


Abstract

Motivated by recent successes in linking the kinetic power of relativistic jets in active galactic nu-

clei (AGN) to the low-frequency, isotropic lobe emission, Ihave re-examined the blazar and radio-

loud AGN unification scheme through careful analysis of the four parameters we believe to be

fundamental in producing a particular jet spectral energy distribution (SED): the kinetic power, ac-

cretion power, accretion mode, and orientation. In particular, I have compiled a multi-wavelength

database for hundreds of jet SEDs in order to characterize the jet spectrum by the synchrotron

peak output, and have conducted an analysis of the steep lobeemission in blazars in order to deter-

mine the intrinsic jet power. This study of the link between power and isotropic emission is likely

to have a wider applicability to other types or relativisticjet phenomena, such as microquasars.

Based on a well-characterized sample of over 200 sources, I suggest a new unification scheme for

radio-loud AGN (Meyer et al. 2011) which compliments evidence that a transition in jet power at

a few percent of the Eddington luminosity produces two typesof relativistic jet (Ghisellini, et al.,

2009). The ‘broken power sequence’ addresses a series of recent findings severely at odds with

the previous unification scheme. This scheme makes many testable predictions which will can be

addressed with a larger body of data, including a way to determine whether the coupling between

accretion and jet power is the currently presumed one-to-one correspondence, or whether accretion

power forms an upper bound, as very recent observations suggest (Fernandes et al. 2011). This

work is a first step toward a unified understanding of the relativistic jets found in radio-loud active

galactic nuclei (AGN) and their connection to accretion onto the super-massive black holes from

which they emanate.
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Chapter 1

Introduction

Thus numerous are the opinions of learned Philosophers,
Geometricians, Astronomers, Geographers,
Cosmographers, and Navigators, and their ways so
ambiguous, seldom agreeing in anything, often crossing one
another, that if there be a truth in them, it is hard for to
discover which it is, and being found, difficult to follow.

Thomas Willsford, 1658

1.1 A Very Brief History of Active Galactic Nuclei

The study of active galaxies might have begun as far back as 1909, when a young PhD

student published an optical spectrum of NGC 1068 (Fath, 1909) showing unusually

broad emission and absorption lines; the question at the time was whether such

‘spiral nebulae’ were nearby gaseous nebulae like the Orion Nebula, or extra-galactic

collections of stars. With work by Hubble (1926) and others, astronomers soon fixed

on the latter interpretation, and while noting that a few rare spiral galaxies with

‘stellar nuclei’ exhibited these odd nebula-like emission spectra, the subject failed to

attract much attention. It wasn’t until 1943 that a systematic study of these nuclear

emission lines was undertaken by Carl Seyfert. His description of the optical spectra

from the nuclei of six ‘spiral nebulae’ later lead to a classification system based on

the appearance of the permitted and forbidden emission lines (see Figure 1.1): some,
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Figure 1.1: Optical spectra from (Ho et al., 1993). Left Panel At upper left, the optical spectrum of the Seyfert 1 galaxy
NGC 1275. Broad and narrow emission lines are labeled, as are strong absorption features of the host galaxy spectrum.
The vertical scale is expanded in the lower panel to show the weaker features. The full width at half maximum (FWHM)
of the broad and narrow components correspond to velocities of 5900 km/s and 400 km/s, respectively. This spectrum
is the mean of several observations made during 1993 with the 3-m Shane Telescope and Kast spectrograph at the Lick
Observatory. (Right Panel) In comparison, the Seyfert 2 galaxy NGC 1667 which has only narrow lines. Some strong
absorption features from the host galaxy are also identified.

such as NGC 1068, had broad permitted and forbidden lines of approximately equal

width (Doppler broadening corresponding to 3000 km/s), while others, such as NGC

4151 had narrow forbidden lines and showed evidence of ‘narrow cores’ superimposed

on the broadened permitted lines (Seyfert, 1943).

However, it wasn’t until the advent of radio astronomy during and after world

war II that studies of active galactic nuclei took off in earnest. Through the 1940s

and early 1950s, half a dozen discrete radio sources of high brightness temperature

were identified and associated with optical counterparts, including one (M 87) known

to host a jet-like structure in optical images (Bolton et al., 1949). Sources such as

Cygnus A, at a (then large) distance of 31 Mpc were found to have radio luminosities

exceeding that in the optical. Limits on the angular size of many sources were

pushed down to arcminutes using newly-built interferometers, leading to the coinage

of the term ‘radio stars’ for these compact sources, with corresponding brightness

temperatures in excess of 2×107 K (Morris et al., 1957). Such temperatures ruled

out a thermal origin for the radio emission, and a synchrotron interpretation for

discrete sources was accepted by the end of the 1950s (Shields, 1999). In addition,

the intensity interferometer at Jodrell Bank enabled the mapping of structure in

many radio sources, including the appearance of two equally-sized radio lobes on

either side of the optical counterpart position in Cygnus A (Hanbury Brown et al.,

1952, see Figure 1.2).

Rapid progress in radio astronomy was made, and increasing sensitivity and po-

sitional accuracy allowed astronomers to identify dozens of compact radio sources,

which were as mysterious in origin as the extended radio sources being associated
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Figure 1.2: Left Panel An early image of Cen A at a wavelength of 31 cm (967 MHz) taken with the Caltech Radio
Observatory, with a beam width of approximately 50 arcminutes (Bolton & Clark, 1960). (Right Panel) A more modern
image of Cen A taken with the Very Large Array (VLA) at 6 cm. This image is approximately 10 arcminutes on each side,
a much smaller scale than the image at left (Burns & Price, 1983).

with galaxies. Simply based on their extreme variability (and the seeming unlikeli-

hood that an entire galaxy of billions of stars could vary at once), most favored the

interpretation that these were a very unusual kind of star within our galaxy. This re-

mained the accepted explanation for quasi-stellar objects (QSOs) or ‘quasars’ until a

breakthrough came in 1963, when several quasars were correctly identified as having

very high redshifts, correctly placing them as distant extra-galactic sources (Schmidt,

1963). Many more large redshifts were quickly identified, leading up to the unprece-

dented redshift of 2.012 for 3C 9. These redshifts implied enormous luminosities for

quasars, equivalent to about 1012 times the solar luminosity.

The cosmological redshifts of QSOs forced a recognition that they were a phe-

nomenon in common with Seyfert galaxies, based on their similar spectra. However

the extremes of variability and luminosity seen in QSOs, along with their small an-

gular size were unexplained. Many different scenarios were put forth (e.g., runaway

supernovae chain reactions, enormous stars of ≈ 108M⊙ , Shields, 1999), but the cor-

rect idea of accretion onto a super-massive black hole (Salpeter, 1964; Zel’dovich,

1964) was largely ignored until Lynden-Bell (1969) reintroduced it in a paper explor-

ing the thermal properties of such an accretion disk, showing that it could lead to

photoinonization and broad line emission. The eventual adoption of the accreting

massive black hole paradigm was aided by the discovery of galactic stellar-mass black

holes which stimulated the theoretical study of accretion disks (e.g., Syunyaev, 1973).

Given the luminosities observed (1042 to 1048 erg s−1), AGN would require an enor-
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mous quantity of fuel if powered by nuclear processes, so that a considerable portion

of the mass in any galaxy with an AGN would be consumed to power it. Accretion is

a much more efficient process under the right conditions. A second breakthrough oc-

curred in the 1980s, when it was noted that some differences in AGN features could

be explained as a result of viewing angle (Krolik & Begelman, 1988), such as the

appearance of broad lines in only some AGN. This has become known as the unified

model of AGN.

Astounding progress in both theory and observations of AGN has been made over

the past 40 years since the accretion model was proposed, and it has remained the

only physical mechanism for powering AGN which is consistent with our observations.

However, we are still searching for a complete and unified understanding of the active

galaxy phenomenon. In the next section I will present the standard model as we

understand it today, along with the most pressing questions under investigation.

1.2 The Active Galaxy: A Sketch

The modern picture of an active galaxy or AGN can be summarized as follows. The

central engine is a super-massive black hole (SMBH) of size ≈ 106−1010M⊙, residing

at the center of the host galaxy. The SMBH is actively accreting material at a rate

which can range from a small fraction of a solar mass (M⊙ ) to several M⊙ per year.

This material has formed into an accretion disk which gives off ‘continuum’ emission

in the optical-UV part of the spectrum, with luminosities reaching up to 1×1048

erg s−1, often bright enough to outshine the host galaxy. In many cases, clouds of

ionized gas swirl around the accreting SMBH with large velocities (>2000 km hr−1),

giving rise to broad emission lines seen in optical and UV spectra (from the broad

line region or BLR), while slower-moving, lower-density clouds further out give rise

to various narrow lines in the narrow line region (NLR). The presence of a neutral

absorbing material (the molecular torus, MT), perhaps formed into a toroidal shape

coincident with the plane of the accretion disk, has been inferred in observations of

some objects. The MT helps to explain the varied optical appearance of AGN as due

to an observational selection effect, as the absorbing material will block the broad-

line emission (coming from regions very near to the SMBH) for sources seen with the

disk edge-on, but not for those oriented with the disk in the plane of the sky, where

we can see down into the immediate black hole environment. The molecular torus is

also inferred from the strong infrared emission seen in some (but not all) AGN, and

from other signatures of molecular absorbers seen in e.g., X-ray spectra.
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The main subject of this thesis, extremely powerful bi-polar jets of relativistic

material are seen in some 10% of sources, giving off synchrotron emission which is

boosted in the direction of the flow, further exacerbating the anisotropy of radiation

from these systems which makes orientation angle an important determinant of the

appearance of an AGN. This simplified picture, known as the orientation unification

paradigm (Barthel, 1989; Urry & Padovani, 1995), is depicted in Figure 1.3, where

the different AGN sub-types are labeled according to the (inferred) orientation angle

at which we view them. As shown in that figure, the primary division is between the

radio-loud (jetted) and radio-quiet (non-jetted) AGN. The usual ‘practical’ definition

for a radio-loud AGN is that the ratio of the radio (synchrotron radiation coming

from the jet) to the nuclear optical flux (coming form the accretion disk) is > 10,

and AGN below this limit are radio quiet sources (e.g. Urry & Padovani, 1995). The

various other sub-types based on orientation will be discussed along with many others

below.

1.2.1 AGN Taxonomy

The Radio Quiet AGN

Seyfert (Sy) galaxies, which were the first class of AGN recognized, are also the most

numerous. Seyferts are typically at the faint end of the optical brightness distribution,

at V-band absolute magnitude (MV ) > −23, and are hosted in early-type spiral

galaxies. Such sources are usually classified as radio quiet (RQ), indicating that they

do not possess relativistic jets which produce high radio luminosities from synchrotron

emission (however, weak jets have been observed in a few rare cases). Seyferts are

further divided based on the relative strength of their narrow and broad emission lines

into type 1 (having both superimposed) and type 2 (only narrow lines), although sub-

divisions based on the relative strength of the two sets are now in common usage (e.g.,

Sy 1.9, Sy 1.8). According to our orientation paradigm depicted in Figure 1.3, Sy 2s,

which are typically fainter than Sy 1s, are those seen with the torus edge-on, so that

the obscuring torus blocks the emission from the ionized region close to the SMBH,

but not the narrow line emission produced much further out, above and below the

torus. Sy 1s, on the other hand, are oriented such that we can see unobscured down

to the broad line region. The original definition of the class (Seyfert, 1943) was

primarily morphological; Seyferts were galaxies with high surface brightness nuclei,

and subsequent spectroscopy revealed unusual emission-line characteristics. When

observed with a large optical telescope, Seyfert galaxies usually look like a normal
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Figure 1.3: A cartoon diagram depicting the essential components of the orientation unification paradigm. In the center,
a SMBH is surrounded by an accretion disk, as visible through the cut-away in the larger surrounding molecular torus.
Broad-line producing clouds are present in near the central well, while narrow-line clouds are present much further away,
above and below the torus. A jet is present on the upper half of the diagram, which depicts the radio-loud AGN sub-class.
On the lower half, this jet is absent, depicting the radio-quiet AGN. In green I have noted the type of object seen according
to the rough angle of orientation (shown by the arrow). Beginning at the top, blazars are radio-loud AGN seen with
the jet axis very close to the line-of-sight. Broad-lined radio galaxies are seen at slightly larger angles, and Narrow-lined
radio galaxies are seen at the highest inclinations, such that the molecular torus blocks the BLR. On the lower half, the
narrow-lined Seyfert II galaxies are seen at the highest inclination angles to the disk, while the broad-lined Seyfert I galaxies
are seen closer to or completely face-on. (Unobscured) radio-quiet quasars are seen closer to face-on as well.

distant spiral galaxy with a star in its center, as shown in the left panel of Figure 1.4.

The modern definition has evolved so that Seyfert galaxies are now associated with

the presence of strong, high-ionization emission lines, though spectroscopic studies

indicate that these nearly always occur in spiral galaxies.

The second-largest class of AGN are the radio-quiet quasars. Originally quasars

were defined by their radio-loudness (these were the ‘radio stars’). However, the

definition has broadened to cover any very bright AGN of small angular size in the

optical; it turns out that 90% of these are radio-quiet. Like Seyferts, RQ quasars

do not have relativistic jets. In a sense, Seyferts have lower-luminosity ‘quasars’ in
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Figure 1.4: (Left Panel) This Hubble image of the face-on spiral galaxy NGC 7742 is an example of a low-luminosity
radio-quiet Seyfert galaxy. The optical emission in the central region is from the AGN. (Image courtesy of Hubble Heritage
Team and NASA). (Right Panels) Two examples of quasar host galaxies imaged with the Hubble Space Telescope, taken
from Bahcall et al. (1997). Both of these luminous quasars are found in fairly normal spiral galaxies. However, in that
same work, it was found that many radio-quiet AGN can also be found in elliptical and irregular galaxies.

their nuclei. The brightest quasars have spectra dominated by broad emission lines,

and as with the Seyferts, these are called type 1 (‘unobscured’). In Figure 1.5 I have

depicted the RQ quasar as being seen at low orientation angles. However, narrow-

line quasars also exist; these are called type 2 (or ‘obscured’) and are probably seen

at a larger inclination to the disk. High-resolution imaging with e.g. the Hubble

Space Telescope (HST) have revealed a faint galaxy hosting the quasar at its center,

indicating that the quasar nuclei is so bright that it outshines its host galaxy (see left

panel of Figure 1.4. RQ quasars can be found in almost any type of galaxy, though

the most common type is a giant elliptical.

The Radio Loud AGN

AGN taxonomy becomes even more muddled on the radio-loud side of Figure 1.3.

These sources are dominated by bi-polar relativistic jets which can reach up to a

megaparsec (Mpc) in extent, well outside the giant elliptical galaxy within which

they are typically found. These jets feed giant lobe-like structures, believed to be

formed from the interaction of the jet with the shocked inter-galactic medium (see
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Figure 1.5: AGN sub-classifications and properties. The three right-most columns indicate different luminosity regimes by
comparison of the nuclear luminosity (LN with the host galaxy luminosity (Lgal). On the radio-quiet side, the brightest
sources are quasars or QSOs, which can show narrow or broad lines depending on orientation. At somewhat lower lumi-
nosities are the Seyfert galaxies, followed by the very low nuclear-luminosity class of ‘low-ionization nuclear emission-line
region galaxies’ (LINERs). For radio-loud AGN, LN is dominated by the relativistic jet. The brightest objects are the
blazars (subtypes BL Lac and FSRQ), followed by the radio galaxies and finally the radio-loud LINERs.

e.g., Figure 1.2, right panel). These are the puzzling double structures which were

seen in the first radio surveys. Those surveys also detected many bright radio point-

sources, which were at one time the token signature of a quasar. As definitions have

shifted, these radio-detected quasars have become known as blazars. We now know

these are radio-loud sources with the relativistic jet pointed very close to our line of

sight.

Because the relativistic jet exacerbates the orientation effects on appearance, and

produces emission from radio up to high energies with a widely varying appearances

in each band, the number of historical sub-types of radio-loud AGN are quite numer-

ous. However, in modern times many of these classifications have been discarded or

grouped under fewer major classes. The major orientation-based distinction is be-

tween radio galaxies, steep-spectrum radio quasars, and blazars. I will discuss each

of these in turn.

Sources we call radio galaxies are underluminous compared to the point-source

blazars, and considerable structure can be resolved in radio images. There are various

morphological classifications referring strictly to the radio: a ‘Classical Double’ refers

to the appearance of two, symmetric lobes, typically of large extent (∼ 100 kpc) and

roughly equal flux, lying on either side of the host galaxy, while typically weaker

sources were found to have more flux from the central region, so-called ‘Relaxed

Doubles’ or ‘Plumed Doubles’. Where only a single lobe is seen, we presume that we

are seeing one jet preferentially, tilted out of the plane of the sky, where the counter-

jet is faint or not seen because of relativistic beaming effects (see Section 1.3.2).

Other classifications include Bridged Twin Jets, Tailed Twin Jets, Narrow-Angle
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Figure 1.6: Four typical examples of FR I (left two) and FR II (right two) radio galaxies. Beginning at left, we have the
very low-power FR I 3C 272.1 located in the very nearby large elliptical galaxy M84. The plume-like jet structure is typical
of FR Is, and can also be seen in the adjacent atypical FR I source 3C 465. This source is a prototypical ‘Wide Angle Tail’
source, however that term is no longer used to refer to the bend in the jets away from axi-symmetric (which is interesting,
but not well understood), but another odd feature of this source: it exhibits FR-II like collimated (invisible) jets which
terminate at a pair of hot spots, where they suddenly brighten, bend, and broaden into a pair of meandering FR-I like tails.
The third sources shown is 3C 20. A fairly typical FR II, the dominant source of radio emission comes from the hot-spots
and the jet itself is hard to discern. This source is interesting because of the double hot-spot visible in the lower left (East)
lobe. The right-most source is the giant radio galaxy and FR II 3C 457. A faint jet can be seen entering the Northern
(upper) lobe. (Images from http://www.jb.man.ac.uk/atlas)

Tails (NATs), Head-Tails, Wide-Angle Tails (WATs), Naked Jets (in which any sign

of a lobe is absent), and Jetted Doubles. In some sources one or both of the jets are

bent back to become approximately parallel and the lobes form a tail away from the

host galaxy. The structure is caused by the motion of the host galaxy through the

intra-cluster medium. Many of these morphological classifications were first used in

the Third Cambridge Survey (3C) at 178 MHz (Bennett, 1962), one of the earliest

radio catalogs covering the entire sky outside of the galactic plane (many sources are

still known by their ‘3C’ number).

Fanaroff & Riley (1974) first noticed that radio luminosity correlated with which

part of the jet had the highest surface brightness, and devised a classification scheme

which divides the vast majority of radio galaxies into two classes (FR I and II).

Using the ratio Rfr between the distance between the brightest points of the jet

on either side of the core, to the total extent of the object, nearly all FR I radio

galaxies (Rfr <0.5) were found to have radio luminosities less than 2×1025h−2
100 W

Hz−1 Sr−1, while practically all FR II radio galaxies (Rfr >0.5) were found to have

radio luminosities above this value. Indeed, the difference in morphology is quite

clear from the radio images, as shown in Figure 1.6. The left two sources are FR

Is, and the right two are FR IIs. The former tend to have ‘plume-like’ jets which

are easily visible down to the core, and brightest at the center (or ‘edge-darkened’).

The latter tend to have highly collimated, often invisible jets which terminate in hot

spots and/or bright lobes (‘edge-brightened’). However the division between FR I

and II is not a clean one. In addition to many irregular morphologies which are

probably attributable to the environment, Owen & Ledlow (1994) found an overlap
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Figure 1.7: Figure taken from Owen & Ledlow (1994). The authors found that the dividing radio luminosity between FR I
and II morphological types covered two orders of magnitude, and appeared to be a function of the optical host magnitude.
For any given host magnitude, FR Is are nearly all lower in radio luminosity than FR IIs.

in radio luminosity between FR I and II sources covering two orders of magnitude,

and ass shown in Figure 1.7, found that the dividing radio luminosity appears to be

a function of the optical host galaxy magnitude.

In addition to the radio morphological types, FR II radio galaxies are tradition-

ally divided into broad line radio galaxies (BLRGs) and narrow line radio galaxies

(NLRG), analogous to the distinction between type 1 and 2 radio-quiet AGN, and

understood to be the result of orientation differences through the BLR-obscuring

molecular torus. Indeed, broad-lined objects (which we expect to be observed at

smaller angles to the jet axis) are more likely to show one-sided jets, which fits with

the orientation model. With rare exceptions, FR I radio galaxies do not exhibit broad

lines, and tend to have weak emission lines overall. Obscuration is generally not seen,

or is much less effective than in FR II.

Traditionally there is an association between FR II structure and ‘high excitation
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galaxies’ (HEGs), which have prominent emission lines in their optical spectra, as

compared with ‘low excitation galaxies’ (LEGs) which show very weak or no emission

lines1. This difference is interpreted as a consequence of a difference in the underlying

continuum emission from the accretion disk which illuminates the broad and narrow

line regions, and thus is linked to a difference in accretion mode (a subject further

discussed below). HEGs are heavily obscured in the X-ray by column densities in

excess of 1023 erg s−1, consistent with our understanding of FR IIs (Donato et al.,

2004; Evans et al., 2006). However, as Laing et al. (1994) first noted, narrow-line

FR II radio galaxies do come in both HEG and LEG sub-types. On the other side,

FR I typically have weaker emission lines and no obscuration, consistent with LEGs,

which show no evidence of an obscuring molecular torus (Hardcastle et al., 2006; Ogle

et al., 2006).

Seen at smaller angles to the jet axis than radio galaxies, steep-spectrum radio

quasars (SSRQ) are a somewhat neglected class of radio-loud AGN. From early times,

radio surveys have found that requiring a ‘flat’ radio spectrum (in a νFν vs ν plot2)

was an efficient way to select core-dominated radio quasars, i.e., sources of small

angular size which we typically call blazars. In contrast, ‘lobe-dominated quasars’

were found to have steep radio spectra (α > 0.5, Fν ∝ ν−α, typically measured at

a few GHz). Under our orientation unification scheme, radio galaxies are the most

mis-aligned objects, the core-dominated blazars are aligned within a few degrees of

the jet axis, and the lobe-dominated quasars fall somewhere in between. The radio

emission from the lobes in all these sources is steep due to the nature of the emitting

plasma there, and both radio galaxies and SSRQs tend to have steep radio spectra.

Blazars, on the other hand, have emission dominated by their flat-spectrum cores.

Finally, blazars are perhaps the most rare and unique of all AGN. That a single

class of ‘blazar’ could probably describe what had been several sub-types of radio-

loud quasars (e.g., Flat-Spectrum Radio Quasar, High Polarization Quasars and Op-

tically Violent Variable) as well as the optically featureless but radio core-dominated

BL Lac objects was actually noted quite early on (Angel & Stockman, 1980). In

general, blazars are core-dominated, highly luminous, variable, and show significant

polarization in the X-ray, as well as super-luminal motion. There are no radio-quiet

1Exact definitions for the ‘excitation index’ which distinguishes LEG from HEG distinction vary,
but in general, the HEGs have significant emission in high-excitation lines such as [OIII] relative to
their hydrogen lines, while LEGs do not (see e.g., Hine & Longair, 1979).

2Referring to the practice of plotting the SED as log frequency (ν) versus log νFν , where the
monochromatic energy flux Fν (in erg s−1 cm2 Hz−1) is multiplied by the frequency so that the
level of the output shows the total energy output at that frequency.
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equivalents of blazars.

Blazars are sub-divided based on the properties of their optical emission lines,

being strong and quasar-like in the ‘flat spectrum radio quasar’ or FSRQ, and gen-

erally absent or very weak in BL Lacs (named after the progenitor, BL Lacertae). A

definition of a BL Lac object has roughly been agreed upon in the literature, though

it has changed over time. The Einstein Medium Sensitivity Survey (EMSS) mission,

the first statistical sample of BL Lacs, required line equivalent widths of less than 5

Å and a limit on the strength of the break at 4000 Å known as the Calcium H&K

Break or Contrast (C < 25%; e.g., Stocke et al., 1991). The latter is a measure of

the presence of a non-thermal continuum in a galaxy (see Section 1.3.7). As noted by

(Marcha et al., 1996) these criteria were determined from practical rather than real

physical distinctions, and the Ca H&K break value was later made less restrictive (C

< 40%) to avoid spurious rejections of BL Lac objects3.

Open Questions

While the orientation-based unified view is compelling, it must be noted that orien-

tation is not the whole story; it is clear the intrinsic differences exist and that these

are also important to forming the many different sub-classes of AGN. Further, there

are two factors which lead to a general confounding of what physical differences (the

genotype, to borrow a term from biology) lead to the different phenotypes in the

zoo of AGN: (a) Very little of the physical system can be directly observed and (b)

the anisotropy of emission from AGN makes population studies (through which one

may wish to test unification theories) even more problematic than usual for astro-

physics. As will be briefly touched on at the end of this introduction, we know that

growth of SMBH is linked to that of the host galaxy, and that the outflows from AGN

(jets and winds) are likely to provide important feedback to the galaxy as it evolves,

and to even impact the dynamics of its local galaxy cluster. However, to incorporate

AGN activity into models of galactic and cosmic evolution, we must have an accurate

picture of what they are.

The central question addressed in this thesis is this: How can we unify the AGN

phenomenon in all its forms into a self-consistent model built around the accreting

black hole? In the rest of this section, we will discuss the various pieces of the AGN

3It is worth noting that the ‘quasar’ part of the FSRQ designation comes about because they
exhibit the broad-lined optical spectrum which is typical of the quasar class generally. However,
‘quasar’ when used alone has come to typically refer to both radio-loud and (the more prevalent)
radio-quiet objects, even though an FSRQ, outside of the optical lines, looks very little like a quasar
due to the dominance of non-thermal jet emission.
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‘standard model’, always with an eye towards this question of unification. The general

subject of my research is radio-loud AGN, but to divorce them from their radio-quiet

cousins is somewhat artificial, and this introduction will make many reference to

findings in radio quiet AGN, though the exact points of connection between jetted

and non-jetted AGN are an open question. We know that orientation, environment,

and the formation history of the AGN must all factor into the amazing variety of the

different AGN classes.

1.2.2 At the Center of it All: the Super-Massive Black Hole

A convincing case for a SMBH engine in AGN was built from much circumstantial and

a few particularly convincing pieces of evidence beginning with the work of Salpeter

(1964), Zel’dovich (1964), and Lynden-Bell (1969). Early work with flux limited

surveys also revealed the quasar population to exhibit strong positive evolution, being

either more numerous or more luminous at high redshift than in the present (Schmidt,

1968). We now know that the apparent quasar density peaks at z ≈ 2−3 (Kennefick

et al., 1995; Boyle et al., 2000; Richards et al., 2006). If the presence of SMBH

are required in all AGN, then there should be a significant population of ‘dead’

SMBH at the centers of non-active galaxies. Indeed, the first convincing detections

of nuclear SMBH were in neighboring galaxies M31 and M32 (both inactive) which

are near enough to detect the parsec-scale motion of gas and stars which are needed to

accurately determine the mass of the central object (see e.g. Kormendy & Richstone,

1995, for an early review). However the most conclusive evidence for a central SMBH

in most galaxies was found by careful tracking of the proper motions of nuclear stars

near the center of the Milky Way, which has revealed the presence of a 106 M⊙ mass

inside a radius ≈ 3000 times the Schwarzchild radius, effectively ruling out alternative

sources such as a stellar cluster (Gillessen et al., 2009).

Measuring the central ‘engine’ of our AGN system is obviously a very important

step in understanding the nature and evolution of radio-loud AGN, and in principle

SMBH are quite simple, being uniquely described by their mass and spin. In this

section I will briefly review the methods available for measuring the mass and (po-

tentially) spin of a SMBH. Nearly all of these methods have been used to estimate

black hole masses (MBH, taken from the literature) for the sample of radio-loud AGN

which is studied in Chapter 3.

Mass determinations can be divided into direct and indirect methods, where the

former measures some physical quantity which has a known physical relationship with

MBH, while the latter relies on a phenomenological scaling derived from correlations
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between directly measured MBH and other observables of the AGN system. Tech-

nically speaking, the MBH derived even from direct methods merely corresponds to

the mass of an ‘MDO’ or massive dynamical object, and do not exclusively require

a SMBH. However, even outside of strong physical arguments for a SMBH in e.g.,

our own galaxy, a black hole is virtually required by the fact that a dense cluster of

alternative objects such as low-mass stars or white dwarfs would have lifetimes signif-

icantly shorter than the age of the host (e.g. Maoz, 1995). It is an unfortunate reality

for AGN studies (radio-loud AGN in particular) that the most reliable measurements

are restricted to nearby galaxies. As AGN are rare (on top of having the bad habit

of outshining their host galaxies), our best direct measurements of MBH are for weak

AGN or non-AGN. We must then extrapolate, using one of the various ‘indirect’

methods, for most of our sources to estimate the mass of the central SMBH.

Direct Determinations of MBH

Resolved Stellar and Gas Dynamics. The first successful methods of estimation

relied on stellar and gas dynamics for the spatially resolved portions of the galaxy

near their centers, i.e., measurements of the stellar velocities and velocity dispersions

measured from (for example) the Calcium II infrared triplet lines (see, e.g. Harms

et al., 1994; Ferrarese et al., 1996). The measurement of MBH from the dynamical

influence of the SMBH on the motions of stars or gas is most readily accomplished

when observations are able to probe spatial scales inside the ‘sphere of influence’ of

the SMBH. This limits the use of this method to very nearby galaxies such as M31.

Reverberation Mapping. For active galaxies with broad emission lines (e.g.,

type 1 AGN), a reliable technique to measure MBH is reverberation mapping (RM,

Blandford & McKee, 1982; Peterson, 1993; Peterson et al., 2004). In RM, the time de-

lay τ between a variation in the brightness of the optical continuum and the matching

variation in the broad lines, provides an estimate of the radius of the BLR (RBLR).

Along with the velocity of the gas ∆V measured from emission lines, we can de-

rive a mass, e.g., MBH =1.464×105RBLR∆V M⊙ (Rafter et al., 2011). As this method

does not require spatial resolution, it can be applied directly to a much wider vari-

ety of potential targets (including radio-loud AGN), however it is not without prob-

lems. Chief among them is the fact that RBLR scales with AGN continuum luminosity

(RBLR ∝ Lα), where α is not well known. For bright AGN, therefore, RBLR can be

quite large and τ on the order of years to tens of years, limiting the number of mea-

surements in bright AGN to only a handful (e.g., Kaspi et al., 2007). While advances

such as the Hubble Space Telescope have brought great enhancements to the accu-
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racy and reliability of measurements based on optical spectroscopy, it is clear from

the often diverging estimates from different methods that systematic uncertainties

remain a problem (Peterson, 2010). However, the agreement between mass scaling

relations of Seyferts with that of inactive galaxies suggests that the reverberation

masses are probably accurate to a factor of ≈3 on average (Peterson, 2003).

Maser Emission. Perhaps the most precise measurements of MBH come from

sub-milliarcsecond resolution very long baseline interferometry (VLBI) radio obser-

vations at 22 GHz, where water masers deep in the sub-pc scale accretion disk emit

strongly. The high angular resolution of VLBI (by about 2 orders of magnitude over

the best optical instruments) allows measurements of the line-of-sight velocities of in-

dividual maser clouds and ultimately very accurate estimates of the accretion disk size

(Moran et al., 1999). This technique is particularly useful in spiral galaxies where

more traditional optical observations are impractical due to excess gas and dust.

While this technique is limited to edge-on accretion disks and only about a dozen

SMBH have been measured this way (Kuo et al., 2011), it remains a particularly

promising technique for highly accurate, high-redshift measurements in the future

(so much so that maser measurements are being proposed for precision cosmology).

Indirect Determinations of MBH

In order to measure black holes outside of our local neighborhood and in greater

numbers, we must turn to indirect methods. Note that large samples of MBH are

not merely of interest for those studying individual AGN, as measurements of the

‘black hole mass function’ are an important tool in understanding the co-evolution

of galaxies and their SMBH.

The MBH -Bulge Relation. Almost as soon as sizable numbers of direct

MBH measurements made statistical study possible, it was noted that the stellar

mass of the host galaxy scaled with the central MBH (Kormendy & Richstone, 1995;

Magorrian et al., 1998). This has since been updated to a somewhat tighter corre-

lation between MBH and the bulge luminosity or equivalently, the bulge mass - most

recent studies seem to agree on MBH ∼2×10−3Mbulge (see Shankar et al., 2009, and

references therein). This important observation showed for the first time that the

growth of SMBH and the bulges were linked, and that some form of feedback from

the accreting SMBH system must occur.

The MBH -σ relation. A correlation can also be found between MBH and the

central velocity dispersion σ of the host as determined from optical spectra (not to

be confused with imaging-based stellar dispersions in the nuclear region in direct
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Figure 1.8: Figure taken from Tremaine et al. (2002). A plot of black hole masses and velocity dispersions for several types
of galaxies, along with the best-fit correlation log (MBH /M⊙ )=α + βlog(σ/σ0), with α =8.13±0.09, β=4.02±0.44, and
σ0 = 200 km/s. Mass measurements based on stellar kinematics are denoted by circles, on gas kinematics by triangles,
and on maser kinematics by asterisks; Nuker measurements are denoted by filled circles. The dashed lines show the 1σ
limits on the best-fit correlation.

detections). Debate continues over whether this correlation differs in different galaxy

populations (Shankar et al., 2009), or is indeed log-quadratic rather than log-linear

in σ (Wyithe, 2006). This method tends to have less error than the previous, as the

MBH -σ correlation is more tight (see Figure 1.8).

Single-Epoch Spectroscopy. In this age of automated deep optical and

UV spectroscopic surveys observing tens of thousands of AGN (e.g. Abazajian et al.,

2009), one of the most useful scaling relations for measuring MBH in AGN exploits the

scaling of MBH with the luminosities of certain emission lines, as first discovered us-

ing robust RM measurements. Unlike the latter, which requires many high-precision
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spectra, the so-called single-epoch or virial method requires only a measurement ∆V

of an emission line and the continuum luminosity in order to estimate MBH (see Fig-

ure 1.9). Denney et al. (2009) have shown that with sufficiently high signal-to-noise

spectra, typical errors on MBH are on the order of 0.1 decade. However, as in many

other MBH estimates, systematic errors have been shown to be non-negligible, and

indeed different lines can give different estimates (Fine et al., 2010). Further, in

radio-loud AGN where relativistically beamed emission from the jet can dominate,

one must be careful to measure the correct continuum level (Pian et al., 2005). Oth-

ers have noted that uncertainties in the virial method estimates also tend towards

overestimation of black hole masses at the high-mass end of the distribution (Shen

& Kelly, 2010), challenging claims that high-redshift galaxies harbor more massive

black holes than expected from their bulge luminosities.

Other Estimates and Systematic Errors

Black hole masses are also often a free parameter in theoretical models of jet SEDs

in radio-loud AGN, and thus can be gotten ‘for free’ from fitting models to multi-

wavelength jet spectra for individual sources; however one must be cautious as these

models often rely on assumptions about the composition of the jet plasma, the angle of

alignment, etc. which can introduce significant errors. More speculatively, some have

suggested that MBH might scale closely with the mass of the dark matter halo (Booth

& Schaye, 2010), or with other observables such as the Sérsic indices of the host galaxy

(Graham & Driver, 2007), or effective photometric radius (Marconi & Hunt, 2003).

Though interesting, these methods are only in development so have not been used for

the work in this thesis. For what concerns our main topic of radio-loud AGN, black

hole mass estimates are largely taken from mass-luminosity scalings, mass-σ scalings,

single epoch spectrophotometry, and reverberation mapping, in roughly that order

of frequency.

Measuring Spin

Several theories for the production of relativistic jets particularly focus on another

physical parameter of the SMBH: its spin. While accretion is often the focus of the

discussion regarding the ‘power source’ of the AGN, the angular momentum of a

spinning black hole constitutes a large quantity of stored energy, and is a natural

way to produce an axisymmetric geometry. An entire class of jet models rely in part

or wholly on the extraction of spin energy to power the relativistic jets in AGN (the

BZ model, Blandford & Znajek 1977, and various derived hybrids), and the relative
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Figure 1.9: Figure taken from Tremaine et al. (2002). Here, virial estimates of central black hole masses based on either
optical or UV single-epoch spectrophotometry (horizontal axis) are compared to recently measured masses of nearby AGNs
and quasars using reverberation-mapping techniques (vertical axis).

importance of black hole spin versus accretion is an open question (McNamara et al.,

2011). Spin is invoked as a primary differentiator in unification schemes, such as

in the so-called ‘spin paradigm’ which suggests that radio jets are a consequence of

fast-rotating black holes (Blandford, 1990), thus driving the RQ/RL divide.

Spin is unfortunately difficult to measure, and we have only a few tools at hand.

The only established method measures X-ray emission lines, which are believed to

arise from very near to the black hole and where they can become relativistically

broadened (Fabian et al., 1989; Laor, 1991). With very high-quality (high signal-to-

noise) X-ray spectra, the X-ray line profiles can be used to determine properties of
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the disk (e.g., inclination and emissivity), as well as the black hole spin (e.g. Dauser

et al., 2010). However, as noted by Patrick et al. (2011), derived parameters are

extremely sensitive to model assumptions. In that work, by taking into account a

broad X-ray spectrum (0.6 - 100 keV) from combined Suzaku and Swift observations,

and using a self-consistent model of the complex absorbers present, the authors were

able to derive less-than maximal spins for several Seyfert galaxies previously reported

as maximally spinning (in one case, reporting a spin near 0). Others have reported

that essentially all the observed broadening can be explained by a series of complex

absorbers, suggesting that the method cannot be used reliably. Another very prob-

lematic fact is that emission lines arising very close to the SMBH should exhibit rapid

variability, which is not seen.

With only a handful of questionable measurements, what we know about the de-

mographics of spin is very little. Some (Daly, 2009, 2011) have attempted to apply

the spin paradigm directly and estimate spins from a derived scaling in which spin

is dependent only on the jet kinetic power, the black hole mass, and the braking

magnetic field strength. However, these observational estimates, which rely on a con-

siderable number of assumptions, cannot be separated from estimates of the accretion

rate. While measurements of black hole spins will provide a very important clue to

the unknown mechanism of jet production in AGN, our observations are not yet up

to the task.

1.2.3 Accretion Regimes

Having established that the SMBH is the engine driving AGN activity, we now turn

to examine our likely source of fuel: accretion of matter. Accretion onto a black hole

(or any compact object) is a natural and powerful mechanism for producing high-

energy radiation. This can be shown with very simple order-of-magnitude estimates.

The gravitational potential energy (Eg) of an accreting mass m is

Eg = G
MBHm

RBH

, (1.1)

where MBH is the mass of the central black hole, G is the gravitational constant,

and RBH is the radius of the black hole. From Equation 1.1 it is clear that the

large mass and small radius typical of a SMBH will release a great deal more energy

than accretion onto a less compact object. For a black hole RBH = 2GMBH/c2 and

Eg ∼ mc2/2, which is considerably more efficient than e.g., nuclear fusion. In reality

calculating the efficiency ǫ of the accretion depends on the properties of the black hole
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and requires a general relativistic treatment; a typical fiducial value is ǫ = 0.1. This

is because there is no solid surface for the material to fall into, but rather a region

from which the particle cannot escape; thus some of the particle energy can simply

add to the mass of the black hole rather than being radiated away. This uncertain

efficiency is usually included in the expression for the accretion luminosity,

Lacc = ǫṀc2, (1.2)

where c is the speed of light, Ṁ is the accretion rate (mass/time), and an efficiency

of 1 implies all available gravitational potential energy is radiated. Calculating this

value is a non-trivial problem, and estimates vary from 0.05-0.42, again depending

on the characteristics of the black hole (King, 2008).

Along with black hole mass and spin, the rate and mode of accretion of material

onto the SMBH are the other likely fundamental parameters of importance in un-

derstanding AGN phenomena. We know quite a bit about accretion in stellar-mass

BH systems and the theory to match those observations is generally quite settled.

However the AGN case is not as clear, not least of which because directly imaging

an accretion disk is outside our capabilities. A major difference between accretion

in AGN and that in typical stellar binary systems, is that in the latter the accretion

flow is more or less steady in terms of orientation, while in AGN the flow is likely

to be more episodic, and each accretion episode to be characterized by an angular

momentum uncorrelated with earlier episodes. Without understanding the details of

the accretion process, it is not then obvious how, for example, the SMBH spin will

change with each accretion episode.

A very imporant scale is set by considering the accretion rate at which the radia-

tion pressure from accreting material balances the gravitational pull on the material.

This is called the Eddington limit (either referring to luminosity or the mass accretion

rate), and is usually derived under the assumption of a spherically symmetric, steady

flow (though it will also hold for non-spherical accretion). Further, it is assumed

that all inflowing material is ionized hydrogen.4 The derivation of the limit follows

directly from balancing the two opposing forces (see e.g., Krolik, 1999):

LEdd = 1.3 × 1038(M/M⊙)erg s−1. (1.3)

Thus, the Eddington luminosity is dependent only on the SMBH mass. This is

the value referred to when accretion rates are described as e.g., ‘super-Eddington’

4The ionization assumption is probably reasonable given that accretion disks are seen to emit
copious X-rays.
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(Lacc ¿ LEdd) or ‘highly sub-Eddington’ (Lacc

LEdd). For a typical 108M⊙ black hole, the Eddington luminosity is ≈1046 erg s−1,

higher than a typical galaxy by two orders of magnitude.

That the incredible luminosities seen in AGN are powered by accretion now seems

almost certain. However, many open problems of a fundamental nature remain.

In particular, a central problem in accretion theory is getting the material to lose

enough angular momentum to accrete in the first place (it is much easier to lose

energy, via radiation). The circularization radius Rcirc of an accreting clump of

matter is proportional to its angular momentum squared. It can be shown that

for Rcirc greater than 0.3 pc the timescale for matter to move inward to the BH

approaches the age of the universe. The gas must fall into the black hole with an

impact parameter so small that the process must “waste” a lot of matter in order to

achieve accretion at all (King, 2008). In order to solve this in accretion disk models,

‘viscosity’ is invoked, essentially a black box by which energy is dissipated and angular

momentum is transported outward through the disk. However the discovery of the

magneto-rotational instability (MRI: Balbus & Hawley, 1991) has provided at least

one plausible mechanism for this to occur. In this model a fairly weak magnetic field

threads the accretion disk and is wound up by shear, transporting angular momentum

outwards, while at the same time reconnection limits field growth and dissipates

energy.

There are two important models for accretion in AGN which are typically as-

sociated with the opposite ends of the mass accretion scale. For reasons that will

become clear, these are referred to informally as radiatively ‘efficient’ and ‘inefficient’

accretion disks. Accretion disks were first put on solid theoretical foundations by

Shakura & Sunyaev (1973); Novikov & Thorne (1973). These ‘geometrically thin,

optically thick’ disks are very successful at matching the observed soft X-ray spectra

of X-ray binaries, as well as the optical/UV ‘big blue bump’ seen in many powerful

AGN (Malkan, 1983). structure is almost hydrostatic so that all of the physics can

be described in the one-dimensional plane of the disk. The emitted spectrum of the

geometrically thin, optically thick accretion disk is a ‘modified’ black body, and must

be calculated by solving the disk structure equations (see e.g. Frank et al., 2002).

In general, accretion disks seen in AGN are most prominent in the UV portion of

the spectrum, as predicted for reasonable values of the accretion rate and black hole

mass.

However, many low-luminosity AGN do not need an efficient disk to produce their

modest luminosities. In alternate models the accreting material is able to rapidly rid
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itself of angular momentum and advect rapidly inwards to the SMBH without ra-

diating significantly (thus ‘inefficient’). In the advection-dominated accretion flow

(ADAF) disk model, the local cooling time-scale is longer than the timescale for ac-

cretion, and viscous heating of the ions leads to a high, nearly virial temperature

(1012 K). With such high temperatures the accretion flow can become roughly spher-

ical. Most of the radiation is produced through inverse Compton emission from the

electrons, with electron temperatures balanced between inverse Compton cooling and

collisions with the hot ions to ≈ 109 K. to develop a hot accretion disk solution was

originally proposed by Ichimaru (1977), but only gained traction after the work of

Narayan & Yi (1994) and Narayan & Yi (1995). The much lower luminosities in this

type of disk make them an attractive explanation for ‘low luminosity AGN’ (LLAGN)

which are now being found in increasing numbers with deep surveys. This type of

disk, also known as a radiatively inefficient accretion flow (RIAF), is also particularly

relevant to X-ray binaries, which are seen to switch to a hard X-ray state (indicating

higher gas temperatures) at low luminosities. One of the most critical features of

the ADAF model is that the solution exists only for accretion rates below a certain

critical value which is proportional to the viscosity parameter (α). A fiducial value

of α is 0.1. At this value, a source must accrete at a rate less than 1×10−2LEdd in

order to be an ADAF.5 The overall ADAF spectrum is determined by MBH and by

the value of the transition radius outside of which the disk is geometrically thin.

The characteristics are a ν1/3 slope in the radio regime, a Compton spectrum from

sub-millimeter to X-rays, and a Bremsstrahlung spectrum at the highest energies

(Mahadevan, 1997).

To summarize, we know that the most luminous sources (e.g., many quasars and

other broad-lined AGN including powerful blazars) are probably accreting at a high,

near-Eddington rate (McLure & Dunlop, 2004; Kollmeier et al., 2006). These sources

(which may or may not exhibit relativistic jets) show a characteristic ‘big blue bump’

(e.g. Malkan, 1983) of quasi-thermal emission at UV energies, as expected from the

thin-disk model. This can often be seen even in blazars where emission at every other

wavelength is dominated by the non-thermal jet. It is often stated that the ‘active

fraction’ of galaxies is only a few percent of the total. However, recent observations

targeting nearby galaxies reveal that the true fraction may be much larger (up to

50%), once very low-luminosity AGN are included (Filho et al., 2006; Gallo et al.,

2008). Even the ‘dead’ SMBH at the center of our own galaxy shows signs of activity

at very low levels. Given the likely episodic nature of accretion and jet formation, it

5This is a key point for later discussion in Chapters 2 and 3.
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may be reasonable to regard all SMBH as potential AGN, with the level of activity

being variable (from virtually none to super-Eddington).

1.3 Jets: Emission, Modeling, and Observations

We now turn from general observations of AGN, to the particular problem of the rela-

tivistic jet, which, when present, can outshine every other source of emission present

in the AGN, including the accretion disk. Indeed, this is the case for the class of

sources known as blazars, where the jet axis is aligned near to the line of sight, so

that the jet emission is Doppler-boosted to appear orders of magnitude brighter than

it would if it were misaligned. The continuum SED of blazars is dominated by two

non-thermal emission processes. From radio up to Optical/UV, and in some cases

X-rays, the emission is synchrotron in origin. This is clear not only from the broad

spectrum, but from the polarization, especially in the radio. At higher energies, the

emission is attributed to the inverse Compton (IC) process, where lower-energy pho-

tons are up-scattered to gamma-ray energies and higher by the fast-moving particles

in the relativistic jet. In general, the broad-band SEDs of blazars show curved spec-

tra that steepen at higher frequencies both for the synchrotron and IC regimes. Thus

in a ‘νFν ’ representation, the SED appears as a double-humped spectrum, as shown

in Figure 1.10.

Because the jet dominates from radio up to gamma-rays, and because of their

intrinsic brightness, blazars are a prime target for modeling efforts which attempt to

use the entire SED as a constraint on the physical conditions in the jet. Typically

these models are steady-state solutions, though many have attempted to model the

detailed variability behavior as well. I will briefly describe some of the features and

successes of a few of these models which are relevant to the work in this thesis, after

a general review of the radiative processes which are involved in jets.

1.3.1 Synchrotron Radiation

A synchrotron origin for the radio emission of AGN was suggested as early as 1950

(Alfvén & Herlofson, 1950). We now know that there are several distinct sources of

synchrotron emission in AGN, including the lobes, the unresolved blazar core (near

the base of the jet), as well as the knots resolved in high-resolution images of the

>pc-scale jet. I will review the some of the essential features of synchrotron radiation,

with particular emphasis on the blazar emission and what we can learn from their

spectra. More detailed derivations in an astrophysical context are found in Rybicki
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Figure 1.10: The radio to gamma-ray spectral energy distribution (SED) of the FSRQ-type blazar 3C 279. This powerful
source at redshift z = 0.538 is one of the brightest blazars in gamma-rays. The overall SED is fairly typical of blazars,
showing a broad synchrotron component from radio through optical, with a peak at νp,syn ∼ 1013 Hz (typical peak
frequencies can vary considerably, from ∼ 1013 up to ∼ 1017 Hz). The X-rays and gamma-rays are dominated by the
inverse Compton emission, which in this case is particularly dominant. The different symbols correspond to different
snapshots of the SED in time. From 1992-1993 the blazar was in a comparatively low state, while in 1996 it went through
an extended flaring state, as shown. Figure from Wehrle et al. (1998).

& Lightman (1991), and AGN-specific treatments may be found in e.g., Melia (2009)

or Krolik (1999).

