case. As can be seen, both peaks are at smaller energies
for 0836+710, and in this object the y—ray luminosity is more dominant. As a result,
the high energy peak should move to the MeV range. The extrapolations of the steep
v—ray and the flat X-ray spectra indeed form a peak at a few MeV.

The found anti—correlation between a:x and «, can be easily interpreted in the “one
electron population” scenario. Steep X-ray spectra smoothly connecting with lower

frequencies emission imply synchrotron radiation and therefore a high frequency for

examples

Mkn 421

08364710



90

HIGH ENERGY EMISSION: X— AND GAMMA—-RAY BAND

two
populations

TABLE 4.6: MODEL PARAMETERS FOR THE FITS TO 0836+710 AND MKN 421

Parameter Mkn 421 0836+710
High State*  Low State® SsSC ERC
size of blob R (cm) 1-1016 1-1016 5.1016 71016
Doppler beaming factor 4§ 11 11 19 19
magnetic field B (Gauss) 0.16 0.16 0.36 10.3
BLR compactness® Lo 0 0 0 6

electron injected spectrum

compactness® Lin 61073 3.1078 0.3 0.4

slope® 8 1.7 1.7 3.7 3.1

minimum energyd Ymin 1 1 e e

maximum energy? Nrcimis [ 8. 105Je EB 105 |e 1-10° 1-10%
Notes to Table 4.6

(2) The SEDs for both states have been “fitted”” only with SSC model. (b) quantities measured in the blob rest frame. (¢) the
slope is defined as N(7y) oc v~5. (d) electron energy expressed in units of mec2, (&) this boxed values are those
corresponding to the synchrotron and inverse Compton peaks in the SED, = Ypeak:

the Compton peak, possibly beyond the EGRET band is expected. This in turn implies
flat v—ray slopes, signature of the still rising Compton component.

This scenario can also account for the anti—correlation between ago and axy. AS
in Mkn 421 a flat ago occurs when the synchrotron component peaks at frequencies
above the optical band. This implies a large X-ray flux, due to synchrotron emission,
and a relatively small 100 MeV flux, since the peak of the y-ray emission is above 100

MeV: as a consequence, flat ago imply steep ax, indices.

In the case of fwo electron populations (e.g. Proton blazar model) an explanation of
all these findings would require a fine tuning between the extension in energies and
total energy content of the two distributions.

Moreover it is worth reminding that a strong argument in favour of a single elec-
tron population is provided by the observed coordinated variability, for instance of the
optical and y-ray flux (Maraschi et al. 1994 and Hartman et al. 1996 for 3C 279,
Wagner et al. 1995 for 1406-076), which can be naturally accounted for by a single
population model, while in the case of two electron distribution scenario the correlated
variability would require a even tighter tuning (see §2).

We then conclude that one electron population is a simpler explanation of the SED
of y—ray bright blazar, with respect to the proton blazar scenario. If true, this means
that the overall synchrotron behaviour at IR-UV frequencies (peak energy and vari-
ability) allows to predict the behaviour at high energies: by monitoring blazars in the
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optical UV we therefore monitor the same electrons making the high energy emission.

Note that the aro—ax, relation suggests that the more y-ray dominated sources
are on average optically faint and are also expected to have a steep spectrum in the
infrared-optical range. If this is the case, relatively bright y—ray sources could then be
discovered among red FSRQ. We point out that the source with the steepest arp (and
the flattest cx) in our sample (i.e. 0202+149) shows an extremely red optical-infrared
spectrum without any evidence of reddening (Stickel et al. 1996). A selection based on
optical colors may provide a starting sample for future more sensitive y—ray missions
(i.e. GLAST, the Gamma Ray Large Area Space Telescope).

4.6.2 Seed photons

A single population of electrons can produce the entire SED of blazars by the syn-
chrotron and the inverse Compton process. However, as mentioned in the introduction,
we still do not know the origin of the seed photons for the inverse Compton process.

As it will be discussed in the next Chapters, the y—ray emission in BL Lac objects
is less dominant than in FSRQ, even if it extends to higher energies. Together with
the absence of emission lines, this suggests that the main radiation mechanism in BL
Lac objects is the SSC process (see also § 2.5.2). The (very approximate) equality
of the luminosity of the two components suggests that the magnetic field is close to
equipartition with the synchrotron radiation energy density.

To preliminary address the subject here we present the fits with a one—zone ho-
mogeneous model to the SED of Mkn 421 and 0836+710. An extensive study of the
properties of the SEDs of y-ray bright blazars, and the resulting physical parameters,
will be the subject of Chapter 6.

For Mkn 421, for which simultaneous data are available both for a “quiescent” state
and a flaring state (Macomb et al. 1995; Macomb et al. 1996), we applied a pure SSC
model. The results are shown in Fig. 4.4, and the best “fit” parameters are reported in
Table 4.6. The synchrotron and self Compton peaks are due to electrons of Lorentz
factor Ypea = 10°. Both states of the source can be reproduced by varying only the
injected luminosity (by a factor 2), and vy, (by almost a factor 3).

For 0836+710, we have applied both the SSC model and the ERC model. The
radiation produced external to the jet is distributed in energy as a diluted blackbody,
peaking in the UV band. The input parameters are listed in Table 4.6. The “syn-
chrotron” and “Compton” peaks for the ERC case are due to electrons with Lorentz
factors Ypeax =~ 150.

The main difference between the SSC and the ERC models for 0836+710 concerns

Mkn 421

08364710
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Figure 4.5: Histograms of the ratio between ~y—ray and optical Juminosity for BL Lacs and FSRQ included in our
ylsoft-X-ray selected sample.

the value of the magnetic field, which is close to equipartition with the synchrotron
radiation energy density in the ERC case, and much weaker in the SSC case.

Note that both models account for the main characteristics of the overall emission
of 0836+710. On the basis of the pure SED, therefore, one cannot discriminate among
the two models.

Other information, such as the broad line luminosity, and the variability pattern in
the IR-UV band with respect to the y-ray band, is necessary in order to select which
are the dominant seed photons for the inverse Compton process (e.g. see § 2 and §6).

We can nevertheless draw the conclusion that the different SEDs of Mkn 421 and
0836+710 are mainly due to a difference in the value of their typical electron energies
Ypeak- A distribution of Ypeaks therefore, could well be responsible for the observed
variety of SEDs of blazars.

4.6.3 BL Lacsvs. FSRQ

As extensively discussed in the previous sections BL Lacs differ from FSRQ as:
@ they tend to have steeper X—ray and flatter y—ray spectra,
@ they separate from FSRQ in the aro — ax, plane.
A new result, confirming previous findings by Dondi and Ghisellini (1995), is that:

@ the ratio between the y—ray and optical luminosity L,/Lp, which can be consid-

ered as a measure of the y—ray dominance, is different for BL Lacs and FSRQ.
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Figure 4.6: aro vs. Ly for BL Lacs and FSRQ included in our y/soft-X-ray selected sample, with a few more objects
added which have not been included in the studied sample due to the lack of information on their X—ray properties.

In Fig. 4.5 are shown the distributions for “our” 12 BL Lacs and 37 FSRQ, from
which it is clear that the “typical” values are:

BL Lacs : (Ly/Lopt) =~ 1 FSRQ : (L, /Lopt) =~ 30

We have already argued that points @ and @ can be explained if the overall spectrum
is produced by a single population of electrons whose distribution is characterized
by a break energy 7peak, Which is, on average, smaller in FSRQ with respect to BL
Lacs. Point @ above suggests that the value of vpeax may be related to the ratio of
the Compton to synchrotron luminosity: the smaller ypeax, the larger the Compton
dominance. This can also explain the found dependence of the aro — ox., correlation
upon L.

In Fig. 4.6 is shown that there exists a significant relationship between the y-ray
luminosity and ago, which is a very good tracer of the position of the synchrotron
peak (see § 5).

We speculate that this relationship may be related to the electron Compton cooling
rate. In less compact sources, with no important emission lines, the electron cooling
time is long. Large values of 7y,e.x are then possible as a result of a competition be-
tween acceleration and cooling rates, or, alternatively, between cooling and adiabatic

expansion (or particle escape) rates.

Compton
cooling rate
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The fact that BL Lac objects have no or weak emission lines then suggests that one
key parameter to explain the SED of all objects is the relative importance of the broad
emission lines. If present, they can contribute significantly to the Compton cooling,
resulting in small value of ypeax and a dominating y—ray emission. If absent, the y-ray
emission is instead ruled by the synchrotron radiation energy density, with a relatively
lower y-ray dominance and larger vpeax.

4.7 Summary

We have analysed ROSAT PSPC data for 27 bright EGRET and TeV sources, X-ray
fluxes for further 26 sources have been retrieved from the ROSAT All Sky Survey and

from other X—ray missions. The main conclusions can be summarized as follow:

v/ The measured X-ray spectra show a very broad distribution with energy indices
in the range ax ~ —0.3 — 2.3. In the soft ~ 0.1-2.0 keV X-ray band the mean
spectral slope of BL Lac objects is significantly steeper than the mean slope of
FSRQ. The reverse is true in the y—ray band where FSRQ spectra are steeper
than BL Lac ones.

v Significant anti—correlations have been found between ax and c., and aro and
ax~. The distribution of BL Lacs and FSRQ in these two diagrams (Figures 4.1
and 4.2) suggests that the two classes of objects represent the extremes of a
continuous distribution rather than two distinct populations. These correlations
can be explained if the same relativistic electrons are responsible for both the
radio to optical and the hard X-ray to y—ray emission, via, respectively, the
synchrotron and the inverse Compton processes.

¢/ The important parameter in describing the observed SEDs is the synchrotron
peak energy [in a vF, plot], greater in BL Lac objects than in FSRQ.

v We speculate that the proposed distribution in the values of the peak energy of
the synchrotron component may be due to the different amount of radiative cool-
ing suffered by the relativistic electrons. More severe radiative cooling would
result in a small value of the synchrotron peak energy and a more dominating
y—ray emission.

v 1t is predicted that relatively bright y—ray sources have red optical colors (or
viceversa). Future missions in the y-ray (i.e. GLAST) and near infrared optical
spectrophotometry should be able to test this hypothesis.



CHAPTER 5

SPECTRAL ENERGY
DISTRIBUTIONS

Following the interesting results of Chapter 4, giving us the picture of a striking coher-
ence in the broad band properties of blazars and a suggestion on the physical mech-
anism regulating it, here we study the systematics of the SEDs of blazars using data
from the radio to the y—ray band, considering a larger sample of sources comprising
both BL Lacs and FSRQs. With respect to previous studies (Maraschi et al. 1995;
Sambruna et al. 1996) we improve the analysis by:

@ extending the SED to the y—ray range, and improving the frequency coverage;
@ using a larger complete sample of FSRQ;

@ using the richer and brighter sample of X-ray selected BL Lacs recently derived
from the Slew Survey.

5.1 The data

5.1.1 The samples

We decided to consider the following three samples of blazars, motivated by the need
of completeness, sufficient number of objects and observational coverage at other fre-
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quencies, as detailed below.

e BL Lacs radio selected: the 1 Jy sample (refer to § 3.2.1),

e BL Lacs X-ray selected: the Einstein Slew survey sample (refer to § 3.2.2),

e Flat spectrum quasars: 2 Jy sample drawn by Padovani and Urry (1992) requir-

ing ag < 0.5, from the “2 Jy sample” by Wall and Peacock (1985), a complete
flux—limited catalogue selected at 2.7 GHz, covering 9.81 sr, and including 233
sources with Forau, > 2 Jy. It consists of 50 sources with almost complete
polarization data, of which 20 are detected in y-rays (all with EGRET).

We use the available y-ray data for each sample but also indirect information derived
from the y—ray detected (not complete) sample discussed in Chapter 4.

Since we find that the continuity hypothesis among blazars holds we also consider a
merged “global” sample irrespective of the original classification of the objects. Com-
bining the three samples yields a total of 126 blazars (six of them are present in both
the radio and X-ray selected samples of BL Lacs), of which 33 detected in y—rays. We
will refer to them as the total blazar sample.

5.1.2 Multi-frequency data

In view of building average SEDs minimizing the bias introduced by incompleteness,
we decided to focus on a few well covered frequencies, at which fluxes are available
for most objects.

We chose the following seven well sampled frequencies, that are sufficient to give
the basic information on the SED shape from the radio to the X-ray band:

= radio at 5 GHz logy ~ 9.7
= millimeter at 230 GHz logr ~11.4
— far infrared (IRAS data) at 60um logr =~ 12.7
= far infrared (IRAS data) at 25um logy >~ 13.1
— near infrared (K band) at 2.2um logr ~ 14.1
— optical (V band) at 5500 A logy ~ 14.7
= soft X rays at 1 keV "~ logr ~ 174

Moreover we collected X—ray spectral indices (see § 5.1.2) as well as y—rays fluxes
and spectral indices (see § 5.1.2).
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Data were assembled from a careful search in the literature and extensive usage of
the NASA Extragalactic Database (NED)!.

The optical magnitudes have been de-reddened using values of Ay derived from the
Ap reported in the NED database according to the law Ay = Ag/1.324 (Rieke and
Lebofsky 1985).

In the radio and optical bands the coverage is complete for all the objects in the
three samples, while unfortunately for mm, far and near IR and X-ray fluxes data for
some sources are lacking (see Table 5.1). The worse case is the far IR (25 m) band
where only 28/126 objects have measured fluxes.

In Table 5.1 (which is at the end of the Chapter) a summary of the collected broad
band data is reported, where as detailed below we report the computed average fluxes
for each object.

Average vs. maximum fluxes

For each source, at each frequency from radio to optical we assigned the average of all
the fluxes found in literature. Given the large variability these averages were performed
logarithmically (magnitudes).

In principle a suitable alternative to the averaging would be to consider in each
band the maximum detected flux (see for instance Dondi and Ghisellini 1995). On the
one hand this choice could be particularly meaningful in view of the fact that in the y—
ray band, due to the limited sensitivity of detectors, we are biased towards measuring
the brightest states. On the other hand also this option is biased since the value of the
maximum flux is strongly dependent on the observational coverage and for most of the
objects we only have a few (sometimes a single) observations. Moreover the strength
of this bias is “band—dependent” and can thus significantly affect the determination of
the broad band spectral shape. As both choices present advantages and disadvantages,
and since our goal is a statistical analysis, we consider them equally good. The “aver-
ages” option has been preferred because it is likely to be more robust with respect to
the definition of radio—optical SED properties.

X-ray data

Given the special relevance of the knowledge of the X-ray properties, and in particular
of the fact that the shape of the X-ray spectrum can be fundamental for disentangling
the synchrotron and inverse Compton components, and inferring the respective peak

INED, NASA/IPAC Extragalactic Database, is operated by the Jet Propulsion Laboratory, Caltech,
under contract with the National Aeronautics and Space Administration.

de-reddening
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ROSAT

other data

frequencies, the most suitable choice for X-ray data is the large and homogeneous
ROSAT data base.

In fact, a large fraction of the 126 sources (90/126) has been observed with the
ROSAT PSPC allowing to uniformly derive X-ray fluxes and in many cases, that is for
73 targets of pointed observations, spectral shapes in the 0.1-2.4 keV range (Brunner
et al. 1994; Lamer et al. 1996; Perlman et al. 1996; Urry et al. 1996; Comastri et al.
1995; Sambruna 1997; Comastri et al. 1997, see also Chap. 4).

X-ray spectral indices were derived from the same observation and, when avail-
able, we adopted the ax resulting from fits with neutral hydrogen column density Ny
allowed to vary. Some of these 90 objects (17) have been only detected in the RASS
and fluxes are published by Brinkmann et al. (1994) and Brinkmann et al. (1995).
Monochromatic fluxes (at 1 keV) for these sources have been derived from the 0.1 -
2.4 keV integrated flux adopting the average spectral index of the sample to which
they belong (see Table 5.3 and 5.5) and the value of the Galactic column in the source
direction (Elvis et al. 1989; Dickey and Lockman 1990; Lockman and Savage 1995;
Murphy et al. 1996). When more than one observation was available we give the
average flux.

Of the remaining 36 sources, 24 belong to the Slew survey sample and for them
we used directly the Einstein IPC flux from Perlman et al. (1996). The fluxes at 2
keV listed by Perlman et al. (1996) were converted to 1 keV using the average ROSAT
spectral index of the Slew survey sample ((cax) = 1.40), derived from the 24 sources
with a ROSAT measured value.