Synchrotron emission in AGN comes from charged particles moving with relativis-

tic speeds in a magnetic field. A single particle moving in a uniform magnetic field

will move in a general helical pattern due to the magnetic ~v× ~B force, with a rotation

frequency ωB = qB/γmc, where q and m are the particle charge and mass, γ is the

Lorentz factor6 of the particle, and B the strength of the magnetic field. The particle

will emit a total power P ∝ β2γ2B2, where β = v/c is the particle speed relative to

the speed of light (∼1 for the highly relativistic case). As depicted in Figure 1.11,

due to the Doppler boosting of the emitted radiation, the observed pulse from the

6The Lorentz factor is determined entirely by the speed: γ = (1− β2)−1/2). It is common usage
to refer to γ as the ‘speed’ or ‘energy’, in the latter case through the relation E = γmc2. The TeV
emission seen in many sources suggests γ can extend up to 106.
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Figure 1.11: (Left Panel) In Synchrotron emission, charged particles move helically around magnetic field lines, so the
acceleration vector is perpendicular to the motion. Since the charges are relativistic, the emission is beamed with the
pattern shown, enhanced in the direction of motion. (Right Panel) The beaming of emission results in a narrow cone of
radiation, so a fixed observer will see only a short pulse of radiation from our particle as it moves from points 1 to 2. This
translates to a fairly broad spectrum in frequency, a characteristic of synchrotron emission. (Rybicki & Lightman, 1991,
Figure 6.2).

particle will be of a duration (∆T ) much less than the period of rotation, by a factor

γ3. Such a narrow pulse necessarily translates to a fairly broad spectrum, which is

one of the essential features of synchrotron radiation. Moreover, from the properties

of the Fourier transformation, the width of the pulse in frequency ∆ν ∼ 1/∆T , so

we expect the emitted spectrum from a single particle to extend up to a frequencies

like νc = (3/4π)γ3ωBsinα before falling away (where α is the pitch angle between the

particle velocity and the magnetic field direction). This frequency is proportional to

γ2, thus more energetic particles radiate up to higher frequencies.

Of course in any astrophysical setting, the total emission will come from a large

ensemble of radiating particles. In the particular cases we are interested in, the

particles have been accelerated to relativistic velocities in a way which tends to result

in a power law distribution in energy,

N(γ)dγ = N0γ
−sdγ (1.4)

where N0 is the normalization constant, and s is the spectral index (s is the

negative slope on a plot of log N(γ) versus log γ). To calculate the total emitted

spectrum from a power law distribution, we must first work out the actual power

emitted as a function of frequency for a single particle, which requires a proper

calculation of the variation of the electric field as the particle gyrates and taking

the Fourier transform. The final form of P (ν) for a single particle is shown in the

left panel of Figure 1.12, where it can be seen that the spectrum is rather sharply

peaked around a frequency 0.2νc. By taking the integral of N(γ)dγ times P (ν), we

will get an expression for total power at a given emitted frequency from all particles,
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Figure 1.12: (Left Panel) Single-particle spectrum of synchrotron radiation for relativistic particles. The peak in the
emissivity occurs at ν ≈ 0.21νc. (From Melia, 2009, Figure 5.9) (Right Panel) The spectrum of synchrotron radiation
from particles with a power-law distribution in energy with index s. In the optically thin limit, the emissivity increases
towards low frequencies, with a spectral index p = (1 − s)/2. A turnover occurs as the emission becomes optically thick
(or ‘self-absorbed’), following a ν5/2 spectrum. (From Melia, 2009, Figure 5.12) .

Ptot ∝ ν−(s−1)/2. An important property for synchrotron emission from a particle of

distribution with index s is that the spectral index of the emission p = (s − 1)/2.

However, this spectrum cannot extend to all frequencies, since the black body

limit will force a turnover in the spectrum towards lower energies (or else violate the

rule of thermodynamics and conservation of energy which says that the emissivity of a

plasma cannot exceed the maximum rate at which it can absorb energy). The portion

of the spectrum where this limit applies is called self-absorbed, because the particles

begin to absorb their own radiation, i.e., the emitting plasma is optically thick at

these frequencies. The synchrotron spectrum for a power-law particle distribution is

shown in Figure 1.12, right panel. The spectral index for the optically thick spectrum

does not quite follow the black-body Jeans law of P ∼ ν2T , since our particles are

not thermal (T has no meaning). Instead, one can introduce a ‘temperature’ T (ν)

(see e.g., Melia, 2009) where the particles are in equilibrium with the radiation at

frequency ν,

γmc2 ≈
3

2
kT (ν) , (1.5)

where k is the Boltzmann constant. Recalling that ν ∝ γ2, we find that the self-

absorbed spectrum will have an index p=5/2. The peak in the spectrum will come

roughly where the optical depth is unity.

One of the hallmarks of synchrotron emission is polarization. It is easy to see how

this comes about from the picture of the single particle in Figure 1.11. Because all

the emission is beamed into a narrow cone, any elliptical components (which would

be seen in the sub-relativistic case) cancel out to leave only a linear polarization, in

the direction of particle motion. In the ideal case of a perfectly ordered magnetic
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field, the polarization fraction can reach as high as 75%. Because the direction of

polarization depends on the energy of the particles, the exact ideal-case polarization

fraction is dependent on the spectral index s, assuming a power-law distribution

in particle energy. In reality, however, the magnetic field is turbulent or ‘tangled’

(though usually some global ordered component will exist), resulting in much lower

polarization percentages, typically a few percent. Even a few percent polarization is

still a strong indication of synchrotron emission.

1.3.2 Synchrotron emission in radio-loud AGN

The discussion so far has dealt with the idealized form for synchrotron radiation

from relativistic particles. In reality, the emission from AGN does not necessarily look

much like Figure 1.12. In the particular case of the relativistic jet, the emitting plasma

has a bulk motion which is relativistic, which further affects the appearance of the

spectrum due to relativistic beaming. In the lobes, the impact with the surrounding

medium has presumably slowed the emitting plasma to small velocities relative to the

observer, and the emission is isotropic. Typical spectral indices for lobe emission are

steep (≥ 1) down to the observing limit of tens of MHz, indicating that the emission

is optically thin, and the particles are not very energetic and/or the magnetic field is

not very strong. In Figure 1.13, several radio spectra are shown, taken from the lobes

of radio galaxies. In addition to the evident steepness, there is a range in intrinsic

luminosities. So too are there indications of spectral breaks, which we attribute to

a change in the electron distribution as the population cools, a process known as

synchrotron aging.

In compact radio sources (e.g., blazars), the typical radio spectrum is ‘flat’, mean-

ing that the spectral index α ≈ −0.3-0.5, resulting in a roughly flat slope in a plot

of log flux versus log frequency, as shown in Figure 1.14, left panel. These are often

referred to as ‘self-absorbed’ spectra, despite the fact that they do not exhibit the

rising slope of 5/2 derived earlier. In addition, these sources maintain these flat spec-

tra over several frequency decades, and a flat radio spectrum is one of the hallmarks

of a core-dominated blazar. This can be understood if we consider that we do not see

a single source of synchrotron emission, but rather the composite spectrum arising

from regions of different optical depth and magnetic field strength. This is illustrated

in a rough way in Figure 1.14 (right panel), where three synchrotron spectra, with

different self-absorption peak frequencies, contribute to form an overall flat slope.

Note that it is the optically thick portion of the spectra which contributes to the

flat composite spectrum, while at higher energies a single optically thin spectrum
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Figure 1.13: Four examples of low-frequency radio spectra from the lobes of radio galaxies. The emission is from optically
thin synchrotron, as indicated by the steepness.(Figures taken from Giacintucci et al., 2007).

dominates.

spectrum can extend from GHz frequencies up to the optical, or even X-ray, over

5 orders of magnitude. It may seem likely that the plasma emitting in the radio will

have little in common with that emitting in the X-rays, a point we shall return to. We

have been discussing the flat appearance of blazars in a log Fν - log ν plot; in a more

typical νFν representation, the radio to infrared spectrum is rising, as seen in the

plot of 3C 279 (Figure 1.10). A peak occurs in the composite synchrotron spectrum

after which the emission falls off. In blazars, this peak can occur at frequencies as

low as 1013 Hz and as high as 1018, in the extreme cases.

What is the meaning of the peak in the synchrotron spectrum? Essentially, it

gives some idea of the maximum energy of the radiating particles, assuming we know
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Figure 1.14: (Left Panel) Three examples of broad-band radio spectra in blazars. These flat spectra are typical of core-
dominated radio sources. Note the rising steepness at very low frequencies, which indicates a contribution from the steep
lobe spectra. (Right Panel) An illustration of how a flat spectrum can arise, from a composite spectrum of synchrotron
spectra with different self-absorption frequencies. (From Krolik, 1999, Figure 9.9) .

something about the magnetic field strength. Any acceleration process generating

relativistic electrons will be balanced by ‘cooling’, i.e., radiative losses. Both the

synchrotron and inverse Compton emission processes, as well as adiabatic losses,

compete with the acceleration mechanism to produce the electron energy distribution.

Before we discuss the process of getting more information about the jet through

numerical modeling, we must first address the impact of relativistic beaming on the

observed SED.

1.3.3 Relativistically Beaming and Superluminal Motion

Having established the nature of the blazar synchrotron spectrum, we now consider

the fact that jet emission in blazars is relativistically beamed. In other words, the

emitting volume itself is moving at relativistic speeds, to be distinguished from the

fact that we have a ‘relativistic plasma’ in which individual particles are moving

with relativistic speeds in the rest frame of the emitting plasma. The evidence that

this is the case can be made from observations of rapid variability and apparent

superluminal motion, as well as the simple fact that the fluxes observed are so large

that assuming isotropy results in extremely high luminosities7. In particular, the

short variability timescales imply a source size of ctvar, which with the observed

7Nonetheless, the convention in radio-loud AGN is to calculate luminosities assuming the flux
observed is radiated isotropically into the total 4π solid angle, as the opening angle of the jet and
degree of beaming (needed to calculate the true luminosity) are not well known
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fluxes implies a brightness temperature in excess of the inverse Compton limit of

∼ 1012 K (Blandford & Königl, 1979). In addition, rapid gamma-ray variability

and high gamma-ray luminosities imply relativistic beaming (i.e., the gamma-ray

opacity argument, Maraschi et al., 1992), as does the common appearance of radio

jet asymmetries (in which the counter-jet appears much weaker or absent due to

radiation beamed away from our line-of-sight, see e.g., Urry & Padovani, 1995).

To understand how relativistic beaming due to the bulk, relativistic motion of the

emitting plasma affects the emitted spectrum, we begin with the relativistic Doppler

formula

ν ′ = νΓ (1 − βcosθ) . (1.6)

where ν is the frequency in the observer’s frame, ν ′ is in the frame of the emitter,

β is the speed of the emitting plasma volume with corresponding Lorentz factor Γ,

and θ is the angle between the motion of the plasma and our line of sight. All of the

terms to the right of ν above can be collected to form the relativistic Doppler factor

δ:

δ =
1

Γ (1 − βcosθ)
. (1.7)

The typical convention is to use capital Γ to refer to the bulk Lorentz factor

associated with the relativistic motion of the plasma as a whole, and lower-case γ for

Lorentz factor of relativistic particles. It is important to keep in mind the relationship

between δ, Γ, and θ (as well as apparent velocity βapp, as derived below). The value

of Γ is close to unity at sub-relativistic speeds, and increases to infinity as β goes to 1.

(Typically, when referring to the ‘jet speed’, Γ is used rather than β). Typical values

for Γ inferred for blazars range from a few up to ≈ 50 (e.g., β = 0.86 to 0.9998).

The Doppler boosting factor δ is dependent on both Γ and the angle θ, and

determines how much the emitted flux is boosted from the relativistic motion. In

Figure 1.15, I have plotted δ versus orientation angle θ for various values of Γ. Several

interesting features should be pointed out. First, the maximum value of δ is 2Γ, for

a perfectly aligned jet, while at the angle θ = 1/Γ, δ = Γ. This fact will prove

potentially useful in population studies. The value of δ dips below unity at large

angles, and does so more rapidly with increasing Γ. This means that in addition to

light being beamed towards us, it can also be beamed away. This is seen quite clearly

in the radio, where one-sided jets or much fainter counter-jets are common.

Superluminal motion refers to the appearance of components of the jet to move at
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Figure 1.15: A demonstration of how the Doppler beaming factor changes with angle for several values of the bulk Lorentz
factor Γ. The maximum value of δ is ≈ 2Γ, while at the angle θ = 1/Γ, we have δ = Γ. Blazars are generally found within
a few degrees of the line of sight, thus δ factors can be quite high, which explains their extraordinary apparent luminosities.

speeds greater than the speed of light, due to a combination of relativistic speeds and

projection effects. The relativistic expansion model for radio sources was proposed by

Rees (1966, 1967a), in which he also suggested that superluminal velocities might be

observed under special circumstances. This can be understood in the following way.

Imagine a stationary source at a distance D which emits a blob or radiating plasma

with velocity β at an angle θ (see Figure 1.16). At t1 = 0 the blob is coincident with

the stationary source and emits a signal which takes time ∆T = D/c to arrive. A

time ∆t later the blob has moved a transverse distance β∆tsinθ, and emits another

signal, which arrives in the time D/c+∆t−β∆tcosθ. The transverse apparent speed

(dividing the transverse distance by arrival time difference) is therefore
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Figure 1.16: (Left Panel) A basic model for superluminal motion. A blob of relativistically moving plasma (speed v) sends
the first signal at t1, coincident with the stationary core a distance D from the observer. At t2, the blob has traveled
a transverse distance v∆tsin(θ), and a second signal is sent. Because of the relativistic speed of the blob, the apparent
transverse velocity βapp can appear faster than the speed of light. (Right Panel) A plot of βapp versus orientation angle
θ, for various speeds of the jet (given in Γ). As shown, the value of βapp is maximized at an angle θ = 1/Γ, where
βapp,max = Γ. This is also the angle at which δ = Γ.

βapp =
βsinθ

1 − βcosθ
. (1.8)

The properties of βapp are best understood by examining the right panel of Fig-

ure 1.16. Coming from large angles, the apparent jet speed increases as a source is

aligned to our line of sight, up to an angle θmax ∼ 1/Γ. However, at angles less than

this (which, as we will discuss in Chapter 4, is the case for many blazars), the appar-

ent jet speed actually decreases (down to limit of zero, since a perfectly aligned jet

will have no transverse motion at all). Thus there is a degeneracy between βapp and

θ, so that even if we have an independent estimate of Γ, there are two possible cor-

responding angles to any value of βapp . Another very useful behavior of βapp is that

the maximum value is approximately equal to Γ. Thus, if we have a population of

jets with similar Γ over a range of angle θ, an estimate of Γ can be found from the

maximum observed value of βapp. A further discussion of how βapp is measured by

VLBI is contained in Section 1.3.6.

We now turn to the effect of beaming on the observed SED. There are two effects

which are important. The first is immediately seen from Equation 1.6: the observed

spectrum is blue-shifted by a factor of δ in frequency. However, this effect is relatively

minor compared to the boosting of the observed flux. From special relativity (see,

e.g., Rybicki & Lightman, 1991), we have the Lorentz invariant quantity
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Figure 1.17: A demonstration of the effect of relativistic beaming on a parabolic spectrum, for a ‘simple’ jet scenario
(single Lorentz factor). For Γ=25, we show how a source will change in luminosity and SED shape as it is misaligned. The
top spectrum peaks at ν=1015 Hz. Each successive curve is misaligned by an additional 1 degree. At ten degrees, the
source has lost about 4 orders of magnitude in peak luminosity, versus 1 order of magnitude in frequency.

I ′
ν′

ν ′3
=

Iν

ν3
, (1.9)

where Iν is the specific intensity, and primed quantities are again in the rest frame

of the emitter. Substituting with Equation 1.6, we find that

Iν = δ3I ′
ν′ , (1.10)

However, a more useful quantity relates the observed flux per unit frequency Fν

to the emitted flux at the same frequency F ′
ν . It is useful to assume that the emitted

flux goes as a power law, e.g., F ′
ν ∼ ν−α. We thus have

Fν = δ3+αF ′
ν . (1.11)

Here one extra factor of δ(1+α) comes from converting to the same frequency.

Equation 1.11 is described as a ‘beaming pattern’, and with such a strong dependence

on δ, the effect on the jet SED can be dramatic. For a jet with speed Γ = 10 at an
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angle 1/Γ so that δ = 10, the observed flux will appear 10,000 times greater than

the true flux at the peak of the synchrotron spectrum (where α = 1). The effect

on a curved SED is demonstrated in Figure 1.17. In a plot of log νLν versus log

ν, the peak moves to higher frequencies (by an addition of log δ, while the peak

luminosity will increase by an addition of 4logδ. This effect is what we refer to in

later chapters as the 1:4 increase ratio for the peak. It should be noted that the value

of the exponent in Equation 1.11 is not the only possible one. For a more complex

(and realistic) geometry of the emitting region, the exponent may be different. A

commonly considered alternative is that beaming goes as δ3+α, which applies in the

case where there is a stationary feature in a continuous jet (Lind & Blandford, 1985).

Also, the effect of beaming on the overall SED shape are not necessarily well-predicted

by Equation 1.11, as we will see in the case of a jet which is made up of components

at different velocities, discussed below.

1.3.4 Inverse Compton Scattering

Relativistic jets in general and blazars in particular emit a great deal of high-energy

radiation, at MeV energies and higher (log ν > 1019 Hz). This emission is not syn-

chrotron, which even in the most extreme cases can only reach ∼ X-ray energies, but

rather the result of Compton scattering of low-energy photons by the relativistic par-

ticles in the jet. Because in this particular case the electrons are much more energetic

than the photons, it is usually referred to as inverse Compton (IC) scattering.

Whereas synchrotron emission is related to the strength of the magnetic field, IC

emission is related to the density of the photon field to be scattered. IC emission is

related to classical Thompson scattering, where photons are scattered off of particles

without change in energy, when the photon energy hν ≪ mec
2. In Compton scat-

tering, the photon energy is high enough that the recoil of the electron is important,

and the photon can lose energy to the electron during the scattering process. With

IC, the situation is reversed. Imagine a single photon with energy ǫ0 scattering off of

a single electron with an angle θ = π/2. Transforming into the frame of the electron,

ǫ′0 = γǫ0(1 − βcosθ) ∼ γǫ0, the photon picks up one factor of γ. In the Thomson

limit (which is valid up to high incident photon energies, where hν < mec
2 in the

rest-frame of the electron), the scattered energy ǫ′sc ≈ ǫ′0, and when transformed into

the lab frame, we have

ǫsc ≈ γǫ′sc ≈ γ2ǫ0. (1.12)
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To illustrate how this can result in gamma-ray emission, consider an external

source of optical photons, which might arise from e.g., the accretion disk (or the jet

itself) which have typical energies ǫ0 ≈ few eV. A moderately energetic electron in

the jet might have γ =104, and thus scatter optical photons up to energies of around

a GeV, i.e., gamma-rays.

In order to calculate the full spectrum of radiation emitted, we must again consider

the full particle distribution (which will be the same as that emitting synchrotron,

if we are modeling a jet) and the distribution in energy and space of the incident

radiation. To be accurate, we must also consider the Klein-Nishina effect on the

scattering cross section, which tends to decrease it from the Thomson value at high

incident photon energies, and thus reduce the efficiency. Numerical models for jet

emission must convolve the photon and electron energy distributions and take into

account the source geometry, as discussed in the next section.

It is interesting to compare the radiated power from a single charge in the syn-

chrotron and IC cases. For IC,

PIC =
4

3
σT cβ2γ2urad, (1.13)

where urad is the radiation energy density of the target photon field, β and γ

describe the electron, σT is the Thomson cross-section, and c is the speed of light.

Clearly, as the particles become more relativistic, and the radiation field more dense,

the more efficient the scattering process becomes. In comparison, for synchrotron,

the equivalent expression is

Psync =
4

3
σT cβ2γ2uB, (1.14)

exactly identical, except the radiation energy density has been replaced by the

energy density of the magnetic field,uB = B2/(8π). Consequently, the ratio of power

emitted in the IC regime (gamma-rays) to that in the synchrotron (radio) can give

a constraint on e.g., the magnetic field B or the energy density urad, if either of the

others are known.

Synchrotron-self Compton and External Compton

While the high-energy emission in jets is almost certainly from the IC scattering, it

is not clear where the jet gamma-ray emission site is located relative to the SMBH

system and surrounding material. Thus, it is not clear which is the dominant source

of seed photons to be up-scattered by the jet. The most simple model has the jet par-
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ticles upscatter its own synchrotron photons, resulting in synchrotron self-Compton

(SSC) emission as first described by Ginzburg & Syrovatskii (1965), and considered

for radio-loud AGN generally by Rees (1967b); Jones et al. (1974). Numerical models

incorporating SSC emission were used to model individual sources after the EGRET

instrument on board the Compton Gamma-ray Observatory discovered several dozen

gamma-ray bright blazars such as 3C 279 (Maraschi et al., 1992, 1994). Bloom &

Marscher (1996) explored in detail how the SSC model could produce various SED

behaviors. Hadronic models, in which protons with very high γ ≈ 109 − 1010 could

produce GeV and TeV photons, have also been suggested (Mannheim & Biermann,

1992; Mannheim, 1993).

Alternatively (or in addition), photon fields external to the jet could be important,

producing external Compton (EC) emission. Melia & Konigl (1989) first suggested

that Compton drag from accretion disk photons could slow a hyper-relativistic jet and

produce gamma-rays; Dermer et al. (1992) also proposed a model for the gamma-ray

emission of 3C 279 and 3C 273 with UV and X-ray accretion disk photons upscat-

tered by the relativistic jet, predicting that the gamma-rays would be preferentially

beamed. Other EC models suggest that photons from the broad line region (BLR)

could be important, whether the BLR photons are reprocessed from the accretion

disk (Sikora et al., 1994), or the jet (Ghisellini & Madau, 1996). It is also possible to

have significant emission from the molecular torus where infrared photons from the

hot dust are present (BÃlażejowski et al., 2000; Arbeiter et al., 2001). In general, low-

power blazars such as BL Lacs are usually modeled using SSC (Mastichiadis & Kirk,

1997; Ghisellini et al., 1998; Coppi & Aharonian, 1999), while powerful broad-lined

sources are usually modeled including an EC component (e.g. Sikora et al., 1994,

1997, 2009; Ghisellini & Tavecchio, 2009; Ghisellini et al., 2010b). However, due to

the number of free parameters in numerical jet models, many different models can

usually fit the same SED equally well (Sikora et al., 1997). The question of SSC

versus EC is an important one if we wish to understand how the jet is structured,

and is addressed in a population context in Chapter 4.

1.3.5 Jet Models

The One-Zone Leptonic Model for Blazar Emission

It is useful to introduce in some detail a very simple model for blazar emission. The

original idea for a relativistic jet was proposed by Blandford & Königl (1979). This

model has been widely applied and adapted, and though generally simplified com-
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pared to the real source geometry and makeup, has allowed us to understand much

of jet phenomenology. This simplest model is a one-zone, homogeneous, leptonic jet

model. It includes a single emitting region somewhere in the jet, usually a sphere

of radiating material of radius R. The magnetic field is homogeneous and tangled in

this region, with strength B in Gauss. Some process continuously injects relativistic

electrons into the emitting region, giving us a source rate of radiating particles Q(γ)

in units cm−3 s−1. Typically, a power-law distribution is assumed, such that Q(γ) =

Q0γ
−s, between the minimum and maximum energies γmin and γmax. The injection

rate corresponds to a luminosity (or power) Linj = Qmec
2(4/3)πR3 (erg s−1), where

each electron has been converted to its rest-mass energy mec
2 for the total volume of

the blob. The blob itself moves at a speed β, corresponding to a bulk Lorentz factor

Γ, at an angle θ to the observer’s line of sight. Even this simple model clearly has

a large number of free parameters: magnetic field strength B, particle distribution

parameters Q0, s, γmin and γmax, as well as θ, Γ, and R.

Figure 1.18: Figure taken from Ghisellini et al. (1998), Figure 1. SEDs of Gamma-ray bright blazars detected by EGRET
are shown (points correspond to historical SED data form the literature). The solid and broken lines correspond to One-
zone Leptonic models with EC and SSC emission, respectively, where the EC model takes into account photons from a
generalized isotropic blackbody. The IAU name of the source is noted in each sub-figure, along with the scaling factor used
for graphical purposes. In this work, it was found that SSC and EC models fit the SEDs equally well.

The emission from the blob is calculated by solving (numerically) the continuity

equation which in effect balances the injection of relativistic electrons with the cooling

due to radiation via synchrotron and inverse Compton processes. These cooling terms
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can contain a great deal of complexity, especially in the case of external Compton

emission, where the ambient photon field may or may not be isotropic, or consist of

certain dominant spectral lines. The model fit to the SED is generally evaluated by

eye, and the model is usually constrained by other observations, such as variability

timescales (putting a limit on the source size R), superluminal speeds (limiting δ) and

opacity to pair production (impacting the injection luminosity). Several examples of

blazar SED fits using a one-zone leptonic model are shown in Figure 1.18 (from

Ghisellini et al., 1998). Note that the single-zone, homogeneous model will never

accurately reproduce the self-absorbed radio emission (as can be seen in Figure 1.18)

which probably corresponds to larger and slower emitting regions than are being used

to fit the synchrotron peak and gamma-ray spectra.

Structured Jet Models

While there is insufficient space to do a thorough review of all the jet models in the

literature here, it is important to highlight a particular class which invokes velocity

gradients in the plasma responsible for the blazar emission, which will become im-

portant in the interpretation of the results in Chapter 2. One of several reasons that

these models were developed was to address the ‘FR I−BL Lac Unification Prob-

lem’. Because FR Is and BL Lacs appeared to be the less powerful representatives

of their respective classes, it was suggested that they were the same population un-

der different orientations. This was supported by similarities in host galaxies and

radio morphology (Urry & Padovani, 1995, and references therein). Further work

had revealed that obscuration was not a significant factor in either BL Lacs or FR

I, as shown by observations in the radio, optical, and X-rays (Chiaberge et al., 1999;

Henkel et al., 1998; Trussoni et al., 1999), see also the more recent work by Bal-

maverde et al. (2006); Evans et al. (2006). Constraints on the Doppler beaming

factor δ had been made from observations of superluminal motions, the shape and

variability of the SED (suggesting δ ≈ 25; Tavecchio et al., 1998), and transparency

to the gamma-ray emission.

An important consideration for any model which produces high-energy photons

is the pair-production effect. Two photons of sufficient total energy (> 1 MeV,

twice the rest energy of an electron or positron) can interact to form an electron-

positron pair, which then annihilate to produce gamma-ray photons. The net effect

is to convert a very high energy photon into lower energy gamma-rays, changing the

shape of the SED. The cross-section for pair-production is highest just above 1 MeV

and falls down sharply, and the effect is only important if the photon density is high
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enough to affect a large fraction of the emitted high-energy photons. In extreme

cases, pair-production can completely absorb the high-energy portion of the SED.

The constraint comes about from the simple observation that we see high levels of

gamma-ray emission from BL Lacs; in order to avoid absorption via pair-production

with the infrared background photons, the jet speed (and consequently, Doppler

factor) must be high, with δ ≥ 50 (Krawczynski et al., 2002).

From the above discussion of beaming, we know that such high δ will imply a large

difference between the beamed blazar luminosity, and the un-beamed core luminosity

measured in radio galaxies. The core or nuclear emission seen in images of FR I had

been shown to be synchrotron emission from the jet (e.g. Chiaberge et al., 1999), and

yet the difference between the core luminosities and that in BL Lacs implied only a

small Doppler beaming factor (Chiaberge et al., 2000). The high δ values were also

in disagreement with the small apparent velocities observed for some TeV-emitting

BL Lacs on parsec scales with Very Long Baseline Interferometry (VLBI) in the radio

(e.g. Marscher, 1999).

Figure 1.19: (Left Panel) Figure taken from Georganopoulos & Kazanas (2003). This model posits a high-speed plasma
which decelerates, so that the gamma-ray emission is from the high-speed base of the jet, while the radio through optical
emission is from the slower plasma downstream. The net effect on the SED is that the highly beamed X-ray emission comes
from the fast flow, but as the source is misaligned, this component in the SED drops out quickly, leaving the contribution
from the slower flow to dominate. Note that the frequency of the synchrotron peak changes drastically, from an X-ray
peak when the source is aligned (and seen as a TeV-emitting blazar), to a sub-infrared value at an angle of 25◦ (where it
would be seen as a radio galaxy). (Right Panel) Figure taken from Ghisellini et al. (2005). The spin-sheath model has a
different geometry, with a high-velocity spine responsible for the highly-beamed X-ray emission, while a surrounding and
slower-moving sheath dominates at larger angles to the line of sight. However, the effects on the SED are similar to the
model to the left. Here the TeV-emitting blazar Markarian 501 has been modeled to fit simultaneous SED data, shown in
red. The same model predicts a much lower synchrotron peak frequency when the source is misaligned, as shown by the
blue curve.

The proposed solution is a jet not characterized by a single velocity for the emit-
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ting plasma, but rather a velocity gradient, such that high-speed plasma emits in the

gamma-rays while lower-speed plasma is responsible for the radio through optical

emission. This lower-speed plasma would explain the smaller δ factor implied from

luminosity comparisons. A ‘two velocity’ solution was proposed by Chiaberge et al.

(1999), and (Georganopoulos & Kazanas, 2003, hereafter G03,) presented a numeri-

cal jet model which was the first to include velocity gradients. In it, the high-energy

emitting plasma in BL Lacs was assumed to be decelerating. The high-energy emission

would then be generated at the high-speed base of the flow, while the slower-moving

plasma which had decelerated downstream would be responsible for the lower-energy

(radio-optical) emission. A related numerical model by Ghisellini et al. (2005) also

utilized velocity gradients, though with a high-speed spine surrounded by a slower-

moving sheath structure. The spine-sheath model was motivated by evidence of

limb-brightening in VLBI images (Giroletti et al., 2004; Giovannini et al., 1999), as

well as theoretical arguments (Henri & Pelletier, 1991).

While there are now more observations which support the spine-sheath geometry,

both models predict a similar behavior in the SED with misalignment. This is shown

in Figure 1.19, where in the left panel, the predicted SED as a function of angle is

depicted for a particular model realization of the G03 decelerating jet. Note that

the jet at θ ≈ 1/Γ has a very high synchrotron peak in the X-rays. As the source is

misaligned to θ=25◦ (where it would appear as a radio galaxy), the luminosity drops

by a factor of ∼ 2 in magnitude, but the frequency of the peak moves to much lower

values (from 1017 to 1013 Hz) than would be predicted by the 1:4 ‘simple’ jet described

in the previous section. A similar result is predicted by the spine-sheath model, as

shown in the right panel of Figure 1.19. The difference between the ‘vertical’ motion

of the synchrotron peak in the simple-jet scenario depicted in Figure 1.17, and the

‘horizontal’ motion in the velocity-gradient jet, will be a key part of the discussion

in Chapter 2.

1.3.6 Radio Observations of Jets

In this and the next section, I will briefly review the appearance of radio-loud AGN

in the radio and infrared−UV, respectively, with particular emphasis on the main

instruments used and observables produced which have been taken from the literature

for the population studies in this thesis.

The radio portion of the EM spectrum covers all frequencies below a few hun-

dred GHz. Radio observations generally come from three kinds of instrumental se-

tups: single-element (or ‘single-dish’), kilometer-scale interferometric arrays, and very
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long-baseline (thousands of km) interferometric arrays. The oldest type is a single

parabolic reflector. The sensitivity scales with the size of the collecting area, but is

also heavily influenced by the design of the reflector. Typical diameters are in the

tens of meters, extending up to 300m at the famous Aricebo Observatory. Much of

the historical data on blazars and radio galaxies utilized in the later chapters will

have come from single-dish telescopes in operation over the last 30 - 40 years.

However, single radio elements have limited spacial resolution, as the diffraction

limit scales as dish diameter λ/D - e.g., at 5 GHz even Aricebo has an angular

resolution of only 50 arcseconds. This limit can be overcome through interferometry,

in which several telescopes are connected over much longer distances or baselines to

have an effective diameter which is much larger. The Very Large Array (VLA) in New

Mexico and the Australia Telescope Compact Array (ATCA) are two array systems

which have produced a great number of high-resolution images of radio-loud AGN

through aperture synthesis. Interferometry with instruments like the VLA greatly

accelerated the study of radio jets, being both sensitive enough to detect weak jets

with short observations, and having the angular resolution to separate the jets from

surrounding extended structures. The dynamic range in sensitivity is also typically

in the range of 1000:1 from brightest to faintest flux, so extended structures can still

be resolved in the presence of bright unresolved emission in galactic nuclei. Lastly,

polarization imaging is also possible, with good sensitivity and resolution, giving

clues to the detailed magnetic field configuration in jets.

In Figure 1.20 are shown two VLA images of blazars at 1.4 GHz. The contours

indicate levels of flux density. As can be seen, a bright core can often be found

surrounded by much fainter extended emission on arcsecond scales. Measurement of

the extended emission at these frequencies (> 1 GHz) can only be obtained through

imaging because the beamed jet dominates the total flux. However, the array spacing

is important: compact arrangements are more sensitive to extended flux (with worse

resolution), while the least compact arrangements tend to be blind to flux on large

scales. This creates difficulties in measuring the extended emission. As will be dis-

cussed more extensively in Chapter 2, the extended flux (best measured by compact

array configurations) is isotropic emission from the radio lobes in blazars, while the

core flux (best measured by more extended configurations) comes from the beamed

jet. The former does not change with orientation, but the latter does. Thus the ratio

of core to extended luminosity (Rce) is an effective way to measure the alignment of

a blazar (Antonucci & Ulvestad, 1985). The best compromise method is to image

the source with both a compact and an extended array configuration, in order not to
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Figure 1.20: (Left Panel) Figure taken from Murphy et al. (1993). The bright quasar QSO 1055+018 is shown to have
significant extended emission on arcsecond scales, away from the bright core at the upper end of the image. The extended
flux for this object was measured using a combined A and B configuration with the VLA to maximize the sensitivity to the
extended emission while accurately measuring the core flux. (Right Panel) Figure taken from Jorstad et al. (2005). The
nearby (z = 0.048) radio source 3C 111 was monitored with the VLBA at 43 GHz over a period of three years, during
which an ejected knot was seen to move with apparent speed βapp =2.8±0.9.

under-estimate the extended emission (Murphy et al., 1993).

Very Long Baseline Interferometry (VLBI) works on the same principle as in-

struments like the VLA, but using much longer baselines (1000s of km) to achieve

incredibly high resolution. Long-term observations of blazar cores with the Very

Long Baseline Array (VLBA) have revealed super-luminal motions of compact knots

of plasma (Jorstad et al., 2001, 2005; Kellermann et al., 2004; Lister et al., 2009). A

very clear example of separation between an ejected knot and a stationary ‘core’ of

the source 3C 111 over the course of 3 years is shown in Figure 1.20, right panel). By

accurately tracking these components, we can measure the apparent jet speed βapp,

which as discussed previously, can give us information about the jet (including lower

limits on Γ).



1.3. JETS: EMISSION, MODELING, AND OBSERVATIONS 44

1.3.7 Infrared to UV Observations of Jets

The optical portion of the spectrum can contain a wealth of information, as it is

often the case that something other than the smooth, non-thermal jet emission can

be seen. Thermal emission from the host galaxy (an approximate black body with

absorption features typical of ellipticals), as well as the pseudo-thermal spectrum

from the accretion disk (in more powerful sources) can be seen as well as emission

from the broad and/or narrow line regions in both blazars and radio galaxies. In

the case of radio galaxies, high-resolution instruments are generally needed (such as

HST) in order to pick out the bright ‘core’ of the jet emission. In many cases optical

emission from the large-scale jet can also be resolved if the source is near enough and

misaligned enough to have large enough angular extent.

Figure 1.21: (Upper Panel) Figure taken from Abdo et al. 2011. The radio to gamma-ray SED of high-synchrotron peaking
(HSP) BL Lac Markarian 501. This low-power source has a synchrotron peak in the X-rays, while the infrared-optical is
dominated by the host galaxy in total flux, as shown by the prominent bump. (Lower Panel) The radio to gamma-ray
SED of the powerful FSRQ PKS 1222+216. This source is relatively misaligned for a blazar, as evidenced by both the
prominent accretion disk in the optical-UV (also called the ‘big blue bump’), and the appearance of steep emission at very
low radio frequencies (fit with a solid green line). A very well-aligned jet would typically be Doppler boosted enough to
overtake these components in total flux.

Host galaxy contamination is typically seen in less powerful blazars. As shown in

the upper panel of Figure 1.21, the SED of the TeV-emitting, X-ray peaking BL Lac

known as Markarian 501 has a very prominent bump in the infrared-optical region

from the host galaxy, indicating that the host galaxy is actually brighter than the jet

in total flux. This component can be a source of confusion in both SED fitting and

variability studies, and should be carefully accounted for especially in TeV blazars

(Nilsson et al., 2007). In more powerful, typically low-synchrotron-peaking blazars,

there is often the ‘big blue bump’ signature of an accretion disk in the optical-UV

portion of the spectrum. While the accretion disk continuum can vary, it does not do

so on the same scale as the jet, and thus it sticks out as a relatively ‘stable’ feature

in many blazar SEDs, as shown for the FSRQ PKS 1222+216 in the lower panel of
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Figure 1.22: (Left Panel) Figure taken from Landt et al. 2002. Simulated BL Lac spectra where a non-thermal jet spectrum
(power law with α=1) is combined with its underlying elliptical host galaxy spectrum with a relative strength varying from
0.2 to 100 as noted. As most visible in the lowest curve, the Ca II break feature is occurs at 4000 Å. As the jet becomes
increasingly dominant over the host galaxy, the break contrast C becomes less. The non-thermal continuum increases with
alignment due to relativistic beaming; thus C has been proposed as a possible measurement of relative alignment of the
jet to our line of sight. (Right Panel) Hubble Space Telescope images of FR I radio galaxies, taken with the Wide Field
Planetary Camera 2 (WFPC2). Each image is 36′′× 36′′. Images were obtained as part of the HST snapshot survey of the
3C radio galaxies (Martel et al., 1999). The central compact core (CCC) is the bright point in all four images, which was
shown by (Chiaberge et al., 1999) to have a luminosity correlated with a corresponding radio core, arguing for a synchrotron
(i.e., jet) origin.

Figure 1.21.

Another useful measurement which can be made using optical spectroscopy is

of the so-called Calcium II Break, located at 4000 Å. This is a stellar absorption

feature seen in the thermal spectra of elliptical galaxies (in which nearly all radio-

loud sources are found), and a good example is seen in the lowest curve shown in

Figure 1.22. The ‘contrast’ C = (f+ − f−)/f+ where f− and f+ are the fluxes in the

rest frame wavelength regions 3750−3950 Åand 4050−4250 Å, respectively. A typical

value for a non-active elliptical is 50%, whereas a common definition for a blazar is

<40% (Marcha et al., 1996). As can be seen in Figure 1.22, the value of C goes down

as the non-thermal jet emission becomes brighter relative to a fixed-brightness galaxy

spectrum. Thus, under the assumption that galaxy brightness and the un-beamed

jet flux are mostly fixed, the break contrast can be used as a measure of alignment.

Compared to blazars, radio galaxies are even more complex in the optical, as can

be seen in Figure 1.22, right panel. Here, in addition to the general hazy outline of the

elliptical galaxy (in some cases, intersected with dark areas from dust obscuration),

a bright central compact core (CCC) can often be seen, which has been shown to

have a luminosity which correlates with that of the radio core at the same position

(Chiaberge et al., 1999). These optical (and other wavelength) ‘core’ fluxes have been
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utilized in Chapter 2 in order to build the synchrotron SED of these misaligned jets

and compare them to blazars.

1.4 Radio-loud AGN Unification and Its Problems

While some progress has been made in connecting different source classes through

the orientation unification paradigm, there are many open questions and points of

conflict which have arisen over the past several years. The central problem addressed

in this thesis is the detailed relationship between the different types of blazars and

radio galaxies in order to understand more about their physics (with particular focus

on the jet properties). As mentioned in the section on AGN taxonomy, there is

considerable variety within each of the classes of blazars and radio galaxies, and I

will discuss each in turn.

1.4.1 The Orientation Paradigm

When applied at its extremes, the importance of orientation in unifying radio-loud

AGN appears obvious. That classical double radio galaxies exhibit jets roughly in

the plane of the sky can be seen clearly in radio observations, and the argument

that the radiation signature of blazars is due to Doppler-boosted emission from a

relativistic jet along our line-of-sight is convincing. However, there is considerable

uncertainty in the details beyond these points. Indeed, the presence of considerable

variety within the ‘aligned’ and ‘misaligned’ general populations has made identifying

the correct associations difficult. However, by the mid-1990s some consensus had

arisen that the two main types of blazars (BL Lacs and FSRQs) could be identified

as the counterparts to the two morphological classes of radio galaxies (FR I and

II, respectively), from a general correspondence between the radio morphologies and

linear dimensions, the magnitudes of the host galaxies, extended radio powers, narrow

line luminosities, and environments. This ‘dual population’ model is summarized in

reviews by Antonucci (1993) and Urry & Padovani (1995).

The connection between FR I and BL Lacs has been mostly confirmed by later

studies. Urry et al. (2000) found that over a hundred BL Lacs, imaged with HST, had

similar host galaxy magnitudes and extended radio powers to FR Is, and the same

for (higher magnitude and higher radio power) FSRQ and FR IIs. The optical core

luminosities in several FR I radio galaxies were found to compare well with that of BL

Lacs under a common beaming factor (Chiaberge et al., 2002). A study of the X-ray

cores in several FR I with Chandra also showed that the broad-band spectral indices,
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luminosities, and spectral index evolution was consistent with the population of BL

Lac objects (Balmaverde et al., 2006), though as was discussed above, resolving the

FR I/BL Lac luminosities along with the high δ factors required from the gamma-ray

opacity necessitates a velocity-gradient type jet in BL Lacs and FR Is. In their optical

spectra, FR Is typically exhibit weak narrow-line spectra consistent with those seen

in BL Lacs. In addition, bright unresolved nuclei in optical imaging are found in a

high percentage of FR Is, consistent with little or no significant obscuring material.

However, excess infrared emission not associated with stellar processes has revealed

the presence of warm dust in some FR I (Leipski et al., 2009).

On the FR II/FSRQ side, subsequent studies have lead to mixed results. Perhaps

the most convincing direct evidence for an orientation difference between broad-lined

and narrow-lined FR IIs was the detection of polarized broad emission lines in a

handful of narrow-lined FR II (Antonucci & Barvainis, 1990; Cohen et al., 1999),

indicating that the broad line region in these objects is indeed obscured. However,

Chiaberge et al. (2002) studied the optical luminosities of FR II nuclei with HST,

and found that a significant fraction of both the low excitation (LEG) and high

excitation (HEG) subsets of narrow-lined FR II displayed nuclear properties similar

to FR Is. Further, Ogle et al. (2006) found that not all FR II radio galaxies had mid-

infrared luminosities (as detected by Spitzer) consistent with a heavily dust-obscured

bright nucleus, and that about half of the population they studied were mid-IR faint,

suggesting a combination of weaker nuclei (perhaps coincident with lower accretion

rates) and a lack of significant obscuring material. Hardcastle et al. (2006) found no

evidence for accretion-related X-ray emission in FR II LEGs, again suggesting that

these sources should not be included in the ‘parent population’ of FSRQs.

Some support for the dual-population scheme rested on measurements of the cos-

mological evolution for the different sub-types, where ‘positive evolution’ implies a

population which is decreasing in number and/or luminosity with redshift, and ‘nega-

tive evolution’ implies the reverse. FR II have been found to have moderate to strong

positive evolution (Schmidt, 1968), while the evidence for FR I is more ambiguous,

including both negative (Maraschi & Rovetti, 1994; Perlman et al., 2004) and positive

(Magliocchetti et al., 2002) measurements. These signatures should match that of

the associated blazar classes, and indeed FSRQs generally show moderate to strong

positive evolution (e.g. Dunlop & Peacock, 1990). The evolution signature for BL

Lacs is more varied, from slightly positive or neutral (Stickel et al., 1991; Rector &

Stocke, 2001; Padovani et al., 2007; Caccianiga et al., 2002a) to moderately negative

(Wolter et al., 1991; Morris et al., 1991; Rector et al., 2000; Rector & Stocke, 2001),
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and even strongly negative for the sub-sample of high-synchrotron peaking (HSP)

sources (Bade et al., 1998; Giommi et al., 1999). An additional complication is that

the evolution appears to be affected by luminosity (e.g. Cirasuolo et al., 2005).

These findings put the dual-population unification scheme on uncertain ground. It

seems clear that some links exist between the radio morphology, the accretion power,

the appearance of emission lines, and degree of obscuration, yet the exact nature of

these connections is not clear, nor is it clear which parent populations correspond to

the various blazar sub-types. Before addressing this last issue in more detail, I will

now review the current status of unification within the blazar sub-class.

1.4.2 The Demographics of Blazars and the Sequence

Blazars are intrinsically rare objects, which along with their variability and anisotropy

of radiation, makes analyzing their demographics a challenge. When they were first

discovered, BL Lacs in particular were divided into ‘radio-selected’ and ‘X-ray se-

lected’ (RBL and XBL, respectively) sources reflecting their (at that time, typically

non-overlapping) appearance in radio or X-ray surveys. The SEDs of RBLs and XBLs

were typically very different, the latter having synchrotron peak frequencies (νp,syn) in

the infrared to optical, and the latter at extreme UV or even X-ray frequencies. For a

time the population was considered to be bimodal; however, as the population of BL

Lacs uncovered by surveys increased, it became clear that there were many interme-

diate sources as well, suggesting a continuous class (e.g. Laurent-Muehleisen et al.,

1999). FSRQs (also known as high polarization quasars and optically violent vari-

ables in older literature) were mainly found with νp,syn at low frequencies. The idea

that BL Lacs might therefore be more beamed relative to FSRQs was overturned

when studies found BL Lacs to have lower relativistic beaming, and less intrinsic

power (Padovani & Urry, 1992; Ghisellini et al., 1993), suggesting instead that there

are intrinsic differences between the classes.

In blazars νp,syn may take on a wide range of values (from 1012 to 1018 Hz at

the extremes), and this has become one of the principle ways to classify individual

blazars. While FSRQ sources are still typically found to have low νpeak (< 1014.5

Hz) with very few exceptions, BL Lacs are found to span the entire range, with low,

intermediate, and high-peaking BL Lacs (LBL, IBL, and HBL) typically dominating

surveys selecting in the radio, optical, or X-ray, respectively. Because the optical type

classification (e.g., BL Lac or FSRQ) is somewhat arbitrary (and, as we will discuss,

probably biased by orientation), I will adopt in this section and latter chapters the

generic terms for low, intermediate, and high synchrotron-peaking (LSP, ISP, HSP)
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Figure 1.23: Figure taken from Donato et al. (2001). The original spectral fits to average SEDs for blazars binned by
their 5 GHz radio luminosity are shown, as first discovered Fossati et al. (1998). The behavior of the synchrotron peak
moving to lower luminosity (Lp,syn) and higher frequency (νp,syn) as the 5 GHz luminosity decreases is known as the blazar
sequence. In this figure, the hard X-ray data from Donato et al. (2001) has been added (between log νp,syn = 17−18),
and found to correspond well to the expected levels.

blazars independently of the spectroscopic type, corresponding to the values νp,syn <

1014.5, 1014.5 − 1015.5, and > 1015.5.

The first successful unification of the blazar population was found by Fossati

et al. (1998). In that seminal paper, data from radio to gamma-ray were collected to

create SEDs for a broad set of blazars coming from three separate samples: the X-ray

selected Einstein Slew survey, and two radio surveys, the 1-Jy sample of BL Lacs and

the Wall & Peacock sample of FSRQ drawn from the 2-Jy sample (see Appendix A

for references and details on blazar surveys). Remarkably, when sources were binned

by their 5 GHz radio power, a spectral sequence emerged, in which the frequency of
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Figure 1.24: Figure taken from Ghisellini et al. (1998). For the 51 blazars studied in G98, strong correlations emerged
between many model parameters for the leptonic jet model as determined from the fit of the synchrotron spectra and other
constraints. In particular, as shown here, the energy of the particles emitting at the synchrotron peak (γpeak, in units of
mc2) is inversely correlated with both the combined compactness parameters (linj and lext, left panel) and the total energy
density (magnetic and photon field, right panel).

the peak of the synchrotron emission was anti-correlated with the source luminosity,

moving from ∼1016 − 1017 Hz for less luminous sources to ∼1013 − 1014 Hz for the

most luminous ones. This sequence is illustrated in Figure 1.23, where the averaged

data as well as a parametric SED fit for the five radio bins are shown. The sequence

was further supported by a study of the hard X-ray spectra for hundreds of blazars

detected with ASCA (Donato et al., 2001), in which a correlation between X-ray and

bolometric luminosity was confirmed (also shown in Figure 1.23).

The blazar sequence result was important for several reasons. First, it intro-

duced the idea of a monoparametric spectral sequence, with bolometric luminosity

(or something related to it) being the interesting parameter determining the observed

SED. Second, it suggested that blazars really could be unified as a single, continuous

class, as had been the growing consensus from the discovery of IBLs. It was also

found that the Compton dominance (the ratio of IC to synchrotron emission) ap-

peared to decrease smoothly along the sequence with decreasing source power, and

that the synchrotron and IC peak frequencies appeared correlated (this behavior can

be seen in Figure 1.23). In F98 and in the theoretical interpretation immediately

following (Ghisellini et al., 1998, hereafter G98), the suggested explanation was a

smooth transition from SSC-dominated gamma-ray emission in low-luminosity jets to

EC-dominated emission in powerful jets This also matched the increasing prevalence

of broad-lined blazars with increasing jet power, for these broad-lined regions could

be an ample source of photons for external Compton emission.

Using one-zone leptonic jet models to fit the SEDs of 51 gamma-ray bright blazars,

G98 found that the increasing external radiation density can lead to much higher rates

of cooling for the radiating particles, and consequently lower peak frequencies. This
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general picture was later confirmed and updated in Ghisellini et al. (2002) and Ghis-

ellini & Tavecchio (2008). In particular it was found that the relationship between the

energy of the particles radiating at the peak in the synchrotron SED (γpeakmc2) were

inversely correlated with the combined magnetic and radiation field energy density

U , with the approximate scaling γpeak ∝ U−0.6. Such a scaling makes the radiative

cooling rate at the peak nearly constant for all sources; as it is proportional to the

quantity γ2
peakU , this forces the observed anti-correlation. Thus the lower νp,syn in

powerful sources was a product of the same increasing external radiation field which

produced the higher Compton dominance, while in low-power blazars, radiative cool-

ing is much less important and energetic electrons are able to radiate up to high

frequencies (resulting in an HSP source).

Due to the strong correlation observed between both radio and gamma-ray lumi-

nosity, and between gamma-ray and bolometric luminosity for the EGRET-detected

sources on which the F98 work is based, in both F98 and later work the 5 GHz power

was assumed/understood to be a reliable proxy for the total bolometric power (i.e.,

the total power found by integrating over the entire SED), so in some discussions the

blazar sequence is described (equivalently) as an anti-correlation between νp,syn and

Lbol rather than between νp,syn and L5GHz or νp,syn and Lp,syn . However, both bolo-

metric and band luminosities such as L5GHz and Lp,syn are beamed quantities: the

‘intrinsic’ luminosity of the source is convolved with the beaming factor δ which

depends on the orientation and the bulk Lorentz factor Γ. Therefore when we say

that powerful sources have low νp,syn , it would be more accurate to say ‘apparently

powerful’.

The problem of the convolved beaming factor was at the heart of the criticism of

Nieppola et al. (2008), who found that by using ‘Doppler-corrected’ luminosities, the

blazar sequence actually disappeared (finding a large spread in intrinsic luminosities

for blazars independent of νp,syn ); however this study was deeply flawed in using radio

variability-derived Doppler factors, inappropriately applied to the optical through

gamma-ray spectra which is known to arise on much smaller physical scales and

nearer to the base of the jet than the self-absorbed radio emission. Indeed, the

very small Doppler factors they derived for TeV-emitting HSP BL Lacs is directly

controverted by the very small variability time-scales observed in the gamma-rays

for these sources: such timescales require a large Γ (and therefore δ) in order to

avoid pair-production effects which would suppress the gamma-ray emission, as was

discussed earlier. While it is worth asking what the effect of beaming could possibly

be in altering or perhaps producing a blazar sequence between Lbol and νp,syn , the
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fact remains that in order to obliterate or overturn the sequence as it is observed,

we would require very different Doppler factors than have been implied and observed

in the blazar population. It is safe to say that the conflation of beamed power with

the intrinsic power does not invalidate the blazar sequence finding. However, other

criticisms of the blazar sequence have revealed some need for a revision in our scheme

for blazar unification.

Is the Sequence an Artifact of Selection Effects?

Soon after the blazar sequence was proposed, new observations revealed puzzling or

somewhat contradictory results to the new paradigm. In this section I will summarize

the observational efforts representing the main challenges to the blazar sequence over

the past decade and a half. As summarized by Padovani et al. (2007), the blazar

sequence predicts (i) that HSP blazars are intrinsically less powerful than LSPs, (ii)

that no high-power, high-peaking blazars8 should exist (e.g., area ‘A’ in Figure 1.25),

and (iii) that HSPs should outnumber LSPs in total numbers. Item (i) can also be

seen as the condition that no low-power, LSP sources should exist (area ‘B’ in Fig-

ure 1.25). Several groups have made progress in testing these predictions, and while

the hypothesis has not been directly overturned, many confusing and contradictory

results have been uncovered. I will discuss each of the above points in turn.

The Search for High-Power HSPs

One salient criticism of the sample used in the original work is that it was built

with two very different selection methods, comprised of one sample selected with

a relatively faint flux limit in X-rays, and two with a rather high flux limit in the

radio. This disjoint selection might produce an apparent correlation simply by se-

lecting sub-populations of a more largely filled parameter space; i.e., intrinsically less

powerful blazars peaking in the X-rays but only bright blazars peaking in the radio

(Padovani et al., 2003, hereafter P03). In addition, high-luminosity, ‘high-peaking’

(e.g., νp,syn ∼1015−1016 Hz) blazars might be dropped from the sample because their

optical emission lines9 would be covered by the high jet emission: this might explain

the lack of powerful sources in the X-ray selected sample, rather than an intrinsic

sequence (see illustration in Figure 1.25).

8This has also been phrased as an absence of high-peaking FSRQs (so-called HFSRQs) generally
since lined blazars are supposed to experience the increased cooling which leads to low νp,syn.

9Necessary to determine redshifts, and therefore the distance, which allows us to calculate the
true luminosity of the source from the observed flux.
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Figure 1.25: Figure adapted from Fossati et al. (1998). The blazar sequence of F98, as shown in a plane of 5 GHz
luminosity versus the peak frequency. The three samples of sources are shown by symbols: filled circles for EMSS BL Lacs,
open circles for 1Jy BL Lacs, and triangles for the 2Jy FSRQ. The two areas shown may be empty due to selection effects,
as discussed in the text.

There have been attempts to identify high-power HSPs through broad-band in-

dices, the radio-optical and optical-X-ray spectral indices which roughly track the

peak frequency (e.g. Perlman et al., 1998; Padovani et al., 2003), however up un-

til recently these sources have all been revealed to be either mis-identified (actually

LSP) sources or to be low-power HSPs, i.e., in keeping with the sequence predictions

(Landt et al. 2006; Landt & Bignall 2008; see also Ghisellini & Tavecchio 2008). More

recently, Padovani et al. (2012) and Giommi et al. (2012) have again argued that this

missing population exists, with a direct bearing on the work presented in Chapter 2.

Because some of the discussion of these recent results will rely on that work to be

presented, this discussion will be revisited in later chapters with particular details in

Appendix D.
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Figure 1.26: Left Panel Figure adapted from Fossati et al. (1998). The original blazar sequence data as shown in a
plot of 5 GHz power versus the peak frequency (Right Panel) Figure taken from Padovani et al. (2003). For the DXRBS
sample, which reaches lower radio fluxes, the sequence is not apparent. However, the sample does not include most of
the low-power LSP sources of F98, and this limitation to mostly low-νp,syn obscures any trend. While no high-power HSP
sources were found by P03, that sample did detect a population of LSP sources at lower radio powers, as shown. Dashed
lines on both plots are to aid in their comparison.

Filling in the Envelope of Low-Power LSPs

On the other side of the sequence correlation lies the empty zone which might be

filled with low-power LSP blazars which were missed by the high flux limit of the

original radio surveys in F98. Several different groups have addressed this issue, and

by using deeper radio surveys have found sources to fill in the low-power, low-peak

portion of the sequence diagram.

The DXRBS Sample. P03 tested the sequence paradigm using two samples

built from cross-correlations of radio and X-ray catalogs (the DXRBS and RGB

samples, see Appendix A). Both have X-ray data taken with the ROSAT PSPC

instrument, which has a varying flux limit over the sky (10−14 to 10−10 erg s−1 cm−2);

however with 50% of the sky limited to fluxes of 3×10−12 erg s−1 or brighter, this

represents a somewhat lower sensitivity compared to the EMSS instrument used in

the original X-ray selected sample of F98. The main advantage of the P03 samples

is their larger size (nearly 500 sources combined), and much lower radio flux limits

(50 mJy and 25 mJy at 5 and 2.7 GHz for DXRBS and RGB, respectively). A key

finding of P03 was a lack of confirmation of the original blazar sequence for this

expanded sample. Fitting a rather a priori constrained SSC model to the sparse but

broad-band SEDs of the DXRBS sample (165 sources), a rough value of νp,syn was

derived. We show in Figure 1.26 a side-by-side comparison of the original blazar
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Figure 1.27: Left Panel Figure adapted from Caccianiga & Marchã (2004), with data from Fossati et al. (1998). The
original blazar sequence data shows a correlation between the radio to X-ray spectral index αrx and νp,syn. (Right Panel)
Figure taken from Padovani et al. (2003). For the DXRBS sample, which reaches lower radio fluxes, a number of low-power,
low-αrx blazars are found. The region covered is shown in the left panel as a striped region. Thus using the broad-band
spectral indices is not necessarily a reliable way to determine νp,syn.

sequence (left) to the DXRBS sources (right) in the plane of 5 GHz luminosity LR

versus νp,syn . A lack of HSP sources for the latter is apparent, and certainly promotes

the lack-of-trend finding; this may be due to the somewhat higher X-ray flux limits

or perhaps to the under-constrained SSC model used to determine νp,syn using very

little data. However the important, positive finding of P03, as might be anticipated

by the improved radio sensitivity in the DXRBS, is the discovery of a population of

sources with low νp,syn and low radio power, contrary to the original blazar sequence.

The CLASS Low-Luminosity Blazar Search. In another attempt to test

the blazar sequence, (Caccianiga & Marchã, 2004, hereafter C04) went a step further

than the DXRB sample (which is still limited to relatively powerful sources) in uti-

lizing the CLASS blazar survey which is specifically designed to find low-luminosity

blazars (e.g., L5GHz <1025 W/Hz). The CLASS blazar sample is drawn from the

larger CLASS radio catalog by selecting flat-spectrum (αr ≤0.5) sources with flux

greater than 30 mJy. The authors chose to forgo the typical optical classification

step in favor of a radio-only selection based on compactness. This choice was moti-

vated by the observation that many low-luminosity blazars have an optical spectrum

diluted or even completely dominated by the host galaxy, which may introduce a bias

against low-luminosity blazars in samples. In lieu of an optical identification, C04

therefore chose to select sources with a high radio compactness, e.g., with very little

extended radio emission, as measured by either the radio core dominance in 1.4 GHz
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Figure 1.28: Left Panel Figure taken from Caccianiga & Marchã (2004). As shown, the CLASS survey, which is tuned to
find low-luminosity blazars, finds many high-radio-power sources in the previously empty zone (in F98) of low αrx.

VLA B-array maps (R > 1)10 or via the spectral index α8.4
1.4 calculated using the 1.4

GHz B-array total flux and the 8.4 GHz (VLA) A-array total flux. The latter uses

a configuration which is blind to flux on scales larger than 7 arcseconds; therefore

a large amount of extended emission will result in smaller 8.4 GHz flux and a steep

value of α8.4
1.4. A value of α8.4

1.4 <0.6 was found to be equivalent to the cut R >1.

The C04 sample was cross-correlated with the RASS X-ray survey (limiting flux

∼1×10−12 erg s−1 cm−2) in order to provide an estimate of or lower limit on αRX for

244 blazar candidates; unfortunately this was the only metric applied to measure the

broad-band SED characteristics for this sample. In the absence of a well-sampled

SED, αRX is often used to provide a very rough estimate of νp,syn (as this turns out to

be an important source of error for this and later work, see the longer discussion in

10Where core dominance is defined as the ratio between the core flux and extended flux R =
Fcore/(Fext(1+z)), with the correction factor of (1+z) representing the k-correction factor assuming
the spectral index difference between the core and extended spectra is unity.
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Chapter 3). As shown in Figure 1.27, the sources of F98 show a correlation between

αRX and νp,syn. However, as noted by C04, all the low-power sources considered in

F98 come from the Slew Survey which is biased against steep αRX values. As shown

in the right panel of Figure 1.27 the P03 sample finds a significant broadening of

the correlation, with many low-power, low-αrx sources. The key finding of C04 was

that low-luminosity blazars were not restricted to the αRX < 0.75 range as seemingly

predicted by the blazar sequence, as shown in Figure 1.28; this is consistent with the

findings of P03 that many low-luminosity LSP blazars exist, contrary to the sequence.

Similar results to the above studies have been found by other authors. Contempo-

raneous to C04, Antón & Browne (2005) also looked for a low-radio luminosity sample

of blazars, by analyzing a subset of the 200 mJy flat-spectrum sample in which VLBI

imaging had revealed a core-jet structure typical of blazars (again, eschewing a strict

optical selection in favor a radio one). Again, low-luminosity, low-peak blazars were

found to form an envelope in the L5GHz−νp,syn plane. A similar envelope was found

by Nieppola et al. (2006) using a large sample of about 300 blazars based on 37 GHz

observations with the Metsahovi telescope, down to a limiting flux of 0.2 Jy. These

findings confirm a low-power LSP population which is ‘below’ the blazar sequence.

The Effect of a Misaligned Population

AGN luminosity functions typically predict that low-luminosity sources predominate

over high-luminosity ones, leading us to expect that we should observe a higher

space density of HSPs relative to LSPs, assuming they are a unified population. It

is important to emphasize that the luminosities (whether Lp,syn or L5GHz) discussed

here are relativistically boosted, to a degree which depends both on the bulk Lorentz

factor of the jet (Γ) and on the angle to the line of sight. Orientation-based unification

predicts that a hypothetical source, from a starting point of maximal beaming at

0 degrees, will drop in luminosity and synchrotron peak frequency according to the

decrease in Doppler boosting as it is misaligned. In the simplest case (a single Lorentz

factor and a convex spectrum), the ratio of decrease in log frequency to log luminosity

will be approximately 1:4, roughly orthogonal to the sequence, as was discussed in

Section 1.3.3. Thus regardless of the spread in intrinsic luminosities, we expect

to observe lower-luminosity sources which are the less-aligned counterparts to the

brightest sources: we expect a blazar envelope. Thus the over-representation of

LSP sources in radio surveys found by Padovani et al. (2007) is not necessarily an

indictment of the blazar sequence, but rather a consequence of more luminous sources

being preferentially included in a flux-limited survey.
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Can we explain the low-luminosity LSP blazars as misaligned sources? C04 ex-

plicitly considered that possibility. This was tested by examining the radio core

dominance of the sample: as discussed in Section 1.3.6, everything else being equal,

we expect radio core dominance to be higher for a source aligned closer to our line

of sight. However, C04 found that a sub-sample of CLASS blazars with high R

(> 10) showed no correlation between αRX and radio power, as would be expected

if the sequence was being spread out by the detection of misaligned sources. They

therefore concluded that low-luminosity, LSP sources are not merely misaligned high-

power objects. Additionally, Landt & Bignall (2008) found that HSP and LSP BL

Lacs objects cover similar ranges in extended radio power, also contrary to expecta-

tions. This cannot be explained by the simple presence of mis-aligned sources: the

1:4 ratio of frequency to luminosity decrease would suggest that the power-frequency

correlation will be largely unaffected by misaligned sources in the population. More

observations are needed to reconcile these findings with the blazar sequence model.

1.4.3 Unification Breaks Down

Along with the problems with the blazar sequence outlined above, the study of in-

dividual blazars has revealed many violations to the dual-population scheme. Kharb

et al. (2010) found BL Lacs displaying SEDs and hot-spots typical of quasars while

others have observed BL Lacs exhibiting broad lines in low continuum states (Ver-

meulen et al., 1995; Corbett et al., 2000; Raiteri et al., 2007). Along with findings

of powerful, FR II-like BL Lacs, and low-power FSRQ (Landt et al., 2006; Landt

& Bignall, 2008; Kharb et al., 2010), this appears to break any strict association

of optical type and jet power within blazars. In general, the importance of optical

spectral type in connecting radio galaxies with their aligned counterparts is difficult

to assess due to the strong effects of relativistic beaming on equivalent width mea-

surements on which the blazar classifications are based (Georganopoulos & Marscher,

1998; Ghisellini et al., 2011a). At the same time, the populations of LEG and HEG

radio galaxies are increasingly found to be mixed among both FR I and FR II mor-

phological types. All these findings create serious problems for a unification scheme

which connects spectral type with the morphology.

Revisiting the Blazar Sequence

The apparent lack of high-peaking, high-power blazars despite serious searches has

preserved at least one of the major predictions of the blazar sequence. However,

there is mounting evidence that the rest of the scheme requires modification. A
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major problem is the ‘envelope’ of low-power LSP sources: what are these, if not

simply more misaligned sources, as the results of C04 suggests they are not? Why

also are BL Lacs found to have jet powers uncorrelated with their peak frequencies,

despite covering a range of almost 5 magnitudes? How do we explain the appearance

of low-power FSRQs with νp,syn > 1015 Hz, or the powerful FSRQ-like BL Lacs? Why

is the blazar sequence not conserved when restricting to the FSRQ population? These

newer samples challenge both the sequence and its simplest extension that considers

the sources in the envelope simply to be de-beamed blazars. These problematic

findings will be revisited in the discussion of the new unification scheme outlined in

Chapter 2, where we will attempt to resolve these issues in the context of the new

scheme.



Chapter 2

The Blazar Envelope

2.1 Introduction

Radio-loud AGN are dominated in scale and in energy by their relativistic jets. In

the greater context of trying to find a unified picture of RL AGN, one reason to

study blazars is that this jet emission is particularly amplified, allowing us to study

it in detail and out to very high redshifts. However, as discussed in the introduction

(Section 1.4), the potential for building a successful unification scheme for jetted

AGN on the basis of the blazar sequence of Fossati et al. (1998) has been diminished

by a series of observations at odds with it.

The original finding of a spectral sequence seemed to imply that well-aligned jets

might be placed in the peak luminosity, peak frequency plane according to their

luminosity or jet power, in other words, that jets were mono-parametric systems.

Given that the jet emission is highly beamed, we expect that any such trend will be

‘smeared out’ by the detection of sources which are more and more misaligned (this

is conceptually depicted in Figure 2.1), as these sources will have lower Lpeak
1 and

νpeak as the Doppler factor d. rops with increasing orientation angle. While the surveys

on which the blazar sequence hypothesis was based were likely to have only picked out

1In this chapter, the quantities νpeak and Lpeak refer solely to the synchrotron peak frequency
and luminosity; in Chapter 4 I will use the more explicit νp,syn to avoid confusion with high-energy
peak measurements.
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Figure 2.1: A conceptual diagram of our naive hypothesis for the blazar envelope. If jets are mono-parametric, then the
intrinsic jet power (denoted by color) defines a unique location along the blazar sequence defined by maximally-aligned
sources (shaded region). If the envelope is filled with progressively misaligned sources, this should manifest as a ‘striping’
or gradient in jet power extending into the envelope. Further, orientation angle (e.g., as measured by the radio core
dominance) should increase and the Doppler beaming factor δ and apparent jet speed βapp should decrease as one moves
away from the sequence.

the more aligned sources, the effects of having a population with a significant range

of orientation angle (θ) has not been properly addressed. This is partly because the

power of the source is often taken from the (beamed) radio or peak luminosity, which

is tied to the orientation. This shorthand is acceptable if we assume that the whole

population has roughly similar δ (or that δ does not vary greatly within a given bin

of observed luminosity); however this is obviously not the case if our sample contains

a range in θ. This motivates our choice in this study to use an isotropic quantity (the

low-frequency radio emission) to measure the jet kinetic power, in order to properly

account for the intrinsic power separately from the amount of beaming. We depict in

Figure 2.1 both the blazar sequence of aligned sources (gray zone) and the envelope

filled by progressively more misaligned blazars, with a color scheme representing the

un-beamed, intrinsic jet power, based on the hypothesis that the sequence is mono-

parametric. If this is true, we expect to find source lying along ‘stripes’ defined by
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their jet power, and some indication that orientation angle increases as one moves

down away from the sequence (represented in the figure by a lightening of the shaded

color).

The work presented in this Chapter is a fully up-to-date study of the synchrotron

νpeak − Lpeak plane with an additional emphasis on tracking the jet kinetic power

Lkin and the degree of beaming (i.e., misalignment) for each individual source in

order to investigate if jets are monoparametric and how orientation and the jet kinetic

power plays a role in the jet emission. We are also motivated to answer the questions

raised in Section 1.4:

(i) What is the nature of the low-luminosity LSP blazars we now know exist?

(ii) How can we explain the appearance of counter-sequence sources such as low-

power FSRQ and high-power BL Lacs?

(iii) Why is jet power uncorrelated with νpeak when only looking at the BL Lac or

FSRQ subsets?

The key parts of these findings were published in somewhat more concise form

in Meyer et al. (2011a). Throughout this Chapter we adopt a cosmology based on

the concordance model with ΩM = 0.27, ΩΛ = 0.73, and H0 = 71 km s−1 Mpc−1.

Energy spectral indices are defined such that fν ∝ ν−α, and all luminosities (Lν) are

references to powers (νLν implied).

2.2 Methods

The original blazar sequence work was based on only 126 blazars, a few dozen of

which were detected in gamma-rays. Over a decade later there are thousands more

blazars and blazar candidates in the literature and a much greater density of multi-

wavelength data in general. Many of the newer samples have been designed to combat

the early selection effects of the radio and X-ray surveys, such as the low radio power

CLASS sample2 (Caccianiga & Marchã, 2004), and it is now clear that as our surveys

go deeper, many more low-luminosity blazars are emerging. In addition, jet emission

in radio galaxies (i.e., misaligned sources) has been identified using high-resolution

instruments in the radio (Very Long Baseline Interferometry, VLBI), optical (Hubble

Space Telescope, HST), and X-rays (Chandra).

2Published samples referred to in the text are fully described in Appendix A.
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In principle the observables necessary for this study are not many. For each

source, we require an estimate of the jet power (Lkin ), synchrotron peak frequency

(νpeak) and luminosity (Lpeak), and an estimate of the degree of beaming (we choose

the radio core dominance, Rce). However, estimating these four quantities requires

an extremely well-sampled SED from low-frequency radio (∼108 Hz) up to X-rays -

including multi-epoch photometry to mitigate the effects of variability. Such a data-

intensive requirement means that this is not a prospective study, but rather one built

on a vast amount of archival data collected over the last 30 years or longer.

In addition to the blazars in this study, we include the misaligned jets detected in

some radio galaxies. The synchrotron emission from the jet appears as bright nuclear

cores seen in radio, IR, optical, and X-ray imaging of radio galaxies. The jet nature

of the core emission has been confirmed by comparison of the broad-band spectral

indices and SED characteristics of FR I nuclei with BL Lacs (Chiaberge et al., 1999;

Capetti et al., 2000; Chiaberge et al., 2000; Capetti et al., 2002; Trussoni et al., 2003).

I will first outline the building of the blazar sample, and then address the radio galaxy

sample, since the methods employed for each differ.

2.2.1 The Blazar Sample

Building a Blazar Database

In order to investigate the nature of the blazar envelope, we require a sample of blazars

with a well-sampled SED such that a reliable estimate of the synchrotron peak loca-

tion can be made. Due to their broad non-thermal SEDs, blazars were first compiled

in large samples from radio and X-ray surveys. While many are ‘flux-limited’, mean-

ing that every existing source in the coverage area is counted in the sample down

to some limiting flux, this does not guarantee a statistically complete sample, as

beaming effects cause more aligned and brighter sources to be over-represented. For

the purposes of this project, moreover, any need for a complete or simple flux-limited

sample is outweighed by the desire to admit as many sources to our study as possible.

Most of the findings presented here are thus constrained to be more qualitative than

quantitative.

The blazar candidate sample was made from the surveys listed in Table 2.1.

Extensive details on the selection and content of these surveys is given in Appendix

A. The overall sample definition is complex, but does allow for the examination of

biases by population modeling, a topic that is discussed in more detail in Appendix

D.
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Table 2.1. Blazar Samples

Sample Abbrev. No. of References
Objects†

1 Jansky blazar sample 1 Jy 34 Stickel et al. (1991)
2-degree field (2dF) QSO survey 2QZ 56 Londish et al. (2002, 2007)
2 Jansky survey of flat-spectrum sources 2 Jy 213 Wall & Peacock (1985)
The Candidate Gamma-Ray Blazar Survey CGRaBS 1625 Healey et al. (2008)
Cosmic Lens All-sky Survey CLASS 236 Marchã et al. (2001); Caccianiga et al.

(2002b); Caccianiga & Marchã (2004)
Deep X-ray Radio Blazar Survey DXRBS 283 Perlman et al. (1998); Landt et al.

(2001); Padovani et al. (2007)
EGRET blazar sample ... 555 Mukherjee et al. (1997)
Einstein Slew survey sample of BL Lac objects ... 48 Perlman et al. (1996)
Fermi blazar sample 1FGL 689 Abdo et al. (2010a)
Hamburg-RASS bright X-ray AGN sample HRX 104 Beckmann et al. (2003)
Parkes quarter-Jansky flat-spectrum sample ... 878 Jackson et al. (2002); Hook et al.

(2003); Wall et al. (2005)
Radio-Emitting X-ray source survey REX 55 Caccianiga et al. (1999)
Radio-Optical-X-ray catalog ROXA 816 Turriziani et al. (2007)
RASS - Green Bank BL Lac sample RGB 127 Laurent-Muehleisen et al. (1999)
Einstein Medium-Sensitivity Survey of BL Lacs EMSS 44 Morris et al. (1991); Rector et al. (2000)
RASS - SDSS flat-spectrum sample ... 501 Plotkin et al. (2008)
Sedentary survey of high-peak BL Lacs ... 150 Giommi et al. (1999, 2005); Pira-

nomonte et al. (2007)

†Number of sources listed is total sources in sample (not necessarily number of blazars).
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A multi-frequency database of all sources in this master list was compiled by a

combination of all the data in the original publications, with additional data from

the literature and from the SIMBAD and NED online databases, for a total of 3773

sources (taking into account duplicates). For 69 sources, previously unpublished

Swift/BAT data were available which were utilized to produce fluxes and X-ray in-

dices using the standard analysis software provided by the Swift Science Team. These

data are given in column 10 of Table 5.13.

Spectroscopic classification (BL Lac or FSRQ) was taken from NED, SIMBAD,

or the most recent publication, and non-blazar sources (typically radio galaxies or

seyferts) were removed, leaving 3014 blazars. This step was somewhat problematic

due to the often-conflicting designations and the fact that NED does not flag BL

Lacs sources explicitly as such (instead being classified as ‘galaxy’). The method

employed to resolve this was to map the various designations in publications and in

NED/Simbad to either BL Lac, QSO, or non-blazar (e.g., ‘QSO’ was assumed to be

an FSRQ), and run a competing tally, to determine a final optical type. A further

reduction in the sample (∼100 sources) was made by removing sources identified as

blazars but which had spectra clearly dominated (on visual inspection) by thermal

emission in the IR/UV and by the host galaxy in the optical, indicating that the

jet emission was not beamed enough for the source to be considered a blazar, or

at least easily modeled as such (many of these sources were later included in our

radio galaxy sample). Indeed, the dividing line between blazar and radio galaxy is

not a particularly clean one, and seems to rely mostly on historical usage. However

removing these sources was necessary since we make the assumption in general that

all the photometry collected is due to the non-thermal jet (with the exception of

the low-frequency radio and possible UV thermal bump, both included in our SED

phenomenological model as discussed below).

It is necessary to know or have a reasonable estimate of the redshift for all sources,

in order to convert the observed flux measurements to luminosities at the rest-frame

frequency. For sources with unknown redshift (∼ 16% of the final sample), we use the

relationship between optical host galaxy magnitude and redshift of Sbarufatti et al.

(2005) to estimate a value for these sources, taking the lower limit when exact host

magnitudes were unavailable (these estimates are noted in Table 5.1). All luminosities

and frequencies were corrected to rest-frame values before spectral fitting; the local

SED fit (rather than an assumed index) was then used to find k-corrected rest-frame

quantities of interest.

3Tables 5.1 and 5.2 referred to in this chapter are given in Appendix F due to their length
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From the sample of 3014, a further reduction was made by removing sources

with sparse multi-frequency SED sampling. The minimum required sampling was

photometry at 3, 2, and 1 or more unique frequencies for the (rest frame) frequency

ranges <1011.5, 1011.5−1016, and >1016 Hz, respectively, yielding 1327 sources suitable

for further analysis. We discuss the properties of the discarded sources in Appendix D.

Estimating the Jet Power

Measuring the intrinsic (i.e., unbeamed) power of our jets allows us to see if the areas

occupied by sources of similar power in the νpeak − Lpeak plane can be understood

simply as an orientation effect (as it would be expected if the original blazar sequence

were correct), or if additional considerations are needed. We note that for our pur-

poses we need only classify sources into a few broad bins of jet power (as we show

below, a width of one decade gives us a sufficient number of well populated jet power

bins), and an extremely accurate estimation of the jet kinetic power is not needed.

In radio-loud AGN, large-scale radio lobes are created by the jets over the lifetime

of the blazar. The isotropic radiation from these lobes correlates with the power

of the jet on long time scales, and has a steep spectrum, which dominates over

the flat-emission from the core at low frequencies. Rawlings & Saunders (1991)

estimated kinetic power by dividing the lobe energy content of radio galaxies by

their age. The energy content was estimated through minimum energy arguments

(e.g. Miley, 1980) derived from measurements of the low frequency radio emission

where the lobe emission is assumed to dominate over the jet, while the source age

was estimated from spectral breaks in the lobe spectra through synchrotron aging

arguments. Willott et al. (1999) later revisited the idea of estimating the jet power

from the low frequency extended luminosity, studying in detail the parameters that

come into this relation, including the unknown energy content of the non-radiating

particles and the time evolution of the lobe luminosity (see also Blundell et al., 1999)

and presented a scaling relation which included a careful parametrization of the

various uncertainties (see their Section 4.1, and Equation 11). The normalization for

this scaling between the jet kinetic power and the low frequency extended luminosity

(Lext) came from different route. Dark cavities seen in (e.g., Chandra) X-ray images

have been associated with AGN jet activity and can be used to estimate the work

needed to inflate them (see the example shown on the left in Figure 2.2). Importantly,

this energy estimate does not depend on the minimum energy assumption and does

not require knowledge of the amount of non-radiating matter in the lobes. The

jet power Lkin is estimated by dividing the work (pressure times volume) needed to
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Figure 2.2: Left Panel: A smoothed Chandra image of the X-ray emission in the galaxy cluster MS 0735.6+7421 (40
kilosecond exposure). Overlayed are 1.4 GHz radio contours from the central AGN source; the radio jet activity is clearly
associated with the X-ray dark cavities. Image scale is 250 arcsec (875 kpc) on each side. Taken from McNamara et al.
(2005). Right Panel: The 200 - 400 MHz radio luminosity associated with the lobes of central AGN in galaxy clusters,
versus the kinetic power (Pcav) derived from the associated X-ray cavities, as described in the text. The best-fit relation
is given in Equation 2.1, and is used to convert from measurements of isotropic radio luminosity to an estimate of the jet
power for our sample. One caveat is the somewhat large scatter in the relation (0.7 decade); for this reason our analysis
compares sources in rather large bins of Lkin. Figure taken from Cavagnolo et al. (2010).

expand the cavity by the cavity age found by estimating the lobe buoyancy time

(B̂ırzan et al., 2008; Cavagnolo et al., 2010).

While this method is limited to a small number of sources at present, the Lkin −

Lext relation covers almost six orders of magnitude in jet power, including both FR I

and FR II sources as shown in the right panel in Figure 2.2. The slope of the scaling

Cavagnolo et al. (2010) find is compatible within errors with that found by Willott

et al. (1999) and requires a lobe energy content larger by at least a factor of 100

compared to that inferred by minimum energy arguments. The cavity work shows

convincingly that Lkin and the extended radio luminosity are related. We therefore

use the low-frequency extended luminosity (also commonly referred to as steep or

lobe emission) at 300 MHz (L300) as an estimator of the jet power for our work. This

value is then converted to Lkin from the linear fit (with 1-σ error),

log Lkin = 0.64(±0.09) (log L300 − 40) + 43.54(±0.12) [ergs s−1] (2.1)

taken from Cavagnolo et al. (2010). Although the scatter in the scaling is not in-

significant (∼ 0.7 decade in Lkin), it is adequate for our purpose of classifying sources

in broad bins of jet power. This value (Lkin) is what we generally refer to through-

out this chapter as the jet (kinetic) power, not to be confused with Lpeak or other

observables of the jet which are affected by beaming.
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Measuring Extended Radio Emission

The extended radio emission from the lobes of radio galaxies differs from the beamed

core emission in being both non-variable and generally exhibiting a much steeper

spectrum, as shown for two sources in Figure 2.3. Thus one way to isolate the

extended emission is to look for a change in the spectral index at low frequencies. For

our sample, a spectral decomposition (SD) method was applied to all sources which

had data points at five or more frequencies below 1011 Hz. Sources were tested for a

two-component spectrum by fitting alternately with a double power-law and then a

single power law (assuming normal errors). Because the latter can be expressed as

a particular case of the former, this allowed us to use the maximum likelihood (L)

ratio test for nested models. In this test, the statistic −2∆log(L) distribution can

be approximated as a χ2 with n2 - n1 degrees of freedom (Wilks, 1938). The double

power-law model has n2 = 4 degrees of freedom (slope and normalization for each

powerlaw), while the null hypothesis model has n1 = 2, for a total of two degrees of

freedom. We rejected the two power-law fit for a significance level α >0.05. The best

steep-spectrum fit was then used to calculate L300.

The normal approximation for the spread around the power law is a rough ap-

proximation, and for eight sources it appears the fit failed to find a significant two-

powerlaw solution due to a great deal of variability in the radio core points. L300

was estimated for these sources by fitting hand-selected low-frequency radio points

corresponding to a stable emission component persistent beneath the core variabil-

ity. This method was also used for a few sources which passed the test, where core

variability caused the steep power law fit to be somewhat more flat than would be

fit by eye (a correction of a few percent). I note that inclusion of these eight sources

and the corrections do not materially affect the results presented.

The SD method is the most reliable way to separate the boosted core emission

from the isotropic lobe emission, as it uses photometry which usually does not depend

on accurate spatial modeling of the core and lobe emission. Another method is to

measure the extended emission from core-subtracted VLA images (typically at 1.4

GHz). In order to expand the sample and counter some selection bias, extended

flux measurements were taken from the literature where available (see Table 5.1) for

references). One difficulty with these measurements is that an assumption must be

made about the spectral index used to extrapolate from the VLA observing frequency

(typically 1.4 GHz) to the 300 MHz luminosity. It is also clear from sources with

both a visible steep spectrum and VLA data that these are not always in agreement.

Even for the same object, VLA estimates by different authors can vary widely, as
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Figure 2.3: Two sources in which the stable, low-frequency isotropic emission is particularly well-sampled. The FSRQ
source QSO B0923+392 SED (top) shows a stable steep component (pink circles) at low frequencies, dominating up to
∼ 109 Hz. The jet emission (shown in purple) is clearly much more variable. For the radio galaxy 3C 338 (bottom) much
more of the extended spectrum (orange squares) is visible due to the nuclear emission being much less beamed. We also
show for the FSRQ an estimate of the extended emission observed at 1.4 GHz as measured from VLA maps (diamond),
which agrees well with the spectral fit (dotted line). At this frequency (1.4 GHz) is also where we typically measure the
radio core dominance (Rce), e.g., the difference in log-luminosity between the core and extended emission, so that in this
plot Rce is the distance between the dashed and dotted lines at 1.4 GHz. The more beamed FSRQ object has a positive
value of Rce , while for the radio galaxy Rce is negative. The dashed curves are the best-fit of the blazar model described
in the text and in Appendix B. The vertical lines show frequencies and associated instruments potentially useful for future
observations of blazars and radio galaxies, including the Long Wavelength Array (LWA) currently under construction.
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in the case of 3C 446, with 1.4 GHz extended flux estimates of 91.6, 271, and 4030

mJy (Kharb et al., 2010; Cooper et al., 2007; Antonucci & Ulvestad, 1985), none

of which agrees with a clear steep component which suggests a flux ≃ 800 mJy at

that frequency. This is likely due in part to the different methods (i.e., different

combinations of array configurations) which can affect the measurement of extended

flux, as discussed in Section 1.3.6. However, examination of the over 100 sources with

both VLA and SD estimates reveals that typical differences are less than 0.5 in log

luminosity, with the best agreement found using a low-frequency index of α = 1.2 for

the extrapolation to 300 MHz.

Connection Between Extended and Unbeamed Core Emission

For the SD method, it is important to note that failure to find a two power-law

solution for a source can just as easily be due to a lack of low-frequency data coverage

as to the source emission being highly jet dominated down to low frequencies. The

approximate frequency at which the beamed emission becomes dominant varies from

106 to 1013 Hz in our sample.

In Figure 2.4 I have plotted the ‘crossing’ frequency νcross of the fitted jet SED

and steep component and the log core dominance RCE (we define RCE as the log of

the ratio of core to extended luminosity at 1.4 GHz). The correlation is well-fit by a

linear regression model (correlation coefficient r = 0.87). This correlation can arise

from two coexisting causes: an intrinsic spread in unbeamed core power for a given

extended luminosity and the effect of beaming. If the effect of the natural spread of

core power dominates over the effects of beaming (as would be the case if beaming of

the core emission is weak or absent), then we expect to see radio galaxies and blazars

mixed along this correlation (this is because the change in luminosity and frequency

corresponding to a change in classification is smaller than the initial intrinsic range

that the aligned blazars populate).

This is, however, not what we find, as shown in Figure 2.4. Instead, we observe

a clear separation of radio galaxies and blazars which suggests that the effect of

beaming dominates over the intrinsic spread and that the range of unbeamed core

emission for a given extended luminosity is narrow. A narrow range of unbeamed

core emission for a given extended is expected if the range of jet power is related to

the extended emission, as the work of Cavagnolo et al. (2010) supports.
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Figure 2.4: The crossing frequency, νcross is the approximate frequency at which the SED becomes dominated by the
beamed jet emission rather than the steep extended emission. Radio galaxies are shown as empty squares, and blazars as
filled circles. As log core dominance (RCE) increases due to beaming this crossing point moves to lower energies. Many
sources will remain core-dominated to low frequencies, even to the limit of ground-based observations at ∼ 10 MHz. The
broken line shown is the linear correlation between the plotted variables (r = 0.87). The solid red line marks the 300 MHz
frequency at which the extended emission is measured.

Caveats

Many of our sources which lack VLA imaging have observations down to very low

frequencies (30 − 200 MHz), and show no signs of a steep component. It is impossible

to tell if these sources are highly core-dominated to the lowest observed frequencies

or if the lobe emission has a flat spectrum which is indistinguishable from the core

emission. The latter scenario may be a concern for the very low power sources, as

it is possible that the turnover frequency (i.e., the point at which the lobe emission

becomes steep) may increase with decreasing synchrotron power as Brunetti et al.

(2003) found for hot spots in radio galaxies. For these sources it may be advisable to
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perform VLA map subtractions at multiple frequencies to confirm such a spectrum,

a task reserved for future work.

It is a common practice to assume that flux below ∼ 300 MHz, taken without

examination of the spectral characteristics, is actually from the extended isotropic

component, rather than the core. This assumption would be clearly inappropriate for

many of our sources, as shown by Figure 2.4, and could lead both to an overestimate

of the jet power and an underestimate of the radio core dominance often used to infer

the degree of mis-orientation of the source.

Fitting the SED and Locating the Synchrotron Peak

For the 1327 blazars making the initial cut based on SED sampling, we utilized

a phenomenological parametric model in order to estimate the synchrotron peak

frequency and luminosity. The basic shape is parabolic, with a power-law extension

to low frequencies and a rising power-law to simulate the beginning of the IC spectrum

in the X-rays (Fossati et al., 1997). These components were free to vary within a

reasonable range in shape or slope, respectively, and in relative normalization, for a

total of 6 parameters. In sources where a big blue bump was suggested on visual

inspection, this feature was added to the SED fit by adding a template accretion-disk

spectrum (following Frank et al., 2002), adding one additional parameter for the its

luminosity (see Appendix B for a summary of the model). Note that it was necessary

to do the analysis of the low-frequency radio first, as described above, so that any

low-frequency points associated with the extended emission could be removed before

fitting the jet SED template. In those cases where a significant two-powerlaw fit was

found, any points below the crossing frequency νcross were not considered in the fit.

To fit our model, we used a simulated annealing routine for the parameter search

(Goffe et al., 1994), and an algorithm based on a combination of minimum square

distance (in log Lν) between model and data, with the added constraint of reasonable

agreement with the X-ray spectral index where available, enforced by increasing the

score of the fit by a function of the angle between the model and observed spectral

slope.

We note that while simultaneous multi-wavelength observations give the best

‘snapshot’ view of an entire SED, such data is usually still biased by being limited to

a single epoch, as these sources can vary by an order of magnitude or more on reason-

ably short timescales (hours to months) at nearly every frequency. The compilation of

all available photometry, generally collected over a long time-frame, sampling many

states of the SED, allows us to fit the model to the average SED of the source which
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Figure 2.5: Examples of typical blazar SEDs in the master sample of flat-spectrum sources. Visual inspection of over
1300 SEDs was used to separate sources with unambiguous synchrotron peaks (top, 653 sources total) from those with
under-sampled SEDs which might be consistent with several possible peak locations (bottom). The dark line is the best-fit
model (described in Appendix B) for each case, while the dashed lines show other possible SED shapes consistent with the
more sparsely-sampled SED.

may be more appropriate in a population context, in which extreme source states

might confuse results.

The TEX Sample of Blazars

After fitting with the SED model, each source was subsequently examined by eye,

in order to identify ambiguous cases where the formal best-fit model did not clearly

represent the only reasonable SED fit. In many cases these removed sources had few

data points in the critical region from IR to UV, lacked X-ray spectral indices, or had

significant host galaxy contamination in the optical. A comparison of an acceptable

and a rejected source with their best SED fits is shown in Figure 2.5, where our para-
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metric model is shown as a solid line for each object. A total of 653 sources remained

after this examination, in which we are confident in the determination of the syn-

chrotron peak to within one order of magnitude. (The rejected sources are discussed

along with the other under-sampled blazars in Appendix D). In total, 216 sources

have robust estimates of νpeak, Lpeak, and L300; this set comprises the TEX (trusted

extended) sample. Of these, 129 have extended radio flux from spectral decomposi-

tion, 87 were added using only VLA map data, and 90 have both a spectral and VLA

estimate. For the remaining 437 blazars comprising the UEX (unknown extended)

sample, upper limits on L300 (and subsequently Lkin) were set by extrapolating from

the luminosity at the lowest observed frequency using α = 1.2.

In Table 5.1 we list the sources which have a confirmed synchrotron peak and

extended power measurement (TEX sample). In columns 1 − 5 we give the source

name, position, optical type, and redshift. Estimated redshifts are noted by an

asterisk in column 5. In columns 6 and 7 we give the best-fit synchrotron peak

frequency and luminosity, respectively. In columns 8 and 9 we give the Swift X-ray

flux and spectral index for the appropriate sources, and in columns 10 and 11 we give

L300 and the converted value of Lkin, respectively. In column 12 we note the method

for the extended radio flux estimate: VLA, spectral decomposition (SD), or both.

We also note those sources (19 total) in which the spectral result is used instead of a

VLA measurement by a dagger in that column. In column 13 we give the references

for VLA data. All values are in the rest-frame of the source.

Because of the somewhat subjective requirement of an unambiguous synchrotron

peak, the TEX sample does not contain all the sources in original list, and cannot be

considered a complete sample. We focus most of our discussion on qualitative analysis

and positive findings for our well-characterized sample. Relaxing the criteria for

inclusion in the sample risks inaccurate measurements of the three principle quantities

(νpeak, Lpeak, and Lkin) and could lead to incorrect conclusions. See Appendix D for

a discussion of the selection effects of our master sample, the nature of the rejected

sources, and the possible impact on our conclusions.

2.2.2 The Radio Galaxy Sample

As the jets isolated in radio galaxies are understood to be the less-beamed coun-

terparts to blazars, one way to understand the relationship of the synchrotron peak

and beaming in the envelope is to see where the synchrotron peak falls for these

jets. In the context of the presumed blazar sequence, these ‘hidden blazars’ should

indicate whether the sequence is preserved in misaligned jets. We take advantage
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of recent work to isolate the radio, IR, optical, and X-ray core emission from the

jet in radio galaxies using high-resolution mapping to place as many radio galaxies

as possible on the νpeak - Lpeak plane (Chiaberge et al., 1999; Capetti et al., 2000;

Chiaberge et al., 2002; Capetti et al., 2002; Hardcastle et al., 2003; Trussoni et al.,

2003; Balmaverde et al., 2006; Massaro et al., 2010; Buttiglione et al., 2011). We

include 45 radio galaxies which have both extended radio flux measurements, and at

least one radio, optical, and X-ray measurement of the nuclear emission available in

the literature. The L300 for all radio galaxies was found from a parabolic fit4 to the

steep, low-frequency radio emission and subsequently converted to Lkin as in Equa-

tion 2.1. In all cases where available, VLA map-derived estimates at 1.4 GHz were

in agreement with the spectral fits.

Fourteen radio galaxies are nearby, well-known sources, with core measurements

at multiple frequencies which allow fitting of the synchrotron SED with the same

model used for the blazars. This set includes seven of the Fermi-detected misaligned

AGN (Abdo et al., 2010b).

For the remaining 31 with sparser SED sampling, the synchrotron νpeak was es-

timated using a non-parametric likelihood estimator. The joint distribution of RCE,

νpeak, and the SED colors5 αro, αox was calculated for all the sources in our TEX,

UEX, and fitted radio galaxy samples. From this, a conditional, one-dimensional

density on νpeak can be found by supplying the other three observables. The value of

the peak was taken as the maximum of this distribution, and we also report the 20%

and 80% quartiles as the sampling error.

It is straightforward to estimate the peak luminosity from the radio luminosity at

5 GHz, with which it has a linear correlation (correlation coefficient r = 0.85). The

linear fit (with 1-σ error) is

log Lpeak = 0.61 (±0.01) (log L5GHz − 43) + 45.68 ± (0.02) [ergs s−1] (2.2)

The 90% confidence interval, assuming a normal error distribution, corresponds to

an uncertainty of ∆(log Lpeak) ≃ 0.8.

The most likely peak frequency found by our statistical model for all radio galaxies

is at or below 1014 Hz, with the exception of four FR II sources with moderate jet

powers (Lkin ∼ 1044.5 ergs s−1) which display extreme X-ray luminosities. These

sources include the broad-lined radio galaxies (BLRG) 3C 390.3 (which has been

4For fitting the steep component in radio galaxies, a log-parabolic model is more appropriate
than a power-law due to the much greater range of the spectrum visible, which usually has some
curvature in νFν (see e.g., Figure 2.3).

5Spectral indices are defined at 1.4 GHz, 5000 Å, and 1 keV.
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previously reported to have an LBL-like SED by Ghosh & Soundararajaperumal

1995) and 3C 332, as well as two lesser-studied narrow line radio galaxies, 3C 197.1

and 3C 184.1. The two BLRG have been detected with Swift and BeppoSAX in

the hard X-ray (Grandi et al., 2006; Cusumano et al., 2010). All four sources were

excluded from the final sample, as the X-ray is likely either thermal or from a strong

IC component, and without knowledge of the synchrotron X-ray emission, a reliable

estimate of νpeak cannot be made.

The final list of 41 radio galaxies is given in Table 5.2. Column descriptions are

as in Table 5.1.

2.3 Results

2.3.1 The Blazar Envelope

The simplest scenario behind the appearance of a blazar sequence is that the physical

properties of extragalactic jets (as measured through the synchrotron peak frequency

and luminosity) are a function of a single parameter, the jet kinetic power (Lkin). If

there is a one-to-one correspondence between νpeak and Lkin, the original blazar se-

quence could be seen as the extreme ‘edge’ of an envelope, formed of the most aligned

(and therefore brightest) objects. More misaligned sources should appear below the

sequence, causing it to widen. If the jets are monoparametric in terms of jet power,

these misaligned sources should fall in a line away from their aligned counterparts

on the sequence, according to the drop in Doppler factor, forming ‘tracks’ of similar

kinetic power in the envelope of blazars populating the νpeak - Lpeak plane.