For other 3 sources, without ROSAT data, we used an Einstein IPC flux, bringing
the total number of sources with measured X-ray flux to 117/126.

~v-ray data

Within the three samples only a fraction of blazars were detected in y—rays, namely
9/34 in the 1 Jy sample, 8/48 in the Slew sample, 20/50 in the FSRQ sample. Four
of these sources (02354164, 0735+178, 0851+202 and 1652+398) are present in both
the BL Lac object samples, giving a net number of y—ray detections of 33 out of 126
blazars. All but one of them have been observed by EGRET in the 30 MeV — 30 GeV
band. For 28/32 a y-ray spectral index has been determined.

One source, 1652+398 (Mkn 501), has only been detected at very high energies,
beyond 0.3 TeV by ground based Cherenkov telescopes (Whipple and HEGRA, Punch
et al. 1992; Weekes et al. 1996; Krennrich et al. 1997; Bradbury et al. 1997; Aharonian
et al. 1997; Samuelson et al. 1998), while EGRET yielded only an upper limit.
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It is noteworthy that the detected fraction is significantly different between FSRQs and
BL Lacs, being respectively 40 +10.6 % and 17.1 5.1 % for XBLs+RBLs. However
for RBLs only the fraction detected in y—rays is 26.5 £ 9.9 %, consistent with that of
quasars while XBLs only yield 16.7 & 6.4 %.

Many other blazars (~ 30) have been detected by EGRET, but do not fall in our
samples. One can consider the whole group of y-ray detected objects as a sample in
its own right, though not a complete one at present, since a significant fraction of the
sky has been surveyed though not uniformly. This larger sample comprises 66 sources
(Fichtel et al. 1994; Von Montigny et al. 1995; Thompson et al. 1995; Thompson
et al. 1996; Mattox et al. 1997; Kanbach 1996; Mukherjee et al. 1997 and references
therein), of which 60 have a measured redshift, and 48 an estimate of the spectral index.
To this set we can add Mkn 501 (already included in both our BL Lac samples), and
2344+514 (Catanese et al. 1998), detected only by the Whipple telescope. We will use
this additional information to discuss whether the «y—ray properties of our samples can
be representative of the whole y—ray loud population and if so, to increase the statistics
(see section 5.4). We therefore collected basic data also on all of the 30 (29 EGRET
plus 2344+514) ~y-ray detected AGN/blazars not included in the complete samples.
They are reported in Table 5.2.

Given the large amount of observations and analysis of the same data by different
authors, for the selection of the flux and spectral index we used the criteria adopted in

2 51 above an

Chapter 4 (§ 4.1). y—ray data are usually given in units of photons cm™
energy threshold (e.g. for EGRET E > 100 MeV). We converted them to monochro-
matic fluxes at 100 MeV integrating a power law in photons with the measured or

assumed (the average) spectral index.

Luminosities and K—correction

All fluxes were K-corrected and luminosities were computed with the following choices:

(a) we considered lower limits on redshift (4 sources) as detections, while we as-
signed the average redshift of the sample to the few sources without any estimate
(4 in the 1 Jy sample, for which (z) = 0.492, and 6 in the Slew survey sample,
(z) = 0.194);

(b) radio-to—optical fluxes were K—corrected using the average spectral indices de-
rived from the literature (see Table 5.3). For X-ray and y-ray data we used
measured power law spectral indices, when available, or the average index de-

rived for the sources of the same sample (see Tables 5.3, 5.5).

y—detection
fraction

other y—ray
blazars

~y—data

selection
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TABLE 5.3: SPECTRAL INDICES USED FOR K—CORRECTION?
band Slew 1Jy FESRQ refs.
6h) [3) 3) @ (5)

radio 020 =027 -0.30 1
mm 0.32 0.32 0.48 2
IRAS 0.60 0.80 1.00 3
IR-opt  0.67 121 1.52 4
X-rays 140 125 0.83 5
y-rays 098 1.26 121 5

Notes to Table 5.3

(a) spectral indices used for K—correction of monochromatic fluxes: (1) spectral band; (2) Slew; (3) 1Jy; (4) FSRQ; (5)
references.

References for Table 5.3:

(1) Stickel et al. 1994; (2) Gear et al. 1994; (3) derived from IRAS data; (4) Bersanelli et al. 1992; (5) this work, see Table 5.1.
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Figure 5.1: Redshift distributions for the three complete samples and the “total blazars sample”. Sources detected in
the y—rays are indicated by the grey areas.

5.2 Results A: distributions of properties

5.2.1 Comparison of v—detected/not—y—detected sources

Since the fraction of objects detected in y-rays in the three samples is rather small,
it is important to ask whether the detected sources are representative of each sample
as a whole or are distinguished in other properties from the rest of the objects in it.
Moreover we want to verify whether the y—ray detected sources in general differ from
those belonging to the complete samples.

We therefore computed the distributions of various quantities, i.e. redshift, lumi-

nosities and broad band spectral indices, for objects belonging to each sample. These
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Figure 5.2: Distribution of luminosities and broad band spectral indices for the three complete samples and the “total
blazars sample”: (@) LsgHz » (b) Likev » (C) @RO » (d) agrx - Grey areas indicate y—ray detected objects.

are shown in Figs. 5.1, 5.2a-d for the three samples and the total blazar one, highlight-
ing those sources detected in the y—ray band as grey shaded areas in the histograms.

The redshift distributions (Fig. 5.1) of the three complete samples show the known
tendency towards the detection of FSRQs at higher z, being the latter ones more pow-
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Figure 5.3: Distributions of redshift z, radio luminosity and flux and y-ray spectral index for the y—ray loud sources
detected by EGRET, where the shaded ones refer only to sources in our three complete blazar samples.

erful radio sources, as shown in Fig. 5.2a.

In the same figure and in Fig. 5.2b, the tendency for XBL to have similar X-ray
but lower radio luminosities compared to RBL is also apparent. Correspondingly, it
appears from Figs. 5.2c,d that ago and agx increase from XBL to RBL while FSRQ
have aro slightly larger and agrx similar to RBLs. Later on (section 5.3.2) we will
show that there is a relationship between these spectral indices and the peak frequency
of the synchrotron component.

We note that for all of the distributions there is continuity in properties not only
between the two BL Lac samples, but also between BL. Lacs and FSRQs.

It is clear from Figs. 5.1, 5.2a-d that for the RBL and FSRQ samples the y-ray de-
tected sources do not differ from non—detected ones in any of the considered quantities
while for the Slew sample there is a tendency for y-ray loud sources to have larger
Lsomz, orx and oro. This indicates that either the radio luminosity or radio—loudness
are important in determining the y-ray detection. On the contrary, and in some sense
surprisingly, the X—ray luminosity does not seem to play an important role with respect
to the y-ray emission, although the X-ray band is the closest in energy to the y—rays .
We will come back to this issue later on (§ 5.5.1). We checked the possible difference
of means and variances of the distributions with the Student’s t-test and only for the
agx of the Slew sample the significance is higher than 95 per cent.

Except for the case of the Slew survey, we conclude that the y-ray detected sources
are representative of the samples as a whole, being indistinguishable from the others
in terms of radio to X-ray broad band properties and power.
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5.2.2 Comparison with the whole y-ray detected sample

We also checked that the ~v-ray detected sources belonging to our samples are homo-
geneous with respect to all of the y—ray blazars detected so far. In Fig. 5.3 we compare
the redshift distributions, the radio luminosities and fluxes and the y-ray spectral in-
dex. The grey shaded areas represent the y—ray sources belonging to the complete
samples considered here. We conclude that there is no significant difference.

5.2.3 Comment on vy-ray detected/(bright ?) sources

We are aware that the limited sensitivity of the EGRET instrument implies that at
a given radio flux, only the v—ray loudest sources are detected. Therefore the non
detected ones are probably on average weaker in y—rays.

A fraction of ~ 10% of all blazars have been detected in the EGRET bandpass
(Mattox et al. 1997). This blazar fraction refers to those flat spectrum radio sources
which would have been above the EGRET flux sensitivity if the ratio between their
~v-ray and 5 GHz radio fluxes were at least as large as the lowest value for the EGRET
detected blazars.

Impey (1996) quantified this effect by taking into account the correlation between
radio and y-ray luminosities (see also § 5.4.2), and other observables. Assuming a
Gaussian distribution of the y—ray—to-radio flux ratio he estimated the width of the
distribution and the “true” ratio referring to the whole population, which could be a
factor 10 lower than the observed one.

It is clear that there is a strong empirical relationship between the radio properties
(i.e. radio—loudness and flat spectrum) and y—ray emission in AGN, but it is not readily
apparent what other properties the y-ray emitting sources have that distinguish them

from other similar sources not detected in high energy y-rays. It could be that:

@ there is a real spread in the intrinsic properties of the blazar population, the y—
ray detected blazars being intrinsically louder than the rest of the population,
which would be persistently y-ray—quiet because conditions driving to high en-

ergy y—ray emission do not exist in these sources.

@ this may be due to variability, i.e. a source is detected only when it undergoes
a flare. All blazars are similar and may become strong y-ray emitters from time
to time. The observed ~y-ray/radio ratio would thus refer to flaring states, while

the average level of each source would be lower.

® the bias arises because some sources have the y—ray emission that is beamed in

a different direction or more narrowly than the synchrotron.

true y—ray
loudness
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BL Lacs vs.
~ FSRQ

Since variability is a distinctive property of blazars and has been observed to occur also
in y-rays, often with extremely large amplitude (greater than a factor 10, e.g. 3C 279,
Maraschi et al. 1994; PKS 0528+134, Mukherjee et al. 1996; 1622—297, Mattox et al.
1997) the variability alternative is likely although the problem remains open.

If this is the case we can hold the hypothesis that all blazars have similar y-ray
properties instead of distinguishing between y—loud and y—quiet sources.

On the other hand, some emission models make definite predictions about the y—
ray blazars representing a true subset of all blazars (see § 2.2 and § 2.7). ERC models
predict a stronger Doppler boosting of the y—ray flux oc §*t2* compared with the
radio-to-optical synchrotron flux which is boosted only by the factor §*** (see § 2.3).
With o = 1, the prominence of the y—ray component increases « §* implying that the
most pronounced y-ray blazars must be the ones with the largest Doppler factors (i.e.
smallest viewing angles or largest bulk Lorentz factors). This prediction can be tested
with radio observations.

We conclude that the average ~y—ray luminosities computed here are necessarily
overestimated. However we chose not to correct for this effect given the uncertainties.
In particular the “bias factor” for different classes of blazars could be different if their

y—ray variability properties (amplitude and duty cycle) are (e.g. Ulrich et al. 1997).

In this respect there is a last interesting comment to add concerning possible biases
in the estimate of the the y-ray loudness of EGRET sources. There is the possibility
that data for BL Lacs and FSRQ are biased in opposite ways, respectively towards
lower and higher values with respect to the “typical” peak flux level, due to the com-
bination of differences in brightness and variability. The argument is the following:
BL Lacs variability pattern is that of repeated short—lasting flares, whose flux level is
moderate, requiring a fairly long integration time for detection. The measured flux is
then the average over many rapid flares, interspersed with low level intervals leading
to a decrease of the estimated source brightness, whose entity depends on the duty
cycle of the source. On the contrary, FSRQ light curves show rather long trends and in
general their flux in the EGRET bandpass is high enough to allow a “short™ exposure
time for detection. This enables us to measure the y-rays in different brightness states,
and eventually to really estimate the peak y—ray level.

5.3 Results B: synchrotron peak frequency

We discussed in Chapter 2 the importance of the knowledge of the energy at which
the synchrotron peak occurs, since it provides a powerful diagnostic for the physical
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conditions in the emitting region.

How to tell the synchrotron peak position ? Polynomial fitting

In order to determine the position of the peak of the synchrotron component in indi-
vidual objects with an objective procedure, we fitted the data points for each source
(in a v — vL, diagram) with a third degree polynomial. This yields a complex SED
profile, allowing an upturn which can better model the X—ray spectrum that can be
dominated by the inverse Compton component, i.e. with data points not laying on the
direct extrapolation from the lower energy spectrum.

In many cases there is evidence that the X-ray component, even in the soft ROSAT
PSPC band, is due to the inverse Compton process (see Chapter 4 and e.g. Sambruna
1997; Comastri et al. 1997). Thus to impose that the X—ray point smoothly connects
to the lower energy data, as would happen in a parabolic fit, could be misleading for
a determination of the synchrotron peak frequency (see also Sambruna et al. 1996).
We used a simple parabola when the cubic fit was not able to find a maximum, which
typically happened when the peak occurs at energies higher than X-rays. In fact when
the peak moves to high enough frequencies (typically beyond the IR band), the X-ray
flux is completely dominated by the synchrotron emission, and the results given by
the cubic and parabolic fits are fully consistent. In 8 cases neither the cubic nor the
parabolic fit were able to determine a peak frequency/luminosity mainly due to the

paucity of data points.

5.3.1 Synchrotron peak frequency vs. luminosity

The peak frequencies derived with the above procedure (defined as the frequencies
of the maximum in the fitted polynomial function) are plotted in Fig. 5.4a,b,c versus
the radio and ~y-ray luminosities and versus the corresponding peak luminosities, as
determined from the fits. Let us stress once again the continuity between the different
samples. Considering the samples together strong correlations are present between
these quantities, in the sense of Vpeak sync decreasing with increasing luminosity. The
results of Kendall’s 7 statistical test (Press et al. 1992) show that the correlations are
highly significant (Table 5.4).

Since on the one hand in flux limited samples spurious correlations can be intro-
duced by the luminosity/redshift relation and on the other hand the correlations might
be due to evolutionary effects genuinely related to redshift, we checked its role in two
ways. We estimated the possible correlation of the relevant quantities with redshift,
and performed partial correlation tests (by means of the “partial correlation” technique,

redshift
“subtraction”
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Figure 5.4: The peak frequency of the synchrotron component, Vpeak,sync: 88 derived with the polynomial fits, plotted
against (a) the radio luminosity Lisgz, (b) the y-ray luminosity L, and (c) the fitted peak luminosity of the synchrotron
component, Lyeak,synec -

e.g. Padovani 1992) between two quantities subtracting out the common dependence
on z. The results are reported in Table 5.4. In addition, in order to have an indepen-
dent check on the redshift bias, we also considered the significance of the correlations

restricting them to objects with z < 0.5.

The correlation between Vpeak sync and Lisq, still holds after subtraction of the very
strong dependence on redshift. The same is true for the relation between Vpeak sync and
the y-ray luminosity L,, although the significance is much smaller, due to the reduced
number of sources. On the other hand the correlation between Vpeak sync and Lipeak sync
is strongly weakened when subtracting the redshift effect.

Considering only the z < 0.5 interval the significance of the first two correlations
persists and does not change when the redshift dependence is subtracted. These values

can then be considered as irreducible, being the signature of a true dependence of
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Figure 5.5: The broad band spectral indices aro and arx are plotted Versus vpeak sync. The curved lines overlayed
to the data points represent the relations aro—vpeak,sync @Nd @RX~Vpeak,sync ObtaINed from a “synthetic” set of
SEDs. Details on the adopted analytical parameterization are given in text, § 5.5. Two examples of typical SEDs are
reported for reference in the inset: the top one peaking at v ~ 10!3 Hz, with ago = 0.76 and arx = 0.85, the bottom
one atv ~ 108 Hz (ago = 0.35 and agx = 0.56). The three vertical lines mark the frequencies corresponding to 5
GHz, 5500 A, and 1 keV, entering in the definitions of ago and agx.

Vpeak,sync ON luminosity. This result can also be read as a check of the reliability of the
partial correlation procedure. On the contrary the correlation Vpeaksync V5. Lipeak sync
disappears at low redshifts, due to the narrow interval of values spanned by Lycak sync»
that varies less with the change of peak frequency than both radio and y-ray luminosity
do.

5.3.2 Synchrotron peak frequency vs. broad band spectral indices

The relations between the synchrotron peak frequency and each of the two point spec-
tral indices aro and arx are shown in Fig. 5.5. Also these quantities are strongly
correlated (see Table 5.4). In fact recent papers (e.g. Maraschi et al. 1995; Comastri
et al. 1995; Comastri et al. 1997), suggested that the position of the synchrotron peak
could be devised from the values of broad band spectral indices.

It would be very important to better assess the reliability/existence of a direct rela-
tionship between SED shape (i.e. synchrotron peak) and radio/optical/X~ray effective
spectral indices, and in turn enable their use as predictive tools.

The power of these parameters resides in the fact that for present and future sam-
ples, which are going to be larger and larger, it will be difficult to have enough multi-



108

SPECTRAL ENERGY DISTRIBUTIONS

| |z 2.2 pm — 0.01 keV

(a) (b)

Figure 5.6: Color—color diagrams for the “total blazars sample” with color coding corresponding to the value of
Vpeak,sync: (8) @ox VS. QRX, (b) aro vs. agrx. The thick lines overlayed to the data points represent the rela-
tions agx—aox and egrx—cox obtained from the “synthetic” SEDs.

frequency data to trace the radio—to—X-ray SED and tell where the synchrotron peak
occurs, whilst it is very likely that the availability of the minimal set of radio/optical/X—
ray fluxes will eventually improve. Actually most of the new samples whose selec-
tion is in progress® are derived from the cross-correlation of radio and X-—ray cata-
logues/surveys, thanks to the fact that blazars are bright in both bands, and require

optical follow—up for source identification.

We see in Fig. 5.5 that the knowledge of any of the two spectral indices is enough to
guess the position of the peak of the synchrotron component, except for some ranges,
namely Vpeak sync > 106 — 10" Hz for aro, and vpeak,sync < 10 Hz for agx. These
“failures” can be explained bearing in mind the typical shape of the blazar SEDs (see
inset in Fig. 5.5): when the spectrum peaks at low frequencies, X-rays are typically
dominated by the inverse Compton, flat spectrum, component whose luminosity level
is strongly correlated with the radio one (see Fig. 1.4b, and Chap. 3, Fossati et al.
1997), and then the X-ray/radio ratio (i.e. arx) tends to a fixed value.

Conversely we can say that the Compton component begins to dominate the (ROSAT)
X-ray band when agx =~ 0.75, corresponding t0 Vpeaksyne S 3 X 10** Hz. It is in-
teresting to note that the adopted dividing threshold between LBL and HBL has been

2¢.g. REX by Wolter and collaborators, Wolter et al. (1997); DXRBS by Padovani, Perlman and col-
laborators, Perlman et al. (1998); FIRST by Laurent-Muehleisen and collaborators, Laurent-Muehleisen
(1996)
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Figure 5.7: The y-ray dominance (according to two definitions, see text § 5.3.3) versus the synchrotron peak fre-
quency Vpeak,sync

set to this value from purely practical purposes, while in the light of the result above it
assumes a more “physical” meaning: LBL sources have Compton—dominated soft-X—
ray emission, while in HBL this is pure synchrotron (see also Padovani and Giommi
1995).

At the other end of the spectrum a problem arises when Vpeak sync moves at energies
higher than that used to compute the broad band spectral index. The reason is that the
ratio between, for instance, optical and radio luminosity is no longer sensitive to the
peak moving further towards higher frequencies, because both the radio and optical
bands lay on the same (rising) branch of the synchrotron “bump”.

For comparison we draw in Fig. 5.5 the loci of &ro—Vpeak,sync and oRx—Vpeak,sync
obtained from a set of SEDs of the kind reported in the inset, and that we are going
to discuss in more detail in section 5.5 The parameterization describes the observed

features very well.

In Figs. 5.6a,b we put together two broad band spectral indices, agx — aro and
arx — Qox, trying to overcome the “degeneracy” just discussed, which is frustrating
the use of these quantities to study SED properties. The sources have been plotted in
five different colors according to the estimated synchrotron peak energy. Points follow
a smooth continuous pattern across the diagram showing that the combination of two
o’s basically solve the problem giving a reasonable estimate of Vpeak sync. The thick
lines overlayed are the loci of points predicted on the basis of the already mentioned
SED parameterization that we are going to introduce in § 5.5. The agreement is very
good although not able to account for the whole scatter of points in the diagram.
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5.3.3 Synchrotron peak frequency vs. y—ray dominance

In Fig. 5.7 Vpeak sync i plotted against the y—ray dominance parameter, here approxi-
mated with the ratio between the y—ray and the synchrotron peak luminosities, which
represents a lower limit estimate. A strong correlation (see Table 5.4) is present over
four orders of magnitude in Vpeak sync, in the sense of a decrease in the y-ray dom-
inance with an increase of the synchrotron peak frequency. In the same figure we
plotted also the ratio between the y-ray-and optical luminosities, to check if the latter
could eventually be a good indicator of the y—ray dominance, with the advantage of
being derived from two observational quantities. In fact there is little difference, at
most a factor 3 for a quantity spanning more than three decades.

The y-ray dominance parameter is interesting because it can be directly related
to physical properties internal to the emitting blob, the ratio between radiation and

magnetic energy density, and give a neat constraint, as detailed in Chapter 2.

5.4 Results C: Average SEDS

Having discussed extensively the possible biases introduced by the limited number of
v-ray detected sources in the complete samples we construct here the average SEDs

for each sample.

Details of the averaging procedure

The averaging procedure has been performed on the logarithms of the Iuminosities
at each frequency. Apart from the problems in the v-ray range discussed above, the
incompleteness of the data coverage at some frequencies could also introduce a bias
in the average values. For instance in the Slew survey sample only 10/48 objects
have a flux measured at 230 GHz, and they are the more luminous sources at 5 GHz.
Averaging independently Losoqn, (for 10 objects) and Lsgp, (for 48 objects) we would
obtain a ratio between the two luminosities higher than that derived considering only
the subsample of 10 sources, and presumably higher than the actual one, too.

To reduce this effect we first normalized the monochromatic luminosities to the
radio 5 GHz luminosity for each source. We then computed average ratios at each
frequency v*, (log(L,«/Lsch;))suss cOnsidering only the subsample of sources with a
measured flux at %, and on the other hand the average Lsg, for all sources. Finally we

used that ratio to compute the average monochromatic luminosity at v* for all sources
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Figure 5.8: The average SEDs for each of the samples are shown.

42 44 46

log(vL,) [@5 GHz]

Figure 5.9: X-ray and y—ray spectral indices

From top to bottom (referring to radio luminosity) Wall and Peacock plotted versus radio luminosity.
FSRQs (empty boxes), 1 Jy BL Lac sample (filled boxes) and Slew
survey BL Lac sample (triangles) . These latter two are in reversed
order in X—ray band, the lowest spectrum being that of the 1 Jy sam-

ple.

in the sample as:

<10g(Lu")>aH = <10g(L5GHZ)>all + <10g(Lu* /L5GHZ)>sub

In this way we basically averaged the spectral shape between v* and 5 GHz for the

objects with available data at v* and assigned that spectral shape to the sample.

The X-ray and y-ray spectral indices have been averaged with a simple mean,

without weighting.

5.4.1 Average SEDs of XBL, RBL, FSRQ samples

The average broad band spectra for each of the three samples are shown in Fig. 5.8.

The 6 sources common to the radio and the X-ray selected BL Lac samples are consid-

ered in both of them. Average luminosities entering Fig. 5.8 are reported in Table 5.5

together with the number of sources contributing at each frequency.

It is apparent from Fig. 5.8 that the three samples refer to objects with different

average integrated luminosities and that the peak frequency- of the power emitted be-

tween the radio and the X-ray band moves from the X-ray to the far infrared band

going from the XBL to the FSRQ samples, as anticipated from the analysis of single

objects in section 5.3. Correspondingly the y—ray luminosities increase and the y—ray
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TABLE 5.5: AVERAGE LUMINOSITIES?

Complete Samples - Total Blazar Sample (log(Lsg,) intervals)
Band Slew 1y W&P <42 4243 43—44 44—45 >45
1) () (3 (C)] (5) (6) @) (® ()]
5 GHz 41.71 43.69 44.81 41.24 42.47 43.71 44.54 45.39
[48] [34] [50] [38] (10] (17] [44] (17
230GHz  43.11 45,01 46.11 42.64 4377 45.13 45.83 46.63
[10] [34] [50] [51 [71 [15] [44] [17]
60 um 44.17 45.94 46.84 43.73 44.65 46.09 46.65 47.61
[12] [19] [13] [6] [5] (8] [16] [2]
25 pm 4425 46.07 46.93 43,74 44.95 46.08 46.79 47.69
[10] [15] (8] 4] [6] 71 [9] [2]
K-band 44.64 45.86 46.49 44.42 45.04 45.96 46.27 4721
[23] [31] (28] [13] [10] [15] (32] (6]
V-band 44.91 45.68 46.58 44.61 45.01 45.82 46.27 47.21
[48] [34] [50] [38] [10] [17] [44] 17
1keV 44,94 44.72 45.98 44.81 44.11 44.92 45.66 46.50
[48] [32] [43] (38] [10] [15] [42] [12]
100MeV  44.45 46.50 47.93 4424 44.79 46.67 4771 48.68
(71 [8] [20] [3] [5] [9] [33] [12]
ax 140+ 0.07 125+0.09 083008 1374009 1.55+0.15 1.16+0.14 1.11+0.08 0.57 £0.13
[24] [31] [24] [16] [8] [14] [26] 9]
ay 0.98+£032 1264026 1214009 064+007 0734047 137+031 1.06+0.13 130+ 0.08
[6] [61 (18] [2] (4] (7 [25] [11]

Notes to Table 5.5

(=) Average luminosities, for each sample and for the total one (divided in bins of radio luminosity). In square brackets are
reported the numbers of sources contributing at each datumn.

References for Table 5.5:

(5 and 230 GHz): Becker et al. (1991); Bloom et al. (1994); Gear et al. (1986); Gear (1993b); Gear et al. (1994); Kiihr et al.
(1981); Kiihr and Schmidt (1990); Perlman et al. (1996); Reuter et al. (1997); Steppe et al. (1988); Steppe et al. (1992); Steppe
et al. (1993); Stevens et al. (1994); Stickel et al. (1991); Stickel et al. (1993); Stickel et al. (1994); Tornikoski et al. (1993);
Tornikoski et al. (1996); Terasranta et al. (1992);

(IR-optical data): Allen et al. (1982); Ballard et al. (1990); Bersanelli et al. (1992); Bloom et al. (1994); Brindle et al. (1986);
Brown et al. (1989); Elvis et al. (1994); Falomo et al. (1993); Falomo et al. (1993); Falomo et al. (1994); Gear et al. (1985);
Gear et al. (1986); Gear (1993a); Glass (1979); Glass (1981); Holmes et al. (1984); Impey and Brand (1981); Impey and Brand
(1982); Impey et al. (1982); Impey et al. (1984); Impey and Neugebauer (1988); Impey and Tapia (1988); Impey and Tapia
(1990); Jannuzi et al. (1993); Jannuzi et al. (1994); Landau et al. (1986); Lepine et al. (1985); Litchfield et al. (1994); Lorenzetti
et al. (1990); Mead et al. (1990); O’Dell et al. (1978); Pian et al. (1994); Sitko and Sitko (1991); Smith et al. (1987); Stevens

et al. (1994); Wright et al. (1983);

(X-rays): Brinkmann et al. (1994); Brinkmann et al. (1995); Brunner et al. (1994); Comastri et al. (1995); Comastri et al.
(1997); Lamer et al. (1996); Maraschi et al. (1995); Perlman et al. (1996); Perlman et al. (1996); Sambruna (1997); Urry et al.
(1996),

(vy-rays): Bertsch et al. (1993); Catanese et al. (1997); Chiang et al. (1995); Dingus et al. (1996); Fichtel et al. (1994); Hartman
et al. (1993); Lin et al. (1995); Lin et al. (1996); Madejski et al. (1996); Mattox et al. (1997); Mattox et al. (1997); Mattox et al.
(1997); Mukherjee et al. (1995); Mukherjee et al. (1996); Nolan et al. (1996); Quinn et al. (1996); Radecke et al. (1995);
Shrader et al. (1996); Sreekumar et al. (1996); Thompson et al. (1993); Thompson et al. (1995); Thompson et al. (1996);
Vestrand et al. (1995); Von Montigny et al. (1995);
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Why LSGHZ

radio—y—ray
correlation

ax, Oy VS.
LsgH:

spectra steepen suggesting that also the peak frequency of the high energy emission
moves to lower frequencies.

5.4.2 The total blazar sample

The overall similarity and regularity of the SEDs of the different samples as well as the
continuity in the properties of the individual objects discussed in section 5.3 suggest a
basic similarity of all blazars irrespective of their original classification and different
appearance in a specific spectral band.

We therefore considered the merged total sample with the scope of finding the key
parameter(s) governing the whole blazar phenomenology. Since luminosity appears to
have an important role in that it correlates with the main spectral parameters we de-
cided to bin the total blazar sample according to luminosity, irrespective of the original
classification.

It may be desirable to use the total integrated luminosity which in all cases is ba-
sically the y—ray one. However this latter is only available for a few objects. As a
first and simpler approach we decided to overcome this problem using radio power
as indicator of the total bolometric luminosity. On the basis of the empirical relation-
ship that seems to hold between y-ray and radio luminosity, we used the 5 GHz radio
luminosity which is available for all objects. A correlation between ~y-ray and radio
luminosity has been claimed by many authors using different techniques (e.g. Dondi
and Ghisellini 1995; Mattox et al. 1997). It is however still being debated whether it
is true or it arises from selection effects, connected with the common redshift depen-
dence of luminosities, and with the exclusion of upper limits, which could favour the
appearance of a spurious correlation. It is worth mentioning that Miicke et al. (1997)
using a technique designed to take into account both these effects did not find any
significant correlation between radio and y-ray data for a sample of 38 extragalactic
EGRET sources.

We also checked the radio—y correlation on both the 31 EGRET detected sources
included in our samples and the larger “comparison sample” of 60 EGRET sources.
In Table 5.4 we report the significance of the correlation, together with its value after
subtracting the common redshift dependence through a partial correlation test, and
its significance for samples restricted to z < 0.5. In all cases the radio and y-ray
luminosities correlate significantly.

In Figs. 5.9a,b ax and o, for individual sources are plotted against the radio power,
both showing a good correlation with it. In Chapter 4 we discussed the interesting con-

sequences of the apparent anti—correlation between X-ray and y-ray spectral indices,
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Figure 5.10: Average SEDs for the “total blazar sample” binned according to radio luminosity irrespective of the

original classification. The overlayed curves are analytic approximations obtained according to the one—parameter—
family definition described in the text.

without relating it to any “absolute” parameter, such as luminosity. Here again we see

that these other spectral properties have a dependence on radio luminosity.

Since in some luminosity bins the number of y—ray detected sources included in our

sample is small, we used an indirect procedure to associate y-ray fluxes and spectra

to our average SEDs, taking advantage of the whole body of information regarding

the y-ray properties of blazars. Namely for each luminosity bin (L,) and (e, ) were
computed from blazars in the general EGRET-detected sample (i.e. considering also
the sources listed in Table 5.2) falling into the same Lsgy, bin. The basic assumption

is the uniformity of the spectral properties, as discussed in section 5.2.

The resulting SEDs are shown in Fig. 5.10 and average luminosities, X—ray and y—
ray spectral indices, and number of sources are reported in Table 5.5. The most inter-
esting result is that the trends pointed out for the three separate sub—classes of blazars
(Fig. 5.8) hold for the total blazar sample, irrespective of the original classification of
sources, when the radio luminosity is adopted as the key parameter characterizing each
object.

y—ray in
average SEDs
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Vpeak — LscHz

5.5 Discussion

5.5.1 Blazars as a one parameter family

In Fig. 5.10 we superimposed to the averaged data a set of lines, whose main goal is
to guide the eye. A full description of the parameterization can be found in Chapter 3
(§ 3.3.3, see also Appendix of Chapter 3) where it was introduced in the framework
of the “unified bolometric” scenario to account for the source number densities of BL
Lacs with different spectral properties (LBL and HBL).

The radio—to—X-ray SED is approximated with a power law starting in the radio
domain continuously connecting at v ~ 5x 10! Hz with a parabolic branch, describing
the synchrotron peak of the SED. In soft X-rays a rising power law, is summed to
this curved “synchrotron” component to represent the onset of the inverse Compton
component. The normalization of this second X-ray component is kept fixed relative
to the radio one.