The TEX sample of 216 blazars and the 41 radio galaxies are shown in the plane

of Lpeak versus νpeak in Figure 2.6. Blazars are represented as circles (BL Lacs) and

triangles (FSRQ). The power of the source (Lkin) is shown by color in bins of one

decade. Examining the location of blazars, there is an obvious lack of sources with

both high jet powers and synchrotron peak frequencies above 1015 Hz, though a

few of the ISP/HSP sources have quasar-like spectra. The population at low peak

frequencies, conversely, is highly mixed in terms of kinetic power (with many low-

power sources coincident with high-power sources), spectral type (with both BL Lac

and quasar spectra present) and the spread of peak luminosities, which ranges from

1044 to 1047.5 ergs s−1. ISP blazars are somewhat under-represented in this figure, and

appear at rather lower luminosities than expected for sources which are transitional

in power and properties between the high-power, low-peak blazars and the low-power

HSPs. Overall, the most striking result is that the blazar sequence hypothesis is not
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consistent with the updated Lpeak versus νpeak plane.

The 41 radio galaxies are shown in Figure 2.6 as squares (FR I) and inverted

triangles (FR II). Those detected by Fermi (Abdo et al., 2010b) are circled in red. For

our radio galaxy sample, we note that the jet power does not apparently exert much

influence on their synchrotron peak frequency, and it appears that all radio galaxies in

our sample exhibit jets with peaks below the optical-UV range in frequency. Further,

no evidence is found for any conservation of a ‘blazar sequence’ within the radio

galaxy jets shown here. If, as has been suggested, different emission regions in the

less powerful jets dominate at different orientation angles (Chiaberge et al., 2000;

Georganopoulos & Kazanas, 2003; Ghisellini et al., 2005) it may simply be that the

‘sequence’ behavior (in which jet power regulates the synchrotron peak) pertains to

the fast parts of the jet which are no longer visible in highly misaligned radio galaxies.

Do Jets have Velocity Gradients?

It then becomes interesting to ask the question of what type of orientation tracks

might explain the pattern we observe in the Lpeak-νpeak plane. As discussed in Sec-

tion 1.3.5, a set of related jet models invoke velocity gradients in low-power jets to

explain (i) the discrepancy between the high Lorentz factors required by the fast

variability, pair production opacity, and SED modeling for the sub-pc scale jet and

the lack of significantly superluminal motions at the VLBI scales and (ii) satisfy the

unification between low power blazars and FR I radio galaxies. As discussed, these

models alter the beaming pattern of the jet as it is misaligned. On the other hand,

in powerful sources, the Lorentz factors required to model the SED (Γ ∼ 10 − 20)

are similar with those deduced from following VLBI superluminal components (e.g.

Jorstad et al., 2001).

Two tracks are shown in Figure 2.6. These illustrative tracks do not intend to

simulate any particular source, and are shown to simply demonstrate how sources

that start with the jet pointing toward us will appear as the jet orientation angle

increases. The first, labeled (A), follows the misalignment of a powerful6 source

assuming a single jet Lorentz factor Γ = 15. This track follows the expected 1:4

ratio of decreasing (log) frequency to (log) luminosity of the peak as the source is

decreasingly beamed (see discussion in Section 1.3.3). The second track, labeled (B),

is for a weak source and shows the change in peak location for one possible model of a

decelerating jet, as described in Georganopoulos & Kazanas (2003). In this particular

example, the Lorentz factor of the flow decreases continuously from Γmax = 15 to

6Note that these tracks are qualitative, and do not assume any particular Lkin.
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Figure 2.6: The blazar sequence, which originally showed an anti-correlation between synchrotron Lpeak and νpeak has
been expanded into an ‘envelope’ with the addition of new observations and radio galaxies. BL Lacs are shown as filled
circles, FSRQ as filled triangles, and radio galaxies as squares (FR I) and inverted triangles (FR II). Color indicates the
jet kinetic power (Lkin in ergs s−1), as estimated from extended radio flux measurements. Track (A) shows the path of
a synchrotron peak for a single-component jet, and (B) for a decelerating jet of the type hypothesized to exist in FR I
sources. The fully-aligned limit for each (0 degrees) is shown as marked, with the arrow direction indicating the movement
of the model source as it is misaligned.

Γmin = 3 in a distance of 5×1017 cm, and the emitted spectrum is calculated along the

jet and integrated spatially. The track exhibits the qualitative characteristics (e.g.,

more horizontal movement) not only consequent of the decelerating model, but of any

model with velocity gradients in which the most energetic electrons are injected in the

fast part of the flow, such as the spine-sheath model of Ghisellini et al. (2005). Such

models, as can be seen in Figure 2.6, exhibit a shallow decrease of Lpeak and a sharp

decrease of νpeak because the opening angle of the beaming cone is smaller for higher

frequency emission; as the angle to the line of sight increases, progressively lower

frequency emission is beamed away from the observer. Only for angles & 1/Γmin, do
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we expect the beaming track to start resembling that of a constant Lorentz factor flow

and Lpeak to start dropping faster with decreasing νpeak. This model predicts that

the low-power HSP blazars will follow a more horizontal path from the most beamed

blazars to the misaligned radio galaxies. Interestingly, though each model originates

in very different parts of the plane at low viewing angles, they coincide at higher

orientation angles (i.e., when seen as radio galaxy core emission). It is apparent that

the SEDs of weak and strong jets become more similar at higher orientation angles.

The ‘L’ shaped edge in Figure 2.6 and the position of the low-power, ISP and

HSP blazars appears to agree with the decelerating model path. It is important

to consider the possibility of bias in our sample selection depleting the ISP region

(discussed in Appendix D), and the fact that modeles producing misalignment path

(B) predict that we will find evidence of increasing orientation angle along the path

from high to low νpeak. The latter question will be addressed below.

2.3.2 Estimating Relative Beaming with Radio Core Domi-

nance

One of the original goals of this study was to clarify how sources in the envelope might

be related to each other by different amounts of relativistic beaming. We thus need

a way to measure or approximate the degree of misalignment in individual sources.

The most readily available measure is the radio core dominance RCE; typical values

range from −3 (for the most off-axis radio galaxies) to ∼ 3 (highly beamed quasars).

As the extended emission is non-variable and unaffected by beaming, the dependence

of RCE on the orientation angle θ is directly due to the increased Doppler boosting

factor at low angles. The Doppler factor δ is given by

δ =
1

Γ

1

(1 − βcosθ)
(2.3)

where Γ is the Lorentz factor of the jet and β = v/c. The Doppler-boosted luminosity

for any part of the jet SED is a function of δ,

L = L0δ
p (2.4)

where L′ is the unbeamed jet luminosity and p = 2 + α to 3 + α depending on the

geometry of the jet model, with α equal to the energy spectral index at the frequency

of interest (see Urry & Padovani, 1995). RCE is thus a monotonically decreasing

function of θ, though the exact shape is dependent on Γ, becoming steeper as θ

increases. This does create a difficulty in comparing RCE values directly for sources



2.3. RESULTS 80

which may have very different bulk Lorentz factor values (such as, perhaps, very high

and low power sources). However, if we assume that sources of the same jet power

are similar in Γ, then we can compare at least these directly, and a source with a

lower RCE value will be more misaligned.

In order to investigate further how the sources of similar jet power are related

in Figure 2.6, one needs to examine also the core dominance. I show how the core

dominance changes with peak luminosity and frequency separately, still continuing

to bin by the jet kinetic power as before (Figures 2.7 and 2.8). This choice is partly

because it is practically difficult to add a 4th parameter in Figure 2.6, and also

because, as suggested in Figure 2.7, the core dominance may have a different maxi-

mum (i.e., normalization), depending on the jet power, such that high-power sources

have a lower maximum RCE than that of the lowest power bin, making it difficult to

compare sources at different powers directly. This can be understood if we make the

assumption that unbeamed radio power scales from the overall jet power as L′
R = ǫLkin

implying that jet radiative efficiency does not change much as the jet power increases.

As we know Lkin=κLη
ext (taking η ∼ 0.6, see Section 2.2.1), this leads to the relation

max RCE = (1 − 1/η) log Lkin + p × log (2Γ) + c1 (2.5)

where we have let δ=δmax=2Γ, c1 = log(ǫκ1/η), and (1-1/η) ∼ −2/3. Assuming the

last term is roughly constant, the maximum value of RCE is thus expected to decrease

with increasing Lkin, even assuming reasonably different Γ values for high and low-

power sources. For example, taking p=2, and Γ=15 for a jet of Lkin = 1046 erg s−1

predicts a max RCE about 1.25 lower than for a jet with Lkin = 1042 erg s−1 and Γ=3.

It is also expected that sources will separate by jet kinetic power in Figure 2.7.

Following from the above equations, we have for the expected relation between RCE

and Lpeak:

RCE =

(

2 + αR

3

)

log Lpeak +

(

1 −
1

η

)

log Lkin + c2 (2.6)

It is clear that binning by Lkin will indeed induce the ‘striping’ in that figure

through the second term, and that the slope in Figure 2.7 should be about 1.2 - 1.5

depending on the value of αR (where we have assumed p = 2 + α; see derivation

in appendix C). However, scatter could be induced by the remaining term, c2 =

log(ǫκ1/η) − (2+αR)logL′
peak/3 which is clearly determined by the relation between

the unbeamed luminosity of a source at a given Lkin. If this quantity is not roughly

constant with respect to Lkin, Figure 2.7 would be reduced to a multi-color scatter

plot and the striping would be lost or degraded. It is also interesting to note that, like



2.3. RESULTS 81

RCE

lo
g 

L p
ea

k 
[e

rg
s 

s−1
]

− 3 − 2 − 1 0 1 2 3

41

42

43

44

45

46

47

log Lkin :

< 43.5
43.5 − 44.5
44.5 − 45.5
> 45.5

BL Lac
FSRQ
FR I
FR II
Fermi RG

Figure 2.7: Core dominance (RCE) versus synchrotron peak luminosity for BL Lacs, FSRQ, and radio galaxies in our
sample. Color indicates the kinetic jet power (Lkin in ergs s−1), as calculated from extended radio flux measurements, as
in Figure 2.6. The dotted line has a slope equal to 1.2, the OLS bisector slope found for the whole sample. This slope is
consistent with the expected relation between Lpeak and LR due to beaming effects.

in Figure 2.4, there is a fairly uniform, sharp transition from blazars to radio galaxies

in Figure 2.7. These arguments again suggest that beaming has a dominant effect on

the observed (core) luminosity, rather than being due to a range of unbeamed core

luminosities (L′
R, L′

peak) for a given Lkin.

Core Dominance and Peak Frequency

A mild decrease in synchrotron peak frequency with increasing angle to the line of

sight is expected in the simplest case of a jet dominated by a single Lorentz factor.
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Figure 2.8: Core dominance (RCE) versus the synchrotron peak frequency for all sources with Lkin below 1044.5 (L300

below ∼ 1042) ergs s−1 (Left), and for all sources with Lkin above 1044.5 ergs s−1 (Right). While all low (kinetic) power
radio galaxies have lower core dominance than blazars of similar power, there are apparently two locations of more aligned
low-power blazars − one at low peak frequencies, with relatively higher RCE values (up to 3), and another at high peak
frequencies, with slightly lower RCE values (∼ 1−1.5). While nearly all sources at high peaks (> 1015 Hz) are BL Lacs
(i.e., HBLs), the low-peaking aligned sources include a mixture of FSRQ and BL Lac spectral types. Color scale is the
same as used in Figure 2.7.

As shown in the right panel of Figure 2.8, the change in peak frequency as core

dominance decreases is not significant for the sample of sources with Lkin greater

than 1044.5 ergs s−1, all of which have low synchrotron peak frequencies. For low-

power sources (less than 1044.5 ergs s−1), however, there is a surprising pattern in

the RCE − νpeak plane. As shown in the left panel of Figure 2.8, there appears to

be a clustering of sources with low peak frequencies and yet high core dominance,

where RCE reaches up to ∼3, and another location at high peak frequencies where

RCE reaches ∼1−1.5. Either locus could conceivably be connected separately via a

misalignment track to the radio galaxies at lower left, but the source distribution

suggests that there is not a smooth continuum between LSP and HSP sources. We

expect a similar monotonic relationship between RCE and νpeak(for a given Lkin) as

was derived above for the peak luminosity, but this is clearly not consistent with what

is shown in Figure 2.8, at least if sources at low power consist of a single population.

In some cases the high core dominance values for the LSP sources at low pow-

ers could be due to systematic underestimation of L300 for these objects because of

known problems with VLA measurements (incorrect modeling or use of an array con-

figuration which might miss extended flux). However this would require nearly every

single source to be over-estimated by an order of magnitude or more, and does not

explain those LSP sources for which the steep spectrum is actually seen and matches
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the VLA estimate (such as BL Lac itself, noted in Figure 2.8).

2.4 DISCUSSION

2.4.1 The Blazar Envelope

In support of the scenario of a continuous spectral sequence, the results in Figure 2.6

are still consistent with a decreasing maximum value on Lpeak as νpeak increases. That

sources near this limit are highly aligned, and those falling below are progressively

misaligned is supported by the strong correlation between core dominance and peak

luminosity shown in Figure 2.7 (which I note is much harder to appreciate without

separating sources according to their radio galaxy or blazar classification and by their

jet kinetic power). However, this simple scenario does not provide an explanation for

the rather noticeable ‘L’ shape to the source distribution in Figure 2.6 or the wide

range of synchrotron peak frequencies for sources of similar low jet powers. While

the former might be the result of missing sources at intermediate peak frequencies,

the latter is a positive finding that cannot be explained away as a selection effect.

However, our picture does not appear consistent with the ‘simple’ hypothesis of a

mono-parametric sequence as laid out at the beginning of this chapter. While some

separation based on jet power is observed (perhaps indicating a dichotomy), there is

in general a wide range of jet powers at any location in the envelope. Particularly,

low-power blazars appear over quite a large range of both νpeak and Lpeak, confirming

what has been found by earlier studies. The radio galaxy population appears only to

exhibit low νpeak , and no power-SED sequence is observed in that population. We

also find that optical spectral type is mixed, with many high-power sources appearing

as lineless BL Lacs, and some encroachment from FSRQs in the ISP/HSP zones.

However, many of these issues can be explained by adopting a new framework, in

which the formerly continuous blazar sequence is broken into two branches.

The Broken Blazar Sequence: A New Paradigm

When Ghisellini & Tavecchio (2008) revisited the theoretical blazar sequence, they

linked the power of the jet and the SED to two fundamental parameters of the

accreting black hole system − the black hole mass and the accretion rate. Following

Narayan et al. (1997) they assumed that sources with an accretion power (Lacc)

lower than a critical value7 Lcr = LEddṁcr are radiatively inefficient accretors with

7Where LEdd is the Eddington luminosity and ṁcr ∼ 3×10−3−10−2 is the critical mass accretion
rate in units of the Eddington accretion rate
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weak or absent broad line region (e.g., BL Lacs), while sources with Lacc > Lcr are

characterized by efficiently radiating accretion disks with strong big blue bumps and

powerful broad line emission, i.e., FSRQ.

One possible interpretation of our results is that we have two populations distin-

guished by their jet structure which is linked to their accretion properties. In par-

ticular, the population exhibiting moderate to high Lpeak and low νpeak , associated

with track (A) in Figure 2.6, are consistent with non-decelerating jets characterized

by a single Lorentz factor. These sources do not exhibit a high-peaking synchrotron

component and the increase in peak frequency as the jet is aligned is modest, leading

to a concentration of blazars with synchrotron peak frequencies ∼ 1014 Hz even when

fully aligned. The sources in this population include all of the more powerful blazars

(Lkin > 1044.5 ergs s−1) and many sources at lower powers. We include the latter

because of the high core dominance (and Lpeak ) of many low-power, LSP blazars

in Figure 2.8. The second population is only comprised of sources with Lkin below

∼ 1044.5 ergs s−1 and have complex, decelerating jets. These lower-power sources

exhibit a high frequency-peaking synchrotron component when aligned.

The updated blazar unification scenario is as follows. The non-decelerating, low-

peaking sources and decelerating, high-peaking sources form two distinct populations

which follow qualitatively different de-beaming paths in Lpeak − νpeak space, exam-

pled by track (A) and (B) in Figure 2.6, respectively. We term these populations

strong jets and weak jets, respectively. The two population scenario explains the

appearance of an L-shaped upper boundary as a natural consequence of the vertical

and horizontal paths by sources through the Lpeak − νpeak plane. It also explains

the appearance of Figure 2.8, as low power sources may be either strong or weak,

producing considerable spread in possible νpeak values as RCE increases.

It is tempting to associate those weak sources (having Lkin < 1044.5 erg s−1)

that we argue are characterized by velocity profiles (track B in Figure 2.6) with

sources having Lacc < Lcr. If we assume that Lkin . Lacc (e.g. Rawlings & Saunders,

1991), this implies that the accretion power of these systems reaches at least up to

Lacc ∼ 1044.5 erg s−1, which for ṁcr ∼ 3 × 10−3 corresponds to a black hole mass

of ∼ 109 M⊙, in agreement with black hole mass estimates of these sources (e.g.,

Barth et al., 2002). Similarly, sources with Lkin > 1044.5 erg s−1, which are all of the

powerful strong jet type (track A in Figure 2.6), must have Lacc > Lcr or equivalently

ṁ > ṁcr ∼ 3 × 10−3, assuming that black hole masses do not significantly exceed

∼ 109 M⊙.

In this framework, the low jet power sources (Lkin < 1044.5 erg s−1) that yet
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seem to have a strong jet may be explained as sources with relatively smaller black

hole masses, such that although their jets are low power, the mass accretion rate

required to sustain them is above the critical limit, i.e., ṁ > ṁcr. Consider a jet with

Lkin = 1044 erg s−1 and black hole mass 108 M⊙. From the above, it is clear that the

accretion rate (in units of 10−3) ṁ−3 = 0.7 Lkin,44 M−1
9 ∼ 7, exceeds the critical value

placing this relatively low power jet in the family of ‘strong’ jets.

This broken sequence model is illustrated in Figure 2.9. As shown, we do sug-

gest that the envelope sources are more misaligned objects, since we find that core

dominance decreases with Lpeak. However, the intersection of two populations in the

low-power LSP zone likely leads to much of the confusion in earlier studies, such as in

(Caccianiga & Marchã, 2004). In that study, the Rce of blazars was compared without

regard to their intrinsic jet power (or the fact that they may be of different jet types,

as we find both strong and weak jets at low powers). One of the important results of

the present work is that Lkin is an key source of information about the jet, and should

probably be considered in any large blazar study. For instance, we see evidence that

the maximum Rce is set by Lkin, and therefore direct comparisons of Rce in a mixed

sample will yield misleading results. Once binned by Lkin , we find that Lpeak is set

by Rce : i.e., envelope sources are more misaligned, addressing question (i) raised in

the introduction.

Optical Spectral Type and the Envelope

While the original observational sequence of Fossati et al. (1998) implied a transition

from quasars to line-less BL Lacs along a sequence from high to low bolometric

luminosity, a firm distinction is not a necessary part of the theoretical scheme for

a continuous blazar sequence. Ghisellini & Tavecchio (2008) explain the possibility

of blue (i.e., high-peaking) FSRQ, formed when the dissipation distance for the jet

exceeds the distance to the broad line region, as well as lower-power FSRQ formed

when efficient accretion occurs around a relatively small black hole, (the explanation

we proposed in Section 2.4.1 is along the same lines). Further, the traditional divide

between BL Lacs and FSRQ, at an equivalent width of 5 Å seems increasingly to be

an essentially arbitrary one (Ghisellini et al., 2011a). As discussed in Georganopoulos

& Marscher (1998), a line-less blazar may arise as a product of beamed emission out-

shining the spectral lines, which would then emerge if the source were misaligned.

A further complication arises when considering the optical spectral types of radio

galaxies. High excitation radio galaxies (HERG) have prominent emission lines and

presumably standard accretion disks accreting near the Eddington limit, while low
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Figure 2.9: A conceptual diagram of our new hypothesis for the blazar envelope. We propose that jets belong to either
a ‘strong’ (efficient accretion) population or a ‘weak’ jet population (inefficient accretion). However (as will be discussed
in Chapter 3), a broken power sequence may still exist, scaling differently for each branch. Thus within a branch, the
intrinsic jet power (denoted by color) defines a unique location along the blazar sequence defined by maximally-aligned
sources (shaded region), and the envelope is filled with progressively misaligned sources, following either a more vertical
path (strong jets) or horizontal path (weak jets) according to the jet velocity structure. This new paradigm makes many
predictions which we will address in the next chapter.

excitation radio galaxies (LERG) have few or no lines and their disks are likely

radiatively inefficient. While most FR II are HERG and most FR I are LERG, there

are known exceptions in both cases, including the nearby HERG FR I Cen A (Evans

et al., 2004), other possible ‘FR I quasars’ (Blundell & Rawlings, 2001; Heywood

et al., 2007; Chiaberge et al., 2009), and an increasing population of LERG FR II at

higher redshifts (up to z ∼ 0.5, Garofalo et al. 2010).

An explanation is given by Garofalo et al. (2010) for the presence of these mixed-

type AGN based on black hole spin − namely, that central black holes with high

retrograde spins and efficient accretion will produce powerful HERG FR IIs, which

slowly spin down to prograde-spinning, low efficiency FR Is. However, if the transition

between spin state occurs significantly before or after the transition in accretion

efficiency, mixed-state objects will occur. Interestingly, the spin-based unification
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Table 2.2. Overview of Strong and Weak Jet Classes

Strong Weak

Astrophysical
Definition

More powerful, single-
component jet (single charac-
teristic Γ), remains relativistic
on large scales

Lower-power jet with faster de-
celeration, multiple emitting re-
gions (multiple Γ)

Optical Type mostly FSRQ mostly BL Lacs

Synchrotron Peak All high-power LSP, some low-
power LSP

All ISP, HSP, some low-power
LSP

Typical L300 1040 − 1045 ergs s−1 1038 − 1042 ergs s−1

Typical Lkin 1043.5 − 1046 ergs s−1 1042 − 1044.5 ergs s−1

Radio Morphol-
ogy

FR II; Collimated jets, hot
spots, edge-brightened

FR I; Less collimated, edge-
darkened, no hot spots

Accretion Type Efficient, likely standard disk Inefficient, highly sub-
Eddington

scenario may explain the lack of an obvious continuum of blazar types, as in this

scenario the transition objects (near zero spin) have much lower jet powers than

rapidly spinning FR I or FR IIs, thus in our typical luminosity-dependent plots there

will be a ‘missing population’ of transition objects, either showing up at much lower

powers or missing due to selection effects.

Ultimately, it is not clear what role the ionizing continuum or line emitting regions

has in influencing the jet type. Optical spectral type is therefore not a part of our

suggested strong/weak classification, which relies instead on the source morphology,

core-dominance, and location in the νpeak − Lpeak plane, as outlined in Table 2.2.

Thus, many of the low-peaking sources with high core dominance (i.e., strong jets)

are BL Lacs, including BL Lac itself and all but one of the nine hot-spot BL Lacs

found in the MOJAVE sample (Kharb et al., 2010). Similarly, several quasars appear

at higher peak frequencies (i.e., as weak jets) in the UEX sample (see Appendix D.2).

Indeed, if many of our LSP BL Lacs are simply FSRQ with hidden lines, we expect

that the fraction of such sources will increase with beaming (e.g., Rce ), and when

the peak is closer to the optical - this prediction and several others will be addressed

in the next Chapter. Such an effect, as well as a relaxing of the strict coupling of jet

power and optical type as discussed above, can provide the answer to question (ii)

raised in the chapter introduction.
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Intermediate and Low-peaking Blazars

According to the proposed two-population scenario, all ISP and HSP sources belong

to the weak jet class along with FR I radio galaxies. As blazars, they move from a

population of HSP to ISP and finally LSP sources as they are misaligned, without

losing much in Lpeak, as predicted by the decelerating model. This addresses the final

question (iii) from the introduction, explaining why low-power blazars appear to have

the same Lkin across a wide range of νpeak. (For the FSRQ, the lack of a trend is due

to the fact that the total change in νpeak with angle is so small that the contribution of

misaligned sources simply yields a scatter plot in the νpeak −Lpeak plane). Compared

with HSP, ISP blazars should have lower core dominance, lower overall luminosities,

lower Doppler factors, and yet similar Lkin, which is a strong prediction. Weak jet

sources at even greater angles to the line of sight should appear as LSP blazars, though

they may not be recognizable as such (but rather as radio galaxies). Regardless, these

should be distinguishable from strong jet LSP sources based on core dominance,

morphology, extended radio power, and polarization signatures. However without

detailed VLBI and VLA studies to measure these attributes, confusion among the two

LSP populations is likely to occur. From our hypothesis that Rce must decrease with

peak frequency for weak-jet sources, we expect most of the low-power LSP blazars

shown in Figure 2.8 to belong to the class of strong jet sources, along with FR II radio

galaxies. This connection is suggested by the equal or higher core dominance of most

of these sources compared with the HSP blazars in the same Lkin range. It is also

supported by the detailed observations we do have from VLBI studies of some of our

objects, such as the nine LSP BL Lacs in the MOJAVE sample with hotspots similar

to those typically seen in high-powered quasars and associated with FR II morphology

(Kharb et al., 2010). The MOJAVE blazars (almost entirely LSP sources) were also

found to have an intrinsic, unbeamed luminosity function consistent with that of FR

II radio galaxies, whether BL Lacs were included or not (Cara & Lister, 2008).

In the next chapter, an analysis of ‘false’ BL Lacs and their possibility as a source

of confusion will be presented, along with many more tests of the provisional scheme

outlined here. A conceptual diagram of this new scheme is shown in Figure 2.9.



Chapter 3

The Relativistic Jet Dichotomy

and Unification

The new scheme presented in Chapter 2 represents a major shift in our concept

of blazar phenomenology and unification, potentially altering our physical picture

of radio-loud AGN principally through extending to the blazar class the dichotomy

in accretion regimes already suspected to be at play in the morphological divide

observed in FR 1 and 2 radio galaxies (e.g., Ghisellini & Celotti, 2001) and connecting

it to a difference in jet structure. However, the evidence presented so far, while

consistent with the new scheme, does not exclusively require it. The goals for the work

presented in this chapter are two-fold: to test some of the most basic assumptions

and predictions of what we will henceforth call the ‘broken sequence’ model, and to

further explore the arrangement of sources within the two branches seemingly present

in the plane of νp,syn−Lp,syn
1. Specifically, we look for evidence of the divide based on

accretion efficiency which was hinted at in the last chapter, as well as any remnants

of a sequence in νp,syn coordinated with Lkin.

I will first address the question of accretion rate as an important factor in blazar

unification, using measurements of the central black hole mass to estimate the accre-

1In this chapter, I will use νp,syn and Lp,syn for the synchrotron peak and νp,IC , Lp,IC to refer to
the IC peak values.
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tion efficiency for individual sources. I will then lay out a physical basis for sequence-

like scalings for strong and weak jets separately (thus the broken sequence model),

and show that the jet power and appearance of sources in the νp,syn − Lp,syn plane

is consistent with such scalings. I will also discuss the appearance of ‘fake’ BL Lacs

(e.g., broad-lined blazars with the optical spectral lines obscured by the jet contin-

uum emission) in the strong-jet branch, and the implications for future populations

studies. As a final test, I will examine the relationship between ISP and HSP sources

in the blazar envelope. The work presented in this chapter is in preparation for pub-

lication (Meyer et al., 2013), and was also presented at two conferences (Meyer et al.,

2011b, 2012a).

3.1 Methods

In this chapter I will introduce an updated sample of radio-loud AGN (compared with

that used in the last chapter which I will refer to as the M11 sample), which was com-

piled for the two follow-up publications to M11 (Meyer et al. 2012b, hereafter M12,

and Meyer et al., 2013). The fact that a significantly updated sample was available

only a year after the M11 work is a striking proof of how quickly new instruments and

surveys are adding to the publicly available data on radio-loud AGN, although natu-

rally there is significant overlap with the M11 sample. The most significant advance

in RL AGN observations has come from the Fermi gamma-ray observatory, which

began operations in 2008 (Rando, 2009). The Fermi Large Area Telescope (LAT) in-

strument has detected thousands of sources, over 800 of which have been associated

with known blazars and several radio galaxies, allowing us to compile large samples

and to more fully characterize the inverse Compton emission from a larger variety of

relativistic jets. Complementary observing efforts across the EM spectrum have also

added to the archival data available at lower energies for hundreds of Fermi sources;

one such example is the twice-weekly radio monitoring of over 1500 Fermi blazars

and blazar candidates candidates with the Owens Valley Radio Observatory (OVRO,

Richards et al., 2011). Because of the increased focus on Fermi -detected blazars and

our interest in high-energy blazar studies, a new sample was created starting from

the second Fermi catalog (2LAC Ackermann et al., 2011), as described below.

Significant contributions have also come from recently released and updated all-

sky surveys, including the first public data release for the Wide-field Infrared Survey

Explorer (WISE ; Wright et al., 2010) and a new (sixth) data release for the UV

observatory, Galaxy Evolution Explorer (GALEX ; Martin et al., 2005). The first
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Figure 3.1: Frequency ranges and sensitivities for WISE, Planck, GALEX, GMRT, and Fermi are shown overlaid on a
typical blazar SED for a source at a redshift of 0.306 (in this case the flux scale on the right side is more important than
the blazar luminosity scale which is particular to the source). This relatively nearby and bright blazar (1Jy 0851+202) is
easily detected by all of the above instruments.

data from Planck , the highly anticipated successor to WMAP, has also recently been

released, allowing us to fill in the crucial radio to infrared gap (Planck Collaboration

et al., 2011). At low radio frequencies the Giant Metrewave Radio Telescope (GMRT )

in India is currently conducting an all-sky survey of unprecedented depth at 150 MHz

(Sirothia, 2009); this effort has contributed many new low-frequency measurements

to the blazar database from which I have drawn my samples. As a visual guide, I

have shown in Figure 3.1 the frequency ranges and limiting sensitivities (relative to

the flux scale shown at right) for these surveys as well as for the Fermi/LAT. The

result of all of these advances is a significant increase in data on blazars, enough to

warrant a re-examination of our sample, as we continue to seek to be as inclusive as

possible.

In addition to the updated sample, I will also introduce below several important

observables collected from the literature which will be important to the analysis in

this and the following chapter. This includes measurements of the black hole mass,

which I will use to estimate the Eddington Luminosity (LEdd), as well as the Calcium

H&K break and the apparent jet speed βapp, both measurements sensitive to the

orientation of the jet. As data from Fermi will be utilized at the end of this chapter

as well as being the focus of Chapter 4, I will begin to introduce related methods

here as part of the introduction of the new Fermi -focused sample of radio-loud AGN
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3.1.1 An Updated Blazar Sample

The Fermi -based sample of RL AGN

One of the primary motivations for building an updated sample of jets was the suc-

cessful launch of Fermi and subsequent detection of hundreds of blazars at high en-

ergies (596 associations in the first-year catalog, Abdo et al. 2010a, now over 800 in

the 2LAC, Ackermann et al. 2011). The Fermi/LAT is an imaging, high-energy pair-

production telescope covering the energy range from 20 MeV to over 300 GeV. The

field of view is quite large, covering 20% of the sky, and the continuous sky-scanning

mode of operations allows it to image the entire sky every 3 hours. Previous to

Fermi, the only significant sample of gamma-ray detected blazars were those ob-

served by EGRET on board the Compton Gamma Ray Observatory (Hartman et al.,

1992; Fichtel et al., 1994), with 66 firm detections in total. Fermi has improved over

EGRET by a factor of ten in point source sensitivity, with much improved spatial

resolution (from 3.5◦ at the lowest energies down to several arcminutes at 10 GeV).

In addition, the all-sky scanning mode (pointed observations for gamma-ray bursts

and other targets of opportunity take up only a few percent of the total observing

time) makes Fermi a particularly useful instrument for both variability studies and

taking long-term averages of the gamma-ray output of blazars and radio galaxies.

Because we were interested in examining the IC spectra of radio-loud AGN in

relation to the broken sequence scheme, it was necessary to form a new sample

comprised of all the blazars associated with Fermi detections in the 2LAC, and to

perform the same analysis of the low-frequency emission and overall SED as described

in the previous chapter. Starting from the two-year Fermi catalog of point sources, all

sources with a blazar or AGN identification were selected (noted in the catalog table

as bzb,bzq,agn,agu, capitalized when firm identifications rather than associations),

for a total of 821 sources. Archival photometry was compiled from the same blazar

database used in M11, as well as from the online NED and SIMBAD databases.

New All-Sky Surveys: Data from Planck, WISE, GALEX, and GMRT.

From the sky coordinates given by SIMBAD (or in some cases, NED, when no SIM-

BAD listing was found), a search was conducted around each source position for

coordinate matches in each of the four surveys, described below. For all of the cat-

alog searches, a ‘fake’ coordinate list was made by shifting all the blazar positions

by ten degrees in Right Ascension. The fake positions were then cross-matched to

the catalog in order to determine the search radius which optimized finding counter-
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parts while limiting spurious matches. This was accomplished by starting at a large

radius and decreasing until the expected spurious association rate became less than

3%. While using a smaller radii can decrease the chance of spurious associations, this

must be balanced against losing legitimate matches due to the limits of the angular

resolution of the detector. Each of the searches is described below.

WISE. WISE is a NASA Infrared space-based telescope, launched in 2009. It has

completed its primary mission (a one year all-sky survey) and the data products are

public. WISE is over 1000 times more sensitive than its space-based predecessors such

as the Infrared Astronomical Satellite (IRAS) which completed the only similar all-

sky survey in 1983. Its detector arrays have five-sigma sensitivity limits of 120, 160,

650, and 2600 microJanskys (µJy) at wavelengths 3.3, 4.7, 12, and 23 micrometers

(µm). Coordinate matching to the Fermi blazar (radio counterpart) positions was

conducted using a search radius of 3′′ (the published resolution of WISE is between

6 and 12′′). At 3′′ we expect approximately 7 spurious matches; in total 353 matches

were found.

Planck. Planck is an ESA-sponsored space observatory intended partly as an im-

proved replacement for the highly successful NASA Wilkinson Microwave Anisotropy

Probe (WMAP), with a primary goal of measuring the anisotropies in the cosmic

microwave background (CMB). Compared to WMAP, Planck has higher angular res-

olution (by a factor of ∼3) and higher sensitivity (by about one order of magnitude).

It also operates up to higher radio frequencies (up to 900 GHz, compared to 300

GHz), in nine frequency bands, with the goal of improving models of the astrophys-

ical foregrounds with respect to the CMB. In November 2010, having successfully

completed its 15 month nominal mission, the spacecraft began extended operations,

intended to last until the cryogenic consumables are exhausted. Five all-sky surveys

have been completed by Planck , and a sixth is currently in progress. However, only

the first ‘early release’ compact source catalog has been made public; this was used

for the updated sample. I have listed in Table 3.1 the frequency band characteristics,

the search radii, and the number of matches found to the Fermi blazar list for each

frequency. For all frequencies, the expected false-detection number was less than one

source.

GALEX. The GALEX ultraviolet space telescope was in operation from 2003 -

2011, observing at wavelengths from 135 to 280 nm (≈1015 Hz). GALEX was ca-

pable of both wide-field imaging and low resolution spectroscopy, and has executed

several observing campaigns including the first UV all-sky imaging survey (AIS).

Fluxes in the two GALEX bands (135−175 nm and 175−280 nm) for a compilation
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Table 3.1. Planck Frequencies and Number of Detections in the Updated Sample

Frequency Bandwidth Resolution Sensitivity† Search Radius No. Matches
(GHz) ∆ν/ν (arcmin) ∆T/T (10−6) (arcmin)

30 0.2 33 2.0 5 225
44 0.2 24 2.7 5 130
70 0.2 14 4.7 5 155
100 0.33 10 2.5 5 256
143 0.33 7.1 2.2 2 306
217 0.33 5.5 4.8 2 241
353 0.33 5.0 14.7 2 117
545 0.33 5.0 147 2 30
857 0.33 5.0 6700 1 8

†Total Intensity over 14 months.

of GALEX sources were made public in a series of data releases; releases G1, G2, and

G3 and their products were discussed in Morrissey et al. (2007). The most current

data release is G62. For the AIS, GALEX imaged over 26,000 square degrees of sky

with an exposure time of 100s, reaching a depth of (AB) magnitude 20-22 in both

bands. The angular resolution of GALEX is ∼4−5′′. With a 4.8′′ search radius,

cross-correlation with the GALEX catalog yielded 529 matches (with fewer than 20

false detections expected).

GMRT. The GMRT is located in Pune, India and is the largest array of radio

telescopes at meter wavelengths. Composed of 30 fully steerable telescopes, the

GMRT operates at frequencies 38, 153, 233, 327, 610 and 1420 MHz. In 2010 the

GMRT began an all-sky survey at 150 MHz which will improve over existing surveys

at this frequency by a factor of four in both sensitivity and angular resolution (down

to 40 mJy and 20′′, respectively)3. Cross-correlation with a search radius of 18′′

yielded 25 matches, with fewer than 1 expected spurious matches.

The GRO Sample

Using the updated catalog of photometry, the 821 candidate sources detected with

Fermi were otherwise processed following the procedures outlined in Chapter 2. A to-

2Data available from http://galex.stsci.edu/GR6/
3No Official Publication for the GMRT All Sky Survey (TGSS) yet exists, but the data is publicly

available at http://tgss.ncra.tifr.res.in/tgss cb.html. The TGSS is currently in progress, news and
more technical information is available at http://tgss.ncra.tifr.res.in/150MHz/obsstrategy.html
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tal of 152 blazars4 had adequate SED sampling to accurately measure the synchrotron

peak and the 300 MHz isotropic emission, which was again scaled to estimate Lkin.

These are given in Table 5.3, along with 175 sources which had measurements of the

synchrotron peak but only upper limits on Lkin (noted as samples ‘TS’ and ‘Uex’,

respectively, in column 2).

In addition to this Fermi -detected sample of 327 blazars, Table 5.3 also contains

55 TS and 136 Uex sources from the M11 sample, which were not detected with

Fermi. (These sources lack an entry in column (14) where the Fermi 2FGL name

is given.) Their SEDs have been re-fit following the update of the multiwavelength

database, so the values for some sources have changed slightly from M11. For com-

pleteness, those Fermi blazars in Table 5.3 which were in the M11 sample are noted

by a ‡ symbol next to the name. Finally, the table also includes 18 radio galaxies; 8

were reported in the 2LAC and 2 were reported only in the first year catalog. The

remaining 8 radio galaxies not seen by Fermi are those from the sample of M11 which

had particularly well-sampled SEDs (i.e., the synchrotron peaks were fit with the phe-

nomenological model rather than being statistically determined from the broad-band

colors). The inclusion of the well-sampled non-Fermi sources makes this an ideal all-

purpose sample for the work presented in this and the next chapter. For any analysis

not directly requiring information about the IC spectrum, the entire sample has been

used, while for high-energy studies the Fermi -detected subset has been used (noting

that the non-Fermi sources will also furnish useful upper limits).

Table 5.3 is located in Appendix F and is arranged as follows: in column 1 I

give the source IAU name derived from its position, and in column 2 its sample

according to the low-frequency radio detection (TS have definite estimates of Lkin ,

while Uex have only upper limits). Since all the radio galaxies have estimates of Lkin ,

these are noted simply as ‘RG’. The source (optical/morphological) type is given in

column 3 as either FSRQ, BLL, or unknown based on the spectral identification in

the literature for blazars (see Section 2.2.1), and as either FR1 or FR2 for radio

galaxies. In column 4 I note the redshift of the source (where † indicates an estimate

using the host galaxy magnitude or upper limit as in Section 2.2.1). In column 5 the

value for log Lkin is given, or the value of the upper limit for Uex sources. The radio

core dominance Rce is given in column 6, where the core is measured at 1.4 GHz and

the extended at 300 MHz. In column 7 I give an estimate for the luminosity at the IC

peak (or an upper limit), described below. Columns 8 and 9 give values of νp,syn and

4This number is fewer than the 216 sources in the M11 sample because of the requirement of
gamma-ray detection.
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Lp,syn , respectively, while column 10 gives the photon index measured by the LAT

for Fermi -detected sources. In column 11 I give the value of the Ca H&K break, and

in column 12 the average black hole mass, for sources with estimates of those values

(both described below). In column 13 I make a note of sources which were matched

to the GALEX (X), GMRT (G), Planck (P) and WISE (W) samples, and in column

14 I give the (2FGL) name for Fermi sources as listed in the 2nd catalog.

3.1.2 Characterizing the IC peak

The high-energy spectrum of blazars is dominated by inverse Compton emission from

the jet, with a peak somewhere between soft (MeV) Gamma-rays up to TeV energies.

In many cases the X-rays are also dominated by the rising IC emission rather than

the synchrotron. We can get a relatively useful amount of information about the jet

by tracking the peak frequency and luminosity of the IC peak in a way that is very

similar to the methods used for the synchrotron peak. For the GRO sample (Fermi -

detected subset), 70 sources (3 of them radio galaxies) had adequate coverage of the

high-energy SED (as determined by visual inspection) so that the peak luminosity

Lp,IC could be estimated using a two-sided parabolic fit to the 2LAC data in combi-

nation with X-ray data taken from NED and/or Swift/BAT (Cusumano et al., 2010).

The ‘soft’ side parabolic fit was constrained to be wider than the ‘hard’ side, so as

to more realistically match the typical IC spectrum, as can be seen in the example

spectral fits (gray lines) shown in Figure 3.2. The fit was done as for the synchrotron

SEDs, using a simulated annealing routine for the parameter search (Goffe et al.,

1994) and minimizing the total square distance (in log Lν) between the model and

the data.

For the remaining 267 sources, the high-energy SED was not well sampled enough

to fit with the parabolic model. A reliable method for sources with limited sampling is

estimate the IC peak using the detected Fermi flux and the photon index in the LAT

band5. Because IC spectra are roughly parabolic, a steeper Γγ (in either direction

from a ’flat’ value of 2) indicates that the peak is further away. Thus an alternate

method of estimating Lp,IC for these sources is to scale from the rest-frame luminosity

at 1 GeV estimated from the 2LAC fitted spectrum (empirically calibrated),

log Lp,IC = log L1GeV + η (α − 1)2 , (3.1)

5Recall that photon index is related to the energy index as Γγ = α + 1, where we use the
convention that flux ∼ ν−α. Thus a photon index of 2 indicates a flat spectrum in a typical νFν

plot.



3.1. METHODS 97

Figure 3.2: Four sources in the Fermi -detected subset of the GRO sample are shown. X-ray and EGRET data are shown
as green and gray points, respectively (only the X-ray data is used for the parabolic fits). Measurements shown with error
bars (or in some cases, upper limit arrows) are from Fermi ; the orange points correspond to the 3-month bright source list
catalog, while green and blue points correspond to the 1-year and 2-year catalogs (e.g., the fluxes measured are averages
over those time frames). In panels (A) and (B) are two FSRQ detected by Swift/BAT, for which the value of Lp,IC (marked
as a black square) was taken from the parabolic SED fit (line shown in grey). For panels (C) and (D), the photon index
scaling was used (the scaling does not predict a peak frequency so the Lp,IC estimate is shown as a dashed line). The
scaling value is also shown in the top panels simply for comparison.

where η=1.5 if α > 1, η = 5 otherwise. The difference between the two peak

luminosity estimates when applied to the ‘well-sampled’ subset is typically less than

0.2 decades in log L. For both methods, data from EGRET (which is dominated by

flaring events and therefore not representative of the average SED state) was excluded

from the analysis.

For the non-Fermi sources in the GRO sample, an upper limit on Lp,IC was cal-
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Figure 3.3: (Left Panel). A plot of f100 versus Γγ is shown for all blazars detected by Fermi (data taken from the 2LAC).
The black line was placed by eye to estimate the empirical relation between limiting flux and photon index. (Right Panel).
A plot of Γγ versus νp,syn for the Fermi -detected subset of M12. As can be seen, high-peaking blazars tend to be hard
in the Fermi band, while low-peaking blazars tend to be soft. The linear regression line is shown; this relation was used to
predict an approximate value of Γγ for the sources in M12 not detected by Fermi, in order to estimate the upper limit flux.

culated using some reasonable assumptions about the relationship between the syn-

chrotron and IC peaks. First, because Fermi is continually scanning the sky, a non-

detection implies an upper limit to the flux from the source, though this is dependent

on the spectral shape of the source in the LAT band, as Fermi is increasingly sensitive

at higher energies. An estimate of the limiting flux as a function of Γγ can be found

empirically from examining a plot of flux versus Γγ for the 2LAC sources, as shown

in Figure 3.3 (left panel). The linear fit to the lower bound was made by eye,

log f100 = −8.3 + (
5

6
)(Γγ − 2.2), (3.2)

where f100 is the integrated photon flux > 100 MeV detected by Fermi/LAT. To

use this relation we need an estimate of Γγ for our non-detected sources. This can be

found via examination of their synchrotron peaks. As was found as far back as the

original blazar sequence and shown in Figure 3.3 (right panel), the synchrotron and

IC peaks are correlated. Thus νp,syn can be used to roughly predict Γγ. A simple linear

regression model (shown as black line) was fit to the 327 Fermi -detected sources with

the result

Γγ = −0.19 (±0.01) (logνp,syn) + 2.89 (±0.17) . (3.3)

This expression was then used on the non-Fermi sources to predict Γγ, then the

upper limit flux using Equation 3.2, and finally an upper limit on Lp,IC according to



3.2. A CRITICAL ACCRETION RATE? 99

Equation 3.1. These calculated values are given as upper limits in Table 5.3.

3.1.3 The Mass of the Central Black Hole

As discussed in the introduction, there are many methods to measure the mass of the

central black hole in radio-loud AGN, though systematic errors continue to plague

many of them. Black hole masses from the literature were compiled from the sources

listed below (also noted next to each MBH estimate and listed in the footnotes to

Table 5.3). The values reported in that table are simple averages of all the estimates

known for a given source. These include very reliable estimates from reverberation

mapping (Peterson et al., 2004), as well as estimates from host galaxy magnitudes

(Wu et al., 2002; Wang et al., 2004), stellar velocity dispersions (Barth et al., 2003;

Woo et al., 2005; Lewis & Eracleous, 2006; Plotkin et al., 2011), emission line mea-

surements (Chen et al., 2009; Liu et al., 2006; Shen et al., 2011), optical and UV

continuum measurements (Xie et al., 2005; Pian et al., 2005) and SED modeling

(Ghisellini et al., 2009, 2011b). Several literature sources also compile many earlier

estimates from several different authors using a variety of methods (e.g. Woo & Urry,

2002; Wang et al., 2004; McKernan et al., 2010). While the systematic errors and

other uncertainties are potentially a dangerous factor, using sub-samples selected by

method did not alter the results presented in this chapter, at the same time severely

cut down the sample size for analysis. In order to analyze the largest sample possible,

all available estimates were used.

3.2 A Critical Accretion Rate?

From the results presented in Chapter 2, important factors in RL AGN unification

appear to be (a) the jet power Lkin (above 1044.5 erg s−1, one only finds sources on the

strong-jet branch) and (b) the orientation angle (as proxied by radio core dominance

in this case). However, there is a degeneracy at low Lkin, with sources appearing

in both branches, which would imply that a third parameter is necessary (optical

spectral type is not reliable, as discussed in Section 3.4).

Following theoretical work of Narayan et al. (1997), Ghisellini & Celotti (2001)

found evidence for a divide in accretion rate for radio galaxies, matching the divide

in morphological type. As discussed in Ghisellini & Celotti (2001), FR1 and FR2

sources separate in the radio - host galaxy optical luminosity plane. As discussed in

the introduction, the black hole mass is traced by the optical luminosity for elliptical

galaxies, and thus the FR1-FR2 dividing luminosity can be seen as a function of
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the mass of the black hole powering the active nucleus. Since the radio power gives

an estimate of the total kinetic power carried by the jet, the FR1-FR2 separation

can be re-interpreted as occurring at a constant ratio between the jet power and the

black hole mass, or alternatively as a constant accretion rate between 10−2 − 10−3

of the Eddington rate. This divide suggests that FR1 radio galaxies have radia-

tively inefficient accretion disks, while FR2 experience efficient accretion. Marchesini

et al. (2004) later estimated the accretion rate of both blazars and radio galaxies

by assuming a 100% radiative efficiency, and taking ṁ = Lbol/LEdd, where Lbol is

the bolometric luminosity of the AGN. They found a significant bimodality in their

estimates of ṁ, with a paucity of sources around ṁ=0.1.

If there is a divide taking place at ṁ = ṁcr ∼10−3−10−2 and marking a transition

from sources with inefficiently radiating accretion disks and therefore absent or weak

broad emission lines (i.e., BLL/FR Is) to sources with efficient accretion disks and

strong broad emission lines (FSRQ/FR IIs), might this be the missing parameter

needed to prescribe where blazars will fall in the blazar envelope?