The analytic representation of the X-ray to y—ray component is a parabola of the same
width as the synchrotron one, and has been obtained assuming that:

v the ratio of the frequencies of the high and low energy peaks is constant

ve/vs =5 x 108,

v the high energy (y-ray) peak and radio luminosities have a fixed ratio,

I/LU\’Y/I/LU’FJ'GHZ ~ 3 x 10°.

Based on our findings (see Fig. 5.4a), we then assume that the peak frequency of
the synchrotron spectral component is (inversely) related to radio luminosity. The
simplest hypothesis of a straight unique relationship between Vpeax syne and Lsgu, does
not give a good result when compared with the average SEDs. We then allow for a
different SED—shape vs. luminosity dependence for high and low luminosity objects,
a distinction that turns out to roughly correspond also to that between objects with and
without prominent emission lines. We adopted a “two-branch” relationship between
Vpeak,sync and Lisqn, in the form of two power 1aws Vpeak syne X L;gHZ, withp = 0.6 or

= 1.8 for log(Lsgn,) higher or smaller than 42.5, respectively (compare to Fig. 5.4).

Given the extreme simplicity of the latter assumptions, it is remarkable that the
phenomenological analytic model describes the run of the average SEDs reasonably
well, actually very faithfully up to X-rays. The worst case refers to the second lumi-
nosity bin: the analytic model predicts a y-ray luminosity larger than the computed
bin average by a factor of 10 (but predicts the correct spectral shape). We note that
only 5 «y-ray detected objects fall in this bin.
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The results derived from the above analysis (see in particular Figs. 5.8-5.10) can

then be summarized as follows:

@ two peaks are present in all the SEDs. The first one (synchrotron) is anticor-
related with the source luminosity (see Figs. 5.4 and Table 5.4), moving from
~ 10'® — 107 Hz for less luminous sources to ~ 10*® — 10'* Hz for the most

luminous ones;

@ the X-ray spectrum becomes harder while the y—ray spectrum softens with in-
creasing luminosity, indicating that the second (Compton) peak of the SEDs also
moves to lower frequencies from ~ 10%* — 10?° Hz for less luminous sources to

~ 10% — 10?2 Hz for the most luminous ones (see also Fig. 5.9);

@ therefore the frequencies of the two peaks are correlated: the smaller the Vpeax sync
the smaller the peak frequency of the high energy component; a comparison with
the analytic curves shows that the data are consistent with a constant ratio be-

tween the two peak frequencies;

@ increasing Lsgy, increases the y-ray dominance, i.e. the ratio of the power
emitted in the inverse Compton and synchrotron components, estimated with

the ratio of their respective peak luminosities (see also Fig. 5.7).

The fact that the trends present when comparing the different samples (e.g. Fig. 5.8),
persist when the total blazar sample is considered and binned according to radio lu-
minosity only, suggests that we deal with a continuous spectral sequence within the
blazar family, rather than with separate spectral classes. In particular the ”continuity”
clearly applies also to the HBL — LBL subgroups: HBL have the lowest luminosities
and the highest peak frequencies.

An interesting result apparent from the average SEDs is the variety and complexity of
behaviour shown in the X-ray band. As expected the crossing between the synchrotron
and inverse Compton components can occur below or above the X-ray band affecting
the relation between the X-ray luminosity and that in other bands. A source can be
brighter than another at 1 keV being dimmer in the rest of the radio—y-ray spectrum
except probably in the TeV range. This effect narrows the range of values spanned by
Liwev and explains why y-ray detected sources do not select a particular range in the
X-ray luminosity distributions (see Fig. 5.2b) while this happens for Lsgg, .

5.5.2 On the synchrotron and Compton peaks “distance”

The extreme “regularity” of the SEDs of blazars and in particular the trends discussed
above must derive from the common underlying physical processes. Assuming the

X-ray band
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SSC

ERC

simple case of a single (homogeneous) zone model the shape of the SED depends
on the spectrum of the high energy electrons radiating via synchrotron and inverse
Compton, the magnetic field and the nature of seed photons for the inverse Compton
process, either SSC or ERC.

Here we briefly discuss the implications of the suggested trends for the two scenar-
ios, in particular of the apparent constancy of the ratio of the synchrotron and Compton
peak frequencies, v¢ /vs . The following relations hold (§ 2.3):

‘ V_C 2 i V_C FVext
SSC : = X Yireak ERC : ” < —5

Let us assume a constant bulk Lorentz factors in all blazars. Should the (homogeneous)
SSC model be valid for all sources, it is easy to see that the (approximately) constant
ratio between the high and low peak frequencies yields an (approximately) constant
value for the energy of the particles radiating at the peaks. If the energy of the radiating
particles is similar in all sources the different peak frequencies should result from a
systematic variation in the magnetic field strength, HBLs having the highest, FSRQs
the lowest random field intensity.

Should instead the soft photons upscattered to the y—ray range be produced outside
the jet at a "typical” frequency vey; (the same for all sources) the condition of a constant
ratio between the peak frequencies implies a constant value of the magnetic field. As
a consequence the energy of the particles radiating at the peaks should vary along the
spectral sequence being lower in FSRQs and higher in HBLs.

It could also be that there is a smooth transition between the SSC and ERC mech-
anisms depending on the physical conditions outside the jet. In all cases however the
role of the luminosity, which phenomenologically appears dominant, does not find an
immediate physical justification, although one could find plausible arguments to link
it to the parameters mentioned above and in particular to the conditions surrounding
the jet.

In the next Chapter we present model fits to the spectral energy distributions of 51
(y-bright) individual objects, deriving the (model dependent) physical parameters for
each source. These computations indeed suggest the idea that the blazar sequence fol-
lows from a transition from the SSC to the ERC scenario, LBLs being the intermediate
objects. The computed radiation energy densities, which determine the amount of ra-
diative cooling, increase with increasing source luminosity and may be responsible for
the lower energy of the particles radiating at the peaks in higher luminosity sources.

The likely possibility that the external photon field involved in the ERC process is

(or is related to) the radiation reprocessed as broad emission lines, seems to be at least
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qualitatively in agreement with the observational evidence concerning the emission

line luminosity in the suggested blazar sequence.

5.6 Summary

The main conclusion of this study of blazars SEDs is that despite the differences in
the continuum shapes of different sub—classes of blazars, a unitary scheme is possible,
whereby blazar continua can be described by a family of analytic curves with the
source luminosity as the fundamental parameter. The ’scheme” (admittedly empirical)
determines both the frequency and luminosity of the peaks in the synchrotron and
inverse Compton power distributions (and therefore also the y—ray luminosity in the
EGRET range) starting from the radio luminosity only. The main suggested trend is
that with increasing luminosity both the synchrotron and the inverse Compton peaks
move to lower frequencies and that the latter becomes energetically more dominant.
The ”’spectral sequence” finds a plausible interpretation in the framework of rela-
tivistic jet models radiating via the synchrotron and inverse Compton processes if the
physical parameters (magnetic field and/or critical energy of the radiating electrons)
vary with luminosity or if photons outside the jet become increasingly important as
seed photons for the inverse Compton process in sources of larger power. The latter
alternative is supported at least qualitatively by the increasing dominance of emission

lines in higher luminosity objects.
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Table 5.1: MULTI-FREQUENCY DATA FOR THE BLAZARS SAMPLE?

IAU Name  sample z Fsguz FasogHz Feopm Fosum  Fx Fv  Fikev ax FiooMev ay
dy) Jy) Gy dy)  (mly) (mly) (uy) (nly)
(1 2 3) (€] %) ) @) ®) ®) (10) an (12) (13)
0048—097 1y . 1.650 0.618 . ‘e 7.060 1.903  0.889 1.79 £ 0.24
0118—272 Ly >0.557 0.732 0.289 . 10.199 1.710  0.278 1.74 + 0.74 .. .
01334476 wp 0.859 1.304 0.681 0.167 . 1.821  0.650 0.286 0.92 4 0.39 ..
0138—097 1y >0.501 0.819 0.182 . 4297 0.883 R cre .
01454138 Slew 0.125 0.005 ces . . 6.536 0.255 5.596 ces -
01584003 Slew 0.299 0.009 . . . . 0212  1.365 1.46 £ 0.27 . .
0208—512 wp 1.003 1.342 1.359 . 0.850 0.627 1.04 &+ 0.04 0.335 0.69 4 0.05
02124735 wp 2.370 0.453 0.319 . . - 0.849 0.051 —0.34 £+ 0.59
02194428 Slew 0.444 0.775 . 0.300 0058 11.469 4.034 1.558 1.60 & 0.17 0.094 0.90 & 0.20
02294200 Slew 0.139 0.044 .- vee . 5.515 3.141 . .
02354164  1Jy,Slew 0.940 1.438 1.134 0.218 . 12.607 2.969 1.700 1.59 + 0.86 0.460 0.90 £ 0.20
03234022 Slew 0.147 0.038 - . 2358 0.856 3.331 1.27 4+ 0.09 v ces
0336—019 wp 0.852 1.171 0.827 0.335 . 1.036 0245 0253 . 0.875 .
0347—121 Slew 0.188 0.008 = o 0.181 2613 1.12 £ 0.09 o .
0403—132 wp 0.571 1.606 0.348 e . 1.593 0.688 0.362 0.78 £ 0.22 .- .
0405—123 wp 0.574 1.087 0.158 s = 7.562  6.547 1.242 1.15 £ 0.17 e ..
04144-009 Slew 0.287 0.057 e s v 2.884 0.782 10.633 . cee .
0420-014 wp 0915 1.001 1.862 0357 0.114 5687 1.002 1.087 - 0.277 0.90 4+ 0.30
0426—-380 1Jy >1.030 0.576 0.136 .. v 0262 0.210 2204 1.25 s cee
0438—436 wp 2.852 1.072 0.248 e . .- 0212 0.103 0.72 +0.39 e v
0440—003 wp 0.844 1.322 0.349 . . o 0.108  0.109 .. 0.461 0.80 £ 0.20
0451—-282 wp 2.559 0.434 0.145 . 0.268 e . .- -
0454+-844 1y 0.112 1.250 0.772 0.137 0.100 4.987 1.079  0.030 0.87 £ 0.59 .

continued on next page
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TABLE 5.1: CONTINUED

IAU Name  sample z Fsqu. F2sogHz Feoum Faspm  Fx Fv Fikev ox FiooMmev Oy
Iy Jy) dy) Jy)  (mly) (mly)  (uly) (nJy)

(€Y} (2) 3) @) (5) (6) 7 (3) ® (10) (n (12) (13)
09504445 Slew ?0.207 0.003 -ece 0.016 0.113 0.294 1.76 & 0.25 - .
0954-556 wp 0.909 0.936 0.329 e A 0.405 0.112 1.17 + 0.14 0.020 0.63 +-0.23
09544658 1y 0.367 1.068 0.469 . 0.109  7.598 1.835 0.158  0.96 4 1.31 0.064 0.85 +0.24
10114496  Slew 0.200 0.247 - o . 3.927 1.526 2.351 1.49 + 0.08 e “u
10284511  Slew 0.239 0.037 . . . e 0.743 2.802 1.44 %+ 0.05 .-
1055+018 wp 0.888 1.519 1.301 s 5.055 0.558 0.201 0.93 + 0.44 s .-
11014384  Slew 0.031 0.705 0.323 0.178 0.134 50.558 16.796 37333 2.10+0.08 0.054 0.58 +£0.22
1101—-232  Slew 0.186 0.058 s 2.804 0.601 10.252 . cee
11184424  Slew 0.124 0.032 .- . .. ‘e 0.542 3.896 .
1127—145 wp 1.187 2.376 0.506 . . . 1.060 0.659 TT 0.794 1.154+ 0.36
11334704  Slew 0.046 0.264 s 0.285 vee 9.241 4.084 2.681 1.51 £ 0.10 .o e
1144—-379 1y 1.048 1.118 0.946 0295 0.116 8.986 0.926 0.663 1.67 £ 0.38 .e -
11474245 Ly 0.833 0.380 0.168 . 10.205 1.307 0.047 1.18 + 0.79 = .
1148—001 wp 1.982 0.459 0.011 = . cee 0.732 . .. .-

12124078  Slew 0.136 0.085 aee s .- 1.269 0.747 ‘e

12154303  Slew 0.237 0.375 . .- 0.158 12.181 2.899 0.591 1.88 £ 0.08 s v
12184304 Slew 0.130 0.051 . . . 4352 1.337 10324 1.22+0.03 cen
12194285  Slew 0.102 0.908 0.159 . 11.124 3.047 0.409 1.24 £ 0.16 0.010 0.27 £ 0.39

12264023 wp 0.158 35.419 10.665 2204 0.893 88.981 29.834 12.074  0.89 £ 0.05 0.234 1.40 4 0.10
12394069  Slew 0.150 0.009 . e 0.057 0.806 wes
1248—296  Slew 0.370 0.004 ses v - 0.096 2.376 .- .
1253—055 wp 0.536 8.557 7.080 0.240 0.290 6.041 2.073 1.246  0.83 1 0.04 1.612 0.89 + 0.06
12554244  Slew 0.141 0.007 R ‘- B e 2.420 10.184 . .

continued on next page
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TABLE 5.1: CONTINUED

IAU Name  sample z  FsgHz FosocHz Feopm Fasuym  Fx Fy Fikev ax FrooMev Qy

dy) ay) Jy  dy) @y (mly)  (uly) (nJy)

(1 ) 3 @ (5 ©6) @) ®) ()] (10 an (12) (13)
17274502 Slew 0.055 0.152 . = .- 3.737 1.668 3.707 1.39 £ 0.08 -
17414196 Slew 0.083 0.209 aee = s 0.845 3.079 . .-
1741—-038 wp 1.046 1455 0.806 cen e 0.753 2213 v 0.921 2.00 £ 0.40
17494096 1y 0.322 1.384 1.646 0214 0.078 5.031 1.200 0.129 045+ 143
17494701 Uy 0.770 1.023 0.217 . . . 1.079 0.193 1.44 £0.71
18034784 Uy 0.684 1.556 0.674 0.307 0.143 7.511 0.683 0.324 1.42 £045 .
1807+698 1Jy,Slew 0.051 1.646 0.822 0273 0.154 27.842 5.099 0.317 0.81 £0.30 .
18234-568 Ly 0.664 0.998 0.559 oes - 4.117 0.198 0.241 0.44 £0.38 - .
18534671 Slew 0.212 0.010 .. - . 1.046 0.801 - .- .
1928+738 wp 0.360 2.239 0.622 B . 1.308 1.295 1.33 £0.19 . -
1954—388 wp 0.630 1.091 1.179 ven saa 5.950 1.113 0.353 . . ces
19594650 Slew 0.048 0.242 cee cen . e 17.220 9.801 . v .-
2005—489 Uy 0071 1.148 0.515 0260 0.237 30.090 12.651 5.333 1.94 + 0.06 0.117 ..
20074777 Ly 0.342  0.939 0.630 ER . e 0.819 0:158 0.75+0.56 . o
2052—474 wp 1.489 0.770 0.293 e . 0.135 0.433 0.296 1.40 =+ 0.40
2106—413 wp 1.055 0.921 0.578 o s e 0.053 0.312 . . .
2128123 wp 0.501 1.233 0.413 0.080 s 3.280 3.167 1.917 . .

2131—-021 1y 0.557 1.362 0.385 . 1.029 0.145 0.051 1.05 4+ 0.46 . ..
21344004 wp 1936 3.020 0.331 = ces 1.353 1.268 0214 0824042 . .-
21454-067 wp 0990 1.844 1.734 . . . 1.417 0.392 . -

2155-304 Slew 0.117 0.284 0.241 0.088 0.096 37.697 18269 45.583 1.34 +0.03 0.124 0.71 4+ 0.24
22004420 1y 0.069 4.462 1.959 0.467 0239 37519 5.527 0.936 1.92 +£2.46 0.338 1.20+ 0.30
2203—188 wp 0.618 2.290 0.210 .- ses 0.546 0.184 . cee .

continued on next page
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TABLE 5.2: BASIC DATA FOR 30 ADDITIONAL y—RAY DETECTED SOURCES?