Following along the path of this previous work, we can use our estimates of

Lkin and MBH to estimate ṁ for our blazar sample. Shown in Figure 3.4 are all

the sources in the GRO sample for which we have a black hole mass estimate. As

can be seen, estimates range over 2 orders of magnitude. On the strong-jet branch,

the entire range of MBH are seen, while in the weak-jet branch, only moderate-to-

heavy black holes are found. This is qualitatively in keeping with our expectations

laid out in the previous chapter, as Lkin would have to be extremely low for a small

black hole to avoid accreting above the critical rate. In Figure 3.4, two sub-samples

are isolated (boxed areas). The two populations were selected to correspond to our

hypothesized strong-jet and weak-jet samples while attempting to minimize contam-

ination by avoiding sources at lower left which are more ambiguous. To that end, the

weak-jet sample (blue box) was chosen from all sources with known synchrotron log

νp,syn greater than 14.5, and the strong-jet sample (magenta box) was chosen from

all sources with log νp,syn<14.5 and log Lp,syn>45.5. The latter cut was necessary

to avoid potentially confusing LSP sources shown in the lower left of Fig. 3.4. Be-

cause sources on either branch, when misaligned, begin to coincide in this space,

these sources were ambiguous in classification and omitted from the analysis. In

Fig. 3.5, we compare the estimated accretion rates for these two sub-samples. The

accretion rate ṁ is estimated from the ratio Lkin/LEdd, where Lkin is the usual jet

power and LEdd is the Eddington luminosity scaled from the black hole mass as LEdd

= 1.3x1038 MBH in units of solar masses.
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Figure 3.4: Blazars and radio galaxies for which black hole masses (MBH) are available are shown in the νp,syn−Lp,syn plane
(only FR1 radio galaxies in the sample have estimates, thus no FR2 are shown). The νp,syn and Lp,syn are determined as
described in Chapter 2, while MBH (color scale) is simply the average of all available estimates as described in the text
(values and references are noted in Table 5.3. The two boxes illustrate the boundaries used to describe a sub-sample of
weak (log νp,syn ¿ 14.5, blue box) and strong jets (log νp,syn ¡ 14.5, log Lp,syn ¿ 45.5). The enclosed sources correspond
to the weak and strong samples for the histogram in Figure 3.5. Note that within the strong-jet branch, a wide range of
MBH is observed, while the weak-jet branch tends toward moderate-to-large black hole masses.

As shown in Fig. 3.5, there does indeed appear to be a divide at Lkin/LEdd ∼

102−103. All but two of the strong-jet sources (in red) have log (Lkin /LEdd ) > −2.5,

and none are below the lowest critical value of −3. For the weak-jet sources, we only

have 4 sources with estimates of both Lkin and MBH, so I have also shown separately

the sources with an upper limit on Lkin (note that only TS sources are shown for

the strong branch). Despite the fact that the errors on black hole masses and jet

powers can be over half an order of magnitude, and the presence of these upper

limits, the divide in the populations is fairly distinct. Some have suggested that the
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Figure 3.5: Histogram of log Lkin/LEdd (which we use as a proxy for the accretion rate ṁ) for the sub-samples of strong
and weak jets defined by the regions depicted in Figure 3.4. LEdd is estimated from MBH as LEdd = 1.3 × 1038MBH erg
s−1. The sources depicted in red and black have definite estimates of Lkin , while those colored with blue lines have only
upper limits (thus the ratio is only an upper limit). The strong-jet sources have log Lkin/LEdd typically greater than values
of -2 to -3 suggested in previous studies as the critical value, consistent with the hypothesis that these sources are efficient
accretors. In contrast, the weak-jet sources mostly lie in the sub-critical region, consistent with inefficient accretion. The
divide is remarkable considering that the uncertainties on both Lkin and MBH tend to be large.

accretion power merely gives an upper bound to Lkin (Fernandes et al., 2011); this

would then predict that the strong jet sources should have a significant population

appearing at sub-critical efficiency as estimated for Fig. 3.5. We suggest that a one-

to-one correspondence is more in keeping with the results shown there, and that

the accretion rate as traced by Lkin/LEdd can be used as the third factor in AGN

unification.

Another way to look at the divide is to plot Lkin versus MBH for our sample,

analogous to what Ghisellini & Celotti (2001) did for radio galaxies (right side of

Figure 3.6). The new blazar sample is shown in the left panel of Figure 3.6. While a
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Figure 3.6: (Left Panel) A plot of Lkin versus MBH for the strong and weak jets selected in Figure 3.4. Strong jets are
shown as stars while weak jets are circles (with many upper limits). The lines shown correspond to values of log ṁ as
estimated by the ratio log (Lkin /LEdd ). (Right Panel) A plot of radio power versus MBH (as measured from optical
magnitude of the host galaxy) for FR1 and FR2 radio galaxies taken from Ghisellini & Celotti (2001). FR2 are shown as
triangles while FR1 are shown as circles.

divide in the populations is apparent, it is difficult to align this with any particular

critical value of ṁ (typical values shown as lines). Also, the highest-mass strong jets

seem to encroach on the weak-jets on the right side of the plot. One possibility is that

these sources are older than the much smaller black holes, and synchrotron aging may

be affecting the estimates of Lkin from the radio-lobes, leading to an underestimate

of the true jet power.

3.3 Exploring the Broken Sequence Hypothesis

The results presented in Chapter 2 pointed to a broken blazar sequence, with two

broad groups, otherwise undifferentiated. We return to the synchrotron νp,syn −

Lp,syn plane to examine the possibility that a ‘blazar sequence’ remains within each

of the two branches (i.e., a strong sequence and a weak sequence).

To begin, assume all sources to have a black hole mass M ∼109 M⊙, and thus the

same LEdd, and that sources that accrete at ṁ < ṁcr will have radiatively inefficient

accretion disks. Assuming that the jet power cannot significantly exceed the accretion

power, we require Lkin ≤ ṁLEdd < ṁcrLEdd. Sources that accrete at ṁ > ṁcrwill

have radiatively efficient accretion disks and Lkin < ṁLEdd. In both cases, given a set

of sources with identical Lkin, the aligned (0◦ orientation) sources will have the highest
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Figure 3.7: The synchrotron νp,syn − Lp,syn plane for the updated sample. The values of νp,syn, Lp,syn, and Lkin (color
scale) are estimated as in Chapter 2. As before, BL Lacs are shown as filled circles, FSRQ as triangles, while FR 1
and FR 2 radio galaxies are filled squares and inverted triangles, respectively. The labeled areas shown are used for two
tests of our hypothesis that the νp,syn − Lp,syn plane shows a divide between two populations consistent with a ‘broken
power sequence’ (see Figure 3.8. The boxes at upper left (A, B, C) are centered on the upper edge of the hypothesized
well-aligned, strong-jet sources. The slope of the lower-left and upper-right boundary lines corresponds to the scaling
Lp,syn ∝νp,syn

−4/3 derived in the text. That scaling also predicts that Lkin will increase along the ‘power sequence’ from
low to high Lp,syn , e.g., from box (C) to box (A). At lower right, the areas are defined by vertically shifting the model
track for a decelerating jet (e.g., the same path used in Figure 2.6), with the intent of capturing sources of similar power
as they de-beam along roughly horizontal tracks, according to our hypothesis that Lp,syn scales with Lkin for well-aligned
weak jets, similarly to the strong-jets. Here we expect that Lkin will decrease as we move from box α to box γ.

Lp,syn and νp,syn . Because νp,syn decreases as the radiative cooling becomes stronger,

any situation where electrons in sources experience stronger radiative cooling will

result to a decreasing νp,syn , i.e., a sequence. If we now gradually increase Lkin, the

location of νp,syn − Lp,syn for our 0◦ aligned source on the plot shifts to delineate a

power sequence. The exact shape of this track depends on the physics of the jet.

We consider below two plausible cases for the weak-jet and strong-jet populations



3.3. EXPLORING THE BROKEN SEQUENCE HYPOTHESIS 105

Figure 3.8: (Right panel) Distributions of Lkin for the boxes labeled A, B, and C in Fig. 3.7. As expected, the distribution
shifts towards higher Lkin values, though not dramatically. BL Lacs are shown as shaded regions, and it is clear that they
are more prevalent in the box isolating jets peaking nearer to the optical (e.g., box C). (Right Panel) Distributions of Lkin

for the boxes labeled α, β, and γ in Fig. 3.7. Again signs of a shift from low to (moderately) higher Lkin is seen as we
move from the area associated with low to higher Lp,syn on the weak-jet half of the sequence.

separately.

The Inefficient Accretion Case.

We consider here the case in which the jet bulk Lorentz factor (Γ) does not change

as Lkin is increased, and Lkin scales linearly with the number density of relativistic

electrons and the magnetic field energy density. If n(γ) = kγ−2 is the injected electron

distribution with the electron Lorentz factor (γ) and magnetic field B, k ∝ B1/2 ∝

Lkin (an assumption based on equipartition). A break at γb will form in the steady-

state electron distribution where the cooling and the escape times are equal, and

γb ∝ B−2, where we assumed that synchrotron cooling is comparable to or stronger

than SSC cooling, and therefore SSC luminosity. Emission at Lp,syn is produced

by electrons at γb and Lp,syn ∝ kγ−2
b B−2γ2

b δ
3 ∝ kB2 ∝ L2

kin, where we used our

assumption that Γ does not change and the jet is aligned at 0◦. We then have

νp,syn ∝ Bγ2
b δ ∝ BB−4 ∝ B−3 ∝ L

−3/2
kin . We therefore have for the inefficient accretion

jets the following sequence: Lp,syn ∝νp,syn
−4/3 ∝ L2

kin.

Such a sequence will manifest itself as an upper-limit line in the νp,syn−Lp,syn plane.

Similar lines, possibly of different slope, are anticipated for other scenarios in which
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cooling increases with increasing Lkin. However, an important feature is that when

Lkin increases enough that the source passes ṁcr, the inefficient accretion mode ceases

being attainable. Interestingly, the highest Lkin sources in the inefficient accretion

branch reach values of 1044.5 erg s−1, which corresponds to ṁcr ∼ 2.3 × 10−3 for M

= 109M⊙.

Does Lkin actually increase along the inefficient branch sequence? To evaluate

this, we assume that the de-beaming tracks shown in Fig. 3.7 (curved lines defining

the box at lower right) are a good representation of the actual de-beaming taking

place. Including only HSP and ISP, we plot the distribution of Lkin in the three zones

α,β,γ in Fig. 3.8 (right panel). As expected, the average Lkin decreases as we move

‘down’ the sequence.

The Efficient Accretion Case. A plausible scenario for the strong-jet sources

is that Lkin increases with Γ, as suggested by VLBI data (e.g. Kharb et al., 2010).

We assume in addition that the comoving energy density of electrons and magnetic

field is invariant. In this case, Lkin ∝ Γ2. Because the external photon field energy

density in the comoving frame scales as U ∝ Γ2Uext and Uext is not a function of

ṁ, the cooling break in the electron distribution scales as γb ∝ 1/U ∝ Γ−2. Then

νp,syn ∝ Bγ2
b δ ∝ Γ−3, where we have used our assumption that B is fixed and our

jet is aligned. Now Lp,syn ∝ Γ4 for emission from plasma moving through a steady

feature in the jet. Therefore, we have the sequence Lp,syn ∝νp,syn
−4/3 ∝ L2

kin.

To evaluate if Lkin indeed increases along the path shown, we considered the

sources in boxes A, B, and C. The distribution of Lkin is shown for each box in the

left panel of Fig. 3.8. As can be seen, the average (and general distribution of) Lkin

increases from C to B to A, as expected.

3.4 Evidence for ‘Fake’ BL Lac Objects

As noted by Georganopoulos & Marscher (1998) and more recently by Ghisellini et al.

(2011a) and Giommi et al. (2012), there is a possibility that some broad-lined blazars

appear as lineless sources (and therefore, are classified incorrectly as BL Lacs), due

to the jet continuum being much brighter than any lines in the optical. This seems to

require a combination of a source being (a) somewhat more beamed (so as to enhance

the jet emission relative to the isotropic line emission) and (b) with a synchrotron

peak which is at least near to the optical (i.e., possibly, a lower-power source). In

keeping with the idea of a half-sequence still existing in the strong-jet population,

one would expect that more powerful sources have lower νp,syn values, and brighter
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Figure 3.9: (Left Panel) For moderate power (1044.5−1045 erg s−1) sources in the strong-jet branch (e.g., log νp,syn ¡
14.5), we show the distribution of the relative beaming factor δ/δ0 as estimated from the position of the source relative to
the sequence derived in Section 3.3. The shaded regions correspond to BL Lac sources. The fraction of BL Lacs falls off
as beaming decreases, suggesting that these are false BL Lacs due to the jet emission covering the lines. (Right Panel) For
moderate power (1044.5−1045 erg s−1) sources in the strong-jet branch (e.g., log νp,syn ¡ 14.5), we show the distribution
of the relative beaming factor as estimated from the radio core dominance. The shaded regions correspond to BL Lac
sources. Again, the fraction of BL Lacs falls off as beaming decreases.

broad line spectra. Following aligned jets along the strong-jet branch from low to

high Lkin, νp,syn will shift to lower energies and out of the optical band, while the

lines will come ‘up’ along with the source power, such that sources will be easier and

easier to identify as FSRQ towards lower νp,syn. The net effect, which we can readily

test, should be that in moving ‘up’ the strong-jet sequence, the fraction of sources

recorded as BL Lacs will drop. In fact this is seen in the left panel of Fig. 3.8, where

we show BL Lac sources as the dark-shaded regions of the histogram. It is clear that

in the progression from box C to B to A that the percentage of BL Lacs drops (58%

to 24% to 15%), as expected if the broad lines of these sources are simply overcome

by a bright jet in optical.

Further, we can check the effect of relative beaming on the proportion of BL Lacs

in the strong-jet branch. Taking the scaling derived in Section 3.3, we can draw

a line (with somewhat arbitrary normalization) corresponding to the sequence at 0

degree alignment (e.g., the red line in Fig. 3.7). Selecting sources at moderate power

(1044.5−1045 erg s−1) to get a more uniform population6, we can estimate the relative

beaming by considering that a departure from the 0◦ line will follow a de-beaming

path in the log-log plot with a slope of 4, i.e., the relative beaming factor δ/δ0 can

6Recall from the previous chapter, that the range in Rce and Lp,syn for a set of sources varies
with Lkin .
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be estimated from the ratio ν/ν0, where ν0 is the frequency where the sequence and

de-beaming path meet. As a source is found further from the red line, the smaller

the value of δ/δ0. As shown in Fig. 3.9, the fraction of BL Lacs falls from 100% in

the highest bin of δ/δ0 down to 0%, which seems to support the idea that beaming is

also an important factor in producing false BL Lacs.



Chapter 4

Collective Evidence for

External Compton Emission in

High-Power Jets

4.1 Introduction

As discussed in Section 1.3.4, the nature of the gamma-ray emission in radio-loud

AGN is not settled, as it comes from locations close to the central engine that remain

unresolved. We know that the lower energy peak seen in blazars is due to synchrotron

emission from relativistic electrons. The high-energy component, peaking from hard

X-rays up to TeV energies, we presume to be from inverse Compton emission, which

requires a source of seed photons to be upscattered by the jet. Indeed, synchrotron-

self-Compton (SSC) emission (e.g., Maraschi et al., 1992; Marscher & Travis, 1996),

in which the jet upscatters its own seed photons, is inescapable. However, we must

also consider the possibility that external sources of photons will be upscattered

by the jet, resulting in gamma-ray emission as or more important than any emission

via SSC. Candidate sources for external Compton (EC) photons include the accretion

disk (Dermer & Schlickeiser, 1993), as well as ‘reprocessed’ accretion disk/jet photons

impinging on the jet from the broad line or molecular torus regions (e.g., Sikora et al.,
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1994; BÃlażejowski et al., 2000; Sikora et al., 2009). Whether any of these sources

contribute significantly to the gamma-ray emission depends on both the density of

seed photons and on how far the dissipation region of the jet is from the central

engine. This latter information not well-constrained given our ignorance of the exact

geometry of both the accretion disk and jet. For example, a reasonable distance

for EC by accretion-disk photons might be 300 - 400 gravitational radii (e.g., up to

1×1016 cm for a 108M⊙ black hole; Dermer & Schlickeiser 1993). Alternatively,for

BLR seed photons, measurements of the BLR from reverberation mapping suggest

a size of 10−100 light-days (3×1016 − 1017 cm) (e.g., Kaspi et al., 2007; Haas et al.,

2011). At even larger distances is the molecular torus (MT) a region of neutral

material which likely smoothly connects to the BLR. Reverberation mapping has

only been performed for Seyferts (Suganuma et al., 2006), sources of lower luminosity

and therefore smaller MT size. However, along with interferometric studies at 2.2µ

(e.g. Kishimoto et al., 2011), it appears that the size scales as the square root of

the luminosity for the hot dust. Adopting the results of Malmrose et al. (2011) for

the blazar 4C 21.35, a typical molecular torus probably extends out to ∼1018 cm, or

about 1 parsec. Thus, if we can determine which of these photon sources dominates

the IC emission, we know on what scale the jet dissipates most of its energy.

Within the blazar population, low-power and lineless objects (i.e., weak jets) are

assumed to radiate by SSC at high energies, while individually, many high-powered

FSRQ (strong jets) have been more satisfactorily fit with EC models (e.g., Ghisellini

et al., 2010a; Vercellone et al., 2011). However, SSC models have been applied suc-

cessfully in high-power blazars (Marscher & Travis, 1996), and some multiwavelength

observations suggest (e.g., Böttcher et al., 2009; Marscher et al., 2012; Agudo et al.,

2011) that the high-energy emission is several pc downstream of the engine. This

would necessarily rule out EC models, as we cannot expect any significant exter-

nal photon field at those distances. The SSC model can also be more complicated

if one includes an ‘upstream Compton’ effect: in the decelerating flow model of

Georganopoulos & Kazanas (2003), synchrotron photons emitted by slower-moving

electrons are scattered off fast-moving electrons at the upstream base of the jet. This

produces a beaming pattern which is different from simple SSC, as does the spine-

sheath model of Ghisellini et al. (2005) (though in that case the velocity gradient is

lateral to the jet flow)1.

A preferred mechanism has not yet been demonstrated for any particular class of

1We group these together as ‘non-local Compton’ (NLC) models, to be distinguished from simple
SSC in later discussions.
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blazars as a whole. While theoretical models continue to increase in sophistication,

we remain limited by the fact that the number of free parameters in a typical jet

model means that nearly any model can be made to ‘fit’ the data. The solutions are

simply not unique (Sikora et al., 1997). One possible way to break the degeneracy

is through multiwavelength variability studies, where the changing spectrum during

e.g., a flare can be diagnostic, as was possibly the case during the 2006 flare of PKS

2155-304 (H.E.S.S. Collaboration et al., 2012). However, this method requires a high

degree of coordination in multi-wavelength coverage, as well as the timing to capture

a somewhat rare event. Further, interpretations of even the best-case PKS 2155-304

flare are still quite varied (e.g., Narayan & Piran, 2012).

This final chapter is focused on the high-energy properties of radio-loud AGN

as a population. We will first discuss the effect of jet power and orientation on the

observed IC power in view of the broken sequence model introduced in Chapters 2

and 3. We will examine the high-energy analog to the synchrotron blazar envelope

in Section 4.3.1, and the gamma-ray properties as they relate to orientation and jet

power in Sections 4.3.2. We then return to the discussion of EC versus SSC as a

diagnostic for the location of the gamma-ray emission, and the inferred structure of

the jet. Because the beaming patterns of each of these mechanisms are different, a

collective study of sources at different orientations can be used to look for evidence

of a favored emission mechanism among different populations. This question will

be addressed in Section 4.3.3, where we will show that EC is preferred only for a

subset of very high-Lkin jets. In Section 4.3.6 I will discuss the implications of our

findings for the location of the gamma-ray emission in radio-loud AGN. The research

presented in this chapter has been published in the Astrophysical Journal (Meyer

et al. 2012b; see also conference proceedings Meyer et al. 2011b, 2012a).

4.2 Methods

With the exception of the ‘full’ Fermi -detected blazar sample discussed in Sec-

tion 4.3.1, the blazar/RG sample used for the work in this chapter is the GRO sample

introduced in Chapter 3. Any quantities referred to in this chapter and not described

in this section are the same as those described previously.

4.2.1 Gamma-ray Power Measured by Fermi

In Section 4.3.1, I will discuss the gamma-ray properties of all Fermi sources identi-

fied as blazars in the 2LAC (Ackermann et al., 2011) which have estimates of their



4.2. METHODS 112

redshifts (484 sources). Since the blazars in this full sample do not typically have well-

sampled SEDs (in this case the particularly useful data being in the X-ray), we made

the choice to examine them based on their Fermi -derived properties alone. To track

the apparent power emitted in gamma-rays, we calculated the total integrated lumi-

nosity (Lγ) in the LAT band (100 MeV−100 GeV) from the reported fit in the 2LAC

catalog. Two different models were used to fit the Fermi/LAT spectra for blazars

(based on the likelihood analysis conducted while building the Fermi 2FGL2catalog,

see Nolan et al., 2012). In the 1-year Fermi catalog, only simple power law spectra

were used, giving the differential photon flux,

dN

dE
= K

(

E

E0

)−Γγ

, (4.1)

where the normalization K (column Flux Density in photons cm−2 MeV−1 s−1)

is the differential photon flux at the pivot energy E0 (Pivot Energy, in MeV), and

Γγ is the spectral index (Spectral Index). However, in the 2-year catalog, a number

of sources were found to be better fit with a log-normal representation (i.e., ‘Log

Parabola’) which adds only one parameter while decreasing more smoothly at high

energy than e.g., an exponential cut-off model:

dN

dE
= K

(

E

E0

)−α−βlog
“

E
E0

”

, (4.2)

where K and E0 are as before, α is the spectral slope (Spectral Index) at E0,

and β is the curvature parameter (Beta).

For sources fit with a power law (420 blazars), Lγ can be calculated from Sγ, the

energy flux from 100 MeV to 100 GeV obtained from the spectral fit and listed in

the 2FGL (Energy Flux in erg cm−2 s−1):

ÃLγ =
4πd2

L

Sγ(1 + z)1−α
, (4.3)

where α = Γγ−1, dL is the luminosity distance and z is the redshift. For sources

fit with log-parabolic spectra (64), the integrated luminosity is calculated from the

2LAC fitted values with a k-correction numerically. The integral form is

S ′
γ = χ

∫ E2

E1

K

(

E

E0(1 + z)

)−α−βlog
“

E
E0(1+z)

”

(1 + z)−2 E dE, (4.4)

2Here 2FGL refers to the general (not AGN-specific) 2-year Fermi Gamma-ray LAT catalog of
sources (Nolan et al., 2012), while 2LAC refers to the AGN subset of the 2FGL, i.e., 2-year LAT
AGN Catalog (Ackermann et al., 2011).
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where E1 = 0.1 GeV and E2 = 100 GeV and the other parameters correspond

to the fit given in the 2FGL catalog. The constant χ = 1.60217646 ergs*MeV/GeV2

gives the energy flux in final units of ergs cm−2 s−1.

The total Lγ for the Log-Parabolic model is then calculated from

Lγ = 4πd2
L S ′

γ. (4.5)

4.2.2 The OVRO sub-sample

In Section 4.3.3 we will examine the Compton dominance (Rp) for the GRO sample.

We will also look at a particular subset of these sources which were part of a moni-

toring campaign with the Owens Valley Radio Observatory (OVRO, Richards et al.,

2011) 40-meter single-dish radio telescope. Over 1500 blazars have been monitored

at 15 GHz about twice per week since 2007, in order to compare the radio with the

gamma-ray emission detected by the Fermi/LAT3.

In order to check the sensitivity of our measurements to variability, we com-

piled a special sample by cross-referencing the catalog of 106 bright Fermi blazars

which have published weekly fluxes (Abdo et al., 2010c) over the first 11 months of

Fermi operations, with both the GRO sample and with the OVRO catalog. For each

of the 43 resulting sources, we identified the weeks where both a Fermi and OVRO

measurements were available (e.g., measurements made within 1 week of each other)

– typically a total of 30 - 40, but in a few cases as low as 10 weeks. The ‘OVRO-

matched’ estimate of Lγ was then made by calculating a value for each week from

the Fermi energy flux and spectral index published in Abdo et al. (2010c) and taking

an average. The ‘Fermi -matched’ OVRO luminosity at 15 GHz was calculated by

taking the average flux over those weeks and calculating the observed luminosity.

This was then k-corrected to a value at 1.4 GHz (to be used in our estimates of core

dominance) according to the formula

L1.4GHz = L15GHz (1 + z)b−2

(

1.4b−1

15

)

, (4.6)

where b is the radio spectral index according to the global SED fit (see Ap-

pendix B).

3The data are publicly available at http://www.astro.caltech.edu/ovroblazars/data/data.php.
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4.2.3 Emission Mechanisms and Their Beaming Patterns

The ‘beaming pattern’ is how we refer to the change in luminosity (or other beamed

properties) with the Doppler factor4 δ or equivalently (for a source characterized by

a single Lorentz factor Γ), the orientation angle. For synchrotron and SSC emission

the beaming pattern is the same (Dermer, 1995):

L = L′δp+α, (4.7)

where L′ is the luminosity in the co-moving frame and α is the local spectral index.

Depending on the jet geometry, the exponent p = 3 (for a ‘moving blob’) or p = 2

(for a stationary feature in a continuous jet; Lind & Blandford 1985). It is possible

for these values to be different for different emitting regions which could be dominant

at different frequencies of the SED. Because synchrotron and SSC have the same

beaming pattern we can say that the two SED peaks ‘move together’ as δ changes.

This implies that the Compton dominance Rp (the log ratio of the IC to synchrotron

peak luminosities) is insensitive to changes in orientation. For a sample of sources

at different θ, all emitting via SSC, there should be no apparent trend between

orientation-dependent properties such as the radio core dominance and Rp.

For the EC case, the beaming pattern is different (Dermer, 1995; Georganopoulos

et al., 2001):

LEC = L′
ECδp+1+2α. (4.8)

Because the exponent is larger (α is generally positive), a source radiating EC

emission would exhibit an increasing dominance of the IC peak as it is aligned to our

line of sight. Of course this effect cannot be seen in an individual fixed source, but

should become apparent for an ensemble of similar sources at different fixed viewing

angles. This effect can produce an IC peak up to 2 orders of magnitude brighter than

the synchrotron in extreme cases, which is difficult to attribute to first-order SSC.

In the following sections we will examine the relationship between the IC peak

luminosity (Lp,IC) and radio core dominance (Rce) for our sample of Fermi blazars.

The slope of Lp,IC versus Rce depends on the gamma-ray emission process (SSC or

EC). From the synchrotron beaming pattern we can express Rce as a function of δ as

Rce ≡ log(Lcore/Lext) = (pr + αr) logδ + c1, (4.9)

4Recall δ = Γ−1(1-β cosθ)−1 for orientation angle θ to the line of sight and Lorentz factor Γ.
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Table 4.1. Predicted Correlation Slopes* for Beamed Gamma-ray Emission

index values SSC EC
pr psyn pγ Lγ − Rce Rp − Rce Lγ − Rce Rp − Rce

3 3 3 1.1−1.3 0 1.7−2 0.6−0.7
2 3 3 1.6−2 0 2.4−3 0.8−1
2 2 3 1.6−2 0 2.4−3 1.2−1.5
2 2 2 1.2−1.5 0 1.7−2.5 0.8−1

∗Assuming a constant unique Lorentz factor

where pr, αr are the values of the exponents for the radio emission. The value c1

(and in the following, all cn) are factors which depend on the unbeamed luminosity

and jet power, but do not affect the slope. To obtain a general relation between

Lpeak and Rce, we take α = 1 at the peak, and eliminate δ to obtain:

log Lpeak =

(

b

pr + αr

)

Rce + c2, (4.10)

where b = 1 + pγ (SSC) or b = 3 + pγ (EC). For reference we list in Table 4.1 the

expected slopes for various cases of p values assuming different values of αr, typically

0−0.5.

The second relationship we will examine in this chapter is between Rp and Rce. As

mentioned above, for a sample of sources with a high-energy component dominated by

simple SSC, Rp should remain constant over all orientations (no correlation between

Rp and Rce expected). However, for the EC case we have

Rp ≡ log(LEC/LS) = (pγ + 3 − psyn − 1) logδ + c3, (4.11)

and using Equation 4.9 we obtain the relation

Rp =

(

pγ − psyn + 2

pr + αr

)

Rce + c4. (4.12)

As shown in Table 4.1, we expect a correlation with a slope from 0.6−1.5 under

the simplest assumptions for sources emitting gamma-rays by EC. However, we have

assumed that δ is the same at all energies, which is not necessarily the case. If the

Doppler factor associated with the radio emission (δrad) is significantly different from

that of the gamma-rays (δγ), then the (overall) slopes in Table 4.1 will increase from

the quoted ranges for both of the relationships under consideration. In fact, the

relations will no longer be strictly linear, as shown in Figure 4.1.
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Figure 4.1: Examples of beaming patterns in the Rp - Rce plane for scenarios in which the bulk Lorentz factor for the
radio-emitting plasma (Γrad) is smaller than that of the gamma-ray emitting plasma (ΓEC). The greater the ratio, the
steeper the overall pattern. The colored portion of the curves indicates the orientation angle range from 0 to 15 degrees.
Horizontal and Vertical normalization (but not scale) is arbitrary.

4.3 Results

4.3.1 The Blazar Dichotomy at High Energies

With the Fermi blazar sample, we can extend our exploration of the broken sequence

paradigm to high energies. In Figure 4.2 we show the total LAT-band luminosity

Lγ versus the LAT-band photon spectral index Γγ for the 484 Fermi blazars of known

redshift. The value of Γγ is a proxy for the IC peak frequency (νp,IC), since sources

with higher νp,IC will have harder (smaller) values of Γγ, thus in the figure νp,IC should

generally increase to the right.

An empty region at upper right appears analogous to that seen in the synchrotron

plane. Giommi et al. (2012) have suggested that this void is a selection effect due to
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a lack of redshifts for high-frequency-peaked, high-luminosity sources, and Padovani

et al. (2012) discuss four such candidates. However, these candidates do not cross

into the upper-right region in Figure 4.2 (black stars). These interesting sources

appear to exhibit νp,syn at or above ∼ 1015 Hz; however, the SED sampling is sparse,

and it is difficult to rule out an alternative explanation for the soft X-ray spectra

such as an extra emission component (see e.g., the case of BL Lacertae; Raiteri et al.,

2010). Importantly, for the several hundred Fermi sources lacking identifications or

redshifts, nearly all (>99%) have soft spectra (Γγ > 1) or would require redshifts >

2 or higher to cross into this region, making it unlikely to be empty due to selection

effects (see further discussion and figures in Appendix E).

Those blazars in Figure 4.2 which are in our GRO set of well-characterized sources

(i.e., having estimates of νp,syn and Lp,syn), have been divided in an approximate way

based on their synchrotron spectra into strong and weak jets. We take the former

to be those defined by Lp,syn > 1045 erg s−1, νp,syn < 1015 Hz, as well flat spectrum

radio quasar (FSRQ) type sources outside this area (222 sources). For the weak jets,

we take all sources outside this area, minus any FSRQ (28 sources). While very rare

cases of FR1-like (e.g., weak) FSRQs exist, their occurrence is negligible in the bright

Fermi-detected population considered here (see e.g., Kharb et al., 2010, and references

therein). Remaining sources which were not in our sample (i.e., lacking good SED

coverage) are unclassified (empty squares in Figure 4.2). The eleven Fermi -detected

RG are also shown, including 4 FR II (open triangles) and 7 FR I (open circles) (data

from Abdo et al., 2010b).

Figure 4.2 is only a rough approximation of the νp,IC −Lp,IC plane. In particular,

the IC peak for our highest-peaking sources (those with the hardest Γγ ∼ 1 − 1.5)

is actually beyond the LAT range, making it likely that the band-limited estimated

Lγ is somewhat lower than a true bolometric quantity would be. Thus preferentially,

sources on the right-hand side will be pushed down vertically. In addition, the index

Γγ can only roughly track the IC peak frequency, and the effects of spectral curvature,

variability, and low statistics are likely to spread any trends present.

However, it is interesting to note that the FR1 in Figure 4.2 have much lower

νp,IC (larger Γγ) compared with the weak-jet sources (blue circles), while there is

little difference between Γγ for FR2 and strong jets. The empty region at lower

right is not a selection effect: assuming a fixed intrinsic peak luminosity and redshift,

all of the radio galaxies shown would still be detected even if their spectra were

much harder. This difference in the strong/FR2 and weak/FR1 populations appears

to match qualitatively the different misalignment paths for that were found in the
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Figure 4.2: This plot of total LAT-band luminosity (Lγ) versus gamma-ray energy index Γγ (approximating Lp,IC versus
νp,IC) is the high-energy analog of the synchrotron plane discussed in Chapter 2. Blazars have been divided based on the
luminosity and location of their synchrotron peaks into strong-jet and weak-jet blazars as described in Section 4.3.1. Those
without νp,syn and Lp,syn are flagged as ‘unclassified’. FR2 RG appear to have similar νp,syn (similar Γγ) to the strong-jet
blazars while FR1 RG have much lower values of νp,syn (higher Γγ) relative to the weak-jet blazars with which they are
associated. Note that all the FR1 would be detectable by Fermi even at much harder Γγ (see Ackermann et al., 2011,
Figure 15). The region at upper right remains empty despite recent claims of high-power, high-peak sources (shown as
black stars, Padovani et al., 2012), matching what has been found in the synchrotron plane.

synchrotron plane.

4.3.2 The Importance of Jet Kinetic Power at High Energies

In the previous chapters we saw that Lkin is an important parameter in classifying

radio-loud AGN. In Figure 4.3 we plot Lγ versus radio core dominance Rce for the 145

Fermi -detected sources in the GRO sample with known redshift. Sources are binned

by Lkin as shown by the alternate symbol/color combinations, and radio galaxies

are circled in black. As discussed previously, the absolute normalization between

orientation angle and Rce depends on Lkin, but in general Rce increases with with
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Figure 4.3: Estimated IC peak luminosity (Lp,IC) versus radio core dominance (Rce) for 145 blazars and ten RG (circled)
Fermi -detected blazars of known redshift in the GRO sample. The correlation between Lp,IC and Rce becomes clear when
sources are binned by Lkin . OLS bisector fits to sources grouped by Lkin have slopes 1.1, 1.5, 1.4, 1.3, 1.5 (±0.1; Pearson’s
R values 0.81, 0.89, 0.82, 0.37, 0.44) beginning with the lowest bin. For an EC emission model, these slopes are predicted
to be higher (> 1.7); however, for the high-power sources, the lack of Fermi detections for misaligned (i.e., low Rce)
sources will affect the apparent slope. The upper limits shown suggest that, indeed, the missing radio galaxies could push
the slope down to a level consistent with expectations for an EC model.

decreasing orientation angle for a given Lkin. In Figure 4.3, It is clear that Lp,IC is

positively correlated with both Rce and Lkin. The OLS bisector fits to the combined

blazar-RG sample shown have slopes of 1.1, 1.5, 1.4, 1.3, 1.5 (±0.1) from lowest

to highest bin in Lkin, and the separation of sources by bin is clear by eye. The

correlation between Lp,IC and Rce in each group is significant and positive (Pearson’s

R values 0.81, 0.89, 0.82, 0.37, 0.44). This simple plot shows that the apparent

gamma-ray output of a blazar is therefore a strong function of both Lkin and the

orientation angle.

Comparing with the theoretical slopes derived in Section 4.2, the slopes in Fig-

ure 4.3 appear to be more consistent with SSC under a pγ, pr=3 or pγ, pr=2 scenario.
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However, the lack of Fermi -detected misaligned FR II sources (particularly, with

Rce < −0.5) is likely to affect the slope for the two highest bins in Lkinin Figure 4.3,

which are not constrained at all below Rce ≈0.

One can estimate the upper limits on Lγ for the non-Fermi detected radio galaxies

in the GRO sample, following the same method used for the non-Fermi blazars de-

scribed in Section 3.1.2 (where we have used the average Γγ=2.3 for Fermi -detected

radio galaxies). Four upper limits for moderately high-power sources are shown as

orange circles at left in Figure 4.3. We take the rightmost of these points as the most

constraining: including it in the fit for the log Lkin = 45−45.5 bin increases the slope

to 1.5±0.2, and for the highest bin to 1.7±0.3. These slopes, and our assumption that

the Lorentz factor of the gamma-ray emitting plasma is the same as that emitting at

GHz frequencies, will be further discussed below.

4.3.3 The Compton Dominance in Fermi Blazars

We now turn to the Compton dominance. In Figure 4.4 we examine the relationship

between Rp and Rce for the GRO sample. Sources are divided into three broad bins

of Lkin as indicated. Both of the higher power bins include a mix of sources in terms

of optical type (FSRQ or BL Lac); however all the very high power (VHP, Lkin >

1045.5) are ‘strong-jet’ types in our classification due to their Lkin and position in the

synchrotron plane, including many apparent BL Lacs, which likely suffer dilution of

their broad lines by the jet emission (e.g., see Georganopoulos & Marscher, 1998;

Ghisellini et al., 2011a, and discussion in Chapter 3.4). For the moderate-power

sources, the division into strong/weak generally follows the FSRQ/BL Lac divide.

No strong trend between Rp and Rce is evident for blazars overall. However, when

VHP sources are selected, a positive correlation emerges. To check for possible selec-

tion bias, we show the upper limits on Rp we previously calculated for VHP sources

not detected by Fermi. Note that the ‘Uex’ subset of these sources only has an up-

per limit on Lkin which is above the dividing line for VHP sources. Because of the

binning on Lkin , we also show as connected gray points the maximum Rce such that

this source will still be considered VHP, e.g., where Lkin > 1045.5 erg s−1.

The simplest way to measure the slope of the correlation is to use an OLS bisector

fit through all VHP points (including upper/lower limit values), which gives a slope

of 1.1±0.1. This value is best considered a lower limit since most of the Rp upper

limits are on the lower half of the correlation. A sub-sample of VHP sources which

had Rce derived from time-matched OVRO data (i.e., Rce values contemporaneous to

the Fermi -derived Compton dominance) gives an identical slope.
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Figure 4.4: The Compton dominance (Rp) versus radio core dominance (Rce). A positive correlation appears to exist for
the most powerful sources (shaded), as predicted for EC emission. The slope of the OLS bisector fit to the shaded points
is 1.1±0.1, though the presence of the upper limits on Rp and lower limits on Rce (range shown by black lines) makes this
a lower limit on the real slope. Weak jets (black points) as well as moderately powerful FSRQ (open triangles) show no
trend, as expected for simple SSC.

A more complex analysis utilizing survival analysis statistical methods can also

be used to measure the correlation while taking into account the lower, upper, and

combined limits on the various VHP sources shown in Figure 4.4. A discussion of

survival analysis methods is outside the scope of this thesis, but a good reference

can be found in Klein & Moeschberger (2003). To this end, a maximum likelihood

approach was used, in which a likelihood function L is built by multiplying the

individual probabilities of each data point (an Rce, Rp pair) given the global model;

L is then maximized over the parameters of the model.5 The model chosen was

a simple orthogonal linear regression model, where the correlation is of the form

5The numerical optimization was done with the simulated annealing routine referenced in Chap-
ter 2



4.3. RESULTS 122

y = mx+b and the distance of a data point is measured orthogonal to the line.

The probability contribution is calculated by assuming that points are distributed

roughly normally about the correlation line along the orthogonal direction, with the

same characteristic normal variance (σ) for all points. Thus the model has three free

parameters: slope m, intercept b, and normal variance σ, though only the slope is

of physical interest. Following the usual definitions from survival analysis, the data

points were divided into 4 types. Type 1 are exact values, and their contribution to

the product function L is simply the normal probability density of their measured

orthogonal distance from the linear model (with mean zero and variance σ). For

the other data types, some form of cumulative density function (cdf) is used to

reflect that the probability of the model under these data includes a range of possible

values. Type 2 data are those which have a range on Rce and have effectively lower

and upper limits (i.e., a range) on their distance from the model correlation. For

these, the probability contribution is the integrated normal probability over their

range of orthogonal distance. Type 3 simply have a lower limit on their distance, and

their contribution is the integrated normal probability from the lower-limit distance

to infinity, while Type 4 have an upper limit and contribute 1 minus the integrated

normal probability from the orthogonal distance to infinity.

The resulting slope is shown in Figure 4.5 as a blue line, with the input data

from the VHP sample shown divided into the survival analysis data types. The

measured slope is 2.08±0.07, clearly much higher than the ‘simple lower limit’ case

of ≈1 derived without taking into account the limits on the data. However, it should

be pointed out that the survival analysis model used is still a very simplified one,

and includes some crude assumption (such as the assumption of normal distribution

of points about the model correlation) which likely lead to a smaller quoted error on

the slope than is reasonable.

The moderate-power sources, which includes many strong jets according to their

synchrotron spectra and optical type, do not show a trend consistent with EC. These

sources roughly span the area between the VHP sources and the lowest bin of Lkin.

Sources in this latter group appear consistent with the ‘no trend’ expectation of SSC.

The non-zero slope for the VHP subset suggests EC emission; however, when

taken together the slopes in Figures 4.3, 4.4, and 4.5 are inconsistent with a simple

EC scenario, as seen from Table 4.1. No choice of parameters is consistent with both

slopes simultaneously. A very obvious assumption to examine is that δ is the same

at all energies of emission. As depicted in Figure 4.1, if the radio-emitting plasma

is slower, then the observed slopes above will increase from the quoted ranges for
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Figure 4.5: The Compton dominance (Rp) versus radio core dominance (Rce), showing only the VHP sources. Here, the
sources are shown coded according to their type in the survival analysis method described in the text. The blue line is the
survival analysis method slope of 2.08, much higher than the earlier lower limit (dashed line) of 1.1.

both figures. From the upper limits on VHP radio galaxies shown in Figure 4.3, we

already suspect that the true slope for the highest power bins is higher. While not

conclusive, concordance can be achieved with a general p=3 model with a slower bulk

Lorentz factor for the radio emission.

4.3.4 Possible ramifications for velocity gradient models

Both in IC (Figure 4.2) and synchrotron envelope (Figure 2.6), the major decrease

of the νpeak with increasing θ for the weak-jet sources in our sample (Lkin < 1043.5 erg

s−1), is in agreement with velocity gradients either in the form of flow deceleration

(Georganopoulos & Kazanas, 2003) or a spine-sheath model (Ghisellini et al., 2005)

and is broadly explained through the presence of emission regions of differing bulk
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Lorentz factors.

A feature of the non-local Compton models which we have argued for in the weak-

jet population is that the photon energy density of the synchrotron emission from

slower moving parts of the flow is relativistically boosted in the co-moving frame

of the fast part of the flow. If this energy density dominates over the synchrotron

energy density produced locally in the fast flow, the beaming pattern of the emitted

IC emission is similar to that of EC emission, and the Compton dominance is expected

to decrease of with increasing θ. While the weak-jet sources we have are few, this

trend is not apparent in Figure 4.4, suggesting that the IC emission due to non-local

seed photons cannot be dominant. This, however, should be confirmed with a much

larger sample.

4.3.5 The Test of Superluminal Motions

As shown by Lister & Marscher (1997), in typical flux-limited samples a substantial

number of sources are expected to be seen at orientation angles smaller than that

of θ = 1/Γ which maximizes the superluminal speed βapp, as the sources with the

smallest angles will have the most Doppler-boosted apparent luminosities, and thus

preferentially be represented in any flux-limited survey. This can also be understood

in the following back-of-the-envelope way: assuming that all jets with Lkin > 1045.5

erg s−1 have roughly the same power (justified as the range is only slightly more than

the error on Lkin of 0.7 decades), and produce the same unbeamed gamma-ray lumi-

nosity, the angular distribution dn/dθ of orientation angles in a flux limited sample

scales as dn/dθ ∝ sin θ/(1−β cos θ)3p/2 for EC scattering. This distribution peaks at

an angle significantly smaller that θ = 1/Γ, the angle that maximizes superluminal

speeds at βapp = Γ. For example, for EC emission with p = 3 and Γ = 25 it peaks

at θ = 0.24/Γ, where βapp = 11.45. The Rp difference at cos θ = 0.24/Γ to that at

cos θ = 1Γ is log 3.56 ≈ 0.6. We therefore expect to find that the sources with the

highest Rp have moderate βapp and that we will find the highest βapp sources at rela-

tively lower Rp (about 0.6 below the highest Rp sources). For even lower Rp, we are

gradually moving to θ > 1/Γ and βapp is anticipated to decrease.

In Figure 4.6, we show the VHP sources in a plot of Rp versus Rce as in Figure 4.4,

now binned by βapp. We expect the highest βapp values at Rp (Rce ) values less than the

maximum. Indeed if the highest Rp (Rce ) sources are most aligned (within 1/Γ), their

βapp values should be relatively small (noting that these may be under-represented as

their βapp are difficult to measure). In Figure 4.6 (upper panel), the highest βapp are

observed in the middle of the correlation, as expected. This is also corroborated in
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Figure 4.6: Upper: The same plot as Figure 4.4, for high-power sources (Lkin > 1045.5 erg s−1) with measurements
of maximum apparent jet speed (βapp). Values are taken from Jorstad et al. (2001, 2005); Kellermann et al. (2004);
Lister et al. (2009), and Kharb et al. (2010). The appearance of low βapp sources with high core and Compton dominance
supports the interpretation that these sources are aligned very close to the line of sight. Lower: Sources are binned along
the shown correlation (running perpendicular to the dashed line in units of 0.25 of Rceas illustrated by the two dotted
lines), and the maximum βapp is estimated. The increase in βapp,max from lower Rce/Rp towards a maximum, followed
by a decrease towards the highest values is qualitatively as expected if Rce and Rp increase with alignment.

the lower panel, where we have estimated the maximum βapp in bins of width 0.25 in

Rce, running parallel to the correlation line.6 A clear maximum is present towards

the middle of the distribution of Rp values.

6The estimator for βapp,max is derived from the order statistic Yn=max(βapp) for a bin of size n
using the estimator for the unknown upper bound of a uniform distribution βapp,max = Yn(n+1)/n
with variance β2

app,max/(n2 + 2n) (e.g. Casella, 2001).
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4.3.6 Why is EC Only Apparent in Powerful Jets?

What is apparently depicted in Figure 4.4 is that strong jets at high Lkin are EC

dominated, while lower Lkin strong jets are not. However, the typical uncertainty

in log Lkin of 0.7 is a significant factor, as it may be the case that the restriction

Lkin >1045.5 erg s−1 which gives a sample with a clear correlation in Rce versus Rp is

simply a limit on Lkin which is high enough to avoid any contamination with SSC

sources. In other words, in the moderate-power bin directly below the VHP sources,

enough SSC sources (lacking a trend in Rce versus Rp) with over-estimated Lkin are

included to disguise any trend. Thus the true boundary Lkin for the SSC to EC

transition is probably lower than 1045.5 (indeed, a few FSRQ of moderate Lkin are co-

spatial in Figure 4.4 with the VHP sources). However, our findings still imply that

(a) VHP sources are dominated by EC, and (b) many lower Lkin strong jets appear

at low Rp regardless of Rce, suggesting that EC is not important for some part of the

population of strong jets.

Which gamma-ray emission mechanism dominates can be related to how fast the

flow is in the following way. The gamma-ray emission region for strong jets must

be inside the BLR or MT, and the comoving energy density of the external photon

field is Γ2Uext. The synchrotron energy density is Us = Ls/(4πc3t2varΓ
6), where tvar is

the observed variability timescale (hours), Ls the synchrotron luminosity (erg s−1),

and we have assumed δ=Γ. EC will dominate over SSC provided that the comoving,

external photon field exceeds the synchrotron, i.e., Γ2Uext > Us. Setting the two

equal gives us a transitional Γ value

Γtr = 16.2

(

Ls/1047

(tvar/6)2 (Uext/10−4)

)
1
8

. (4.13)

The external photon density Uext in the BLR and MT differ by about a factor of 100

(Uext,BLR ≈ 2.6× 10−2 erg cm−3 and Uext,MT ≈ 2.6× 10−4 erg cm−3; Ghisellini et al.,

2009). This means that for emission in the MT region we have Γtr,MT ∼ 14.4, higher

by a factor of 1001/8 = 1.8 than in the BLR, where Γtr,BLR ∼ 8.1.

This difference is important because VLBI studies indicate that Γ & 10 for most

FSRQ (e.g. Jorstad et al., 2005); if the GeV emission site is in the BLR, it is difficult

to explain the lack of EC signature for some strong jets. It has also been found

that sources with higher Lkin produce on average faster superluminal motions (Kharb

et al., 2010). The connection between Lkin and Γ, and an emitting region in the

MT, can then explain a transition to EC at high Lkin : Strong jets at lower Lkin are

also slower and as long as Γ < Γtr they are SSC emitters, exhibiting a Compton
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dominance independent of radio core dominance. As Lkin increases, Γ also increases

and once Γ > Γtr, the photon field of the MT begins to dominate, producing a

Compton dominance that increases with increasing radio core dominance, as seen in

Figure 4.4.

However, this preference for the MT is sensitive to the variability timescale. If

we adopt longer tvar, both Γtr,BLR and Γtr,MT decrease, requiring that essentially all

strong jets are EC emitters, which our data does not support. Fast, large-amplitude

variability has been observed with Fermi down to timescales under 2−3 hours in

a few cases (Tavecchio et al., 2010; Ackermann et al., 2010; Foschini et al., 2011).