M ()] (3) ()] (%)

TAU name z Fsauz  Fioomev Qy

Jy) (nly)
0130—-171 1.022 1.00 0.122
0202+149 1.202 2.40 0.383 1.5 £0.1
0234285 1.213 2.36 0.296 1.7 £0.3
04464112 1.207 1.22 0.470 0.8 £0.3
0454—234 1.009 22 0.143
0458—020 2.286 2.04 0.364
0506—612 1.093 2.1 0.062
0521-365 0.055 9.7 0.139 1.16 £0.36
0804+499 1.433 2.05 0.322 1.72 £ 0.38
0805—077 1.837 1.04 0.404 14 £06
08274-243 0.939 0.67 0.226 1.214+0.47
0829+-046 0.18 1.65 0.132
09174449 2.18 1.03 0.075 0.98 + 0.25
11564295 0.729 1.65 1.727 121 £0.52
12224216 0.435 0.81 0.278 1.50 +0.21
1229—-021 1.045 1.1 0.250 1.92 £044
1313-333 1.210 1.47 0.098 0.8 0.3

13174520 1.060 0.66 0.079
13314170 2.084 0.713 0.091

1406—076 1.494 1.08 1.013 1.03 £0.12
16044-159 0.357 0.50 0.260 0.99 £ 0.50
1606+106 1.227 1.78 0.312 1.20 £ 0.30
1622-297 0.815 1.92 2416 1.2 £0.1
1622—-253 0.786 22 0.336 1.3 £02
1730—130 0.902 6.9 0.258 1.39 £ 0.27
17394522 1.375 1.98 0.236 1.23 +0.38
1933—400 0.966 1.48 0.158 14 £02
2032+107 0.601 0.77 0.192 1.5 £03

23444514  0.044 0.215 0.8%
2356+196  1.066 0.70 0.311

Notes to Table 5.2

(®) included in our samples : (1): IAU name; (2): redshift; (3): radio flux at 5 GHz; (4): y-ray flux at 100 MeV; (5): EGRET
spectral index

(®) source detected only by Whipple. The given value is the integrated flux measured at E > 300 GeV, in units of 10~ 11
photons cm—2 s~1,

References for Table 5.2:
References for the data here reported are listed in the Notes to Table 5.5.




CHAPTER 6

PHYSICAL MODELING

After the observational results derived in Chapter 5, we consider models to explore
the regularities in the SED properties directly dealing with physical parameters. The
goal is to determine trends and correlations among physical quantities which can shed
light on the relationship among different sub—classes of blazars and ultimately on the
processes at work in these objects.

Here we examine two of the leading pictures, namely the pure SSC and the ERC
models, applying them to all sources with sufficient available data to constrain the
models parameters.

Through a search in the literature the multiwavelength overall spectra of 51 y—loud
blazars have been assembled. Even if the vast majority of the data are not simulta-
neous and the sample is not complete in any respect, they provide a useful template
of the SED of different classes of y—loud blazars. While the non-simultaneity of the
data (except for a few sources) precludes from deriving strong conclusions about spe-
cific objects, their large number allows us to study trends in the physical parameters
of the models and possible correlations among them and with the observed spectral

characteristics of different sub—lasses of blazars.
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6.1 The sample

We considered all blazars for which sufficient information could be found so that the
location of both the synchrotron and inverse Compton peaks and the luminosity of
each source could be estimated. In this view two pieces of information are essential:

@ either detection and estimate of the y-ray spectral slope in the EGRET band or
detection by the Whipple telescope;

@ measured (or lower limit on) redshift.

The resulting 51 sources are listed in Table 6.1 (all Tables are at the end of the Chap-
ter), together with their redshift, classification and the list of references relative to the
data plotted in Fig. 6.1a—f. The sample includes 14 BL Lac objects and 37 ESRQ.
According to the adopted definition for HBL/LBL (see § 1.2.2), there are 10 LBL and
4 HBL. Among FSRQs, 16 are HPQ (highly polarized: optical polarization >3 per
cent), 16 are LPQ (lowly polarized), while for the remaining 5, labelled NP, polariza-
tion measurements were not found.

Note that in our list there are the two sources detected by ground based Cherenkov
telescope (Whipple, and HEGRA) in the TeV band, but not by EGRET in the GeV
band: the two HBL objects Mkn 501 (1652+398) (Quinn et al. 1996) and 1ES 2344+514
(Catanese et al. 1998).

In Fig. 6.1a—f, the overall SEDs of all the blazars listed in Table 6.1 are plotted.
Frequencies and luminosities are in the rest frame of the source. Fluxes have been
de-reddened using the absorption values Ay reported in the NED database.

6.2 The models

6.2.1 General assumptions

The emitting region is assumed to be a sphere, with a homogeneous and tangled mag-
netic field. Throughout the source relativistic electrons are continuously injected at a

-3 —~1 . . .
rate Q'(y) [em™3 s™!], corresponding to a luminosity L{,; and a compactness

/
/. = Liyj or

T Rmec?

(6.1)

This power is assumed to be entirely converted into radiation. The injected particles
are distributed in energy as a power—law of slope s [Q'(7) = Q) 7], between Yumin

and Ymax-
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For simplicity we always assume fops ~ 1/, resulting in 6 ~ I'. In the following
to distinguish quantities measured in the blob comoving frame and in the observer
frame we adopt the same convention used in Chapter 2: primed variables for values
in the blob frame, e.g. frequency, luminosity, energy density, compactness, with the
exception of electron energy/Lorentz factors and magnetic field.

We consider a stationary situation, that is we determine the particle equilibrium
distribution and the spectrum of the emitted radiation self-consistently, assuming that
the timescale over which the particles reach equilibrium is shorter than the injection

one. We neglect particle escape and adiabatic expansion.

6.2.2 The particle distribution

The equilibrium particle distribution N (7) (cm™?) is determined by the stationary so-

lution of the continuity equation:

Ymax ! PI d
R N C (v); (1)) dv

where P'() is the rate of electron—positron pair production. The only important mech-

(6.2)

anism for pair production is photon—photon collisions, the rate of which is calculated

according to the prescriptions given in e.g. Ghisellini (1989).

Electron cooling

# takes into account the following cooling mechanisms (see §2):

synchrotron emission

inverse Compton emission

Since the radiation spectrum extends to high energies, the scattering process has
to be calculated by means of the Klein—Nishina cross section. For simplicity,
we approximate it with a step function equal to the Thomson cross section for
frequencies z = hv/(mec?) < (3/4)/7, and zero otherwise. This implies that
the radiation energy density effectively involved in the inverse Compton cooling

depends on the electron energy

3/(47)
') = med? / U'(z) da 63)
0

The continuity equation is solved numerically, with an iterative approach, as described
in Ghisellini (1989). The numerical treatment is necessary because of the high non—
linearity of the processes involved: N'(7) depends on the radiation spectrum (because
of the inverse Compton cooling term and the pair production rate), which in turn is
determined by N'(y).

Klein—Nishina
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Steady state electron spectrum

When the Klein-Nishina and pair production effects can be neglected, the solution of
equation 6.2 is trivial. These are the different cases, depending on the slope s of the

injected electron spectrum:

§>2 it is a broken power law: N’(y) o< ¥~ 2 up to Ymin and N'(y) o< 57
above. In this case ymin can be identified with the crucial parameter Ypeax,
i.e. the Lorentz factor of the electrons emitting at the peaks of the syn-
chrotron and inverse Compton components;

1 < s < 2 we have the same solutions for N' (), but in this case Ymin < Ypeak < Ymaxs
since the spectral index of the radiation emitted by particles above Ypip is
flatter than unity;

s<1 the lower limit of the integral in equation 6.2 becomes unimportant, yield-

ing N'(y) o ™% in the entire energy range, except for 7 close t0 Vmax-

Note that the assumption of constant radius and no escape tends to overestimate the
particle distribution at the lowest energies, where these effects are potentially more
important than radiative cooling (if the overall compactness is much less than unity).
This has no effect on the synchrotron spectrum, which is self—absorbed at low frequen-
cies, and has no effect on the observable SSC spectrum, mainly made by high energy
electrons. In the case of the ERC model, instead, the X-ray spectrum is made by the
sum of the ERC and SSC components, and therefore the X-ray flux and spectrum can
depend on the details of the low energy particle distribution if the ERC component
dominates. Then in these cases the calculated X-ray spectrum could be flatter than
what derived here.

6.2.3 Target photons

!

The radiation energy density, U4

(7), in the emitting blob includes the contribution
from the radiation both produced internally (by synchrotron, self-Compton emission
and ERC emission) and externally to the blob:

Usd = Ugpne + Vst T Ussc T Upre = Ugyne + Ut (6.4)

sync

The approximate equality with the rightmost term is based on the fact that in the hy-
pothesized conditions second order Compton scattering is not important. The external
photon field is again assumed to be distributed as a (diluted) blackbody, peaking at a
frequency Tex = AlVext/(mec?) between 5 x 107% and 2 x 107, in the rest frame of
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the blob, corresponding to A ~ 1200 — 5000 A for § = 10. The exact value depends on
the radiation mechanism responsible for the external field and the bulk Lorentz factor
of the blob. The assumption of a blackbody spectral distribution is merely for ease
of calculation. For instance, in the case of external radiation dominated by the broad
emission line photons, an observer in the comoving frame of the blob would see a
complex spectrum, not isotropic (blueshifted in the forward direction and redshifted
in the opposite one): even a single, monochromatic line would be transformed into a
peaked, but extended, spectrum.

Consequently, a peaked distribution can approximate the case of externally pro-
duced photons distributed in lines, independently of the origin of the photoionizing
continuum. On the other hand, this assumption can mimic the effect of an external
scattering medium only if the illuminating continuum is narrowly distributed in fre-
quency (e.g. radiation produced by an accretion disk), but it is not satisfactory for a
scattering medium illuminated by the jet (which produces a more extended spectrum).

For a direct comparison with the value of the compactness in injected electrons,

VA

inj®

compactness” £, , defined as:

we assume that also the external radiation can be characterized by an “effective

el _ oT R Uelxt

ext —

— (6.5)
where U!, is therefore amplified by a factor I'? with respect to the same quantity
measured in the frame of the observer (§ 2.2).

As already mentioned, this external field is not isotropic in the comoving frame
(see Dermer 1995). However both for simplicity and because of the uncertainty in the
origin and therefore in the angular distribution of the external radiation, we assume an
isotropic pattern for £, ., (in the comoving frame). With this approximation also the
inverse Compton radiation is isotropically distributed in this frame, and subject to the
same Lorentz transformation as the synchrotron and self~Compton emission.

The uncertainty related to the latter assumption can be estimated comparing the
two extreme cases of the Compton flux emitted assuming (in the comoving frame) an
isotropic seed photon distribution and the case of soft photons distributed only along
the jet axis. Assume for simplicity that in both cases the seed photons are monochro-
matic, at the frequency vy. The total power emitted by an electron of energy e m.c?

is:

dQ)
P' =orcUly4 [’yf /(l—ﬁecosq’))ZZ?—T- -1
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(see e.g. Rybicki and Lightman 1979), where ¢ is the angle between the incom-

ing photon and the electron velocity vector.and U,

is the energy density of the
seed photons. The viewing angle ¢ = 1/I" corresponds in the blob frame to the
aberrated angle ¢’ = 90°: at this angle, the power received in the isotropic case is
P, ~ $~¢or cU!,,, while the power received in the monodirectional case (¢ =90°)!
is Prono = 5 Ye0r ¢ Ul,q. The ratio Pl /PL for large 7, is therefore equal to 3/8.
The corresponding ratio between the scattered frequencies is equal to 3/2.

6.2.4 Observational constraints

We require that the model parameters, besides giving a good description of the broad
band SED, also satisfy additional constraints.

® The minimum variability timescale must be as short as a day, or a fraction of a
day, as commonly observed for the optical-UV and y-ray emission of blazars
(e.g. Ulrich et al. 1997). This corresponds to demand:

I
1+2

[cm] (6.6)

¢
R < 26-10'% [ X
~ (1 daY>

@ The Doppler factor is constrained not to exceed a value of 20-25, to be consistent
with the observed superluminal speeds (e.g. Vermeulen and Cohen 1994).

@ A third requirement, which is not imposed a priori but has to be satisfied in
all cases, concerns the amount of pair production. As discussed in Ghisellini
and Madau (1996), the y-ray emitting region must be thin to the high energy
radiation, otherwise it inevitably leads to overproduction of X-rays. Since the
importance of the pair production process is measured by the compactness, the
transparency requirement translates into an upper limit to the allowed values of
£ S 1 (see Dondi and Ghisellini 1995).

inj ~o
Summarizing, for the pure SSC model 7 input parameters are required, namely:

R, B, T, ¢

inj? Sy Ymin;  VYmax

If the inverse Compton scattering on external photons is included, two more parameters

!

are required £,

and Ty (i.€. atotal of 9).

lthe value of the angle between electron and photon, in the blob frame which is relevant for this
geometry is 90°. In fact, the observer at § ~ 1/T is receiving the radiation emitted by electrons which
are moving/emitting at 90° with respect to the direction of motion of the blob, and then with respect of
the direction from which are coming the aberrated external photons.
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Figure 6.1: (c,d): same as Fig. 6.1a
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Figure 6.2: The histograms show the distributions of the parameters of the fits for the ERC (upper panels) and the
SSC (lower panels) models for all sources. Green lines represent BL Lac objects. Please note that all the quantities
refer to the blob comoving frame even though compactnesses are not primed. f5,r = fext in the case of the ERC
model and £, = €syne (compactness of the synchrotron radiation) in the case of the SSC model

However, if the slope of the injected electron distribution is steep (s > 2), which is
the case for most sources, the exact value of v,,,x becomes energetically unimportant
and is practically irrelevant in the comparison with spectral data. Furthermore, if the
external radiation is constituted of broad line photons, the value of 2., is constrained
in a very narrow energy range.

In conclusion, even if there are formally nine free input parameters, v,.x 1s rela-
tively unimportant, ., is tightly limited and constrait{[s apply to the possible values
of I, 4 and ¢ ;
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6.2.5 Uniqueness of fits

Given the number of free parameters, a key question concerns the uniqueness of the
“fits”.

From an observational point of view, we have already mentioned (§ 2)the most
critical quantities, which determine the global spectral shape, namely the energy and
luminosity of the two spectral peaks, vs, V¢, Ls, L. Furthermore, the optical-to—X~
rays and the X-ray—to—y—ray spectral indices and the three limits discussed above (on
R, 4, by

In particular , as shown in Chapter 2 (and e.g. Ghisellini et al. 1996), in the
SSC scenario all the parameters are strongly constrained by the frequencies of the

) also constrain the parameters.

synchrotron and the self~Compton peaks, and by the corresponding powers. These

allow to uniquely determine B, § and £ ;. R and £ have then to satisfy the above

inj
constraints. J

In the ERC scenario, the further free parameter £, could be in principle be con-
strained by the observed soft photon component (e.g. emission line intensities). Al-
though we choose not to assume a priori the origin of the external soft photon field,
however this should at least contain the contribution of photons produced in the broad
line region. The addition of £, as a free parameter makes the choice of § not unique.

Independently of our assumption of selecting values of ¢ consistent with the ob-
served superluminal speeds, one might therefore examine the consequences of allow-
ing arbitrary values of §. In principle, one can obtain good fits with, e.g. § =~ 100

and small values of Z_: (ox 6~%). But since £.,, o I'? ~ §2, the external photons be-

inj
come important as targjets in collisions with very high energy y-rays, with the result
of overproducing X-rays. Assuming instead a small value of £, corresponds to limit
the broad line radiation to an implausibly small contribution. We therefore conclude
that also the ERC model is well constrained.

The main source of uncertainty on the model parameters is given by the incom-
plete and poor spectral coverage of several sources, which does not allow to determine
with accuracy the observational constraints, most critically the peak of the synchrotron
emission. Another source of uncertainty regards the presence of other spectral com-
ponents. Our single—zone and homogeneous models cannot reproduce the spectrum
at frequencies below the far IR, since at these frequencies the model spectrum is self—
absorbed. Other emitting regions, of greater dimensions, are necessary to fit the radio
band. If these also emit in the IR and optical bands, they could contribute to the syn-
chrotron spectrum, possibly shifting its peak at a frequency different from the one

corresponding to the y—ray emitting region.