Interestingly, at the distances of the BLR or MT, this time scale implies a physical

scale which is much smaller than the cross-sections implied by the opening angle of

the jet, suggesting that these flares do not involve the entire jet at one time. In any

case, if we adopt a shorter tvar ∼1 hr (see e.g. Foschini et al., 2011) we obtain Γtr

= 12.7 for the BLR and Γtr = 22.5 for the MT. Until we are able to observe the

lower limit of the variability timescale, we will be unable to strongly prefer one over

the other. However, at a minimum, we have shown for the first time that very high

power jets do emit gamma-rays via the external Compton process.



Chapter 5

Conclusions and Implications for

the AGN Paradigm

5.1 Summary

The work presented in this thesis supports a new view of radio-loud AGN unification

which suggests that the population of jetted AGN can be divided in two sub-samples

based on the radiative efficiency of the accretion onto the central SMBH. The new

scheme is in need of confirmation in many areas and is open to modification, however

it is supported by the best currently available data. I summarize here the essential

points.

For inefficient or highly sub-Eddington accretion, which is associated with geo-

metrically thick (ADAF) disk models, the SMBH system produces a weak-type jet,

with a low to moderate jet kinetic power. For efficient accretion near the Eddington

limit, which is associated with classical geometrically thin, optically-thick disk mod-

els, nature produces a strong-type jet. Black holes of almost any mass can exist on

either the strong or weak branch, but the resulting jet kinetic power will reflect the

accretion rate. Our limited data favor a relationship between the accretion power

and the jet kinetic power which is one-to-one, but it may be the case that the ac-

cretion power is merely an upper limit. If our scheme is correct, a very high mass
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black hole on the strong-jet branch should have a very high Lkin. Because the critical

accretion rate is tied to the black hole mass it is, in a sense, ‘easier’ for a low-mass

black hole to produce a strong jet than for a high-mass black hole. This explains

why low-power FSRQ can exist – such sources have smaller mass SMBH. However on

the weak branch, accretion above a critical level does not happen, so the jet power

is limited to lower values.

Regarding the strong- and weak-jet morphologies, we associate these with the

classical morphological differences observed for FR I and FR II radio galaxies. Weak-

jets exhibit a decelerating (or, more likely) spine-sheath jet structure which results

in a gradient in the bulk relativistic velocity distribution of the emitting plasma.

Velocity-gradient jet models have already been successful in reconciling the luminos-

ity differences for FR I and weak-type BL Lacs while respecting constraints on the

Doppler beaming factors. Our results indicate that these models are also necessary to

explain the significant change in synchrotron peak frequency from jets that are well-

aligned (HSP sources) to misaligned (FR I radio galaxies). For the strong jets, the

lack of any high-power sources at high synchrotron peak frequencies appears to con-

firm that the emission occurs in the strong-cooling regime. However, we are agnostic

as to whether any jet velocity structure exists or on what length scale the jet decel-

erates, beyond the fact that the apparent beaming pattern in the νp,syn −Lp,syn plane

is consistent with a single-velocity, fast jet flow.

Our new scheme further suggests that a broken power sequence exists for blazars,

in which the accretion and jet power determine the location of an aligned blazar on the

νp,syn−Lp,syn plane. While the exact form of the scaling between synchrotron peak fre-

quency and luminosity (νp,syn, Lp,syn) and the jet power (Lkin) is not well-constrained

by the available data, the rough stratification of sources in Lkin observed for both the

strong and weak jet branches supports the general concept. The broken sequence can

be understood by following an imaginary source of fixed mass and orientation angle.

When accreting at a sub-Eddington rate, the source will have a corresponding low

Lkin and would be placed on the weak branch in the νp,syn−Lp,syn plane. As accretion

power and Lkin are increased, the source will increase in Lp,syn. Eventually, as the ac-

cretion power reaches the critical value, the source will move to the strong-jet branch.

The value of Lkin will continue to increase with accretion power, and correspondingly

Lp,syn will increase and νp,syn decrease, similar to the original blazar sequence finding.

While this part of the scenario is the most speculative, it is roughly supported by the

arrangement of sources by Lkin and accretion rate in the νp,syn − Lp,syn plane.

Finally, a study of the gamma-ray properties of our jet sample has shown that the
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apparent gamma-ray output of Fermi -detected radio-loud AGN is a strong function

of both Lkin and the orientation angle to the line of sight. We have also found the

first collective evidence for external Compton emission in jets of very high kinetic

powers (Lkin > 1045.5 erg s−1), as Compton dominance (Rp) increases with decreasing

angle to the line-of-sight. A confirmation that Rp increases with orientation comes

from the fact that the apparent superluminal speeds are observed to increase along

the correlation to a maximum at moderate values of Rp, before decreasing towards

the highest values, as expected since we anticipate a significant number of sources at

angles smaller than the maximum superluminal speed angle 1/Γ. The fact that strong

jets of lower Lkin do not show an increase of Rp with increasing radio core dominance

suggests that their gamma-ray emission is due to SSC. Because more powerful jets

appear to be faster, a transition to EC at high Lkin can be explained by a transition

Lorentz factor above which the external photons dominate, resulting in EC emission.

This is the first time that collective evidence has been used to argue for a particular

emission mechanism for any sample of blazars, and future constraints from gamma-

ray variability may allow us to pinpoint more accurately the site of the gamma-ray

emission itself.

5.2 Application to Previous Challenges

The blazar sequence paradigm, which suggested a mono-parametric view of blazar

phenomenology as well as a continuous population, has been challenged by a number

of observations counter to its predictions, which our broken-sequence model can ex-

plain. The horizontal motion of weak-jet sources through the νp,syn −Lp,syn plane can

explain both the fact that low-power jets are found with a wide range of νp,syn, and

the presence of LSP blazars with a range of jet powers and radio core dominance, as

jets of all types converge at low luminosities and frequencies. In fact, the importance

of Lkin in setting the normalization for the radio core dominance means that if sources

are not sorted by Lkin, any studies based on radio core dominance are likely to be

confusing or misleading.

Unification scenarios matching FR Is with BL Lacs and FR IIs with FSRQ have

very likely been troubled in large part because of the presence of ‘false BL Lacs’

(FBLLs), sources which have their broad emission lines covered by the beamed non-

thermal jet continuum. Our work shows that these sources are most prevalent in the

strong-jet population for moderate-power jets which tend to peak close to the optical

region. A large portion of the LSP BL Lac subclass are probably FBLLs, based
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on their higher jet powers and radio core dominance measurements. This can very

easily explain the finding of BL Lacs with FR II morphology, and the appearance

of broad lines in sources previously classified as BL Lacs. While future work will

have to confirm the exact nature of individual sources in this region, the presence of

FBLLs incorrectly included with the truly weak-jet BL Lac population can explain

many issues, including the long-standing puzzle of evolution measures, which have

most recently shown negative evolution for ISP and HSP BL Lacs, but positive to

neutral evolution for LSP BL Lacs. The presence of (very positively evolved) FSRQ

disguised as BL Lacs can explain this result.

Even the original blazar sequence was likely affected by the presence of FBLLs,

as these correspond to FSRQs of moderate jet power, which would contaminate the

middle step in the apparent sequence of high-power FSRQ to moderate-power LSP

BL Lacs to low-power HSP BL Lacs. If we limit the LSP BL Lac population to true

weak-jet sources, we find that these are at similar low jet powers to the HSP BL

Lacs, and thus break the finding of a continuous sequence.

A recommendation in general for future work is to be very careful not to over-rely

on the optical distinction between BL Lacs and FSRQ, as we do not have a way to

easily verify the true meaning of the optical spectrum. It is also not recommended

to use beamed quantities such as the radio luminosity to characterize sources, as our

deep surveys are now capable of picking up jets over a range of orientations, and

the amount of Doppler beaming is convolved with the true source power. A more

obviously useful classification scheme when studying blazar populations is to have

sources grouped by their jet kinetic power and estimated accretion efficiency.

5.3 Future Work

The new paradigm presented in this thesis should be tested and confirmed. There

are also many avenues open to expand our understanding to other types of AGN.

While we have compiled the largest possible sample of jets based on easily accessible

archival data, the samples used in these projects represent only a small fraction of the

total radio-loud AGN population. A necessary next step will be to expand our sample

of well-characterized sources, particularly in the weak-jet sample. Fortunately, new

methods for determining redshifts, and the increased interest in these often gamma-

ray bright sources should allow us to examine this population more closely in the

coming years, and in particular to test the prediction that ISPs are more misaligned

versions of HSP blazars. Other under-sampled populations are the radio galaxies and
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steep-spectrum radio quasars. The former require high-resolution imaging at multiple

wavelengths from radio to infrared in order to confirm the location of the synchrotron

peak emission, which we have inferred using only very basic information about the

SED. In the case of the weak-jet radio galaxies, confirming that the synchrotron peak

always occurs at low frequency will almost certainly require a decelerating-type jet

model. Instruments such as the new Atacama Large Millimeter/submillimeter Array

(ALMA) will be able to provide these key observations. For steep-spectrum quasars,

we must develop methods to characterize the non-thermal jet emission in the presence

of contamination from e.g., hot dust, the accretion disk, host galaxy, and radio lobes.

Outside of building our jet census, individual sources which may challenge our

paradigm should be examined closely. As discussed in Appendix D, very recent ob-

servations suggest a previously unknown population of high-power blazars at higher

peak frequencies than before recorded. It will be very important to correctly under-

stand the nature of these sources, and if necessary, to expand our scheme to include

them. Other open questions which should be addressed are whether jet power is in

one-to-one correspondence with the accretion power, and the significance of different

emission line signatures, such as the high and low excitation dichotomy in FR I and

II radio galaxies.

Finally, we must move beyond the proto-typical radio-loud AGN that we have

focused on in this work. In particular, the discovery of significant jets in (usually

radio-quiet) Seyfert galaxies, and our increasing understanding of Compact Steep-

spectrum and Gigahertz-peaked sources as very young jets invites us to expand this

scheme to include jets from SMBH in all contexts.

5.4 The Greater Context

This work supports the general scheme of an accretion-mode based dichotomy in

radio-loud AGN. Many scenarios to explain the larger question of radio-loud and

radio-quiet unification have been put forward, invoking everything from accretion

modes, to black hole spin, to environment on influencing jet formation. A highly

regarded theoretical framework is the ‘spin paradigm’ in which only highly spinning

SMBH are able to produce jets through the Blandford-Znayek mechanism, while low-

spin SMBH produce radio-quiet (or radio-weak) systems. Qualitatively, this scenario

agrees with the fact that radio-loud sources are nearly always found in giant ellipticals,

which we believe to be the product of many galaxy mergers over time. Such mergers

may tend to spin-up the central SMBH, while rapidly spinning black holes would be
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far more unusual but occasionally present in spiral galaxies. Given the wide range of

accretion powers seen in the radio-loud population, and our increasing appreciation

for very low-level accretion occurring in various classes of low-luminosity (radio-quiet)

AGN, one finds it reasonable to believe that spin, rather than accretion rate, is indeed

the critical factor in the RL-RQ dichotomy. With or without spin, it is not difficult

to accommodate the appearance of jets in Seyfert galaxies into our scheme: assuming

these sources are otherwise typical Seyferts, the SMBH will be of low mass compared

to average blazars. Such a source would be more likely to produce a strong-jet since

the critical accretion rate will be relatively low, and in fact an FR II morphology

for a Seyfert jet has already been seen (Punsly et al., 2008). On the other hand,

there are a great many open questions about the evolutionary link between jets and

galaxy formation, including whether or not all AGN go through radio-loud phases,

how jet and wind feedback may affect the feeding of the SMBH, and how mergers

and accretion can affect black hole spins. Ultimately, how the unification paradigm

presented in this thesis will fit into our wider understanding of accreting black holes

cannot be known until we have made progress on these fundamental questions.
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Appendix A: Blazar Surveys and Samples

The following surveys of radio-loud AGN, which have been referred to in the main

text, are briefly described here for reference. Note that in many cases there are

complex selections involving the identification of the object (proper motion mea-

surements, for example). While important, these are not taken into account in the

statistical tests which instead focus on inclusion or exclusion based on flux limits

or spectral shapes. In other words, we have assumed that any sources dropped or

included due to mis-identifications have a minimal impact on the overall sample selec-

tion. This is reasonably safe considering the high amounts of overlap of the samples

below; most sources are found in at least 3 catalogs, some in nearly all, indicating

that the chances of accidental exclusion should be reduced by the overlap.

A.1: The 1-Jansky Sample

The 1Jy Sample of BL Lacs (Stickel et al., 1991) was the first flux-limited, radio-

selected sample of BL Lac objects. The 34 sources were taken from the 1Jy survey of

Kuehr et al. (1981), conducted at 5 GHz over 9.81 steradians (a substantial fraction

of the sky), down to a limiting flux of 1 Jy. The full sample definition is:

(i) Flux at 5 GHz S5 > 1 Jy

(ii) Flat Radio Spectrum, with spectral index as measured between 11 and 6 cm

wavelengths of α < 0.5 (Sν ∝ ν−α)

(iii) Optical magnitude of counterpart (V band) < 20 mag on Palomar Sky Survey

Plates

(iv) Emission lines absent or weak, with maximum equivalent width of 5 Å.

A.2: The 2-degree field QSO Survey BL Lac Sample

The 2-degree field survey QSO redshift survey (2QZ) was conducted to find quasars

through their UV excess (Croom et al., 2004). Observations were made with the 2dF

instrument at the Anglo-Australian Telescope and the 6dF instrument at the UK

Schmidt Telescope. From this sample, a number of BL Lacs were also identified (the

2BL sample, Londish et al., 2002, 2007). From the 2QZ, optical spectra with a signal

to noise ratio > 10 and with bJ magnitude between 16 and 20 were visually examined

for a featureless BL Lac spectrum. This is therefore an optically-selected sample.
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Proper motions were measured with a total 1σ error of 0.015 arcsec. A cut-off of

2.5σ was adopted for inclusion in the 2BL sample, a limit sensitive to transverse

proper motions of 45 milliarcseconds yr−1. The revised 2BL sample includes 52 BL

Lac candidates, and the overall sample definition is:

(i) Optical magnitude 16 < bJ < 20

(ii) Emission lines absent or weak, with maximum equivalent width of 5 Å.

(iii) Ca H&K Break Contrast < 0.25.

A.3: The 2-Jansky Sample of Wall & Peacock

The 2-Jy Survey covers nearly the entire sky outside of the galactic plane (|b| > 10◦),

a total of 9.81 steradians, to a flux limit of 2Jy at a frequency of 2.7 GHz (Wall &

Peacock, 1985). The sample is complete for compact sources, and includes a total

of 233 flat-spectrum sources. Of these, some 50 are identified as blazars, by the

presence of broad emission lines in optical spectra or variability. The sample did not

differentiate between BL Lacs and FSRQs, thus the flux limit is the only statistical

definition that we considered for this sample.

A.4: The CRATES Sample

The Combined Radio All-Sky Targeted Eight GHz Survey (CRATES) sample (see

also the subset Candidate Gamma-Ray Blazar Survey (CGRaBS ) Healey et al., 2008)

is an all-sky survey of bright blazars selected primarily by their flat radio spectra.

The CGRaBS subset was designed to provide a large catalog of likely gamma-ray

active galactic nuclei (AGNs). The defined sample has 1625 targets with radio and

X-ray properties similar to those of the EGRET blazars, spread uniformly across the

|b| > 10◦ sky. The catalog was built the NRAO VLA Sky Survey (NVSS; Condon

et al., 1998) and Sydney University Molonglo Sky Survey (SUMSS; Bock et al., 1999).

The result is a sample of over 11,000 flat-spectrum radio sources with interferometric

measurements at ≈1 and 8.4 GHz. The primary selection is

(i) Flux at 4.8 GHz S5 > 65 mJy

(ii) Flat Radio Spectrum, with spectral index as measured between 1 and 8.4 GHz

of α < 0.5 (Sν ∝ ν−α)
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The CGRaBS subset used a figure-of-merit (FOM) approach to identify likely

blazars, but both samples are not completely identified.

A.5: The CLASS Blazar Sample

The CLASS Blazar Sample was drawn from the larger radio-selected Cosmic Lens

All-Sky Survey (CLASS ) (Myers et al., 2003), as described in (Caccianiga & Marchã,

2004). The goal of the sample was to examine the properties of low-radio-power

blazars (1023 − 1025 W Hz−1) and to better sample the αrx plane for testing the

blazar sequence. The overall sample definition is:

(i) 35◦ < δ < 75◦

(ii) —b— > 20◦

(iii) F5GHz > 30mJy

(iv) Flat Radio Spectrum, with spectral index as measured between 1.4 and 4.8 GHz

of α < 0.5 (Sν ∝ ν−α)

(v) Red Magnitude < 17.5

A.6: The DXRBS Survey

The Deep X-Ray Radio Blazar Survey (DXRBS) is a large-area (<1900 deg2, de-

pending on X-ray flux) survey, with a relatively faint X-ray (≈ 2×10−14 erg cm2 s−1)

and radio (≈50 mJy, depending on declination) flux limit. The sample is thus fairly

large, and includes many different types of blazars (e.g., FSRQ, LBLs and HBLs).

The X-ray detections were taken from the ROSAT source catalog (WGACAT White

et al., 2000), while radio associations came from the NORTH20CM and GB6 cata-

logs, as described in (Padovani et al., 2007). Because ROSAT did not uniformly scan

the sky, the depth of flux coverage varies over the sky from 1 × 10−14 to 1 × 10−12

erg s−1. Optical counterparts were found for all candidate sources, and an additional

cut on the Ca H&K break value was made (< 0.4). The additional components of

the sample definition are given below:

(i) Flat Radio Spectrum, with spectral index as measured between 6 and 20 cm of

α < 0.7 (δ > −40◦)

(ii) Flat Radio Spectrum, with spectral index as measured between 3.6 and 6 cm

of α < 0.7 (δ < −40◦)
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(iii) —b— > 20◦, also avoiding the Small and Large Megellanic Clouds, Orion Neb-

ula, and M31

(iv) F20cm > 150mJy for 0◦ < δ < 75◦

(v) F6cm > 51mJy for −87.5◦ < δ < −37◦

(vi) F6cm > 72mJy for −27.5◦ < δ < −29◦

(vii) F6cm > 51mJy for −29◦ < δ < 0◦

(viii) Ca H&K Break Contrast < 0.4.

A.7: The EGRET Blazar Sample

The Energetic Gamma Ray Experiment Telescope (EGRET ) instrument on the

Compton Gamma Ray Observatory (CGRO) detected a total of 66 blazars in the

energy range 30 MeV to 50 GeV (Mukherjee et al., 1997). Because blazar (and radio

galaxy) spectra at gamma-ray energies are fairly distinct, gamma-ray selected samples

tend to be relatively ‘clean’. EGRET operated in a pointing mode of observation,

which allowed variability to be observed for a number of sources. Because of the

relatively low sensitivity of EGRET, nearly all the blazars detected were previously

identified sources. The probability of gamma-ray detection is complex, as it depends

on both the time-on-source and the level of background. However, all sources in the

EGRET sample were detected in other samples, so the gamma-ray selection is not

considered in the statistical tests of the M11 sample.

A.8: The EMSS Slew Survey of BL Lacs

Data from the Einstein X-ray observatory, taken when the instrument was moving

from one target to another, was compiled into the Einstein Slew Survey, comprising

some 809 sources (Elvis et al., 1992). The X-ray flux limit of the survey is approx-

imately 3 × 10−12 erg s−1 in the energy range 0.2-4.0 keV. A total of 151 BL Lac

candidates, identified by the optical spectral characteristics (EW and H&K break)

given below, were examined using the VLA in order to confirm radio-loudness, leaving

a total of 62 sources (Perlman et al., 1996). The overall selection is:

(i) Emission lines absent or weak, with maximum equivalent width of 5 Å.

(ii) Ca H&K Break Contrast < 0.25.
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(iii) FX > 3 × 10−12 erg s−1.

(iv) δ > 40.

(v) —b— > 15◦

A.9: The HRX Sample

The Hamburg-RASS X-ray (HRX) sample of BL Lacs was compiled from the larger

HRX Bright AGN sample, which was created by cross-correlation of the ROSAT

All-Sky Survey (RASS) with sources in the objective prism plates of the Hamburg

Quasar Survey, as described in (Beckmann et al., 2003). The total sky coverage of

the BL Lac subsample is small. One area of size 1687 deg2 was covered to a ROSAT

count-rate limit of 0.075 cts s−1, while another of size 1150 deg2 was covered to a

limit of 0.15 cts s−1. The total sample consists of 39 BL Lacs, which were found by

cross-correlation with the NVSS catalog of radio sources, complete to 2.5 mJy at 4.8

GHz.

A.10: The Parkes Quarter-Jansky Flat Spectrum Sample

This sample was compiled for the purpose of probing the high-redshift radio-loud

quasar population. Flat-spectrum sources were taken from the larger catalog of radio

sources detected by the Parkes telescope at 2.7 GHz, South of 27◦. The overall sample

selection is:

(i) −80◦ < δ(B1950) < 2.5◦.

(ii) —b— > 10◦, also avoiding LMC and SMC regions

(iii) Flat Radio Spectrum, with spectral index as measured between 2.7 GHz and 5

GHz of α < 0.4

(iv) F2.7GHz > 0.25 Jy

For the radio flux limit noted above, most of the sky was covered to the noted

flux limit of 0.25 Jy. However, as noted in (Jackson et al., 2002), some other areas

of the sky were covered at a slightly higher (0.6 Jy) or lower (0.10 Jy) flux limit.

A.11: The REX Survey
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The search for Radio-emitting X-ray (REX) sources utilized a cross-correlation be-

tween the 1.4 GHz VLA all-sky survey (NVSS) and the ROSAT X-ray observation

archive. The radio flux limit is about 5 mJy, while the X-ray flux limit is (slightly)

variable over the sky but on average ∼ 1 × 10−14ergs−1 in the PSPC instrument

energy range 0.2-2.4 keV. The overall sample selection is:

(i) −40◦ < δ

(ii) —b— > 10◦

(iii) F1.4GHz > 5mJy

(iv) FX >∼ 1 × 10−14ergs−1

(v) αro > 0.2, with optical counterpart

(vi) αro > 0.1, without optical counterpart

A.12: The ROXA Catalog

The Turriziani et al. (2007) compiled a sample of 816 sources in the Radio Opti-

cal X-ray ASDC (ROXA) catalog. The overall sample selection is similar to the

DXRBS, being created from a cross-correlation of the large-area sky surveys (NVSS,

ATCAPMN) and the RASS. Optical magnitudes for candidate sources were taken

from the Guide Star Catalog, and selections were made based on broad-band spectral

indices to restrict to the ‘blazar zone’. For sources lacking optical identifications, and

upper limit to the magnitude was taken at mJ = 19.5. Overall,

(i) —b— > 20◦

(ii) F1.4GHz > 2.5mJy, −40◦ < δ

(iii) F1.4GHz > 100mJy, −40◦ > δ

(iv) FX >∼ 1 × 10−14ergs−1

The optical identification was conducted by searching numerous catalogs as out-

lined in Turriziani et al. (2007).

A.13: The RGB Sample
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The RASS Green Bank (RGB) sample of BL Lacs was compiled by (Laurent-Muehleisen

et al., 1999) from a cross-correlation of the RASS sample, described previously, and

the 6 cm Green Bank radio survey. Candidates were also selected based on presence

of an optical counterpart in the Automatic Plate Measuring scans of the high Galactic

latitude Palomar Observatory Sky Survey (I) photographic plates. Overall,

(i) 0◦ < δ < 75◦

(ii) —b— > 20◦

(iii) F6cm > 15mJy, 30◦ < δ < 75◦

(iv) F6cm > 24mJy, 0◦ > δ < 30◦

(v) X-ray count rate > 0.1 cts s−1

(vi) Optical magnitude 0 < 18.5

(vii) Emission lines absent or weak, with maximum equivalent width of 5 Å.

(viii) Ca H&K Break Contrast < 0.4.

A.14: The EMSS Medium-Sensitivity Survey of BL Lacs

The Einstein Medium-Sensitivity Survey (EMSS) sample of BL Lacs includes 41

X-ray selected sources taken from the larger EMSS catalog. The X-ray flux limit

is relatively faint in the IPC band 0.3-3.5 keV. Observations with the VLA were

conducted to verify the sources as radio-loud and flat-spectrum. Overall,

(i) −40◦ < δ

(ii) —b— > 20◦

(iii) FX > 2 × 10−13 erg s−1

A.15: The SDSS Flat-Spectrum Sample

The SDSS is a sensitive spectroscopic survey covering 1000 deg2 in the Northern

galactic cap. Plotkin et al. (2008) compiled a list of 501 flat-spectrum radio sources

out of a larger sample found from a cross-correlation of the FIRST radio survey, the

RASS sample previously discussed, and SDSS (data release 5).
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(i) magnitude r < 22.

(ii) F1.4GHz > 1mJy.

(iii) FX > 2.5 × 10−13 erg s−1



Appendix B: Phenomenological Blazar SED model

This phenomenological blazar SED model was adapted from Fossati et al. (1997) and

used to fit the SED data with seven parameters, six of which were free to vary and

which were optimized using a simulated annealing routine.

Parameters:

LR = 32 − 46

τ ≡ 1000

xj = 1 − 4

κrx = 3 − 9

αx = −0.4 − 0.8

xpeak = 10 − 20

β = 0.6 − 2.0

To build the SED, the following equations were combined, where ~x = log(~ν). Vector

quantities are noted with arrows for clarity, and luminosities are in log.

σ =

√

2 xj

β
(B.1)

Lpeak = β (xpeak − xj − 9.698) + LR +

(

1

2
β xj

)

(B.2)

~cdamp =

{

1 when ~x < xpeak

2 − 10
~x−xpeak

τ else
(B.3)

~Lsynch =



















β (~x − 9.698) + LR when ~x < (xpeak − xj)

[

Lpeak −
(

~x−xpeak

σ

)2
]

~cdamp else

(B.4)

~LIC = LR − κrx + 7.685 + (1 − αx) (~x − 17.383) (B.5)

Finally, we have the complete SED:

~L = log
[

10
~Lsynch + 10

~LIC

]

(B.6)



Appendix C: Radio Core Dominance

Equation 2.6 can be derived starting from the definition of log core dominance ratio

Rce:

Rce = log

(

LR

Lext

)

(C.7)

where Lext and LR are the luminosities of the extended and core components taken

at the same frequency, and the beaming equations for the luminosity for the radio

and synchrotron peak frequency are simply:

LR = L′
RδpR

R (C.8)

Lpeak = L′
peakδ

ppeak

peak (C.9)

where δR and δpeak are the Doppler factors for the jet regions dominating the emission

at those frequencies, and the exponents take values p = 2+α or 3+α, depending on

the jet model, and with α the spectral indices in the band of interest. By taking

advantage of the relationship Lkin = κLβ
ext (see Section 2.3.2) we can rewrite it as:

Rce = log

(

L′
RδpR

R
(

Lkin

ǫ

)1/β

)

(C.10)

If we assume that L′
R = ǫLkin (see Section refsec:CD), and that the bulk Lorentz

factors Γ for the radio and the peak emission are the same, such that δR = δpeak,

using C.9, we obtain:

Rce = log



ǫLkin

(

Lpeak

L′
peak

)

pR
ppeak



 − log

(

Lkin

κ

)1/β

(C.11)

Letting pR = 2 + αR and ppeak = 2 + αpeak = 3, we have equation 2.6:

Rce =

(

2 + αR

3

)

log Lpeak +

(

1 −
1

β

)

log Lkin + c2 (C.12)

c2 = log(ǫκ1/β) −

(

2 + αR

3

)

log L′
peak (C.13)



Appendix D: Evaluation of Selection Effects in the

Blazar Envelope

The work presented in Chapters 2 and 3 are concerned with radio-loud sources which

can be placed on the νpeak−Lpeak plane with confidence, which is primarily a function

of SED sampling. It is important to examine both the selection of the entire sample

and the nature of the discarded objects for evidence of any bias which might produce

the current findings. In this section, the jet sample discussed will be the M11 sample

(and related discarded sources) which was introduced in Chapter 2.

D.1: Bias in the Radio Selection

One possible selection bias in the original M11 sample selection as described in Sec-

tion 2.2 is a ‘windowing’ effect due to the low frequency radio measurements required

to isolate the core and extended components. There are two sides to the problem:

(i) Very core-dominated sources may be missed when using only the spectral decom-

position method, as these might not exhibit a steep spectrum except below very low

frequencies (10 − 100 MHz) which are not frequently observed (and thus fail the

two-component test). (ii) Very de-beamed source may not qualify as a flat-spectrum

source if the νcross is much above typical sample definition frequencies of a few GHz.

In general we have not included in our study the population of ‘steep spectrum’

sources which are likely in between blazars and radio galaxies in orientation (many of

the sources removed due to thermal contamination of the spectra could be classified

as steep-spectrum). The combined effect of (i) and (ii) could in principle lead to the

selection of sources for which the core and extended fluxes are by constraint rather

similar. However, the inclusion of VLA map data, which allows us to find extended

flux densities even in very core-dominated sources, should mitigate the first issue.

As to the second, most blazars are core dominated above the crucial window of a

few GHz (see Figure 2.4), and we detect a few above this limit. Between the blazars

and radio galaxies in this figure there is no large gap indicating a substantial missing

population, and we do not find any reasons to suspect that the windowing effect is a

problem for the results of this paper.

D.2: Upper Limits

In Chapter 2, the sample of sources with good SEDs was split into two sub-samples

based on the availability of an extended radio luminosity measurement. The UEX
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Figure 5.1: The νp,syn − Lp,syn plane, filled with the UEX sample of 437 sources with only upper limits on Lkin. Upper
limits were found by extrapolating from the lowest frequency observation of core flux using a spectral index α = 1.2. The
same color scale is used as in Figure 2.6. We clearly see a similar ‘L’ shape as is suggested in the figure for TEX sources.
Also shown are the three zones discussed in the text.

(unknown extended) sample includes over 400 sources, which are shown in Figure

5.1, with the color corresponding to the upper limit of the jet kinetic power. The

overall shape of the envelope appears qualitatively similar to Figure 2.6.

We ran simulations to check how the sensitivity to sources in the plane is affected

by our overall combined sample selection (i.e., the combined selection of the samples

in Table 2.1). A selection of ∼100 different template SEDs drawn from the TEX

sample fits were moved to various peak locations in each zone shown in Figure 5.1

and were evaluated using the flux limits of our individual samples to see if these

sources would have been included. The parent samples are listed in Table 2.1, and

the sample definitions are given in Appendix A. In keeping with the additive nature

of our sample compilation, a source only needed to be included in a single sample to

be counted as ‘would be observed’.

In zones 1 and 2, we did not find any difficulty detecting the simulated sources out

to a reasonable redshift (z ∼2), assuming good SED sampling. In zone 3, however,
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our sample would likely only include sources out to z ∼ 0.2, though this is not much

less than the typical redshift of the HSP sources just above this region (z ∼ 0.25).

We conclude that the particular lack of ISP sources with Lpeak intermediate between

LSP and HSP sources is not due to the initial selection of our sample. For at least

zones 1 and 2, which would contain very bright sources, it is unlikely that a large

number of sources would exist there, but lack the SED sampling necessary to make

the more subjective cuts leading to our final sample.

D.3: The Effect of Missing Redshifts: Revisiting the

High-Power, High-Peak zone

While there is no reason to believe the overall flux limits in the sample selection of

the M11 sources could lead to the ‘L’ shape in Figure 2.6, there have been suggestions

that high-power, HSP (HP-HSP) blazars may in fact exist and populate what the

empty zones in that figure, but are missing due to lack of redshift information. While

previous claims of HP-HSP detections (then targeting the blazar sequence) and their

subsequent refutations were reviewed in Section 1.4.2, some very recent work has

renewed interest in this possibility. In particular, Giommi et al. (2012) used a basic

population model to test the hypothesis that a significant portion of the νp,syn −

Lp,syn plane is depopulated due to the jet emission overtaking the optical emission

lines necessary for a redshift identification. The main results of that work are shown in

Figure 5.2, where open symbols are predicted detections and closed symbols indicate

sources likely to be missing due to lack of redshifts. In agreement with previous work

and our own conclusions regarding the likelihood of ‘false’ BL Lacs, they predict a

number of sources at low to intermediate peak frequencies which have featureless

optical continua due to the dominance of the jet over existing broad lines (see e.g.,

Section 3.4). On this point there are now signs of broad agreement, though work

remains to determine the true meaning of these ‘interlopers’ in the BL Lac population.

However, regarding the search for HP-HSPs1, the results of Giommi et al. (2012)

are problematic considering the complete lack of observations of sources they predict

will be seen in the forbidden zone. On the other hand, the four new candidate sources

of Padovani et al. (2012) (also discussed in Section 4.3.1) do appear extremely inter-

esting. These sources, with SEDs shown in Figure 5.3, appear to have synchrotron

peaks in the ISP or HSP zone, and to have high luminosities, as determined by re-

cently measured redshifts (Rau et al., 2012). If these values are correct, they may

1Technically we are also looking for HP-ISPs, though I will use the single term for both here



D. EVALUATION OF SELECTION EFFECTS IN THE BLAZAR

ENVELOPE 164

Figure 5.2: Figure taken from Giommi et al. (2012). Both FSRQs (squares) and BL Lacs (circles) are shown for radio
flux density limited (red symbols) and X-ray flux limited (green symbols) simulated samples, plotted in the νp,syn −

L5GHz plane. Filled circles represent BL Lacs with weak or featureless optical spectra which in a real survey might not
have a measured redshift, and therefore would not appear in the plot. While many such sources occupy the “forbidden”
zone, there are also a number of predicted detections in this zone, which are not seen.

present a challenge to our strong-weak dichotomy, and thus careful examination of

their properties is important. However at present, the SED sampling is rather poor

– these sources, in fact, were excluded from M11 for this reason. We do not have

any images of the radio morphology, or estimates of the core dominance, with the

exception of the source known as CRATES J1312-215. This source shows signs of a

steepening at low radio frequencies (lower right in Figure 5.3). If the 300 MHz lu-

minosity extrapolated from the radio spectrum is the isotropic one, then this source

has one of the highest jet powers we have measured (only a handful of sources in our

sample are as bright, and one or two brighter). In addition, if we fit the historical

data with our phenomenological SED model (not the simultaneous data as has been

done in Padovani et al. 2012), the peak appears around a log ν of 14.8. This is not

remarkably far from the current population of strong-jet sources in Figure 2.6, and it

might be reasonable to think that this general area might indeed be filled with some
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Figure 5.3: Four candidate high-power ISP sources. Figure taken from Padovani et al. (2012). These sources are,
in clockwise order from upper left: RX J0035.2+1515, SUMSS J053748571828, CRATES J06302406, and CRATES
J13122156. Red points represent the quasi-simultaneous optical and Swift data. The light red gamma-ray points are from
the 2FGL. Gray points are non- simultaneous archival data. The solid line is a polynomial fit to the simultaneous data plus
radio.

sources such as CRATES J1312-215.

It is important to note that these four sources do not have redshifts measured by

traditional optical spectra identifications, but by a photometric redshift technique.

The technique exploits the fact that neutral hydrogen along the line of sight to the

blazar will imprint a clear attenuation signature at the Lyman limit. Identifying and

fitting this feature in multi-band optical/UV SED can then lead to a lower limit on

the redshift. However, as discussed in the original paper by Rau et al. (2012), for

sources below a redshift of about 1.2, this feature is out of the UV range, and it is

possible that in some cases a low-redshift source will be mis-identified as having an

absorption feature due to variability, the SED shape, or other systematic errors. In

the case of RX J0035.2+1515, which has the hardest gamma-ray spectrum, others

have suggested that this may have occurred, and suggest a lower limit on the redshift

of 0.3 (Giommi et al., 2012).

If these sources are confirmed to exist and inhabit the ‘empty zone’, and are also

found to have high jet powers, it may be that these sources are an extension of the

‘False BL Lac’ problem, and the strong-jet branch will widen in frequency range to
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include these sources. Certainly nothing prevents the scaling presented in Chapter 3

for the strong branch to extend to ISP frequencies. However, if these sources show

low jet powers and/or low radiative efficiencies, we may have to extend the weak-jet

scaling to include them. However, such a scenario is itself problematic, as there would

be a mis-match between the jet power as measured in the radio and the obviously very

high radiative output. Before we can determine their meaning, the basic measure-

ments must be confirmed regarding both the SED shape and the redshifts. Following

this, an estimate of both Lkin and the black hole mass should reveal whether these

outliers are truly outside the strong/weak dichotomy as presented in this thesis.

D.4: Remaining Sample

Finally, we return to our discussion of the M11 sample, and the nature of the sources

which were not included in the final sample due to poor SED sampling (typically

fewer than ∼ 10 SED data points). Examination of the colors (radio-optical and

optical-X-ray indices) for these sources indicates that they have values consistent

with the well-characterized sample of ∼ 600 TEX+UEX sources. Unsurprisingly,

those with X-ray detections mostly populated the ‘HSP zone’ of the αro −αox plane,

indicating that a large population of the excluded sources are likely higher redshift

HSPs and ISPs, as shown in Figure 5.4.

The optical and X-ray luminosity distributions for the excluded sample as a whole

are indistinguishable (by KS test) from the TEX+UEX sample. In all three bands

(and in particular the radio), those sources detected in the X-rays tended to have

much lower luminosities, and are therefore unlikely to populate the so-called ‘forbid-

den zone’ of high synchrotron peak luminosity and frequency. Those not detected in

X-rays had a distribution of αro typical of LSP sources, but actually tended to have

higher luminosities than our TEX+UEX sample. However, non-detection in X-rays

and higher redshifts in general probably explains their absence in the TEX+UEX

sample. Overall, none of the sources excluded from the TEX+UEX sub-sample ap-

pear to be substantially different from those in it; however, only additional multi-

frequency observations (and redshift determinations) of these sources can confirm

this.



Figure 5.4: The αro − αrx plane. Black points correspond to the overall M11 blazar sample which passed the initial
selection based on SED sampling. Typically, LSP sources populate the zone at upper left, ISPs are at lower right, and
HSPs are at lower left, in a more or less continuous fashion. The dashed line indicates the approximate ‘radio-loud’ division
(sources above this line), and the dotted line indicates the HSP zone (sources below this line), as suggested by (Giommi
et al., 1999). On top of the black points, the excluded sources with X-ray detections are shown (those with only radio
and optical cannot be placed on this plot). As can be seen, these sources preferentially populated the ISP and HSP zones.
The low fluxes of these objects are consistent with higher-redshift counterparts to the ISP and HSP sources in our sample,
though very high-luminosity, very high-redshift sources cannot be ruled out (no such sources are found in the subset of
discarded sources with redshifts).

Appendix E: A Discussion of High-Power,

Gamma-ray Hard Blazars

As discussed in Chapter 4, it is a reasonable question whether the ’empty zone’ at

upper right in the Lγ − Γγ plane (Figure 4.2) could be occupied by sources which

not shown because they lack redshifts. To answer this question, we look at the

remaining population of Fermi -detected sources not shown (due to lacking redshifts)
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Figure 5.5: (Left Panel) A histogram showing the distribution for photon index Γγ for all the Fermi sources with no
identification (black), and for Fermi -detected AGN lacking redshifts (blue). (Right Panel) The sources shown correspond
to the red-highlighted sources in Figure 5.6, and have Γγ < 1.6, indicating that they may be very hard sources. However,
the source significance is generally low, especially for the hardest sources, and the errors on Γγ are very large. Color coding
is as in the left panel.

in Figure 4.2, which can be divided into two types. There are 584 blazar-associated

and presumed AGN sources with no redshift information in the literature, and a

further 573 gamma-ray sources which have not been associated with any other known

source (based on spectral properties, many or most of these are likely to be AGN).

As shown in the left panel of Figure 5.5, the majority (85% and 65% respectively)

of both the unassociated and blazar-associated samples have typically soft spectra,

less than Γγ = 2. Since the interesting region is at harder (smaller) values of Γγ, I

will focus on the hard subset of both samples, with Γγ < 2.

I have placed the remaining hard-spectrum sources in the Lγ − Γγ plane by as-

suming a redshift of 0.6 for all sources. Lγ is calculated as described in Section 4.2

and Γγ is taken from the 2FGL catalog. The unassociated sources are plotted in

black in the left panel of Figure 5.6, with vertical error bars showing the correspond-

ing luminosities at z=0.3 (lower) and z=2 (upper). The corresponding plot with

the blazar-associated sources in blue is shown in the right panel. In both, I have

highlighted the handful of sources which have Γγ < 1.6 in red. In all cases, these

sources have large errors on Γγ (the 1-sigma errors are shown). The index errors of

±0.2− 0.3 are large enough to correspond to plus or minus an order of magnitude or

more in the peak frequency position. As can be seen from Figure 5.6, if high-power,

gamma-ray hard blazars exist, they are both few and except for those at the lowest

Γγ, at very high redshifts, much higher than the average redshift of 0.4 found for all
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Figure 5.6: (Left Panel) The ÃLγ −Γγ plane, as in Figure 4.2, showing the Fermi sources which are unidentified and having
hard spectra (Γγ < 2). Because the luminosity is determined by the redshift, if these sources are at high z, they may fill
in the now-empty zone. However, as shown, most sources either need a very high redshift (> 2, which is indicated by the
upper bound of the error bars), or are very uncertain detections in the first place, which large errors on the photon index
Γγ . The dashed line shown corresponds to that in Figure 4.2, and the sources with Γγ < 1.6 are shown in red, with their
associated Γγ 1-sigma error bars. (Right Panel) The same figure as the left panel, except that the sources shown are either
associated with a blazar/AGN or are presumed to be blazars due to spectral characteristics (though still lacking redshifts).
Again, the hardest sources would have to be at high redshifts to significantly invade the empty zone, as shown by the z=2
upper limit luminosities.

the identified sources with redshift and Γγ < 2. In that sample of nearly 100 blazars,

only 10 sources appear at redshifts higher than 1, and only 3 higher than 1.5.

Focusing on those sources with very extreme values of Γγ < 1.6, I have plotted the

photon index Γγ (with 1-sigma error) against the source significance (right panel in

Figure 5.5). As can be seen, for both samples of hard sources, the error on Γγ is large,

and the significance of the detection typically low, down to 4 sigma for the hardest

sources. The error on Γγ is also largest, and significance the lowest, for those sources

most likely to challenge our finding of an empty zone. While we cannot completely

rule out that there are high-power, gamma-ray hard sources in existence, the data at

present do not support there being more than a handful of them, and no conclusive

evidence (such as a confirmed high redshift) of any such source yet exists.
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Table 5.1. TEX Combined Blazar Source List

Name R.A. Decl. Opt. z log νpeak log Lpeak log L300 log Lkin Method Ref.
(J2000) (J2000) (Hz) (ergs s−1) (ergs s−1) (ergs s−1)

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

QSO B0003−06 00 06 13.89 −06 23 35.33 B 0.347 13.16 46.22 41.68 44.62 both f,h
QSO B0016+73 00 19 45.73 +73 27 30.07 Q 1.781 13.26 47.65 42.61 45.21 both f
QSO B0048−09 00 50 41.31 −09 29 05.21 B 0.200 13.43 44.97 41.20 44.31 both b,d,f
4C 01.02 01 08 38.77 +01 35 00.27 Q 2.099 13.00 47.71 44.57 46.46 both c,f,h
QSO B0109+224 01 12 05.82 +22 44 38.78 B 0.265 13.87 45.57 40.33 43.75 both b,f,h
QSO B0118−272 01 20 31.66 −27 01 24.65 B 0.557 14.04 46.13 42.38 45.06 VLA d
QSO B0133+47 01 36 58.58 +47 51 29.30 Q 0.859 13.34 46.63 41.93 44.78 VLA f,h
QSO B0138−097 01 41 25.83 −09 28 43.67 B 0.733 13.49 46.22 42.41 45.08 VLA d
4C 15.05 02 04 50.41 +15 14 11.04 Q 0.405 12.39 45.15 41.39 44.43 VLA h
QSO B0212+73 02 17 30.82 +73 49 32.55 B 2.367 13.38 47.20 42.30 45.01 VLA f,h
QSO B0215+015 02 17 48.95 +01 44 49.69 Q 1.715 13.72 47.71 43.52 45.79 VLA b,f,h
QSO B0218+357 02 21 05.48 +35 56 13.70 Q 0.960 12.86 45.91 43.09 45.52 SD
3C 66A 02 22 39.61 +43 02 07.80 B 0.444 13.98 46.34 42.85 45.36 both b,e
4C 13.14 02 31 45.88 +13 22 54.74 Q 2.059 13.09 47.00 43.98 46.09 both c
4C 28.07 02 37 52.40 +28 48 08.91 Q 1.207 12.99 46.96 43.21 45.59 both c,f,h
QSO B0235+16 02 38 38.93 +16 36 59.19 B 0.524 13.24 46.26 41.84 44.72 VLA h
QSO B0256+07 02 59 27.07 +07 47 39.56 Q 0.893 13.02 45.77 42.37 45.06 VLA c
4C 47.08 03 03 35.24 +47 16 16.27 B 0.475 13.75 46.13 41.82 44.70 both b,f,h
4C 32.14 03 36 30.15 +32 18 29.15 Q 1.258 13.47 46.57 42.98 45.45 VLA c,f,h
QSO B0336−019 03 39 30.94 −01 46 35.70 Q 0.852 12.70 46.40 42.36 45.05 SD† f,h
QSO B0346−279 03 48 38.14 −27 49 13.56 Q 0.987 13.05 46.11 42.61 45.21 SD
QSO B0403−132 04 05 34.00 −13 08 13.76 Q 0.571 13.05 46.47 43.25 45.62 SD† b,f,h
QSO B0420−014 04 23 15.79 −01 20 33.16 Q 0.915 13.07 47.03 42.66 45.24 both b,f,h
QSO B0422+004 04 24 46.84 +00 36 06.32 B 0.310 13.76 45.91 40.53 43.88 both b,f,h
QSO B0426−380 04 28 40.43 −37 56 19.55 B 1.110 13.00 46.55 43.11 45.53 VLA d
QSO B0446+113 04 49 07.67 +11 21 28.59 B 1.207 13.09 46.31 42.63 45.22 both f,h
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Table 5.1 (cont’d)

Name R.A. Decl. Opt. z log νpeak log Lpeak log L300 log Lkin Method Ref.
(J2000) (J2000) (Hz) (ergs s−1) (ergs s−1) (ergs s−1)

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

RBS 590 04 49 24.70 −43 50 09.00 B 0.107 15.44 44.65 41.01 44.19 VLA e
QSO B0451−28 04 53 14.64 −28 07 37.27 Q 2.559 12.72 47.39 44.12 46.18 SD
QSO B0454−46 04 55 50.76 −46 15 58.72 Q 0.858 12.97 46.71 43.28 45.64 SD
4C −02.19 05 01 12.80 −01 59 14.36 Q 2.286 13.09 46.98 43.62 45.86 SD† f,h
QSO B0521−365 05 22 57.98 −36 27 30.85 B 0.055 14.08 44.28 41.85 44.72 both b
QSO J0530+13 05 30 56.41 +13 31 54.89 Q 2.070 12.91 47.17 43.73 45.93 both f,h
QSO B0529+483 05 33 15.86 +48 22 52.74 Q 1.162 13.09 46.69 42.67 45.25 both f,h
QSO B0537−441 05 38 50.35 −44 05 09.04 B 0.896 13.25 46.94 42.93 45.42 both d
QSO B0548−322 05 50 40.54 −32 16 16.34 B 0.069 17.06 44.24 40.25 43.70 VLA b
QSO B0605−085 06 07 59.69 −08 34 49.97 Q 0.872 13.36 47.52 42.94 45.42 VLA f,h
QSO B0607−157 06 09 40.94 −15 42 40.67 Q 0.324 12.72 45.38 39.84 43.44 VLA h
TXS 0628−240 06 30 59.40 −24 06 45.30 B 0.078* 14.36 43.81 39.68 43.34 VLA e
8C 0633+734 06 39 21.96 +73 24 58.04 Q 1.850 12.28 46.27 43.62 45.86 SD
4C 47.23 07 10 46.10 +47 32 11.14 B 1.292 14.06 46.88 43.17 45.57 both c,i
QSO B0716+332 07 19 19.41 +33 07 09.59 Q 0.779 13.55 45.81 41.98 44.81 SD
8C 0716+714 07 21 53.44 +71 20 36.36 B 0.300 14.13 46.28 41.98 44.81 SD† d,f,h,i
WB 0730+3522 07 33 29.55 +35 15 42.83 B 0.177 15.42 44.58 40.92 44.13 VLA i
QSO B0731+479 07 35 02.32 +47 50 08.55 Q 0.782 13.26 45.46 42.26 44.99 VLA i
QSO J0738+17 07 38 07.39 +17 42 18.99 B 0.424 13.64 46.17 41.45 44.47 both b,c,d
QSO B0736+01 07 39 18.03 +01 37 04.59 Q 0.191 13.50 45.12 40.88 44.10 VLA b,f
QSO B0738+313 07 41 10.70 +31 12 00.27 Q 0.631 13.13 45.67 42.17 44.93 both c
QSO B0745+241 07 48 36.10 +24 00 24.14 Q 0.409 13.02 45.55 42.16 44.92 VLA c
QSO B0748+126 07 50 52.06 +12 31 05.15 Q 0.889 12.43 46.03 42.77 45.31 SD† c
QSO B0754+10 07 57 06.64 +09 56 34.85 B 0.266 13.75 45.67 41.44 44.46 SD† b,c
QSO B0805−077 08 08 15.53 −07 51 10.07 Q 1.837 13.33 47.01 43.78 45.96 both f
QSO B0804+499 08 08 39.67 +49 50 36.54 Q 1.436 13.41 46.52 42.34 45.04 VLA c,i
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Table 5.1 (cont’d)