SSC

ERC
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fit procedure

magnetic field

As far as the actual fitting procedure is concerned, it should be pointed out that
we try to reproduce collections of data that rarely are simultaneous, for sources whose
variability is a defining property. Note also that the spectral coverage differs widely
from object to object. On the one hand this makes it difficult to determine a method
to estimate the goodness of “fit” other than the visual inspection (with all its limits).
On the other hand, as mentioned in the introduction, the main goal of our study is
not to model specific blazars, but to unveil possible trends using a large number of
sources. In this sense, although the model parameters relative to a specific source are
not ‘objectively’ found (as it would be for a best fit determined through a statistical x>
test) nevertheless they represent a reasonable description of the spectral properties of
each of the blazar in the sample.

6.3 Results

The spectral distributions derived from the SSC and ERC models which better describe
the SEDs are superposed to the data in Fig. 6.1a—f. On the basis of these “fits” both
models can be acceptable for basically all sources. The input parameters for all the fits
are reported in Table 6.2.

6.3.1 ERCyvs. SSC

The most remarkable difference between the two sets of parameters (SSC vs. ERC)
is the relatively smaller value of the magnetic field in the SSC model. This has to
be expected, since in order to reproduce the large ratios of inverse Compton to syn-
chrotron luminosities, the SSC model requires a small magnetic energy density, while
this constraint is relaxed in the ERC scenario (see also § 2.5.3).

Although at first sight it seems difficult to discriminate between the two models,
at least for FSRQ the parameters derived in the SSC scenario argue in favour of the
ERC model. In fact, let us consider the typical quantities required by the SSC model:
0 ~ 20, ¢

inj

~ 0.03, B ~ 0.05 G, R ~ 10'" cm. These imply a compactness in
synchrotron radiation £, ~ 3 x 1073. Inverse Compton scattering on broad line
photons is unimportant if the external radiation energy density U, is less than the

synchrotron one, i.€.:

1 meP . B
5 U—TRy— R, ~ 3x10% R, [ergs™'] (6.7)
where the above typical parameters have been used. This limit on Ly is certainly not

observationally satisfied in FSRQ for which certainly there is a contribution from the

Lext <
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emission of the BLR, and for instance, easily Lyt 2 10%%erg s71 (e.g. Celotti et al.
1997; Scarpa and Falomo 1997). For BL Lacs the situation is ambiguous. While the
absence of observable emission lines in most BL Lacs suggests that the SSC process
can dominate on the ERC one, (weak) broad emission lines have been occasionally
observed in some LBL (e.g. BL Lac itself, Vermeulen et al. 1995; OJ 287 Sitko and
Junkkarinen 1985; PKS 0537-441, Stickel et al. 1993; Scarpa and Falomo 1997),
sometimes exceeding the above limit. And indeed in some cases the inclusion of an

external radiation component yields a “better” broad band fit.

Therefore in the following the discussion is focused on the results of the ERC
scenario. For HBL the different parameters derived in the SSC and ERC models can be
considered an indication of the allowed range of values and, in particular, the external
radiation (e.g. emission line luminosity) required by the ERC fit can be taken as an

upper limit.

Parameters distributions

Fig. 6.2 shows the distributions of values of the model parameters for the ERC (upper
panels) and the SSC (lower panels) models. The thick solid lines correspond to the
results for BL Lacs. In the ERC case, BL Lac objects almost always form the left
tail of the distributions, being characterized by smaller compactness, magnetic field
and slightly smaller degree of beaming. On the contrary, comparable dimensions R
and greater value of <ypesx are required by the ERC fits of BL Lacs with respect to
FSRQ. In the SSC case the required 7peax is limited in a narrow range, without a clear
distinction between BL Lacs and FSRQ, while BL Lacs are characterized by a larger

average value of the magnetic field.

As a consequence of the constraints imposed on the Doppler factor and the vari-
ability timescales, the distributions of § and R span less than one order of magnitude
each, with R ~ 10 — 10'7 cm. On the contrary the other (intrinsic) quantities are
spread over much larger ranges of values, with the external photon compactness cov-
ering the wider interval of about 5 decades. Note that given the high values of the
Doppler factors derived from the fits, the assumption 6 ~ 1/T" is satisfied. The only
exception is 0521-365, which only requires § =~ 1.4.

The injected particle energy distribution is highly different from source to sources
(see Table 6.2), in shape, compactness and (rather low) maximum energy viaxmec?,
thus not requiring a very finely tuned injection/acceleration mechanism.

BL Lac vs.
FSRQO

electron
distribution
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6.3.2 Correlations

The most interesting quantities to investigate links among adopted and derived model
parameters is the Lorentz factor at the break of the electron distribution Ypeax, Which
largely determines the shape of the SED.

The other important parameters controlling the SED are the Compton dominance

/
inj

L¢/Lg, the power (or the corresponding compactness £ ;) injected in the form of elec-
trons (which in our model corresponds to the radiated power), and the power in the
external photon component, £ .. The results of linear correlations involving these
quantities are shown in Figs. 6.3a,b, and 6.4, and their statistical significance is re-
ported in Table 6.3.

Let us consider the results of the correlations:

Yoesk Strong correlations are present between Ypeax and £, e;nj and the energy
densities in radiation U], ; and magnetic field Uy, both for the whole sample
and for the FSRQ sub—sample. In particular, a very strong linear correla-
tion is found between 7peax and the total energy density, with a dependence

Yoeak ¢ (Ulq + Up)™"C. The same trend appears from the correlation of

!
ext

Ypeak With £, + E;nj. It should be pointed out that these correlations are not,
or at most only partly, induced by an observational selection effect: there
would not be bias against detecting sources with either high values of Ypeax
and (U’ + Ug) or viceversa. Furthermore the significance of the correla-
tions (i.e. their small spread) can be taken as a posteriori indication of the
tightness of the observational constraints imposed on the model parameters.

Note that HBL, LBL and quasars are located along a sequence.

Lo/Ls  The Compton dominance correlates with Ypeak, £oyy» £iyj» 20d uSSjk, the latter
being the observed peak frequency of the modeled synchrotron emission.
It also correlates with the observed (beamed) power L = 6*Lj,;, while
only a marginal correlation exists between Lg/Lg and the magnetic field
intensity. The statistical significance of all these correlations is higher when
considering the entire blazar sample, while weakens when the subsamples
of BL Lacs and FSRQ are considered separately. Again, note that in all
cases BL Lacs are “separated” from FSRQ, with HBL at the extremes and

some LBL smoothly overlapping with FSRQ.
géxt =4

inj A significant linear correlation is present when FSRQ are considered, while

(most) BL Lacs show a relative deficiency in the external photon component
with respect to this trend (see Fig. 6.4).
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Figure 6.3: (@) ¥peak and (b) the Compton dominance L¢/Ls, as derived from the ERC model, are plotted versus some other (both intrinsic and “observable”) relevant parameters.

As in Fig. 6.2, please note that compactnesses and energy densities refer to the blob comoving frame, even though not primed. The statistical significance of the correlations is reported

in Table 6.3.
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OLPQ AHPQ (LBL  @HBL

Log 4,

Figure 6.4: The relation between the compactnesses in external photons £.x, and injected power €., in the blob
comoving frame. The line represents the best-fit linear correlation for FSRQ only (see Table 6.3.

PCA

To further investigate the correlations among the various quantities described above,
we performed a Principal Component Analysis (PCA). Briefly, the PCA is a method
to describe a multidimensional ensemble of correlated parameters, by defining a new
coordinate system in which each successive coordinate direction defined by the eigen-
vectors, accounts for as much of the remaining variance in the data is possible. PCA
reduces the number of relevant components and the remaining should represent more
basic parameters than the original ones. (see e.g. Boroson and Green 1992 for an ap-
plication). We choose to present the PCA done with the 6 most important parameters
of the fits: &, €.y, 0, Ypeak» B and R.

The results of the analysis are presented in Table 6.4, which lists the most signifi-
cant eigenvectors in terms of their projection upon the original 6 quantities. At the top
of each column the percentage variance accounted for by the eigenvectors is given.

The first eigenvector accounts for about 45% of the total variance and is dominated
by the contribution of the two compactnesses and the magnetic field energy density
which anti-correlate (see above) with ;... This eigenvector could be associated with
the total power of the source. The largest contribution to the second eigenvector comes

from ¢, I? and 7,,cak, While the only relevant projection on the third one is due to Yk
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Figure 6.5: (a) Fits with the ERC model of the average SEDs derived in Chapter 5. (b) Ypeak V8. (UL, 4 + Ug) (as

in Fig. 6.3) with added five big circles corresponding to the parameters of the fit to the average SEDs, which are in
complete agreement with the parameters determined for the y—ray loud sources examined in this Chapter, Parameters
values are reported in Table 6.5,

Given that the Doppler factor § and the blob dimension R are not completely in-

dependent quantities (see § 6.2.4), the PCA analysis points to Ypeak, £ and £, , as

nj

fundamental variables in explaining the formation of the blazar SED, and confirms the

results found through the linear regression analysis.

6.3.3 Fit to average Blazars SEDs

Evidence for continuity in the observed spectral properties of BL Lacs and FSRQ
has been presented in previous Chapter studying complete samples of sub—classes of
blazars in different energy bands. Diagrams and quantities derived in Chapter 5 from
either data or their analytical representation of the SEDs turn out to be similar to and
consistent with those found through model fitting.

In Fig. 6.5a, the ERC model considered here is applied to the average SEDs de-
rived in Chapter 5 by binning, according to the radio luminosity, both BL Lacs and
FSRQ merged in a “total blazars sample”. The parameters of these fits are reported
in Table 6.5, while the corresponding 7pear’s and comoving total energy densities are
plotted as big circles in Fig. 6.5b. The fact that the model fits the average SEDs de-
rived from complete blazars samples, with similar parameters and trends as for the

y-ray blazars, gives us confidence that our results are valid for all blazars.
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/
Ypeak VS- Utot

6.3.4 Ratio of synchrotron and Compton peak energies’

In Chapter 5 we found that the ratio of the frequency of the Compton (vc) to the syn-
chrotron (vg) peak is compatible with being approximately constant. The results ob-
tained here applying physical models to y—bright sources are in agreement with these
findings, despite the relatively wide range spanned in some case by model parameters.

In fact in the ERC scenario (and in the Thomson regime of the inverse Compton
process), vc/vs is independent of 7ypeax and the narrow range of values of B found
in the ERC model can account for the approximate constant ratio of v¢/vs, although
Ypeak Varies ~ 3 decades.

On the contrary for the SSC model, it is Ypeax Which is found in a narrow interval,

i.e. less than 2 decades, again supporting the idea that v¢ /g tends to be constant.

6.4 Summary

We examined and reproduced the broad band spectral properties of a sample of 51
y-ray loud blazars, in terms of synchrotron and inverse Compton emission from a
homogeneous (one—zone) model. This gives a reasonable good description of the ob-
servations at frequencies greater than typically ~ 10'* Hz. The radio emission is
expected to be produced by less compact regions on larger jet scales.

On the basis of the “fits”, it is difficult to determine whether the seed field for the
inverse Compton scattering is mostly provided by synchrotron or external photons.
However, as pointed out by Sikora et al. (1994), the presence of broad emission lines,
together with the found values of §, make photons produced externally to the emitting
jet unavoidably important. For this reason we consider the parameters derived in the
ERC scenario as the most likely for all FSRQ and some BL Lacs.

Strong correlations have been found among the physical parameters derived from
the ERC model.

Of particular physical interest is the strong correlation between the energy of elec-

trons emitting at the peak of the observed spectra and the total energy density present

!

in the emitting region, Ypeak X (Upnq

+ UL)~%8. One way to explain this is to as-
sume that Ypeax i the result of a competition between the radiative cooling and the

(re—)acceleration process, i.e. Yace(Vpeak) = Feool (Ypeak). The typical emitting electron

2We recall that holds:

. Vo 2 ., e 0 Vext
R ERC: 22 o “
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would in this case be quickly accelerated up to the energy where cooling is important,
while only a few particles would be accelerated at higher energies.

The found correlation would then imply that the (re-)acceleration process is almost
independent of both the energy density in the region (both in radiation and in magnetic
field) and the energy of the particles, since Jeool (Ypeak) X V2eax (Ulag + Ug) ~ const.

In addition, the injected particle distribution does not require characteristic shape
and/or maximum energy.

We found another strong correlation between 7pe.x and the Compton dominance
Lc/Ls. This confirms and quantifies, from a different perspective, the observational
trends pointed out in Chapter 5 (and Fossati et al. 1998) on the relation between the
dominance of the Compton/y-ray emission and the energy of the peaks of the two
spectral components for complete samples of blazars. On the other hand, it suggests
that this link can be simply interpreted as the consequence of a change in the radiation
energy density of the external field. An increase in the latter in fact leads to an increase
in the particle Compton cooling and therefore both to a decrease in Ypeak and a relative
increase in the y-ray luminosity. Once again we stress that different sub—classes of
blazars are located in different areas of this correlation.

As expected from the above correlations peax is also (inversely) related to the

power injected in the form of relativistic emitting particles.

Ypeak VS. Lo
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TABLE 6.1: LIST OF SOURCES INCLUDED IN THE 7—RAY BRIGHT SAMPLE

Source Other name z Class.  Refs. for data
(6] )] 3 @
0202-+149 4C 15.05 0.833 HPQ B85, BM9%4, C97, IT90, K81,
NED, St92, St96, vM95
0208—512 PKS 1.003 HPQ  Be93, C97, IT88, NED, Sta%6, To96
02194428 3C 66A 0.444 LBL C97, Di96, G86, NED, Pio3,
§i91, T95, WW90
0234—285 CTD 20 1.213 HPQ B95, BM91, ER7, K81, NED,
P82, St93, T92, yM95
0235+ 164 AO 0.940 LBL  BMY4, E87, G94, H93, K81, Ma9%6
NED, Pi93, §94, Si91, To96, WW90
0420—-014 PKS 0915 HPQ  BMY4, Ch89, Co95, E87, IN8S,
K81, Li%4, NED, Ra%97, R95,
594, Si91, Sm88, To96, WW90
0440—003 NRAO 190 0.844 HPQ  Bo90, K81, NED, St88, T95, To93,
To96, W87, WPB5
04464112 PKS 1.207 NP NED, St88, T95, To96, W92
0454—463 PKS 0.858 LPQ B94, Fr83, IT90, K81, NED, To96,
vM95, W91, WP85
0521-365 PKS 0.055 HPQ (€97, IN88, NED, Pi93, Pi%4,
Pi96, T95, To96
05284134 0G 147 2.07 LPQ B85, BM94, Co77, Co96, E&7, IT90,
Mc95, Mu96, NED, Po96, R82, R97,
Sa97, V92, WP85
0537—441 PKS 0.896 LBL  Be92, C97, IN88, K81, L96, Ma3s5,
NED, Pi93, Sa%4, WP85, WW90
0716+714 S5 >0.3 LBL  BMY4, C94, E87, G97, IN8S, K81,
L95, NED, St92, W96
0735+178 PKS >0424 LBL C97, BE87, G94, IN88, NED, N96,
Pi93, Si91, To96, WW90
08044499 0J 508 1.433 HPQ BMY4, C97, NED, St94, yM95
0805—077 PKS 1.837 NP K81, NED, St93, T95
08274243 07J 248 2.05 LPQ B9S5, BM94, NED, Ra%7,
To96, V97, vM95
0836-+710 4C 71.07 2.172 LPQ BMY4, C97, E92, E87, K81, NED,
Ra97, T93, W90, W92, WP85
0917449 S4 2.18 LPQ BM94, C97, E87, NED, St93, T9S
09544556 4C55.17 0.901 HPQ BMOY4, C97, G94, K81, NED, Sr96

continued on next page
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TABLE 6.1: CONTINUED

Source Other name z Class.  Refs, for data

(€)] ) 3 @ 6

09544658 S4 0.368 LBL C97, G94, IN88, K81, L86,
Mu95, NED, St88

1101+384 Mkn 421 0.031 HBL  Ma95, Ma%6b

1127—-145 PKS 1.187 LPQ  A85, B94, Bo90, E87, IT90, K81,
NED, 8196, To96

11564295 4C29.45 0.729 HPQ BMY%4, EB7, G94, IN88, Le85, Li%4,
LT96, NED, Pi93, Ra97, $94, Sa%4,
Si91, To96, V97, vM95, We95

12194-285 ON 231 0.102 LBL BMBY1, C97, E92, ER7, IN88, L0o90,
NED, Pi93, Si91, To%97, vM95, WW90

12224216 4C21.35 0.435 LPQ  B95, NED, Sr96, To96

12264023 3C273 0.158 LPQ  Al85, C83, G%4, IN88, K81, L83,
Mc95, NED, R86, Sh94, T90

1229-021 PKS 1.045 LPQ K81, NED, P88, Ra97, Sr96,
St88, St94, To96, Wi94

1253—-055 3C279 0538 HPQ Ma%

1313-333 PKS 1210 NP N96, NED, St88, St92, St94, To96

1406—076 PKS 1494 LPQ  NED, St88, To93, To96, W95

1424418 PKS 1.522 HPQ  GB81, IN88, NED, To96, T96

1510—-089 PKS 0361 HPQ (€97, E87, G81, G94, IN88, K81, L86
LT97, NED, Pi93, Ra97, Sa%4, Sio1,
Sm88, Sr96, St93, To96, V97, WP85

16044159 4C15.54 0357 LBL  GAMBY5, IN8S, Le8S, NED, Sr96

1606+106 4C 1045 1.227 LPQ  B95, Bi87, BM94, E87, IT90, K81,
NED, To96, vM95

16114343 DA 406 1404 LPQ  (C97, E87,G9%4, K81, NED, Ra%97, vM95

1622253 PKS 0.786 LPQ  N96, NED, St94

1622—297 PKS 0.815 LPQ K81, M97, NED, St93

16334382 4C 38.41 1.814 LPQ BM91, BM94, Bo90, C97, IN88, K81,
M93, Ra97, V92, V97, WP85

16524398 Mkn 501 0.055 HBL B97, BM91, C97, G%, IN88, L91,
Pi93, Q96, Sa%4, St88, W92, WW90

1730—130 NRAO 530 0.902 NP B94, BM91, E87, N96, NED, St88,
St93, To96, W88

17394522 4C51.37 1375 HPQ  B95, BM9YI1, K81, NED, St88,
St93, S5t94, V92, vM95

1741038 OT-68 1.054 HPQ  BY4, ER7, G9%4, K81, NED, St88,

St92, St93, St94, To96, vM95

continued on next page
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TABLE 6.1: CONTINUED

Source Other name z Class.  Refs. for data
(O] @ 3 @ O
1933—400 PKS 0.966 NP B94, Di96, K81, NED, St94, To%6
20324107 PKS 0.601 LBL  Di%6, GAM95, NED, WW90
2052—474 PKS 0.071 LPQ  B94,IT90, K81, NED, To96, yYM95
2155-304 PKS 0.117 HBL  U97,V9%
22004420 BL Lac 0.060 LBL  BMY94, Ca97, E87, IN88, NED,
P96, Pi93, $94, St93, To96, U6
2230+114 CTA 102 1.037 HPQ B94, BM94, E87, F94, IN88, K81,
Le85, Mc95, N93, Ne96, Ra97, St93,
T89, To96, W92, Wi%4
22514158 3C 4543 0.859 HPQ Be92, BM91, BM94, C97, E&7,
G94, Ha93, IN88, K81, Le85, Mc95,
Ne96, NED, Pi93, Ra97, S94, Sm88
23444514 1ES 0.044 HBL  Ca98, NED, P9

Notes to Table 6.1

(8) Meaning of columns: (1),(2) Source names; (3) redshift; (4) classification: HPQ and LPQ stand for highly and lowly
polarized quasars, while NP indicates sources with no polarization measure; HBL, LBL and IBL refer to high, low and

intermediate frequency BL Lacs, respectively; (5) references to the data.
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TABLE 6.2: INPUT PARAMETERS FOR THE ERC AND SSC MODELS?

Source R/10Y  finj  Lext  7Ymax  Tpeak S B g

3] 2 3) 4) ©) ©® D ® (&)

02024149 30 0.05 2 3.0e3 252 3.0 3.040 14
80 0.01 = 40e4 1.0e4 33 0.026 18

0208—-512 70 0.02 006 7.0e3 10e3 38 0.563 23
50 0.08 - 3.0e4 1.5e4 2.0 0.106 16

02194428 20 0.03 3e-3 1.0e5 8.0e3 24 2.040 13.5
40 0.01 = 2.0e5 1.0e4 24 0.590 15

0234-285 40 0.06 1 1.0e4 2.0e2 29 4.080 16
50 0.08 - 6.0e4 1.0e4 3.0 0.067 13

0235+164 50 0.05 0.03 B8.0e4 3.0e3 30 0912 20
60 0.02 = 3.0e5 1l.0e4 29 0215 21

0420—-014 50 0.03 0.04 1.0e4 2.0e3 35 0745 16
80 0.01 - 8.0e4 1.5e4 3.0 0.034 20

0440—-003 50 0.025 0.025 2.0e4 2.0e3 3.0 0.680 17
70 0.01 - 8.0e4 2.0e4 30 0.106 20

04464112 50 0.08 1 4.0e3 152 2.0 0.810 20
90 0.08 - 1.0e5 1.0e4 35 0011 20

0454—463 30 0.03 0.08 80e3 6.0e2 21 1050 16

80 Te-3 - 8.0e4 3.0e4 25 0018 20
0521365 50 1.00 0.10 5.0e4 2.0e3 25 3.141 1.4
50 0.60 - 7.0e4 3.5¢3 27 2580 1.6

05284134 65 0.90 7 6.0e3 3.0e2 26 6.198 15
60 0.60 - 8.0e4 3.0e3 30 0215 19
0537—441 70 0.04 le-3  7.0e4 4.0e3 22 0325 15
50 0.05 - 1.0e5 4.0e3 25 0430 15
07164714 30 0.02 7e-3  3.0e4 2.0e3 26 1813 11.5
50 3e-3 = 5.0e4 4.0e3 27 0460 15
07354178 40 0.01 4e-3  3.0e4 3.0e3 30 0833 14
50 3e-3 = 40e4 5.0e3 33 0408 17
08044-499 50 0.10 070  8.0e3 402 31 3333 15
70 0.06 - 8.0e4 1.0e4 34 0073 17
0805—077 40 0.20 2 6.0e3 4.0e2 25 2483 17
90 0.09 = 1.0e5 9.0e3 37 0037 20
08274234 50 0.20 090 8.0e3 3.0e2 23 4711 16
70 0.20 - 80e4 5.0e3 27 0.563 16

continued on next page
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TABLE 6.2: CONTINUED

Source R0 gy Loxt  Ymax  Ypeak S B 5
@™ 2) 3 “4) 5) (6) @) (8) ()]
08364710 50 0.70 6.00 7.0e3 182 3.1 83814 18
70 0.30 - 5.0e4 4.0e3 3.0 0282 17
09174449 30 0.50 8 6.0e3 2.0e2 2.1 2267 13
90 0.03 - 1.0e5 4.0e3 23 0.025 23
09544556 50 0.01 0.02 1.5e4 5.0e3 1.7 0527 15
70 4e-3 - 7.0e4 1.0e4 0.0 0.056 17
09544658 30 4.5¢-3  0.025 6.0e3 9.0e2 36 2040 13
60 Te-4 - 7.0e4 2.0e4 2.0 0.025 18
11014384 5 6e-3 le-3 8.0e5 6.0e4 2.0 0222 11
10 2e-3 - 8.0e5 2.0e5 1.2 0.093 12
1127—145 60 0.15 0.80 8.0e3 3.0e2 23 1.862 15.5
70 0.10 - 8.0e4 1.5¢4 23 0.048 17
11564295 20 0.15 0.08 1.0e4 3.0e3 24  1.360 15
70 0.02 - 8.0e4 9.0e3 2.0 0252 18
12194285 20 le-3 4.e-3 1.0e5 5.0e3 42 1.178 11
70 5e-5 - 7.0e4 4.0e4 00 0.036 20
12224216 10 0.10 0.25 8.0e3 3.5e2 29 3333 11
40 0.02 - 4.0e4 9.0e3 32 0.068 11
12264023 10 1.00 1.50 1.0e4 8.0el 32 8900 6.5
40 0.06 - 3.0e4 353 32 0456 7
1229-021 40 0.08 1.00 8.0e3 3.0e2 38 2356 12
50 0.03 - 2.0e4 1.0e4 4.0 0.105 16
1253—055° 30 0.04 0.07 7.0e3 8.0e2 32 1360 18
80 0.04 - 2.0ed 2.0e4 - 0.059 15
1313—333 40 0.03 0.70 9.0e3 1.0e3 1.9 1.180 17
70 0.01 - 1.0e5 3.0e4 1.0  0.009 20
1406—076 60 0.05 0.10 1.0e4 3.0e3 1.5 1.080 21
70 0.08 - 6.0e4 1.5e4 23 0.206 18
1424—418 30 0.50 1.00 6.0e3 20e2 27 4.060 15
90 0.07 - 1.0e5 5.0e3 3.0 0.093 20
1510—089 20 0.05 0.80 1.0ed 1.2¢2 33 5.890 13
30 4e-3 - 3.0e4 4.0e3 22 0.061 18
16044159 20 0.01 0.10 1.0e4 9.0e2 2.1 0.960 15
50 2e-3 - 7.0e4 3.0e4 21 0.011 18
16064106 30 0.30 3.00 5.0e3 1.5¢2 3.0 3.330 15 ‘
70 0.06 - 3.0e4 1.0e4 3.0 0.028 18

continued on next page
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TABLE 6.2: CONTINUED

Source R/1015 Linj lext 7Ymax  Vpeak s B é
(6] 2 3 C)] (5) (6) @ ® ©)
16114343 30 0.20 1.00 5.0e3 2.0e2 26 3.041 16
50 0.20 - 6.0e4 13e4 33 0.105 13.5
1622—-253 30 0.03 030 6.0e3 3.0e2 25 1.670 15
70 0.01 - 8.0e4 20e4 23 0.013 16

1622—-297 20 0.10 1.00 25e3 6.0e2 15 2150 23
80 0.03 - 5.0e4 3.0e4 21 0.007 21

1633+382 60 0.18 060 6.0e3 153 15 1.667 21

80 0.20 = 7.0e4 2.0e4 2.0 0.052 19
16524398 5 2e-3 Se-4 8.0e5 1.0e4 28 1.110 10
10 le-3 - 8.0e5 2.0e4 3.0 0497 10

1730—130 30 0.04 040 3.0e4 4.0e2 28 5440 17

60 0.02 - 6.0e4 6.0e3 24 0192 16
1739+522 60 0.03 0.08 1.0e4 4.0e2 22 0450 20
70 0.04 - 1.0e5 2.0e4 21 0019 19
1741-038 60 0.05 090 8.0e3 252 3.8 2150 17
60 0.05 = 2.0e4 1.0e4 3.0 0.048 17.5
1933—-400 20 0.07 1.00 6.0e3 3.0e2 26 4410 14
50 0.03 ~ 5.0e4 8.0e3 29 0.060 14
20324107 20 0.06 020 6.0e3 3.0e2 3.0 3.850 12
50 5e-3 = 50e4 403 33 0.118 20
2052—-474 50 0.20 2.00 7.0e3 2.0e2 2.8 1.920 15
70 0.10 - 5.0e4 8.0e3 29 0073 16
2155-304 20 2e-3 3e-4 4.0e5 8.0e3 24 1.050 17
20 2e-3 = 1.0e6 7.0e3 26 1216 18
2200420 8 8e-3 3e-4 3.0e5 27¢3 2.8 1.670 10
20 2e-3 - 3.0e5 50e3 28 0430 11

22304114 40 080 500 1.0e4 1.0e2 31 8.600 10
70 0.03 - 3.0e4 6.0e3 29 0.077 18

22514158 40 0.80 500 6.0e3 102 23 7450 10

70 0.04 = 6.0e4 4.0e3 22 0073 18
23444512 8 l4e-4 le4d 7.0e5 4.0e4 37 0470 14
10 2e-4 - 8.0e5 454 35 0220 13

Notes to Table 6.2

(8) The input parameters for the ERC and SSC models are reported in the first and second line for each source, respectively. (1)
Source name; (2) region size in units of 1015 c¢m; (3,4) compactnesses in injected particles and external radiation field; (5)
maximum energy of the injected particles; (6) energy of the peak of the stationary electron distribution; (7) spectral index of
the injected particles; (8) magnetic field intensity (in Gauss); (9) relativistic Doppler factor.

() The SSC model for 1253—055 requires monoenergetic injection.
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TABLE 6.3: LINEAR CORRELATIONS BETWEEN ERC MODEL PARAMETERS?

Ypeak
y X N m q r P Objects
M (2) ?3) 4 (5 (6) @] ®
log Ypeak 10g(Upaa +Us) 51 —0.63£0.04 2.974£0.04 0902 7.2:-10"10 Al
37 —0.50£0.06 2.884+0.05 0812 25:10% Only FSRQ
14 -0.80+0.12 2.88+0.14 088 24-10=% OnlyBL Lacs
log Ypeax logU% 51 —0.64+0.09 2.33£0.10 0735 23:107% Al
37 —0.43+0.08 2334008 0676 4.5-10~% Only FSRQ
14 —0.67+0.19 2704028 0719 3.7-10~%  Only BL Lacs
logVpeax  log Ul 4 51 -—0.56+0.04 2.89+0.04 0911 1.2-1071° Al
37 —0.50£0.06 2.85+0.05 0818 7.9-10~'' Only FSRQ
14 —0.64+0.10 2.82+0.15 0875 4.0-10~5  Only BL Lacs
log Ypeak  log £, 51 —0.48-+0.04 2474005 089 7.1-10710 Al
37 —0.54+0.07 2474005 0799 1.6-10~2  Only FSRQ
14 —04940.11 2.394+0.29 07% 7.0-10~%*  OnlyBL Lacs
log Ypea  l0g £, 51 —0.61+£0.08 2.114+0.12 0735 3.4-10=° Al
37 —041+0.12 2234014 0491 2.0-10~2 OnlyFSRQ
14 —0.48+0.21 2594048 0566 3.5-10~2  Only BL Lacs
log Ypeak  log(€,; +£e,) 51 —0.58+0.05 2.54+0.06 0871 1.7-10710 Al
37 ~0.55+0.09 2.544+0.05 0740 1.7-10~7  Only FSRQ
14 —0.61+0.14 249+0.29 0776 1.1:10~%  OnlyBL Lacs
log¥peak logLg/Ls 51 —0.70+£0.11 3.534£0.12 0690 2.2-107% Al
37 -044+0.18 3.1540.23 0381 2.0:10~2  Only FSRQ
14 —0.46+0.28 3.67+£0.16 0427 1.3-10"'  Only BL Lacs

continued on next page
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TABLE 6.3: CONTINUED

Lg/Ls

y X N m q r P Objects
M @ (3) @ 5 (6) M ®)
logLo/Ls  log 51 0.49 +0.09 1.544+0.14 0601 23-107% Al

37 0.02 +£0.12 1.18+£0.13 0027 87-10"!  Only FSRQ

14 0.47 £0.18 1.15+0.41 0599 2.4-102  Only BL Lacs
logLg/Ls  loglh,, 51 0.42 £ 0.05 1.28£0.07 0797 22-10"% Al

37 0.25 2 0.09 1.27£0.07 0426 86-10%  Only FSRQ

14 0.38+0.13 1.074+0.34 0649 1.2:107%  Only BL Lacs
logLg/Ls  log(y; + £exs) 51 0.50 & 0.06 1.2240.07 0771 6.7-10719 All

37 0.20 £ 0.10 1.23+0.07 0311 6.1-10?  Only FSRQ

14 0.55 £ 0.14 1.154+0.28 0749 2.0-10~%  Only BL Lacs
logLg/Ls  logLgPs 51 0.4040.06 -—18.44+281 0702 8.7-107° Al

37 0.17+0.08 —7.28%+4.03 0335 4.2-10~2  Only FSRQ

14 0294012 —13.44+561 0573 3.2-1072 Only BL Lacs

logLc/Ls  logwsls, s —045+0.06  11.57+140 0736 1.4.107° Al
37  —0.25+0.08 6.92+1.93 0449 531072  Only FSRQ
14 —0.31+0.14 7.88+£345 0544 4.4.1072  Only BL Lacs
logLg/Ls logB 51 0.37+£0.24 0.81£0.11 0217 13-1071 Al
37 —0.15%0.19 1264009 0132 43-10"1  Only FSRQ
14 —0.25=+0.50 0.14+0.16 0145 6.2-10"!  Only BL Lacs

more correlations

10g Lo log £,; 51 1.28+0.13 0.76+0.19 0822 6.3-10710 Al
37 0.83+0.16 0.52£0.17 0671 5.5-107%  Only FSRQ
14  082+031 —0.71+071 0605 2.2-107%  OnlyBL Lacs
log Ug log U/ 4 51 0.57+006 —0.86%006 0812 12-107'° Al
37 0.82 £0.08 —1.05+0.07 0857 5.7-10710  Only FSRQ
14  054+0.16 —0.69+024 0693 6.0-10"%  Only BL Lacs

Notes to Table 6.3

() Meaning of columns: (1), (2), (4), (5) parameters of the linear correlation of the form y, = mz + g, with associated formal
errors; (3) number of objects; (6) correlation coefficient; (7) probability of a random distribution; (8) sources considered.
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TABLE 6.4: RESULTS OF THE PRINCIPAL COMPONENT ANALYSIS?