Name R.A. Decl. Opt. z log νpeak log Lpeak log L300 log Lkin Method Ref.
(J2000) (J2000) (Hz) (ergs s−1) (ergs s−1) (ergs s−1)

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

QSO B0806+524 08 09 49.18 +52 18 58.25 B 0.138 15.32 44.45 39.57 43.26 VLA i
QSO B0808+019 08 11 26.70 +01 46 52.22 B 1.148 13.39 46.36 42.57 45.18 VLA b,f
QSO B0812+367 08 15 25.94 +36 35 15.15 Q 1.029 13.09 46.32 43.13 45.54 SD
BWE 0812+5748 08 16 22.73 +57 39 09.20 B 0.294* 15.83 44.63 40.98 44.17 VLA i
QSO B0814+42 08 18 16.00 +42 22 45.39 B 0.245 13.26 44.72 41.36 44.41 VLA c,d,f
QSO B0818−128 08 20 57.44 −12 58 59.16 B 0.074* 14.17 43.91 40.67 43.97 VLA b
4C 22.21 08 23 24.76 +22 23 03.32 B 0.951 13.09 45.70 43.49 45.77 VLA c,d
QSO B0823+033 08 25 50.33 +03 09 24.52 B 0.506 13.23 46.12 40.95 44.15 both c,d
QSO B0827+24 08 30 52.08 +24 10 59.78 Q 0.941 13.43 46.62 42.62 45.22 both f
QSO B0829+047 08 31 48.87 +04 29 39.08 B 0.174 13.61 45.43 41.00 44.18 VLA b,f
QSO B0828+493 08 32 23.21 +49 13 21.03 B 0.548 13.08 45.67 41.79 44.69 VLA d
QSO B0833+585 08 37 22.40 +58 25 01.81 Q 2.101 12.40 46.38 43.38 45.70 VLA c
QSO B0836+182 08 39 30.72 +18 02 47.14 B 0.280 14.06 44.85 41.18 44.30 VLA e
4C 71.07 08 41 24.35 +70 53 42.26 Q 2.172 12.91 47.18 43.91 46.04 VLA c,f,h
QSO B0839+187 08 42 05.08 +18 35 41.07 Q 1.270 12.84 46.62 42.18 44.94 both c
HS 0843+0715 08 46 00.36 +07 04 24.68 Q 0.342 13.58 44.90 41.86 44.73 SD
RBS 723 08 47 12.94 +11 33 49.79 B 0.199 16.73 44.97 40.35 43.76 both e
4C 58.17 08 54 42.00 +57 57 29.97 Q 1.318 13.85 46.05 43.52 45.79 SD
QSO B0851+202 08 54 48.87 +20 06 30.63 B 0.306 13.50 46.09 40.99 44.17 both b,d,f
4C 47.29 09 03 03.98 +46 51 04.23 Q 1.462 13.12 46.75 43.79 45.97 SD† c
4C 01.24 09 09 10.09 +01 21 35.64 Q 1.024 13.84 46.49 42.67 45.25 both c
3C 216 09 09 33.50 +42 53 46.59 Q 0.670 13.20 45.80 43.69 45.90 both b
QSO B0912+297 09 15 52.40 +29 33 24.04 B 0.101* 15.36 44.32 40.40 43.80 VLA b
QSO B0917+62 09 21 36.25 +62 15 52.10 Q 1.446 12.70 46.35 43.07 45.50 SD† c
4C 39.25 09 27 03.01 +39 02 20.79 Q 0.695 12.64 46.42 43.22 45.60 both c,f
QSO J0929+5013 09 29 15.44 +50 13 36.02 B 0.370 13.87 45.45 41.16 44.28 SD† i
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Table 5.1 (cont’d)

Name R.A. Decl. Opt. z log νpeak log Lpeak log L300 log Lkin Method Ref.
(J2000) (J2000) (Hz) (ergs s−1) (ergs s−1) (ergs s−1)

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

7C 0937+2617 09 40 14.72 +26 03 29.94 B 0.498 13.45 45.27 41.98 44.81 VLA e
4C 40.24 09 48 55.33 +40 39 44.62 Q 1.252 12.74 46.75 43.64 45.87 both c
7C 0953+2529 09 56 49.87 +25 15 16.19 Q 0.712 12.48 46.03 41.96 44.79 both c
4C 55.17 09 57 38.18 +55 22 57.69 Q 0.895 13.56 46.02 43.13 45.54 VLA c,e,i
QSO B0954+65 09 58 47.24 +65 33 54.81 B 0.368 13.73 45.82 41.38 44.42 VLA d
8C 1003+830 10 10 15.77 +82 50 14.45 Q 0.322 13.10 45.59 41.72 44.64 SD
NRAO 350 10 12 13.34 +06 30 57.18 B 0.727 14.20 45.77 42.78 45.32 VLA e
RBS 835 10 12 44.32 +42 29 56.90 B 0.364 16.06 44.76 40.84 44.08 VLA i
4C 23.24 10 14 47.07 +23 01 16.67 Q 0.565 13.48 45.85 42.74 45.29 SD
QSO B1011+496 10 15 04.13 +49 26 00.70 B 0.200 14.55 44.83 40.48 43.85 VLA i
4C 40.25 10 23 11.57 +39 48 15.39 Q 1.254 13.16 46.92 43.46 45.75 SD† i
4C 19.34 10 24 44.80 +19 12 20.41 Q 0.828 13.16 45.64 42.82 45.34 SD
QSO B1028+511 10 31 18.52 +50 53 35.93 B 0.360 16.73 45.88 39.92 43.49 VLA i
7C 1030+4131 10 33 03.70 +41 16 06.36 Q 1.117 12.30 46.24 42.58 45.19 SD
RBS 888 10 37 44.31 +57 11 55.80 B 0.124* 13.76 44.60 39.73 43.37 VLA i
4C 06.41 10 41 17.16 +06 10 16.92 Q 1.270 12.80 47.04 42.86 45.37 both f
3C 245 10 42 44.60 +12 03 31.11 Q 1.029 12.63 46.24 44.00 46.10 both c
QSO B1045−18 10 48 06.63 −19 09 35.83 Q 0.595 13.27 46.80 43.19 45.58 both f
4C 20.24 10 58 17.90 +19 51 50.87 Q 1.110 12.98 46.01 43.93 46.06 SD
4C 01.28 10 58 29.60 +01 33 58.77 Q 0.888 13.05 46.61 43.23 45.61 VLA c,f
7C 1055+5644 10 58 37.72 +56 28 11.20 B 0.144 15.53 44.71 40.20 43.67 VLA i
4C 72.16 11 01 48.82 +72 25 37.40 Q 1.460 13.00 46.25 43.88 46.02 SD
RBS 936 11 03 37.65 −23 29 30.71 B 0.186 16.60 45.77 41.13 44.26 SD
QSO B1101+384 11 04 27.31 +38 12 31.79 B 0.030 16.02 43.67 39.59 43.28 VLA b,i
4C 12.39 11 18 57.30 +12 34 41.66 Q 2.129 13.64 46.42 44.20 46.23 both c
RBS 970 11 20 48.06 +42 12 12.40 B 0.124 16.36 44.44 38.51 42.59 both i
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Table 5.1 (cont’d)

Name R.A. Decl. Opt. z log νpeak log Lpeak log L300 log Lkin Method Ref.
(J2000) (J2000) (Hz) (ergs s−1) (ergs s−1) (ergs s−1)

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

QSO B1124−186 11 27 04.40 −18 57 17.26 Q 1.048 13.48 47.15 42.71 45.27 SD† f
QSO B1127−14 11 30 07.04 −14 49 27.42 Q 1.187 13.42 46.32 43.24 45.61 VLA f
QSO B1128+385 11 30 53.27 +38 15 18.52 Q 1.741 12.98 46.80 42.42 45.09 VLA c
QSO B1133+704 11 36 26.40 +70 09 27.30 B 0.046 16.38 43.95 39.90 43.48 both b,i
QSO B1144−379 11 47 01.38 −38 12 11.11 B 1.048 13.15 46.91 42.11 44.89 both d
BWE 1145+5710 11 48 03.18 +56 54 11.52 Q 0.451 15.66 45.11 41.25 44.34 SD
7C 1145+3211 11 48 18.87 +31 54 10.09 Q 0.549 15.83 45.38 41.38 44.42 SD
VIPS 0481 11 48 56.56 +52 54 25.31 Q 1.632 13.37 46.61 42.00 44.82 VLA i
7C 1147+2434 11 50 19.21 +24 17 53.83 B 0.200 13.76 45.03 40.79 44.05 both b,d,e
8C 1148+592 11 51 24.68 +58 59 17.60 B 0.118* 15.05 44.26 40.43 43.82 both i
VIPS 0488 11 52 32.86 +49 39 38.72 Q 1.091 14.20 45.91 42.60 45.20 SD
8C 1150+812 11 53 12.50 +80 58 29.07 Q 1.250 12.73 46.91 43.44 45.74 SD† c,f
4C 49.22 11 53 24.47 +49 31 08.84 Q 0.334 13.17 45.39 42.58 45.19 both b
BWE 1151+6039 11 54 04.55 +60 22 20.90 Q 0.489* 13.00 45.39 41.51 44.51 SD
4C 29.45 11 59 31.83 +29 14 43.82 Q 0.729 13.50 46.29 42.95 45.43 VLA b,c,f
QSO B1202−262 12 05 33.21 −26 34 04.56 Q 0.786 13.04 45.02 43.26 45.63 SD
CSO 1295 12 15 09.94 +46 27 15.05 Q 0.720 13.22 45.48 42.12 44.90 SD† i
QSO B1215+303 12 17 52.08 +30 07 00.63 B 0.100 15.32 44.80 40.59 43.92 VLA b,e
QSO B1217+023 12 20 11.88 +02 03 42.18 Q 0.240 13.80 44.99 41.50 44.50 SD
QSO B1218+304 12 21 21.92 +30 10 36.83 B 0.200 16.43 45.43 41.41 44.44 SD
7C 1219+2830 12 21 31.69 +28 13 58.50 B 0.100 13.73 45.07 39.79 43.41 both b
4C 04.42 12 22 22.54 +04 13 15.82 Q 0.965 12.70 46.03 42.94 45.42 VLA f
4C 21.35 12 24 54.44 +21 22 46.48 Q 0.435 14.42 45.36 42.88 45.38 both f,h
3C 273 12 29 06.69 +02 03 08.57 Q 0.158 13.89 45.86 43.06 45.50 both f
QSO B1240+381 12 42 51.36 +37 50 59.98 Q 1.316 12.77 45.65 42.60 45.20 SD
CSO 916 12 43 12.69 +36 27 43.90 B 0.108* 16.10 44.47 40.20 43.67 VLA i
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Table 5.1 (cont’d)

Name R.A. Decl. Opt. z log νpeak log Lpeak log L300 log Lkin Method Ref.
(J2000) (J2000) (Hz) (ergs s−1) (ergs s−1) (ergs s−1)

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

3C 279 12 56 11.16 −05 47 21.52 Q 0.536 12.87 46.71 42.98 45.45 SD† b,f
7C 1308+3236 13 10 28.66 +32 20 43.73 B 0.997 13.06 46.69 42.86 45.37 both b,c,d,f,h
6C 1308+5529 13 11 03.21 +55 13 54.34 Q 0.926 13.44 45.88 42.43 45.10 SD
QSO B1313−333 13 16 07.99 −33 38 59.20 Q 1.210 13.14 47.24 42.97 45.44 SD
QSO B1324+224 13 27 00.85 +22 10 50.29 Q 1.400 12.85 46.59 42.45 45.11 both f,h
QSO B1334−127 13 37 39.78 −12 57 24.63 Q 0.539 12.82 46.28 42.51 45.15 both f
4C 53.28 13 49 34.65 +53 41 16.97 Q 0.980 13.58 45.62 42.76 45.31 VLA i
QSO B1352−104 13 54 46.51 −10 41 02.71 Q 0.332 12.71 45.94 42.01 44.83 SD
BWE 1413+4844 14 15 36.82 +48 30 30.50 B 0.496 13.83 45.13 41.10 44.24 VLA i
QSO B1413+135 14 15 58.81 +13 20 23.71 B 0.247 12.82 45.41 40.32 43.74 VLA f
7C 1415+2556 14 17 56.66 +25 43 26.44 B 0.237 16.49 44.90 41.00 44.18 SD
QSO B1418+54 14 19 46.59 +54 23 14.78 B 0.151 14.09 44.98 40.38 43.78 both b,c,d,i
QSO B1417+385 14 19 46.61 +38 21 48.44 Q 1.820 12.96 46.94 42.39 45.07 VLA f,h
8C 1435+638 14 36 45.80 +63 36 37.78 Q 2.062 13.03 46.85 43.36 45.69 SD† i
QSO B1437+398 14 39 17.50 +39 32 42.90 B 0.349 16.57 45.51 41.08 44.23 SD
QSO B1502+106 15 04 24.98 +10 29 39.12 Q 1.839 13.34 47.08 43.30 45.65 VLA c,f,h
QSO B1504−167 15 07 04.80 −16 52 30.86 Q 0.876 13.15 46.20 42.41 45.08 VLA f
B3 1508+425 15 10 17.81 +42 21 54.91 Q 0.487 13.58 44.82 42.09 44.88 SD
QSO B1510−89 15 12 50.54 −09 05 59.75 Q 0.360 13.48 45.64 42.17 44.93 both f
QSO B1514+197 15 16 56.79 +19 32 12.99 B 0.650 13.25 46.00 40.81 44.06 both b
QSO B1514−24 15 17 41.81 −24 22 19.47 B 0.049 13.85 44.36 40.04 43.57 both b,d
4C 14.60 15 40 49.49 +14 47 45.92 B 0.605 13.60 45.77 42.72 45.28 both b,c,d,f,h
QSO B1542+614 15 42 56.94 +61 29 55.34 B 0.117* 14.18 44.34 39.29 43.09 both i
QSO B1546+027 15 49 29.43 +02 37 01.15 Q 0.414 13.35 45.68 41.37 44.42 both c
4C 05.64 15 50 35.27 +05 27 10.50 Q 1.422 13.04 46.55 43.31 45.66 SD† f
4C +45.30 15 57 18.99 +45 22 21.61 Q 0.495 13.40 45.34 42.69 45.26 SD
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Table 5.1 (cont’d)

Name R.A. Decl. Opt. z log νpeak log Lpeak log L300 log Lkin Method Ref.
(J2000) (J2000) (Hz) (ergs s−1) (ergs s−1) (ergs s−1)

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

VIPS 0951 16 06 58.29 +27 17 05.57 Q 0.934 13.40 45.10 42.26 44.99 SD
4C 15.54 16 07 06.56 +15 51 34.10 B 0.357 13.56 44.78 41.93 44.78 SD
4C 10.45 16 08 46.20 +10 29 07.68 Q 1.226 12.84 46.81 42.73 45.29 both c
QSO B1611+343 16 13 41.06 +34 12 47.83 Q 1.401 13.17 47.37 42.76 45.31 VLA c
4C 38.41 16 35 15.49 +38 08 04.51 Q 1.814 13.42 47.12 43.24 45.61 both c
4C 47.44 16 37 45.12 +47 17 33.91 Q 0.740 13.25 45.19 42.84 45.36 SD
7C 1637+5726 16 38 13.45 +57 20 24.08 Q 0.751 13.20 46.22 42.67 45.25 both c,f,i
QSO B1638+398 16 40 29.64 +39 46 46.13 Q 1.660 13.17 46.76 43.11 45.53 VLA f
3C 345 16 42 58.80 +39 48 36.99 Q 0.593 13.25 46.50 43.16 45.56 both b,c,f,i
4C 39.49 16 53 52.21 +39 45 36.60 B 0.034 15.95 44.63 39.46 43.19 VLA b,d,i
QSO B1656+053 16 58 33.45 +05 15 16.44 Q 0.879 13.83 46.05 42.90 45.40 VLA c
VIPS 1052 17 01 24.63 +39 54 37.09 B 0.507 14.09 45.63 40.75 44.02 both i
BWE 1705+7142 17 04 47.00 +71 38 16.90 B 0.208* 15.76 44.45 39.82 43.42 VLA i
QSO B1717+178 17 19 13.04 +17 45 06.43 B 0.137 13.10 44.23 40.02 43.55 both b
QSO B1718+481 17 19 38.24 +48 04 12.24 Q 1.083 13.95 46.76 40.93 44.14 VLA i
7C 1724+5854 17 25 35.02 +58 51 40.36 B 0.125 14.39 43.99 40.16 43.64 both i
QSO B1726+455 17 27 27.65 +45 30 39.63 Q 0.714 12.91 46.32 42.43 45.10 both f
QSO B1727+502 17 28 18.62 +50 13 10.47 B 0.055 17.00 44.08 39.58 43.27 both b,i
QSO B1730−130 17 33 02.72 −13 04 49.48 Q 0.902 12.79 46.85 43.40 45.72 both f
4C 51.37 17 40 36.97 +52 11 43.42 Q 1.375 13.40 46.85 42.86 45.37 both f
VIPS 1105 17 42 31.97 +59 45 06.59 B 0.146* 14.54 44.12 39.64 43.31 VLA i
7C 1749+7006 17 48 32.84 +70 05 50.76 B 0.770 13.69 46.45 42.03 44.84 VLA d
B3 1747+433 17 49 00.36 +43 21 51.28 B 0.215* 13.89 44.23 40.61 43.93 VLA i
4C 09.57 17 51 32.81 +09 39 00.56 B 0.322 13.18 45.74 41.39 44.43 SD† b
QSO B1758+38 18 00 24.76 +38 48 30.71 Q 2.092 13.25 46.96 42.40 45.08 both f
8C 1803+784 18 00 45.75 +78 28 03.98 B 0.684 13.78 46.53 42.10 44.88 both c,d,f,h
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Table 5.1 (cont’d)

Name R.A. Decl. Opt. z log νpeak log Lpeak log L300 log Lkin Method Ref.
(J2000) (J2000) (Hz) (ergs s−1) (ergs s−1) (ergs s−1)

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

3C 371 18 06 50.68 +69 49 28.10 B 0.051 13.84 44.15 40.59 43.92 both b,d,f,i
4C 56.27 18 24 07.07 +56 51 01.40 B 0.663 13.05 46.15 42.90 45.40 both c,d,f
RGB J1829+540 18 29 24.29 +54 02 59.80 B 0.177* 15.61 44.32 40.30 43.73 SD
PKS 1830−589 18 34 27.46 −58 56 36.20 B 0.160* 13.59 44.02 41.50 44.50 SD† e
4C 73.18 19 27 48.49 +73 58 01.57 Q 0.360 13.33 46.88 42.28 45.00 both c,f,h
QSO B1936−155 19 39 26.65 −15 25 43.08 Q 1.657 13.09 46.75 42.66 45.24 VLA f
8C 2007+777 20 05 31.02 +77 52 43.21 B 0.342 13.25 45.55 41.24 44.33 both c,d
QSO B2008−159 20 11 15.70 −15 46 40.35 Q 1.180 12.53 46.48 42.12 44.90 VLA f
QSO B2021+614 20 22 06.68 +61 36 58.80 Q 0.227 12.84 44.78 39.59 43.28 both f
QSO B2022−077 20 25 40.66 −07 35 52.60 Q 1.388 13.87 46.36 43.58 45.83 SD
QSO B2121+05 21 23 44.51 +05 35 21.93 Q 1.878 12.86 47.05 42.46 45.11 both c
QSO B2128−123 21 31 35.26 −12 07 04.79 Q 0.501 13.41 46.27 41.90 44.76 both f
4C −02.81 21 34 10.30 −01 53 17.23 Q 1.285 13.09 46.76 43.33 45.67 VLA d,f
QSO B2134+004 21 36 38.58 +00 41 54.22 Q 1.932 12.92 47.19 43.51 45.79 both c
QSO B2141+174 21 43 35.55 +17 43 48.79 Q 0.211 13.84 45.06 41.25 44.34 SD
QSO B2144+093 21 47 10.15 +09 29 46.71 Q 1.113 13.31 46.01 43.01 45.47 VLA c
4C 06.69 21 48 05.46 +06 57 38.55 Q 0.990 12.82 46.91 42.44 45.10 both c,f,h
QSO B2155−152 21 58 06.28 −15 01 09.34 Q 0.672 12.83 46.23 42.82 45.34 both f,h
QSO B2155−304 21 58 52.06 −30 13 32.11 B 0.117 17.00 45.65 40.57 43.90 VLA b
QSO B2200+420 22 02 43.29 +42 16 39.97 B 0.069 13.71 44.79 39.86 43.45 VLA b,d,f,h
4C 31.63 22 03 14.96 +31 45 38.25 Q 0.298 13.24 45.70 42.16 44.92 VLA c,f,h
QSO B2201+171 22 03 26.87 +17 25 48.10 Q 1.075 13.47 46.60 43.05 45.49 VLA b,f,h
4C −03.79 22 18 52.03 −03 35 37.03 Q 0.901 13.05 46.52 43.13 45.54 both f,h
QSO B2223+21 22 25 38.04 +21 18 06.26 Q 1.959 13.75 46.36 43.50 45.78 both c
3C 446 22 25 47.26 −04 57 01.54 B 1.404 13.31 47.52 44.11 46.17 SD† b,f,h
QSO B2227−088 22 29 40.08 −08 32 54.39 Q 1.560 13.11 46.79 42.55 45.17 both f,h
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Table 5.1 (cont’d)

Name R.A. Decl. Opt. z log νpeak log Lpeak log L300 log Lkin Method Ref.
(J2000) (J2000) (Hz) (ergs s−1) (ergs s−1) (ergs s−1)

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

4C 11.69 22 32 36.41 +11 43 50.76 Q 1.037 13.28 46.45 43.40 45.72 both b,c,f,h
QSO B2232+282 22 36 22.48 +28 28 57.42 Q 0.795 12.97 46.03 41.34 44.40 VLA c
QSO B2240−260 22 43 26.40 −25 44 30.68 B 0.774 13.46 46.19 42.67 45.25 SD
3C 454.3 22 53 57.74 +16 08 53.59 Q 0.859 13.64 46.83 43.62 45.86 both b,c,f,h
QSO B2254+074 22 57 17.30 +07 43 12.30 B 0.193 14.11 45.03 40.54 43.89 VLA b,d
QSO B2255−282 22 58 05.97 −27 58 21.27 Q 0.927 12.82 47.42 42.76 45.31 SD
RBS 1919 22 58 18.80 −55 25 37.00 B 0.479 16.00 45.36 41.15 44.28 VLA e
QSO B2345−167 23 48 02.60 −16 31 12.02 Q 0.576 12.69 45.76 42.61 45.21 both b,f,h

Note. — Full table available online. Partial table reproduced here only as a guide to form and content.

Note. — Units of right ascention are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

∗Redshift estimated from optical magnitude

†Spectral decomposition estimate of extended flux used instead of VLA estimate

bAntonucci & Ulvestad (1985)

cMurphy et al. (1993)

iCassaro et al. (1999)

eLandt & Bignall (2008)

fKharb et al. (2010)

gCondon et al. (2002)

hCooper et al. (2007)

iCaccianiga & Marchã (2004)
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Table 5.2. Radio Galaxies

Name R.A. Decl. Morph.‡ z log νpeak log Lpeak log L300 Lkin

(J2000) (J2000) (Hz) (ergs s−1) (ergs s−1) (ergs s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

3C 380† 18 29 31.77 +48 44 46.17 2 0.69 12.95 45.68 44.06 46.14
3C 17 00 38 20.52 -02 07 40.8 2 0.220 13.05+0.30

−0.55 45.35 42.82 45.34
3C 18 00 40 50.35 +10 03 23.14 2 0.188 12.83+0.32

−0.52 44.79 42.55 45.17
3C 29 00 57 34.92 -01 23 27.89 1 0.045 12.94+0.39

−0.37 44.01 41.34 44.40
NGC 315 00 57 48.88 +30 21 08.81 1 0.016 13.96+0.34

−0.65 43.94 39.78 43.40
3C 31 01 07 24.93 +32 24 45.20 1 0.017 13.09+0.50

−0.41 43.53 40.79 44.05
3C 33.1 01 09 44.26 +73 11 57.17 2 0.181 12.99+0.36

−0.25 44.30 42.42 45.09
3C 66B† 02 23 11.41 +42 59 31.38 1 0.02 13.36 42.09 40.73 44.01
3C 78† 03 08 26.22 +04 06 39.30 1 0.03 12.99 44.02 40.94 44.14
3C 83.1B 03 18 15.73 +41 51 27.38 1 0.025 13.09+0.32

−0.62 43.40 40.93 44.14
3C 84† 03 19 48.16 +41 30 42.10 1 0.02 13.46 43.09 40.16 43.64
3C 111† 04 18 21.27 +38 01 35.80 2 0.05 13.28 43.29 41.41 44.44
3C 133 05 02 58.50 +25 16 24.0 2 0.278 13.04+0.23

−0.22 45.08 42.98 45.45
3C 135 05 14 08.34 +00 56 31.63 2 0.127 13.05+0.35

−0.36 43.79 42.04 44.85
3C 165 06 43 06.70 +23 19 00.3 2 0.296 13.04+0.23

−1.04 44.33 42.80 45.33
3C 171 06 55 14.87 +54 08 59.4 2 0.238 13.04+0.22

−0.22 43.89 42.73 45.29
3C 189† 07 58 28.10 +37 47 11.80 1 0.04 13.44 42.34 40.88 44.10
3C 264 11 45 05.00 +19 36 22.74 1 0.022 12.60+0.52

−0.32 43.77 40.72 44.00
3C 270 12 19 23.21 +05 49 29.69 1 0.007 13.16+0.31

−1.16 43.33 40.09 43.60
NGC 4278 12 20 06.82 +29 16 50.71 1 0.002 12.96+0.39

−0.67 42.55 37.29 41.81
M 84† 12 25 03.74 +12 53 13.13 1 0.00 12.98 41.19 39.04 42.93
M 87† 12 30 49.42 +12 23 28.04 1 0.00 13.01 41.58 40.95 44.15
Cen A† 13 25 27.61 −43 01 08.80 1 0.00 12.72 41.47 40.21 43.67
3C 287.1 13 32 53.27 +02 00 45.79 2 0.216 13.05+0.26

−1.05 45.21 42.38 45.06
3C 296† 14 16 52.92 +10 48 26.43 1 0.02 12.99 41.24 40.57 43.90
3C 300 14 23 01.00 +19 35 17.0 2 0.272 12.73+0.40

−0.45 44.32 42.85 45.36
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Table 5.2 (cont’d)

Name R.A. Decl. Morph.‡ z log νpeak log Lpeak log L300 Lkin

(J2000) (J2000) (Hz) (ergs s−1) (ergs s−1) (ergs s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

3C 317† 15 16 44.48 +07 01 18.00 1 0.03 12.83 42.95 41.34 44.40
3C 321 15 31 43.47 +24 04 18.93 2 0.096 13.27+0.60

−0.48 44.19 41.86 44.73
B2 1553+24 15 56 03.87 +24 26 52.70 1 0.043 13.11+0.31

−1.11 43.79 40.48 43.85
3C 338† 16 28 38.27 +39 33 04.97 1 0.03 13.12 41.44 41.18 44.30
NGC 6251† 16 32 31.96 +82 32 16.39 1 0.02 12.79 43.25 40.68 43.98
3C 346† 16 43 48.62 +17 15 48.97 1 0.16 13.46 43.49 42.25 44.98
Her A 16 51 08.14 +04 59 33.32 2 0.155 13.04+0.22

−0.22 44.08 43.60 45.84
3C 349 16 59 32.00 +47 02 16.0 2 0.205 12.94+0.25

−0.45 44.39 42.49 45.13
3C 388 18 44 02.41 +45 33 29.81 2 0.091 13.03+0.46

−0.39 44.32 42.00 44.82
3C 442A 22 14 45.00 +13 50 47.66 1 0.026 12.98+0.53

−0.65 42.74 40.77 44.03
3C 449 22 31 20.62 +39 21 29.81 1 0.017 13.18+0.51

−0.57 43.27 40.17 43.65
B2 2236+35 22 38 29.46 +35 19 40.01 1 0.027 13.04+0.23

−0.22 43.03 39.62 43.30
3C 452 22 45 48.78 +39 41 15.36 2 0.081 13.02+0.23

−1.02 44.48 43.34 45.68
3C 460 23 21 28.50 +23 46 48.0 2 0.268 13.04+0.24

−1.04 44.52 42.52 45.15
3C 465 23 38 29.39 +27 01 53.52 1 0.031 13.07+0.38

−0.61 44.07 41.12 44.26

Note. — Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcmin-
utes, and arcseconds.

†Synchrotron peak estimated from blazar model fit to core fluxes

‡Morphological Type. 1 = FR I, 2 = FR II.
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Table 5.3. Updated RL AGN Table including Fermi Sources

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

203522+105606.789 TS FSRQ 0.601 44.88 0.89 0.08 13.78 46.25 2.55 P J2035.4+1058
033930−014635.8040‡ TS FSRQ 0.852 45.31 0.90 0.27 13.00 46.25 2.48 8.94d,i,k XPW J0339.4−0144
124646−254749‡ TS FSRQ 0.638 45.15 0.72 0.14⋆ 13.33 46.60 2.10 9.04k XGP J1246.7−2546
215806−150109‡ TS FSRQ 0.672 45.34 0.63 -0.25 13.17 45.98 2.19 7.37d,k XP J2157.9−1501
012031−270124‡ TS BLL 0.557 45.06 0.61 -0.27 14.32 46.20 1.93 0.00 XP J0120.4−2700
042840−375619‡ TS BLL 1.110 45.53 0.40 0.77⋆ 13.07 46.82 1.95 XPW J0428.6−3756
122011+020342‡ TS FSRQ 0.240 44.43 0.54 -0.06 13.53 45.02 2.66 8.41k XP J1219.7+0201
092751−203451 TS FSRQ 0.348 44.80 0.36 -0.19 13.01 45.45 2.53 8.46k XP J0927.9−2041
225805−275821‡ TS FSRQ 0.927 45.35 0.62 0.12 13.12 46.86 2.26 9.04d,k P J2258.0−2759
225357+160853‡ TS FSRQ 0.859 45.85 0.86 1.36⋆ 13.40 47.04 2.23 8.90d,g,i,k XP J2253.9+1609
214335+174348‡ TS FSRQ 0.211 44.38 0.60 0.50 13.80 45.21 2.58 8.25d,k,p XP J2143.5+1743
011205+224438‡ TS BLL 0.265 43.78 1.42 -0.15 13.80 45.58 2.07 XP J0112.1+2245
011612−113615‡ TS FSRQ 0.672 45.46 0.36 0.29 12.89 45.93 2.44 XP J0116.0−1134
075052+123104‡ TS FSRQ 0.889 45.28 0.79 0.12 12.82 46.39 2.42 8.15d XPW J0750.6+1230
172727+453039‡ TS FSRQ 0.714 45.09 0.51 0.61 12.95 45.98 2.58 8.22k XPW J1727.1+4531
182407+565101‡ TS BLL 0.663 45.40 0.28 0.32 13.26 46.12 2.43 0.02 9.60o XPW J1824.0+5650
101447+230116‡ TS FSRQ 0.565 45.35 −0.13 -0.02 13.14 45.72 2.54 P J1014.1+2306
060759−083449‡ TS FSRQ 0.872 45.42 0.89 0.14 13.64 46.31 2.36 PW J0608.0−0836
013658+475129‡ TS FSRQ 0.859 44.71 1.75 0.19 12.87 46.79 2.15 8.73k XPW J0136.9+4751
094855+403944‡ TS FSRQ 1.252 45.65 0.71 0.21 13.04 46.44 2.56 8.60d XP J0948.8+4040
010838+013500‡ TS FSRQ 2.099 46.46 0.08 0.73⋆ 13.00 47.36 2.26 XP J0108.6+0135
105837+562811‡ TS BLL 0.143 43.65 1.05 -0.12 15.62 44.74 1.93 0.04 J1058.6+5628
155035+052710‡ TS FSRQ 1.422 45.79 0.64 -0.01 13.01 46.73 2.32 XPW J1550.7+0526
170009+683006‡ TS FSRQ 0.301 44.37 0.64 0.06 13.00 45.60 2.40 XP J1700.2+6831
092058+444154‡ TS FSRQ 2.189 45.91 0.32 0.60⋆ 12.91 47.41 2.11 9.88b XPW J0920.9+4441
083052+241059‡ TS FSRQ 0.941 45.22 0.61 0.55 12.97 46.46 2.67 8.38p XPW J0830.5+2407
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

103351+605107 TS FSRQ 1.401 45.51 0.34 0.54 13.31 46.66 2.24 9.39b XP J1033.9+6050
151215+020316 TS FSRQ 0.222 44.77 0.08 0.03 13.52 44.72 2.17 7.99k XW J1512.2+0201
125611−054721‡ TS FSRQ 0.536 45.73 0.69 0.67⋆ 12.91 46.71 2.22 8.27d,g,i,k XP J1256.1−0547
121752+300700‡ TS BLL 0.237 44.44 0.57 -0.45 15.38 45.63 2.02 7.83j,o X J1217.8+3006
113007−144927‡ TS FSRQ 1.187 45.62 1.24 0.67⋆ 13.08 47.03 2.70 XGP J1130.3−1448
095649+251516‡ TS FSRQ 0.712 44.79 1.17 0.44 12.47 45.69 2.39 8.85d,k XP J0956.9+2516
020450+151411‡ TS FSRQ 0.405 45.35 0.56 -0.08 12.50 45.24 2.28 PW J0205.0+1514
073918+013704‡ TS FSRQ 0.191 44.10 1.51 0.66⋆ 13.68 45.09 2.23 7.93d,k PW J0739.2+0138
083353+422401‡ TS FSRQ 0.249 44.18 0.50 -0.36 13.60 45.00 2.33 XPW J0834.3+4221
221700+242145‡ TS BLL 0.505 44.78 0.68 -0.73 13.30 46.11 2.24 XP J2217.1+2422
073019−114112 TS FSRQ 1.591 45.75 0.71 0.58⋆ 12.84 47.48 2.11 PW J0730.2−1141
053238+073243 TS FSRQ 1.254 45.57 0.93 0.70 12.87 46.46 2.31 PW J0532.7+0733
095847+653354‡ TS BLL 0.368 44.42 1.17 -0.44 13.50 45.91 2.42 XPW J0958.6+6533
131028+322043‡ TS BLL 0.997 45.37 0.76 0.19⋆ 13.12 46.66 2.10 9.09b,i XP J1310.6+3222
224326−254430‡ TS BLL 0.774 45.33 0.58 0.01 13.54 46.18 2.30 XP J2243.2−2540
132700+221050‡ TS FSRQ 1.400 45.30 0.54 0.98 12.50 46.25 2.47 XP J1326.8+2210
053850−440509‡ TS BLL 0.896 45.53 0.69 0.42⋆ 13.27 47.04 2.01 8.26d,g,i XPW J0538.8−4405
104117+061016‡ TS FSRQ 1.270 45.06 1.47 0.67 13.03 46.33 2.52 XP J1040.7+0614
164029+394646‡ TS FSRQ 1.660 45.51 0.75 1.13 13.08 46.42 2.36 XPW J1640.7+3945
005041−092905‡ TS BLL 1.534 45.64 0.56 0.08 13.86 47.04 2.14 0.00 XP J0050.6−0929
151250−090559‡ TS FSRQ 0.360 44.93 0.91 1.30⋆ 13.27 45.67 2.29 8.42d,i,k,p PW J1512.8−0906
174036+521143‡ TS FSRQ 1.375 45.37 1.05 0.60 13.52 46.82 2.50 9.32d XPW J1740.2+5212
045550−461558‡ TS FSRQ 0.858 45.80 −0.13 0.22⋆ 12.71 46.36 2.62 XPW J0456.1−4613
213410−015317‡ TS FSRQ 1.285 45.67 0.65 -0.24 13.11 46.80 2.32 XP J2133.8−0154
173302−130449‡ TS FSRQ 0.902 45.72 0.81 0.38 12.88 46.71 2.24 XPW J1733.1−1307
214805+065738‡ TS FSRQ 0.990 45.06 1.67 0.18⋆ 12.94 46.84 2.77 8.87d XP J2148.2+0659
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

042315−012033‡ TS FSRQ 0.915 45.18 1.04 -0.14⋆ 13.11 47.11 2.30 8.69d,g,i,k XPW J0423.2−0120
180045+782804‡ TS BLL 0.684 44.90 1.36 -0.17 13.80 46.56 2.23 8.24d,i XPW J1800.5+7829
053315+482252‡ TS FSRQ 1.162 45.24 0.36 0.06 13.01 46.85 2.31 XPW J0533.0+4823
110427+381231‡ TS BLL 0.030 43.27 0.64 -0.17 14.78 44.31 1.77 0.24 8.60a,i,j,m,n,o P J1104.4+3812
114658+395834 TS FSRQ 1.088 44.56 1.49 0.16 13.12 46.60 2.35 XP J1146.9+4000
142756−420619‡ TS FSRQ 1.522 46.29 −0.04 0.49⋆ 13.40 47.14 1.96 PW J1428.0−4206
115324+493108‡ TS FSRQ 0.334 45.19 −0.07 -0.16 12.97 45.47 2.52 8.59d,k XP J1153.2+4935
151741−242219‡ TS BLL 0.049 43.57 1.13 -0.67 14.06 44.36 2.05 8.42a,m,n,o XGPW J1517.7−2421
040534−130813‡ TS FSRQ 0.571 45.32 0.92 0.70⋆ 13.87 45.66 2.35 8.84d,g,k XPW J0405.8−1309
163745+471733‡ TS FSRQ 0.740 45.42 0.30 0.10 12.91 46.27 2.41 XPW J1637.7+4714
090910+012135‡ TS FSRQ 1.024 45.25 0.87 0.66⋆ 13.80 46.58 2.58 8.55d XP J0909.1+0121
222940−083254‡ TS FSRQ 1.560 45.13 1.44 0.68⋆ 13.01 47.10 2.41 9.40b XP J2229.7−0832
175132+093900‡ TS BLL 0.322 44.86 0.58 -0.08 13.23 45.74 2.10 7.21o XPW J1751.5+0938
010245+582411 TS FSRQ 0.643 44.73 1.29 0.22 12.73 45.96 2.28 PW J0102.7+5827
125311+530111 TS BLL 1.084† 45.36 0.49 0.21 13.78 46.37 1.97 X J1253.1+5302
081126+014652‡ TS BLL 1.148 45.18 0.88 0.23 13.47 46.24 2.26 PW J0811.4+0149
163515+380804‡ TS FSRQ 1.814 45.92 0.56 0.94⋆ 12.86 47.14 2.25 9.21b,d XPW J1635.2+3810
095738+552257‡ TS FSRQ 0.895 45.58 0.76 0.86 13.99 45.98 1.83 8.21b,d,g,k XPW J0957.7+5522
220326+172548‡ TS FSRQ 1.075 45.49 0.22 0.21⋆ 13.42 46.76 2.09 XP J2203.4+1726
025247−221925 TS FSRQ 1.427 45.50 0.14 1.10 13.03 46.37 2.19 XPW J0252.7−2218
171913+174506‡ TS BLL 0.137 43.55 1.36 0.11 13.31 44.18 1.84 XPW J1719.3+1744
115931+291443‡ TS FSRQ 0.725 45.43 0.42 0.25⋆ 13.40 46.42 2.29 8.71b,d,g,p XP J1159.5+2914
084124+705342‡ TS FSRQ 2.172 45.96 0.97 1.08⋆ 12.92 47.25 2.95 9.36d XPW J0841.6+7052
133739−125724‡ TS FSRQ 0.539 45.15 0.77 0.09⋆ 12.86 46.20 2.44 8.20d,i PW J1337.7−1257
021748+014449‡ TS FSRQ 1.715 45.79 0.20 -0.13 13.55 47.56 2.15 XPW J0217.9+0143
122222+041315‡ TS FSRQ 0.965 45.42 0.58 0.97⋆ 12.93 46.38 2.77 XP J1222.4+0413
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

142700+234800‡ TS BLL 0.160 44.22 0.35 -0.08 15.22 45.32 1.78 XW J1427.0+2347
080815−075110‡ TS FSRQ 1.837 45.96 0.13 0.39 13.26 47.41 1.93 XPW J0808.2−0750
042446+003606‡ TS BLL 0.310 43.91 1.81 -0.50 14.04 45.74 2.30 PW J0424.7+0034
135446−104102‡ TS FSRQ 0.332 44.84 0.13 0.39 12.82 45.22 2.57 8.15k XW J1354.7−1047
105829+013358‡ TS BLL 0.382 45.02 0.65 0.01 12.97 45.79 2.22 9.25b XP J1058.4+0133
180132+440421 TS FSRQ 0.663 45.25 0.31 0.42 13.05 45.73 2.66 XPW J1801.7+4405
215852−301332‡ TS BLL 0.117 43.90 0.51 -0.32 14.56 45.49 1.84 X J2158.8−3013
103303+411606‡ TS FSRQ 1.117 45.35 0.47 0.24 12.49 46.46 2.44 P J1033.2+4117
044907+112128‡ TS BLL 1.207 45.12 1.01 0.61⋆ 13.04 46.51 2.12 PW J0448.9+1121
113626+700927‡ TS BLL 0.046 43.49 −0.02 -0.78 16.37 43.95 1.74 0.31 8.44a,j,m,n,o XW J1136.7+7009
150424+102939‡ TS FSRQ 1.839 45.65 0.76 1.38⋆ 13.37 47.04 2.15 9.12b,d XPW J1504.3+1029
165352+394536‡ TS BLL 0.034 43.24 1.24 -0.82 16.00 44.60 1.74 0.07 9.06a,i,m,n XPW J1653.9+3945
081815+422245‡ TS BLL 1.073 45.41 0.87 0.54⋆ 13.38 46.41 2.14 0.00 XPW J0818.2+4223
214710+092946‡ TS FSRQ 1.113 45.54 0.70 1.26⋆ 13.43 46.10 2.51 P J2147.3+0930
161341+341247‡ TS FSRQ 1.401 45.30 1.52 -0.16 12.20 46.52 2.31 9.32d,g,k XPW J1613.4+3409
202540−073552‡ TS FSRQ 1.388 45.90 −0.11 0.85⋆ 13.39 46.73 2.15 XPW J2025.6−0736
022105+355613‡ TS FSRQ 0.960 45.59 0.50 0.46 12.99 46.45 2.28 0.12 PW J0221.0+3555
220243+421639‡ TS BLL 0.069 43.47 1.84 -0.26⋆ 13.68 44.79 2.11 8.38i,j,o P J2202.8+4216
072153+712036‡ TS BLL 0.300 44.77 0.27 -0.16⋆ 14.36 46.34 2.01 XPW J0721.9+7120
013738−243053 TS FSRQ 0.831 45.57 0.11 -0.37 13.31 46.65 2.42 9.12d,k P J0137.6−2430
160706+155134‡ TS BLL 0.357 44.83 0.20 0.29 12.97 45.08 2.23 XPW J1607.0+1552
114701−381211‡ TS BLL 1.048 44.89 1.53 -0.37 13.23 46.91 2.31 7.60g XP J1146.8−3812
223236+114350‡ TS FSRQ 1.037 45.77 0.90 0.77⋆ 13.14 46.62 2.33 8.49g XP J2232.4+1143
205616−471447‡ TS FSRQ 1.489 46.25 −0.06 0.80⋆ 13.20 47.02 2.23 XPW J2056.2−4715
044238−001743‡ TS FSRQ 0.844 45.41 0.83 0.85⋆ 13.03 46.12 2.44 XPW J0442.7−0017
151053−054307‡ TS FSRQ 1.191 46.07 0.36 0.67 13.18 46.40 2.44 XPW J1510.9−0545
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

092136+621552‡ TS FSRQ 1.446 45.43 1.00 0.14 12.78 46.87 2.51 XPW J0921.9+6216
133204−050943 TS FSRQ 2.150 45.74 0.38 1.04⋆ 13.12 47.16 2.54 XPW J1332.0−0508
174832+700550‡ TS BLL 0.770 44.85 1.28 -0.35 13.81 46.36 2.04 XPW J1748.8+7006
122906+020308‡ TS FSRQ 0.158 45.50 0.53 0.56⋆ 13.70 45.87 2.45 8.65d,e,f,g,i,l XP J1229.1+0202
122131+281358‡ TS BLL 0.103 43.69 1.20 -0.46 14.20 44.84 2.02 XP J1221.4+2814
223622+282857‡ TS FSRQ 0.795 44.39 1.83 0.47 13.02 46.16 2.05 XP J2236.4+2828
180650+694928‡ TS BLL 0.051 43.95 0.48 -0.51⋆ 14.34 44.22 2.19 0.03 9.04a,i,j,m,n,o XPW J1806.7+6948
050112−015914‡ TS FSRQ 2.286 46.36 0.18 0.61 13.38 47.02 2.52 PW J0501.2−0155
020504+321230 TS FSRQ 1.466 45.33 0.94 0.67 12.80 46.49 2.66 XPW J0205.4+3211
014125−092843‡ TS BLL 1.034 45.33 0.60 -0.37 13.62 46.57 2.03 0.03 XP J0141.5−0928
053056+133155‡ TS FSRQ 2.070 45.89 0.55 0.88⋆ 12.70 46.95 2.22 PW J0530.8+1333
112704−185717‡ TS FSRQ 1.048 45.20 0.58 0.20 13.30 46.75 2.36 XGP J1126.6−1856
160846+102907‡ TS FSRQ 1.226 45.29 1.19 0.79 13.08 46.65 2.33 XPW J1608.5+1029
023752+284808‡ TS FSRQ 1.207 45.59 0.64 0.64⋆ 13.11 46.80 2.16 PW J0237.8+2846
073807+174218‡ TS BLL 0.424 44.47 1.70 -0.39 13.67 46.15 2.05 XPW J0738.0+1742
154929+023701‡ TS FSRQ 0.414 44.42 1.26 0.43⋆ 13.35 45.70 2.46 8.60d,k XPW J1549.5+0237
172824+042704 TS FSRQ 0.293 44.19 1.13 0.10 13.38 45.32 2.53 7.89d,k XPW J1728.2+0429
085448+200630‡ TS BLL 0.306 44.17 1.66 -0.68 13.52 46.11 2.23 8.79i XPW J0854.8+2005
234802−163112‡ TS FSRQ 0.576 45.21 0.73 0.16 12.80 45.76 2.36 8.65d,i,k XP J2347.9−1629
023838+163659‡ TS BLL 0.940 45.09 1.16 0.45⋆ 13.40 46.79 2.02 0.00i XPW J0238.7+1637
174900+432151‡ TS BLL 0.473† 44.78 0.35 0.19 13.49 45.24 2.22 XPW J1749.1+4323
200952+722919 TS BLL 0.473† 44.75 1.02 0.19 12.87 45.39 2.30 PW J2009.7+7225
164258+394836‡ TS FSRQ 0.593 45.78 0.33 0.19⋆ 13.26 46.48 2.49 9.00d,g,i,k,p XPW J1642.9+3949
065423+451423 TS FSRQ 0.933 45.10 0.72 0.57 13.15 46.12 2.28 PW J0654.2+4514
122454+212246‡ TS FSRQ 0.435 45.38 −0.15 1.11⋆ 13.45 45.73 2.12 8.17i XP J1224.9+2122
030335+471616‡ TS BLL 0.475 44.70 1.20 -0.47 13.77 46.09 2.24 PW J0303.5+4713
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