Variable EVi EVp EV3 EVy EVs EVs

% 44.55 27.08 13.17 9.0 3.52 2.66
d —0.2408 —0.5922 —-0.3525 0.5140 0.1872  —0.4098
l;nj 0.5608 0.0623 —0.0525 —0.3317 0.0915  —0.7486
L. 0.5242 -0.1578 -0.3110 0.2645 —0.7031 0.1982
Tpeak —0.2086 0.4119 —-0.8594 —0.2063 0.0652 0.0376
Ug 0.5510 0.0746  —0.1082 0.3196 0.6654 0.3663
R 0.0748  —0.6673 —0.1611 —0.6412 0.1234 0.3111

Notes to Table 6.4

(a) EV stands for eigenvector. The first row of the table lists the percentage of the correlation accounted for by the different
eigenvectors.

TABLE 6.5: ERC MODEL PARAMETERS FOR THE FIT TO THE AVERAGE SED2
\ log Lsans R/1015 fﬁnj e;xt Ymax Tpeak ] B J

1 2 3 @ ) © ™ @& O
<42 10 7e-4 le-5 1.0e6 2.5e4 3.0 0441 15
42 — 43 10 le-3  le3 2.0e5 20e3 28 0745 15
43 — 44 30 5e-3  2e-2  3.0e4 50e2 30 1.075 15
44 — 45 40 5e-2 01 154 352 25 11718 15
> 45 50 5e-1 50 6.0e3 1.5e2 28 6082 15

Notes to Table 6.5

(2) The input parameters for the ERC model reproducing the average SEDs. Meaning of columns: (1) Radio luminosity bin; (2)
region size in units of 1015 cm; (3,4) comoving compactnesses in injected particles and external radiation field; (5)
maximum energy of the injected particles; (6) energy of the break in the stationary electron distribution which corresponds to
the synchrotron peak in the SED; (7) spectral index of the injected particles; (3) magnetic field intensity (in Gauss). In the fits
the relativistic Doppler factor (column 9) has been fixed at the value §=15.
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CHAPTER 7

CONCLUSIONS AND PROSPECTS

7.1 The blazar unification

The main result of the research work presented in this thesis is the proposal of a new
consistent unifying framework, within which the complex variety of “flavours”, in
which blazars observationally come, is interpreted in terms of a continuous sequence,
determined by a key physical parameter.

This unification picture relies upon the idea of an intrinsic relationship among phe-
nomenologically different classes of blazars, and in particular on the evidence for a
well defined sequence in the properties of HBL, LBL and FSRQ with increasing im-
portance of an external radiation field. The observed spectral properties of HBL, LBL,
FSRQ can be therefore accounted for by e.g. the increasing role of broad emission
line radiation (see Chapter 6, Fig. 6.5a,b and Table 6.5). This in fact dictates the peak
energy of the emitting particle distribution and hence the shape of the spectra, thus
determining the classification of an object into one of the blazar flavours. The funda-
mental physical processes occurring in and outside the relativistic jet are instead the
same. This is indicated by the correlation between £, and £ ; (Fig. 6.4).



158 CONCLUSIONS AND PROSPECTS

This proposed blazar unifying sequence can be therefore summarized as follows
(see the schematic sketch in Fig. 7.1):

® HBL are sources characterized by the lowest intrinsic power and the weakest
external radiation field (no or weak emission lines). Consequently the cooling
is less dramatic and particles can be present with energies high enough to pro-
duce synchrotron emission extending to soft X—ray energies and TeV radiation
through the SSC process. Being the inverse Compton cooling small, the Comp-

ton dominance is expected to be small.

@ LBL are intrinsically more powerful than HBL and in some cases the external
field can be responsible for most of the cooling. The stronger cooling limits
the emitting particle energy implying that the synchrotron and inverse Compton
emission peak at lower frequencies, in the optical and GeV bands, respectively,

with a larger Compton dominance parameter.

® FSRQ represent the most powerful blazars, where the contribution from the ex-
ternal radiation to the cooling is the largest. The emission by synchrotron and
ERC cannot extend at frequencies higher than the IR and MeV-GeV bands and
the y—ray radiation completely dominates the radiative output. Within this class,
there is an hint of a further subdivision between low and high polarization ob-
jects, with a tendency for LPQ to be more extreme (lower values of Ypeax and

larger values of (Ul,4 + Ug), £,; and so on).

The correlations among the different quantities ensure that the knowledge of one of
them allows to estimate the entire spectral energy distribution, and also the probable
classification of the object.

This is of course of great relevance for the study at high energies of those blazars
not detected so far in the y-ray band and the consequences on their variability pat-
terns and duty cycles. Finally, the above findings have to be taken into account when
considering the absorption of high energy radiation by the infrared diffuse background
fields as well as the estimates on the blazar contribution to the y—ray background.

Within this frame, the blazar sequence would therefore manifest itself in several
observational properties, including the total source power, the luminosity in emission
lines, the extended radio power, the dominance of y-rays over the other spectral com-
ponents and the broad band shape of the SED (see Fig. 7.1). We therefore provide
evidence for the unification of all radio—loud sources and suggest a deeper physical
understanding for it, based on the total power generated in the very central engine of
these spectacular sources.
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Figure 7.1: Schematic representation of the proposed unifying scheme: the sequence HBL, LBL, FSRQ (further
distinguished in HPQ, LPQ on the basis of their optical polarization) corresponds to an increase in the external
radiation field, the total energy density and the injected power. These in turn result in a decrease of Ypeak a@nd an
increase in the Compton dominance.

7.2 Consequences

The proposed framework has consequences still to be explored, concerning different
aspects of blazar phenomenology not (yet) included in its formulation. In particular

the following issues:

© The key question about the ultimate physical difference among blazars, which are
now regarded as following a sequence in terms of source power and/or of “external”’
diffuse radiation field.
It is crucial (and possible) to check the consistency of the sequence in the compact-
ness of the diffuse radiation field with observational data. The best candidate for this
component is the emission coming from the broad line region, which could be traced
by the observed broad line luminosity. An extremely interesting step is thus to study
the emission line properties of all blazars, although this task could be troublesome
for HBLs. Relatively little attention has been paid so far to this subject, and a de-
sirable goal is to determine whether or not there is an actual relationship between
the highly anisotropic radiation, associated with the relativistic jet, and properties of
broad emission lines, working in one direction or the other (jet emission properties
are influenced by the BLR, or rather the jet affects the BLR). In this respect a very
important task would be to perform simultaneous observations of emission lines and
high energy continuum variability.

On the other hand, the BLR emission is an indirect signature of a nuclear quasi—
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thermal component, likely linked to the power released in an accretion disk, which
eventually feeds the relativistic jet. According to our, and previous, studies a link
emerges between jet and disk power: a puzzling question is then what is the mech-
anism underlying and regulating their relationship.

It is necessary to devise models in which it would be natural for sources with weaker
emission lines to have different jet properties, e.g. down to the level of showing
different types of shocks (e.g. transverse vs. oblique) as apparent from VLBI polar-
ization maps.

o Whether y—loud blazars constitute a different sub—class, intrinsically peculiar with
respect to a y—quiet population, or if their selection is affected by instrument sensi-
tivity and/or source variability.

Preliminary findings derived from the study of a large blazar sample, show that 7—
loud(/detected) sources do not differ with respect to the whole sample in terms of
redshift distributions, power, and SED shape.

Many other points need to be taken into account in order to determine that the proposed

new unifying picture is robust.

7.2.1 Blazars and the y-ray sky

From the observational point of view, the peculiarity of the model we developed, resid-
ing in the association of a specific spectral shape with each luminosity, has interesting
consequences on the predictions of the y—ray properties of blazars. We can at least

identify a couple of main issues:

o the prediction of the contribution of blazars to the diffuse extragalactic y-ray back-

ground,

o the detectability of blazars in the TeV band, that in turn could have feedbacks on
studies of the diffuse extragalactic radiation in the infrared band. A peculiar predic-
tion of this model is the intrinsic absence of high luminosity sources emitting in the
TeV band, as objects peaking at such high frequency should be intrinsically of low
luminosity.

It is particularly interesting to work out some simple estimates of the y-ray properties
of blazars. Using the simple scheme of SED parameterization introduced in Chapters 3
and 5, we can compute the luminosities in the EGRET (30 MeV -3 G'eV) and Whipple
(0.3 — 10 TeV) bands. These are plotted in Fig. 7.2 (bottom panel) together with their
ratio with the radio and X-ray luminosities (top and middle panel, respectively).
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Figure 7.2: The predicted relations with vpeak,sync Of the following quantities: the ratio of the EGRET (dashed line)
and Whipple (solid line) fluxes (luminosities) with the radio one (top panel); the ratio of the EGRET and Whipple fluxes
(luminosities) with the X-ray one (middle panel); EGRET and Whipple absolute luminosities (bottom panel). The
y-ray luminosities are integrated in a band approximately corresponding to that of EGRET or Whipple telescopes, 30
MeV-3 GeV and 0.3-10 TeV, respectively.

It is easy to recognize that for a given radio flux, sources with peax sync around 101
Hz have the largest relative flux in the EGRET band, because the peak of the Compton
component falls right there (Fig. 7.2, top panel). For higher values of Vpeak sync the
v-ray peak moves to higher energies too and the contribution in the EGRET band is
reduced. For sufficiently high vpeax sync the y—ray peak reaches the TeV band where it
becomes detectable.

Qualitatively the same general behaviour is present also in the ratios between
EGRET/Whipple fluxes and the X-ray one (Fig. 7.2, middle panel). There are how-
ever a couple of significant differences: firstly the EGRET/X-ray ratio profile, while
still peaking around 10'* Hz, is sharper than in the EGRET/radio case; secondly, the
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BL Lacs—FR I

TeV relative flux distribution is broader and skewed towards lower values of the syn-
chrotron peak frequency. Thus, for a given X-ray flux (as would be the case in a
flux limited X—ray selected sample) only those sources falling in the restricted interval
Vpeak syne ~ 1013 — 10'® Hz would have a flux in the EGRET band high enough to be
detectable. On the other hand, for the TeV band it turns out that the chance of being
observable is not confined to very extreme HBLs, with X-ray synchrotron peaks, but
also intermediate BL Lacs could reach a comparable TeV flux.

Since Vpeaksync is directly related to both ago and agx we can understand now
the tendency (section 5.2) of y-ray detected sources in the Slew survey to have larger
values of apo and agx. Moreover, due to the fact that in the Slew sample LBLs are
only a small fraction, the above discussion explains also the lower EGRET detection
rate with respect to other blazar samples.

These considerations are based on luminosity ratios only. The proposed scenario
relates the shape of the continuum to the total source power. It thus follows that predic-
tions of this unifying scheme on both the detectability of blazars at y—ray energies (in
view of more sensitive y-ray detectors, e.g. GLAST, improved Cherenkov telescopes,
etc.), and their contribution to the y—ray diffuse background depend on the combined
effects of the SED shape, the luminosity functions and possibly evolution (see e.g.
Stecker et al. 1996).

In particular, an interesting and testable prediction of the scheme is the absence of
high luminosity sources with synchrotron peaks in the X-ray range and strong associ-

ated TeV emission.

7.2.2 Unification of all Radio-Loud AGNs

Two parallel unified schemes are currently believed to link blazars with galaxies of
comparable isotropic radio power: on one hand there are quasar—like blazars and lumi-
nous radio-galaxies (FR II), on the other hand BL Lacs and FR I radio-galaxies. The
observed range of properties is attributed to orientation effects resulting by a combina-
tion of anisotropic emission (relativistic beaming) and obscuration.

There is a general consensus that FR I radio galaxies are the parent population
of BL Lacs. To begin with, the two classes are statistically matched in properties
expected to be aspect independent, such as the radio lobe emission, the host galaxies
appearance, and the cluster environment (e.g. Perlman and Stocke 1993; Smith et al.
1995). Furthermore it was shown that the observed radio luminosity function of BL
Lacs can be modeled starting from that of the (randomly oriented) FR I galaxies, if the
characteristic T' ~ 10 — 20 (Urry et al. 1991; Maraschi and Rovetti 1994). This means
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that a FR I radio galaxy would be classified as a BL Lac if its jet is observed within a
critical angle 6 < 15°.

A parallel unification holds between powerful radio galaxies, i.e. FR II, and FSRQ.
Even in this case, several statistical properties related to radio jets and lobes are in
accord with simple predictions of the unified schemes (e.g. Padovani and Urry 1992,
Maraschi and Rovetti 1994). Additional supporting evidence comes from statistical
studies that are based on supposedly orientation independent properties, e.g. emission
lines (Heckman et al. 1991; Heckman et al. 1992; Hes et al. 1993).

On the other hand, it has been suggested that FR I and FR II radio galaxies are
fundamentally different (Heckman et al. 1994; Baum et al. 1995), and therefore these
two unification schemes have evolved separately considering radio-moderate (FR D)
and radio-powerful (FR II) galaxies.

However, in some jet propagation scenarios (e.g. Gopal-Krishna 1991; De Young
1993; Bicknell 1994) the FR I/FR II dichotomy may be bridged, thereby opening the
possibility of merging the two unification scenarios into a single paradigm.

In fact, after a long debate the prevailing view is that both FR I and FR II radio
galaxies contain relativistic jets which can be decelerated, giving rise to the FR I mor-
phology depending on the jet kinetic power and the pressure of the ambient medium. Tt
is indeed possible that the main differences (e.g. in morphology) are due to differences
in the initial power of the jet as it is formed, and to the interaction with the ambi-
ent matter, with FR I jets comparably weaker and possibly suffering of entrainment
(Bicknell 1995; Bicknell and Dopita 1997).

A couple of important questions are then still open to discussion and can be considered

in a new light in the unification scenario proposed in this thesis.

© What is the relationship between FR I and FR II radio galaxies ?
The relationship between the —so far— separate unifying schemes for high and low
luminosity sources is not well established for what concerns the not-beamed repre-
sentatives, i.e. radio galaxies, that actually are the great majority of sources.
Our unifying scheme for blazars would imply that the parent populations of radio—
loud AGNs should be essentially similar, following a trend of increasing power mir-
roring that holding for the beamed population: all radio-galaxies would be linked

along a power sequence, too.

¢ To which extent is the unification picture between radio galaxies and their putative
beamed counterpart true and do they constitute a single population ?
The two scenarios for low— and high-luminosity radio sources are quite convinc-

FSRO-FR1II

FRI-FRII
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ing and well sustained by observational findings, although there are a number of
open issues. For low-luminosity sources there is not (yet) a stringent observational
requirement for the presence of obscuring material (torus ?), and this could be an

important difference with respect to high—luminosity sources.

Answering these problems would provide further important insights on the fundamen-
tal questions about jets, their formation and propagation, and the AGN central engine,
shedding light on the physical relationships between AGN, their hosts and the envi-

ronment.

At this stage we can only stress that the scenario in which the intrinsic jet power reg-
ulates, in a continuous sequence, the observational properties from the weaker HBL,
through LBL, to the most powerful FSRQs, fits in very nicely with the unification of
FR I and FR II type radio galaxies as proposed by Bicknell (1995).

The whole radio—loud AGN population could be unified in a two parameter space,
one being the intrinsic jet power, the other the viewing angle. An interesting point
for future discussion is whether a third parameter associated with the luminosity of an

accretion disk is necessary or is already implicitly and uniquely linked to the jet power.

Y
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