090303+465104‡ TS FSRQ 1.462 46.10 0.19 -0.04 13.40 46.33 2.27 7.67d PW J0903.4+4651
083148+042939‡ TS BLL 0.174 44.18 1.01 -0.42⋆ 13.67 45.41 2.05 0.05 8.14n,o XPW J0831.9+0429
033630+321829‡ TS FSRQ 1.258 45.53 1.07 0.66⋆ 13.55 46.68 2.59 9.68d,i XPW J0337.0+3200
222547−045701‡ TS BLL 1.404 46.29 0.43 -0.34 13.28 47.59 2.44 8.63g,i P J2225.6−0454
141558+132023‡ TS BLL 0.247 44.91 0.21 -0.55 12.83 45.44 2.60 PW J1416.0+1323
162546−252738‡ Uex FSRQ 0.786 <45.46 < 0.69 0.29⋆ 12.81 46.61 2.33 GPW J1625.7−2526
040659−382627‡ Uex FSRQ 1.285 <45.73 < 0.16 0.71⋆ 12.91 46.35 2.34 XPW J0407.3−3826
041636−185108 Uex FSRQ 1.536 <45.43 < 0.92 0.46 12.93 46.21 2.20 XPW J0416.7−1849
185228+485547 Uex FSRQ 1.250 <45.50 < 0.17 0.57 13.35 46.39 2.28 XW J1852.5+4856
095819+472507‡ Uex FSRQ 1.873 <45.80 < 0.01 -0.17 13.39 47.15 2.54 J0957.7+4735
093712+500852‡ Uex FSRQ 0.276 <43.99 < 0.76 -0.16 13.12 45.01 2.50 PW J0937.6+5009
140856−075226‡ Uex FSRQ 1.494 <45.83 < 0.14 0.61⋆ 12.95 46.68 2.43 XPW J1408.8−0751
034957−210247‡ Uex FSRQ 1.947 <45.89 < 0.03 1.22⋆ 12.84 46.29 2.23 W J0350.0−2104
030350−621125‡ Uex FSRQ 1.351 <45.89 < 0.12 0.68⋆ 12.89 46.53 2.48 XP J0303.5−6209
191109−200655‡ Uex FSRQ 1.119 <45.63 < 0.71 0.24 13.11 47.18 2.21 GPW J1911.1−2005
152237−273010‡ Uex BLL 1.294 <45.81 < 0.24 0.40 13.28 46.59 2.22 XW J1522.7−2731
131443+234826‡ Uex BLL 0.159† <43.83 < 0.64 -0.13 15.46 44.38 2.08 X J1314.6+2348
045703−232452‡ Uex FSRQ 1.003 <45.70 < 0.31 0.83⋆ 13.30 46.67 2.03 XPW J0457.0−2325
190311+554038‡ Uex BLL 0.151† <43.89 < 0.61 0.14 14.24 44.38 1.94 X J1903.3+5539
192451−291430‡ Uex BLL 0.352 <45.09 < 1.03 -0.10⋆ 12.88 46.09 2.43 9.01i GPW J1924.8−2912
023045+403253 Uex FSRQ 1.019 <45.17 < 0.40 1.18 13.20 45.91 2.63 PW J0230.8+4031
003814−245902‡ Uex FSRQ 1.196 <45.88 <-0.70 -0.44 13.71 46.97 2.39 XP J0038.3−2457
105843−800354‡ Uex BLL 0.122† <44.13 < 0.68 -0.01 12.84 44.56 2.05 PW J1057.0−8004
023653−613615‡ Uex FSRQ 0.465 <44.98 < 0.31 0.50 13.22 45.41 2.33 XP J0237.1−6136
060106−703606 Uex unk. 0.247† <44.60 < 0.03 0.83 12.90 44.53 2.12 XPW J0601.1−7037
133245+472222‡ Uex FSRQ 0.668 <44.79 < 0.39 -0.15 13.73 45.88 2.54 X J1332.7+4725
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

202235+761126‡ Uex BLL 0.473† <44.49 < 1.15 -0.14 13.32 45.77 2.32 XPW J2022.5+7614
075706+095634‡ Uex BLL 0.266 <44.15 < 1.39 -0.57 13.96 45.57 2.19 XPW J0757.1+0957
233757−023057 Uex FSRQ 1.072 <45.07 < 1.00 0.51 13.12 46.32 2.44 XP J2338.1−0229
062923−195919 Uex BLL 0.257† <44.53 < 0.56 -0.13 12.68 45.18 2.19 PW J0629.3−2001
125854−221931 Uex FSRQ 1.303 <45.28 < 1.04 0.16 13.03 46.71 2.30 XGPW J1258.8−2223
082447+555242‡ Uex FSRQ 1.418 <45.61 < 0.78 1.44 13.06 45.97 2.68 9.49b XPW J0824.9+5552
101603+051302‡ Uex FSRQ 1.713 <45.73 < 0.09 1.05 13.52 46.19 2.08 9.78b X J1016.0+0513
110352−535700‡ Uex FSRQ 0.081† <44.00 < 0.48 -0.11 13.18 44.23 2.11 P J1103.9−5356
021730+734932‡ Uex BLL 2.367 <45.76 < 0.94 1.12⋆ 12.86 47.07 2.82 6.96d PW J0217.7+7353
152209+314414 Uex unk. 1.487 <45.29 < 0.83 2.15⋆ 13.51 45.88 2.25 W J1522.1+3144
001611−001512 Uex FSRQ 1.577 <45.92 < 0.09 0.79 13.40 46.24 2.60 XP J0017.4−0018
173420+385751‡ Uex BLL 0.970 <45.43 < 0.28 0.12⋆ 13.09 46.53 2.24 XPW J1734.3+3858
100800+062121 Uex BLL 1.720† <46.23 <-0.75 -0.05 13.96 46.92 2.29 XP J1007.7+0621
053954−283955‡ Uex FSRQ 3.104 <45.85 < 0.72 1.60⋆ 12.66 46.93 2.83 PW J0539.3−2841
040353−360501‡ Uex FSRQ 1.417 <45.91 < 0.12 0.13⋆ 12.89 47.51 2.30 XPW J0403.9−3604
020921−522921‡ Uex BLL 0.067† <43.49 < 0.06 -0.93 16.10 44.33 1.91 J0209.5−5229
070031−661045 Uex FSRQ 0.112† <44.09 < 0.13 -0.26 13.80 44.57 2.01 X J0700.3−6611
161021−395858 Uex FSRQ 0.518 <45.40 <-0.39 0.29 13.13 45.94 2.61 PW J1610.6−4002
030903+102916‡ Uex FSRQ 0.863 <45.25 < 0.35 -0.47 12.86 46.69 2.26 PW J0309.1+1027
104827+714335‡ Uex FSRQ 1.150 <45.12 < 1.13 0.32 13.58 46.56 2.34 XPW J1048.3+7144
040729+074207 Uex BLL 1.130 <45.34 < 0.23 0.46 13.17 46.05 2.44 PW J0407.7+0740
080518+614423 Uex FSRQ 3.033 <45.84 < 0.72 1.19⋆ 12.55 47.22 2.74 W J0805.5+6145
075301+535259‡ Uex BLL 0.200 <44.15 < 1.07 -0.14 13.24 44.48 2.01 XW J0753.0+5352
232331−031704 Uex FSRQ 1.411 <45.83 < 0.12 0.48⋆ 13.66 46.46 2.39 XP J2323.6−0316
020457−170119‡ Uex FSRQ 1.740 <45.50 < 0.99 1.11 12.91 46.52 2.68 XP J0205.3−1657
160437+571436‡ Uex FSRQ 0.720 <44.89 < 0.79 0.65 13.12 45.80 2.50 XP J1604.6+5710
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

063546−751616‡ Uex FSRQ 0.651 <45.90 < 0.23 0.38 13.11 46.31 2.65 8.83d,g,k XPW J0635.5−7516
195759−384506‡ Uex FSRQ 0.630 <45.34 < 0.45 0.26 12.94 46.06 2.36 8.31d,k XPW J1958.2−3848
155332+125651 Uex FSRQ 1.290 <45.37 < 0.85 1.18 12.61 46.00 2.03 9.19b XPW J1553.5+1255
035446+800928 Uex unk. 0.314† <44.44 < 1.04 0.63 13.10 44.36 2.25 XPW J0354.1+8010
072550−005456‡ Uex unk. 0.128 <43.91 < 1.36 -0.73 13.09 44.82 2.27 PW J0726.0−0053
013243−165448‡ Uex FSRQ 1.020 <45.00 < 1.20 0.10 13.43 46.77 2.45 XP J0132.8−1654
220743−534633‡ Uex FSRQ 1.206 <46.08 < 0.07 0.54⋆ 13.34 46.33 2.42 XP J2208.1−5345
103118+505335‡ Uex BLL 0.360 <44.08 < 0.32 -0.99 16.76 45.96 1.81 0.00 8.14o X J1031.0+5053
155543+111124‡ Uex BLL 0.360 <44.84 < 0.29 0.43 16.01 45.92 1.67 XW J1555.7+1111
191400−192359 Uex FSRQ 0.174† <44.40 < 0.32 -0.15 14.54 44.78 1.91 X J1917.6−1921
115217−084103‡ Uex FSRQ 2.370 <45.56 < 0.30 -0.04 13.44 47.17 2.17 P J1152.4−0840
070134−463436‡ Uex FSRQ 0.822 <45.51 <-0.14 0.20 13.09 46.28 2.16 PW J0701.7−4630
200057−174857‡ Uex FSRQ 0.652 <45.18 < 0.51 0.51⋆ 13.38 46.12 2.38 XPW J2000.8−1751
125757+322929‡ Uex FSRQ 1.650 <45.24 < 0.97 0.21 13.56 46.79 2.55 X J1258.2+3231
135052+303453‡ Uex FSRQ 0.294† <44.35 < 0.57 0.08 13.53 44.87 2.45 XP J1350.8+3035
192332−210433‡ Uex FSRQ 0.874 <45.30 < 0.87 0.38 13.38 46.60 2.10 XGPW J1923.5−2105
153939+274438‡ Uex FSRQ 2.190 <46.12 <-0.84 -0.06 13.55 46.64 1.99 W J1539.5+2747
232733+094009 Uex FSRQ 1.843 <45.87 < 0.10 0.82⋆ 13.52 47.12 2.52 XP J2327.5+0940
051644−620705‡ Uex FSRQ 0.271† <44.74 < 0.04 0.00 12.91 45.16 2.15 XP J0516.8−6207
173034+002438 Uex FSRQ 1.335 <45.35 < 0.18 0.54 13.43 46.43 2.31 PW J1730.7+0023
214712−753613 Uex FSRQ 1.139 <45.83 < 0.13 -0.07 13.13 47.44 2.52 XPW J2147.4−7534
104309+240835‡ Uex BLL 0.560 <44.85 < 0.47 -0.53 13.30 45.87 2.07 XP J1043.1+2404
224354+202103‡ Uex BLL 0.092† <43.80 <-0.14 0.01 14.43 44.29 1.75 X J2243.9+2021
194121−621121 Uex FSRQ 0.340† <45.17 < 0.21 0.39 13.06 44.80 2.49 XW J1940.8−6213
182332+685752 Uex unk. 0.273† <44.42 < 0.44 0.41 13.11 44.38 2.34 XW J1823.7+6856
081439+643122 Uex BLL 0.107† <43.39 < 0.77 -0.26 13.75 44.26 2.26 XW J0814.7+6429
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

145726−353909 Uex FSRQ 1.424 <45.73 < 0.09 1.04⋆ 13.10 46.60 2.11 XPW J1457.4−3540
161749−771718‡ Uex FSRQ 1.710 <46.51 <-0.01 0.79 13.34 46.82 2.50 PW J1618.2−7718
051545−455643 Uex FSRQ 0.194 <44.64 < 0.40 -0.22 13.40 44.61 2.47 7.55k PW J0516.5−4601
014503−273334‡ Uex FSRQ 1.148 <45.13 < 1.06 0.52 13.61 46.77 2.58 XP J0145.1−2732
045314−280737‡ Uex FSRQ 2.559 <46.05 < 0.76 1.02 12.90 47.43 2.66 PW J0453.1−2807
193716−395801‡ Uex FSRQ 0.966 <45.61 < 0.21 0.58 12.81 46.00 2.47 XPW J1937.2−3955
142737−330453 Uex unk. 0.152† <44.63 <-0.61 -0.35 12.82 44.87 2.48 XPW J1427.4−3306
114751−072441‡ Uex FSRQ 1.342 <45.78 < 0.16 0.52 13.80 46.32 2.30 X J1147.7−0724
002232+060804‡ Uex BLL 0.306† <44.70 < 0.36 0.69 13.93 44.40 2.09 X J0022.5+0607
074405+743356 Uex BLL 0.315 <44.25 <-0.21 -0.73 16.26 45.32 1.80 0.00 8.71j,o XW J0745.0+7436
162606−295126‡ Uex FSRQ 0.815 <45.30 < 0.98 0.34 13.27 46.13 2.34 GPW J1626.1−2948
223634−143322‡ Uex BLL 0.325 <44.16 < 1.32 -0.05 13.09 45.58 2.24 XP J2236.5−1431
033413−400825‡ Uex BLL 1.445 <45.83 < 0.11 0.22 13.33 46.94 2.19 XPW J0334.2−4008
082455+391641‡ Uex FSRQ 1.216 <45.58 < 0.82 0.52 13.34 46.27 2.64 XPW J0824.7+3914
050925+054135‡ Uex BLL 0.052† <43.62 < 0.55 -0.35 13.87 44.07 2.06 XPW J0509.4+0542
091211+412609 Uex unk. 0.426† <44.79 < 0.29 0.59 13.34 44.45 2.30 W J0912.1+4126
112125−055356‡ Uex FSRQ 1.297 <45.70 < 0.16 0.63 13.48 46.53 2.30 XP J1121.5−0554
173927+495503‡ Uex FSRQ 1.545 <45.29 < 0.88 -0.01 13.46 46.72 2.20 PW J1739.5+4955
165648+601216‡ Uex FSRQ 0.623 <44.61 < 0.72 0.30 13.82 45.08 2.36 XW J1656.5+6012
200925−484953‡ Uex BLL 0.071 <44.17 < 0.32 -0.81 16.00 44.82 1.78 8.85j,o XPW J2009.5−4850
184822+321902 Uex FSRQ 0.799 <45.45 < 0.26 0.50 13.09 45.83 2.38 PW J1848.5+3216
131607−333859‡ Uex FSRQ 1.210 <45.29 < 1.07 0.16 13.23 46.74 2.31 XGPW J1315.9−3339
072516+142513 Uex FSRQ 1.038 <45.30 < 0.92 1.17 13.42 45.98 2.04 PW J0725.3+1426
144052+061016 Uex BLL 0.191† <44.34 <-0.18 0.01 14.59 44.35 2.16 XW J1440.9+0611
105811+811432 Uex FSRQ 0.706 <44.78 < 0.77 0.37 12.92 45.94 2.58 PW J1059.4+8113
105653+701145 Uex FSRQ 2.492 <45.44 < 0.90 0.71 12.75 47.15 2.64 XPW J1057.1+7001
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

104423+805439‡ Uex FSRQ 1.260 <45.34 < 0.74 0.58⋆ 13.73 46.59 2.54 PW J1042.6+8053
215155−302753‡ Uex FSRQ 2.345 <45.69 < 0.87 1.41⋆ 12.97 47.05 3.00 P J2151.5−3021
183339−210339‡ Uex FSRQ 2.507 <46.62 < 0.44 1.79⋆ 12.99 47.18 2.46 GP J1833.6−2104
100110+291137 Uex BLL 0.086† <43.88 <-0.14 -0.24 13.28 43.89 2.22 XP J1001.0+2913
034838−274913‡ Uex FSRQ 0.987 <45.08 < 1.14 0.03 13.12 46.06 2.32 XPW J0348.6−2750
031243+013317 Uex FSRQ 0.664 <45.01 < 0.41 0.17 13.08 45.74 2.26 XPW J0312.6+0132
111037+713357‡ TS BLL 0.201† 43.82 0.19 -0.36 15.65 44.18 2.10 XW J1110.2+7134
143917+393242‡ TS BLL 0.344 44.25 0.31 -0.85 16.61 45.56 1.69 X J1439.2+3932
025927+074739‡ TS FSRQ 0.893 45.06 1.02 0.31 13.06 45.77 2.39 PW J0259.5+0740
111826−463415 TS FSRQ 0.713 45.83 −0.21 0.52 13.31 45.76 2.62 XP J1118.1−4629
182924+540259‡ TS BLL 0.302† 44.15 −0.15 -0.36 15.45 44.87 1.88 XW J1829.2+5402
112048+421212‡ TS BLL 0.390 43.63 1.05 -0.15 16.37 45.67 1.61 X J1121.0+4211
221302−252930 TS FSRQ 1.831 45.97 0.21 0.76 12.79 46.36 2.45 XP J2213.1−2527
225818−552537‡ TS BLL 0.479 44.27 0.66 -0.61 16.00 45.37 1.81 X J2258.8−5524
063921+732458‡ TS FSRQ 1.850 45.86 0.21 -0.07 12.97 47.07 2.40 XP J0641.2+7315
083930+180247‡ TS BLL 0.280 44.58 0.48 -0.13 14.19 44.83 2.46 XW J0839.4+1802
124312+362743‡ TS BLL 0.112† 43.69 0.37 -0.24 16.04 44.52 1.70 X J1243.1+3627
143956−153150 TS BLL 0.244† 44.59 0.49 0.05 13.07 44.52 2.40 XW J1440.3−1540
151656+193212‡ TS BLL 0.650 44.06 1.82 -0.24 13.22 45.96 2.46 XPW J1516.9+1925
190301−674936 Uex FSRQ 0.255 <44.64 < 0.04 0.39 13.41 44.55 2.49 XW J1902.5−6746
173957+473758 Uex BLL 0.316 <44.62 < 0.69 -0.32 12.97 44.86 2.09 PW J1740.3+4738
072123+040644 Uex unk. 0.107† <44.23 <-0.21 0.21 12.74 43.81 2.52 PW J0721.5+0404
050523+045942‡ Uex FSRQ 0.954 <44.98 < 1.08 -0.12 13.03 46.53 2.35 8.88k XPW J0505.5+0501
223513−483558‡ Uex FSRQ 0.510 <45.17 < 0.39 -0.44 13.64 46.15 2.55 XP J2234.9−4831
172807+121539 Uex FSRQ 0.583 <44.96 < 0.42 -0.21 13.00 45.48 2.09 W J1727.9+1220
201515−013732‡ Uex BLL 0.520 <44.82 < 0.93 0.13 14.08 45.40 2.25 W J2015.1−0137
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

075445+482350 Uex BLL 0.377 <44.54 < 0.51 -0.47 13.52 45.58 2.19 0.07 XPW J0754.8+4824
110708−444907 Uex FSRQ 1.598 <46.16 < 0.03 0.69 13.05 46.89 2.67 XP J1107.2−4448
054357−553208 Uex BLL 0.139† <43.77 < 0.04 -0.11 16.19 44.51 1.74 X J0543.9−5532
101950+632001‡ Uex BLL 1.061† <45.65 <-0.58 -0.38 13.79 46.06 2.18 XW J1019.8+6322
071243+503322 Uex BLL 0.196† <44.43 <-0.20 -0.19 13.10 44.70 2.06 XPW J0712.9+5032
023832−311658 Uex BLL 0.111† <43.82 < 0.06 -0.56 15.85 44.30 1.85 X J0238.6−3117
031951+184533‡ Uex BLL 0.190 <43.79 <-0.18 0.14 16.36 44.84 1.55 0.21 7.94j,o W J0319.6+1849
080108+440110‡ Uex FSRQ 1.072† <45.10 < 0.29 0.42 13.47 45.62 2.26 XW J0801.5+4401
073443−771113 Uex FSRQ 0.366† <44.79 <-0.02 0.67 12.77 44.59 2.37 W J0734.2−7706
083458+440338 Uex BLL 0.371 <44.59 < 0.32 -0.42 14.06 45.00 2.04 0.13 XW J0834.3+4400
120922+411941 Uex BLL 0.377† <44.29 < 0.82 -0.09 13.81 45.24 1.58 X J1209.6+4121
182513−523058 Uex FSRQ 0.144† <44.36 < 0.06 0.35 13.10 44.19 2.02 PW J1825.1−5231
192730+611732‡ Uex BLL 0.473† <44.66 < 0.90 -0.46 13.44 45.57 2.08 XP J1927.5+6117

Uex unk. 0.150† <44.35 < 0.04 -0.49 14.12 44.30 2.13 XW J0424.3−5332
143640+232103 Uex FSRQ 1.545 <45.36 < 0.91 0.25 13.54 46.36 2.41 XPW J1436.9+2319
051002+180041‡ Uex FSRQ 0.416 <44.39 < 1.28 -0.51 12.93 45.88 2.29 PW J0509.9+1802
085654+714623 Uex unk. 0.335† <44.33 < 0.42 0.09 13.14 44.95 2.54 XW J0856.0+7136
134204−205129 Uex FSRQ 1.582 <45.40 < 0.60 0.62 12.87 46.58 2.63 XGPW J1341.3−2048
122340+804004 Uex BLL 0.473† <44.71 < 1.04 0.18 13.47 45.25 2.26 XPW J1223.9+8043
072626−472853 Uex FSRQ 1.686 <46.13 <-0.35 0.50 13.18 46.47 2.34 W J0727.0−4726
021252+224452 Uex FSRQ 0.162† <44.15 <-0.18 -0.33 14.39 44.42 2.03 XW J0213.1+2245
040203−261612 Uex unk. 0.208† <44.57 <-0.18 -0.08 13.75 44.18 2.13 XW J0402.0−2616
073352+502209 Uex FSRQ 0.720 <44.79 < 1.13 0.21 12.84 45.58 2.35 XPW J0733.9+5023
232917−473019 Uex FSRQ 1.306 <46.16 < 0.08 0.31 13.13 46.44 2.58 XP J2329.7−4744
080526+753424‡ Uex BLL 0.121 <43.49 < 0.46 0.11 15.76 44.19 1.68 W J0805.3+7535
235347−303748 Uex BLL 0.229† <44.02 < 1.03 -0.45 13.77 44.64 2.11 X J2353.5−3034
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

135139+764307 Uex FSRQ 0.275† <44.17 < 1.20 0.23 12.32 44.55 2.30 PW J1358.1+7644
222129−522527 Uex BLL 0.157† <43.82 < 0.03 -0.65 16.18 44.54 2.06 X J2221.6−5223
030956−605839 Uex FSRQ 1.480 <45.90 < 0.10 0.56 13.36 46.71 2.56 XP J0310.0−6058
091648+385428‡ Uex FSRQ 1.269 <45.60 < 0.60 0.72 14.02 45.85 2.53 XPW J0917.0+3900
030326−240711‡ Uex BLL 0.260 <44.36 < 0.81 -0.36 16.00 45.70 1.94 W J0303.4−2407
013632+390600‡ Uex BLL 0.271† <44.06 < 0.32 -0.19 15.96 45.71 1.69 W J0136.5+3905
021702−082052‡ Uex BLL 0.607 <44.58 < 1.14 -0.20 13.13 45.44 2.27 XP J0217.5−0813
080709−054114 Uex FSRQ 0.158† <44.04 < 0.84 -0.00 14.01 44.23 2.10 XW J0807.1−0543
032159+233611‡ Uex BLL 0.132† <44.36 <-0.69 -0.16 15.03 44.23 2.09 XW J0322.0+2336
052123−173730 Uex unk. 0.276† <44.31 < 0.81 0.23 13.86 44.51 2.45 XW J0521.4−1736
175442−642345 Uex unk. 0.188† <44.37 < 0.02 0.16 13.67 44.25 2.48 XW J1755.5−6423
171613+683638‡ Uex FSRQ 0.777 <44.72 < 1.19 -0.10 13.38 46.17 1.95 XP J1714.8+6836
154016+815505‡ Uex BLL 0.271† <44.11 < 0.32 0.21 16.13 45.01 1.48 XW J1538.1+8159
164202−062123 Uex BLL 1.514 <45.27 < 1.07 0.29 12.81 46.63 2.37 PW J1641.6−0614
130933+115424‡ Uex BLL 0.318† <44.59 < 0.82 -0.63 13.16 45.00 1.91 XP J1309.3+1154
031612+090442‡ Uex BLL 0.133† <44.30 <-0.77 0.04 15.00 44.28 1.81 XW J0316.1+0904
031049+381453 Uex FSRQ 0.816 <45.00 < 0.32 -0.02 12.93 45.75 2.25 XPW J0310.7+3813

Uex unk. 0.201† <44.39 < 0.01 0.56 14.27 44.38 1.71 XW J0811.1−7527
050215+060907 Uex FSRQ 1.106 <45.72 < 0.20 0.77 13.07 45.63 2.46 W J0502.5+0607
193656−471950 Uex BLL 0.265 <44.41 <-0.03 0.38 14.87 44.42 1.64 XW J1936.8−4721
062518+444001‡ Uex BLL 0.473† <44.59 < 0.40 -0.17 13.81 45.20 1.91 XW J0625.2+4441
134029+441003‡ Uex BLL 0.546 <44.80 <-0.28 -0.27 17.00 45.19 1.80 0.15 X J1340.5+4407
195913−424607 Uex unk. 0.297† <45.21 <-1.28 0.68 12.91 44.81 2.41 XPW J1959.1−4245
040221−314725 Uex FSRQ 1.288 <45.64 < 0.21 0.38 13.00 46.10 2.52 PW J0401.6−3153
165746+480821 Uex FSRQ 0.574† <45.06 < 0.89 0.49 12.72 45.50 2.47 PW J1657.9+4809
113609−741545 Uex unk. 0.252† <44.72 < 0.34 0.12 12.79 44.42 2.25 W J1134.4−7415
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

050551−041926 Uex BLL 1.481 <45.51 < 0.09 0.48 13.40 45.89 2.21 W J0505.8−0411
174231+594506‡ Uex BLL 0.400† <44.40 < 0.41 -0.29 14.67 45.16 2.23 XW J1742.1+5948
043900−452222 Uex unk. 0.266† <45.44 <-0.55 0.37 12.85 44.49 2.31 PW J0438.8−4521
142832+424021‡ Uex BLL 0.129 <43.81 <-0.17 0.69 16.83 44.94 1.32 0.08 8.93j,o X J1428.6+4240
200530+775243‡ TS BLL 0.342 44.33 1.23 0.33⋆ 13.38 45.56 2.22 7.39o PW J2004.5+7754
141946+542314‡ TS BLL 0.153 43.86 1.28 -0.18⋆ 13.75 45.08 2.37 0.08 8.78j,o XP J1420.2+5422
154049+144745‡ TS BLL 0.605 45.25 0.70 -0.38⋆ 13.70 45.71 2.28 0.00 8.37i,o XPW J1540.4+1438
082550+030924‡ TS BLL 0.506 44.45 1.47 -0.82⋆ 13.36 45.95 1.97 PW J0825.9+0308
155203+085047‡ Uex BLL 1.058 <45.07 < 0.25 -0.54⋆ 13.86 46.30 2.00 0.07 XPW J1551.9+0855
181333+061542 Uex BLL 0.185† <44.15 < 0.53 1.39⋆ 13.33 44.39 1.97 XPW J1813.7+0617
004959−573827‡ Uex FSRQ 1.797 <46.28 <-0.00 0.58⋆ 13.09 46.82 2.23 XP J0049.7−5738
081918+274730‡ Uex BLL 0.393 <44.91 <-0.29 -0.31⋆ 13.46 44.98 2.26 W J0819.3+2750
011327+494824‡ Uex FSRQ 0.389 <44.46 < 1.12 -0.40⋆ 13.00 45.49 2.26 8.34k PW J0113.7+4948
123924+073017 Uex unk. 0.400 <44.75 < 0.50 1.94⋆ 13.10 45.36 1.89 XP J1239.5+0728
122424+243623‡ Uex BLL 0.218 <44.06 <-0.23 0.93⋆ 15.31 44.64 2.03 0.02 7.61j,o J1224.4+2436
221852−033536‡ TS FSRQ 0.901 45.54 0.45 <-0.42 13.24 46.47 9.16d,k

060940−154240‡ TS FSRQ 0.324 43.94 2.20 <-0.40 12.80 45.34 8.00d,k

170447+713816‡ TS BLL 0.350† 43.84 0.64 <-0.21 15.25 44.76
121509+462715‡ TS FSRQ 0.720 45.05 0.06 < 0.29 13.40 45.42
131103+551354‡ TS FSRQ 0.926 45.20 0.32 <-0.13 13.21 46.22
143645+633637‡ TS FSRQ 2.062 45.82 0.67 < 0.19 13.79 46.79
150704−165230‡ TS FSRQ 0.876 45.08 1.25 <-0.18 13.28 46.18
071919+330709‡ TS FSRQ 0.779 44.87 0.58 <-0.34 13.54 46.12
115232+493938‡ TS FSRQ 1.091 45.27 0.26 <-0.17 15.11 45.93
080839+495036‡ TS FSRQ 1.436 45.10 1.35 < 0.25 13.41 46.37 9.39d

084600+070424‡ TS FSRQ 0.342 44.72 0.10 <-0.18 14.44 44.81
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

170124+395437‡ TS BLL 0.507 44.12 1.27 <-0.56 13.97 45.71 0.13
022428+065923‡ TS FSRQ 0.511 45.10 0.32 <-0.49 13.52 45.75 7.29k

074110+311200‡ TS FSRQ 0.631 44.93 1.14 <-0.04 13.25 45.63 9.48d,k

082057−125859‡ TS BLL 0.073† 43.96 0.52 <-1.04 14.88 44.09
083223+491321‡ TS BLL 1.264 45.28 0.98 <-0.13 13.28 46.62 0.08 8.69o

163813+572023‡ TS FSRQ 0.751 45.27 0.50 <-0.51 13.40 46.27 9.20d,k

102444+191220‡ TS FSRQ 0.828 45.43 0.12 < 0.17 13.38 45.72
115312+805829‡ TS FSRQ 1.250 45.71 0.36 < 0.31 12.93 46.29
000622−000424‡ TS FSRQ 1.038 46.21 −0.08 < 0.64 13.52 45.50
073329+351542‡ TS BLL 0.177 44.17 −0.11 <-0.71 15.47 44.61
201115−154640‡ TS FSRQ 1.180 44.90 1.08 <-0.01 12.83 46.56
143244−005915‡ TS FSRQ 1.027 45.15 0.10 <-0.03 15.61 45.72
082324+222303‡ TS BLL 2.211 46.34 0.04 < 0.43 13.25 46.86
104146+523328‡ TS FSRQ 0.677 45.23 0.51 <-0.09 14.34 45.50
110148+722537‡ TS FSRQ 1.460 46.09 0.11 < 0.31 13.41 46.33
023145+132254‡ TS FSRQ 2.059 46.09 0.20 < 0.12 13.13 47.11
012642+255901‡ TS FSRQ 2.358 46.11 −0.23 < 0.29 13.30 47.07
090933+425346‡ TS FSRQ 0.670 45.83 −0.08 <-0.07 13.13 45.77 7.90d,i,k

212344+053522‡ TS FSRQ 1.878 45.11 1.53 < 0.12 13.01 47.02 8.78d

225717+074312‡ TS BLL 0.193 43.89 1.11 <-0.96 14.13 45.05 8.58j,n,o

171938+480412‡ TS FSRQ 1.083 44.30 1.41 <-0.75 14.00 46.81
214518+111527‡ TS FSRQ 0.550 44.81 0.49 < 0.13 13.85 45.14
114818+315410‡ TS FSRQ 0.549 44.54 0.10 <-0.32 15.66 45.35
134934+534116‡ TS FSRQ 0.980 45.36 0.43 < 0.33 13.37 45.79
183427−585636‡ TS BLL 0.152† 44.52 −0.16 <-0.39 12.88 44.50
111857+123441‡ TS FSRQ 2.129 46.23 0.44 < 0.52 13.47 46.62
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

092703+390220‡ TS FSRQ 0.695 45.60 0.49 <-0.50 12.66 46.41 9.26d,i,k

165833+051516‡ TS FSRQ 0.879 45.40 0.93 <-0.30 13.89 46.13 9.68d,k

104244+120331‡ TS FSRQ 1.029 46.08 −0.05 < 0.45 13.18 45.79 8.76d

074836+240024‡ TS FSRQ 0.409 44.92 0.53 <-0.48 13.01 45.62
220314+314538‡ TS FSRQ 0.298 44.92 0.56 <-1.04 13.66 45.66 8.90d,k

114803+565411‡ TS FSRQ 0.451 44.51 0.05 <-0.25 15.67 45.09
073502+475008‡ TS FSRQ 0.782 45.12 0.30 < 0.25 13.31 45.59
105817+195150‡ TS FSRQ 1.110 46.08 0.03 < 0.10 14.30 45.92
140048+042530‡ TS FSRQ 2.550 46.02 −0.04 < 1.23 13.94 46.00
141536+483030‡ TS BLL 0.496 44.35 −0.05 <-0.00 13.72 45.18 0.18
083740+245423‡ TS FSRQ 1.125 45.19 0.64 < 0.71 13.43 45.57
085441+575729‡ TS FSRQ 1.318 45.93 0.41 < 0.56 13.12 46.04 8.49d

222538+211806‡ TS FSRQ 1.959 45.78 0.61 < 0.33 13.47 46.69
083722+582501‡ TS FSRQ 2.101 45.70 0.30 < 0.85 12.87 46.53
113053+381518‡ TS FSRQ 1.741 45.09 1.27 < 0.25 12.95 46.81
193926−152543‡ TS FSRQ 1.657 45.24 1.00 < 0.10 13.25 46.77
104806−190935‡ TS FSRQ 0.595 45.58 −0.39 <-0.47 13.25 45.99 6.83k

214236−043743‡ TS unk. 0.344 44.80 0.58 <-0.40 14.83 44.94
121314+144400‡ Uex unk. 0.716 <45.20 <-0.35 < 0.45 13.75 45.16
111717+000633‡ Uex BLL 0.451 <44.31 <-0.24 < 0.19 16.55 44.90 0.20
220610−183538‡ Uex FSRQ 0.620 <45.59 < 0.75 < 0.23 12.99 45.42 8.19d

073701+284646‡ Uex BLL 0.272 <44.02 <-0.20 <-0.15 16.00 44.57 0.10
035110−115322‡ Uex unk. 1.520 <45.38 < 0.78 < 0.23 13.72 46.36
092554+400414‡ Uex unk. 0.471 <44.28 <-0.27 <-0.36 15.44 45.22
011517−012704‡ Uex FSRQ 1.365 <45.28 < 1.05 < 0.34 13.00 46.35
092401+053345‡ Uex BLL 0.571 <44.19 <-0.30 <-0.18 16.69 45.55 0.00
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

042442−375620‡ Uex FSRQ 0.782 <45.80 <-0.49 <-0.42 13.23 46.29
105534−012617‡ Uex BLL 0.261† <43.87 <-0.21 <-0.08 15.80 44.41
142106+385522‡ Uex FSRQ 0.490 <44.52 < 0.36 < 0.13 14.26 44.92
031155−765150‡ Uex FSRQ 0.223 <44.46 < 0.53 <-0.94 13.27 45.35
144131+601852‡ Uex FSRQ 0.535 <44.90 <-0.27 <-0.06 15.19 45.05
162901+400759‡ Uex FSRQ 0.272 <43.99 <-0.21 <-0.84 16.47 45.42
005905+000651‡ Uex FSRQ 0.719 <45.43 < 0.72 < 0.06 13.06 45.76 8.54d,k

095003+0614‡ Uex unk. 0.337† <44.78 <-0.26 < 0.29 14.25 44.35
130217+481917‡ Uex FSRQ 0.877 <45.22 < 0.12 <-0.08 15.29 45.59
062602+820225‡ Uex FSRQ 0.710 <44.73 < 1.08 < 0.58 12.76 45.32
141740+381821‡ Uex FSRQ 0.453 <44.21 < 0.80 < 0.08 13.44 45.06
050233+133810‡ Uex BLL 0.229† <44.35 < 0.57 <-0.11 12.97 44.62
103716−293402‡ Uex FSRQ 0.312 <44.80 < 0.51 <-0.79 13.21 45.57 8.71i,k

135328+560056‡ Uex BLL 0.404 <44.28 <-0.24 < 0.19 17.00 45.02
104732+483530‡ Uex FSRQ 0.866 <44.78 < 0.23 < 0.72 14.40 44.97
061343+710727‡ Uex BLL 0.267 <44.16 <-0.22 < 0.03 15.83 44.33 0.09 8.56o

154418+045821‡ Uex BLL 0.265† <44.25 <-0.26 <-0.22 13.41 44.77
052234−610757‡ Uex FSRQ 1.400 <45.83 < 0.07 < 0.05 13.77 46.41
153452+013104‡ Uex FSRQ 1.435 <45.42 < 0.96 < 0.28 13.55 46.29
225717+024317‡ Uex FSRQ 2.081 <45.75 < 0.04 < 0.35 13.37 46.81
160218+305109‡ Uex BLL 1.066 <44.88 < 0.16 <-0.11 15.23 45.85 0.07
095410+491457‡ Uex FSRQ 0.329† <43.79 <-0.21 < 0.25 16.80 44.66
012528−000555‡ Uex FSRQ 1.077 <45.61 < 0.54 < 0.15 12.93 46.24
135927+015954‡ Uex FSRQ 1.330 <45.75 < 0.15 <-0.17 14.00 46.50
075445+482350‡ Uex FSRQ 0.835 <45.01 < 0.46 <-0.67 13.94 46.43
150233+335055‡ Uex BLL 2.254† <45.48 < 0.02 <-0.35 14.86 46.87
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

092543+312710‡ Uex BLL 0.374† <44.47 < 0.75 < 0.04 13.66 44.83
131330+020106‡ Uex BLL 0.356 <44.53 <-0.24 < 0.02 15.53 44.56 0.18 8.50h

024235−213225‡ Uex unk. 0.314 <44.36 < 1.13 <-0.14 13.87 44.78
204206+242652‡ Uex unk. 0.036† <43.33 <-0.14 <-1.63 15.50 44.09
120658+052952‡ Uex BLL 0.529 <44.64 < 0.88 < 0.46 13.51 44.85 0.12
031422−654824‡ Uex FSRQ 0.636 <45.18 <-0.09 <-0.31 13.56 45.83
130028+283010‡ Uex FSRQ 0.648 <44.84 < 0.22 <-0.03 13.82 45.50
081137+483133‡ Uex FSRQ 0.703 <44.81 < 0.33 < 0.38 14.47 45.05
101544+122707‡ Uex BLL 0.463† <45.21 <-0.28 <-0.16 13.51 45.31 0.15
230343−680737‡ Uex FSRQ 0.512 <45.05 < 0.37 <-0.45 13.40 45.75
161633+333043‡ Uex BLL 2.221† <45.17 <-0.00 < 0.52 14.66 46.30
095539+453216‡ Uex unk. 0.259 <43.96 < 0.36 <-0.81 15.65 45.10
142409+043452‡ Uex BLL 0.666 <44.99 < 0.23 <-0.12 14.12 45.56
124700+442318‡ Uex BLL 1.812 <45.14 <-0.54 <-0.00 17.06 46.59
120355+581945‡ Uex unk. 0.302† <43.91 < 0.46 < 0.06 13.98 44.51
210138+034131‡ Uex FSRQ 1.013 <45.95 <-0.55 < 0.15 12.85 46.19 9.13k

153547+432244‡ Uex FSRQ 0.639 <44.44 <-0.34 < 0.24 16.51 45.17
122824+312837‡ Uex FSRQ 2.200 <45.34 < 0.81 <-0.49 13.69 47.60
162304+662401‡ Uex FSRQ 0.203 <44.61 <-0.19 <-0.54 13.90 44.72
044237−282530‡ Uex FSRQ 1.952 <45.81 < 0.02 < 0.70 13.55 46.29
002727+260710‡ Uex BLL 0.360 <44.55 <-0.28 < 0.25 14.33 44.45
083458+440338‡ Uex unk. 0.228† <44.05 < 0.59 <-0.22 14.06 44.48
020106+003400‡ Uex BLL 0.299 <43.97 <-0.23 <-0.07 14.94 44.46 0.11 8.06j,n,o

134533+445259‡ Uex unk. 0.547† <44.69 < 0.59 < 0.53 13.11 44.93
124141+344031‡ Uex BLL 2.227† <45.31 <-0.55 < 0.73 17.51 46.24
040905−123847‡ Uex FSRQ 1.563 <45.78 < 0.10 < 0.09 13.97 46.46 9.21d
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

144052+061016‡ Uex BLL 0.396† <44.80 <-0.25 <-0.40 15.31 45.08
152502+110744‡ Uex FSRQ 0.331 <44.75 < 0.27 <-0.01 13.61 44.76
044017−433308‡ Uex FSRQ 2.852 <46.97 <-0.05 < 0.47 13.19 47.23
091211+275927‡ Uex BLL 0.388† <43.77 <-0.26 < 0.13 15.38 44.53
162625+351341‡ Uex BLL 0.497 <44.10 < 0.31 <-0.01 15.90 44.99 0.09
162332+284128‡ Uex FSRQ 0.359† <43.72 <-0.26 < 0.21 15.85 44.43
134208+270930‡ Uex FSRQ 1.190 <45.07 < 0.66 <-0.13 14.06 46.30
091437+024559‡ Uex unk. 0.427 <44.71 < 0.56 <-0.23 12.76 45.50 7.72k

050842+843204‡ Uex BLL 0.112 <43.73 < 0.85 <-0.16 13.05 43.93
053932−155030‡ Uex FSRQ 0.947 <45.10 < 0.85 <-0.24 14.60 46.00
165249+402310‡ Uex BLL 1.080 <44.91 <-0.41 <-0.24 15.91 46.01
080814+475244‡ Uex FSRQ 0.545 <44.41 < 0.25 <-0.35 15.73 45.39
154917+503805‡ Uex FSRQ 2.169 <45.83 < 0.12 < 0.50 13.00 46.87
054641−641522‡ Uex FSRQ 0.323 <44.52 < 0.07 <-0.88 13.54 45.62
221620+351814‡ Uex FSRQ 0.510 <44.98 < 0.31 < 0.33 13.86 44.85
153500+532037‡ Uex BLL 0.327 <43.96 <-0.20 < 0.79 18.10 45.04
183621+313626‡ Uex unk. 0.120† <43.33 < 0.42 <-0.63 15.24 44.15
220641−211940‡ Uex FSRQ 0.577 <45.29 <-0.28 <-0.14 15.21 45.21
123807+532555‡ Uex unk. 0.348 <44.22 < 0.33 <-0.38 15.86 44.99
090924+521632‡ Uex FSRQ 0.410 <44.17 < 0.60 <-0.29 15.54 45.02
120234−052802‡ Uex FSRQ 0.381 <44.58 < 0.80 <-0.43 14.89 45.07 8.41k

090216−141530‡ Uex FSRQ 1.339 <45.85 < 0.76 < 0.10 13.73 46.31
102504+414332‡ Uex FSRQ 0.682 <44.45 <-0.38 < 0.12 15.17 45.13
080938+345537‡ Uex BLL 0.083 <43.66 < 0.28 <-0.80 15.84 44.07 0.23
081827+281402‡ Uex BLL 0.225 <44.31 <-0.24 <-0.38 13.92 44.66 0.13
121834-011954‡ Uex FSRQ 0.415 <45.03 <-0.27 <-0.62 13.69 45.61
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

132614+293330‡ Uex BLL 0.429 <44.05 <-0.26 <-0.08 16.47 45.08 0.10
123123+142124‡ Uex BLL 0.256 <44.27 <-0.25 <-0.38 13.99 44.78 0.17 8.62h

180801+464941‡ Uex BLL 0.450† <44.30 < 0.37 <-0.25 15.18 45.06
145427−374733‡ Uex FSRQ 0.314 <45.02 < 0.38 <-0.57 13.29 45.34 8.82k

125731+241239‡ Uex BLL 0.141 <43.44 <-0.19 <-0.80 16.42 44.75 0.08 8.31j,n,o

123943−102328‡ Uex FSRQ 0.750 <45.23 < 0.90 < 0.18 13.67 45.51 9.12d,k

161830+062211‡ Uex BLL 0.619† <44.73 <-0.31 < 0.09 14.32 45.22
120902−240620‡ Uex BLL 1.299 <45.39 < 0.31 <-0.18 13.07 46.78
051349−215915‡ Uex FSRQ 1.296 <45.26 < 1.01 < 0.57 12.74 46.15
172206+565451‡ Uex FSRQ 0.425 <44.25 < 0.31 <-0.06 15.95 44.90
123623+390000‡ Uex BLL 0.390 <44.09 < 0.39 < 0.01 15.08 44.65 0.18
160658+271705‡ Uex FSRQ 0.934 <44.86 < 0.82 < 0.58 14.27 45.23
124323+051446‡ Uex FSRQ 0.164 <43.65 <-0.19 <-0.57 14.38 44.45
080323+481618‡ Uex BLL 0.500 <44.32 <-0.29 < 0.28 16.66 44.95 0.12
140923+593940‡ Uex BLL 0.496 <44.57 <-0.31 < 0.28 14.32 44.78 0.17 8.95j,o

081058+413402‡ Uex FSRQ 0.507 <44.50 < 0.92 < 0.06 15.43 44.87
125500+034043‡ Uex FSRQ 0.437 <44.85 <-0.25 <-0.10 15.57 44.90
022048−084250‡ Uex BLL 0.525 <44.82 <-0.30 <-0.04 15.39 45.02 0.00
083639−201659‡ Uex FSRQ 2.752 <45.99 < 0.90 < 0.55 13.00 47.17
144052+061033‡ Uex FSRQ 0.197† <44.33 <-0.18 <-0.41 15.09 44.39
125438+114105‡ Uex FSRQ 0.873 <45.53 < 0.27 <-0.04 13.16 46.07
044942−391109‡ Uex FSRQ 1.288 <46.18 <-0.47 < 0.06 14.45 46.11
152034+554257‡ Uex FSRQ 0.310† <43.97 < 0.48 < 0.18 14.37 44.35
102724+631758‡ Uex FSRQ 0.672 <44.74 <-0.33 < 0.09 16.36 45.31 0.05
095409+491459‡ Uex BLL 0.380 <43.79 <-0.28 < 0.20 15.31 44.44 0.00
135953+591103‡ Uex BLL 0.689 <44.81 <-0.33 <-0.26 15.71 45.54



F
.

D
A
T
A

T
A

B
L
E
S

2
0
2

Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

102556+125349‡ Uex unk. 0.663 <44.74 < 1.14 < 0.21 13.07 45.50
153324+341640‡ Uex BLL 0.810 <44.48 < 0.25 <-0.23 15.52 45.66 0.11
074331−672625‡ Uex FSRQ 1.510 <46.40 < 0.01 <-0.24 14.23 46.67
142904+120432‡ Uex FSRQ 0.357† <44.07 <-0.25 < 0.23 16.36 44.56
123200−022404‡ Uex FSRQ 1.045 <45.65 < 0.64 < 0.15 13.99 45.87 8.79d,g

053628−340111‡ Uex unk. 0.683 <45.63 <-0.40 <-0.06 13.24 45.75
083357+472652‡ Uex BLL 0.494 <44.29 <-0.29 < 0.09 16.33 45.01 0.15
111130+345203‡ Uex BLL 0.383 <44.02 <-0.25 < 0.44 17.47 45.02
080322+433307‡ Uex FSRQ 0.276 <43.82 <-0.21 <-0.25 16.00 44.68
092338−213547‡ Uex unk. 0.053 <44.00 <-0.14 <-1.36 14.59 44.16 7.87c,k

013602−404446‡ Uex FSRQ 0.649 <45.67 <-1.41 < 0.06 13.09 45.62
233035−372437‡ Uex BLL 0.279 <44.83 <-0.02 <-0.36 14.55 44.76
174358−035004‡ Uex FSRQ 1.054 <45.37 < 0.82 <-0.51 13.01 46.84 9.29i

230846−221949‡ Uex BLL 0.137 <43.27 <-0.19 <-0.79 15.69 44.49
095649+015601‡ Uex BLL 0.820 <44.62 <-0.83 < 0.17 16.79 45.58
141004+020306‡ Uex BLL 1.059 <45.23 < 0.65 <-0.05 14.17 46.04
074929+745144‡ Uex BLL 0.600 <44.46 < 0.24 <-0.20 16.66 45.60
172236+585622‡ Uex FSRQ 1.981 <45.54 < 0.43 < 1.26 13.11 45.92
111221+003028‡ Uex FSRQ 0.523 <44.21 <-0.28 < 0.06 16.04 45.00
130255+505618‡ Uex unk. 0.688 <43.99 <-0.34 < 0.43 17.55 45.61
132833+114520‡ Uex BLL 0.490 <43.83 <-0.30 < 0.40 17.31 45.18
012716−082128‡ Uex BLL 0.395 <44.81 <-0.35 <-0.35 13.03 45.45
134136+551437‡ Uex BLL 0.207 <43.63 < 0.45 <-0.13 15.65 44.21 0.27 8.29h

152913+381217‡ Uex BLL 1.062 <44.75 <-0.42 <-0.20 16.11 45.98
075828+374711‡ RG FR1 0.041 44.07 −0.77 < 0.39 13.44 <42.34
084047+131223 RG FR2 0.680 45.90 −0.57 < 0.30 -1000.00 <-1000.00 2.36 8.60d,k J0840.7+1310
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Table 5.3 (cont’d)

IAU Name Samp. Type z log Lkin RCE log LIC log νpeak log Lpeak Γ H&K MBH Data Fermi
(ergs s−1) (ergs s−1) (Hz) (ergs s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

122503+125313‡ RG FR1 0.003 42.90 −1.09 <-0.65 12.98 <41.19 9.20e

123049+122328‡ RG FR1 0.004 44.09 −1.58 <-1041.28 13.01 <41.58 2.17 9.48e J1230.8+1224
141652+104826‡ RG FR1 0.024 43.86 −1.33 < 1.02 12.99 <41.24
151644+070118‡ RG FR1 0.034 44.26 −0.93 <-0.37 12.83 <42.95 8.65m

022311+425931‡ RG FR1 0.021 43.95 −1.19 < 0.05 13.36 <42.09
164348+171548‡ RG FR1 0.162 44.97 −0.97 < 0.53 13.46 <43.49
182931+484446‡ RG FR1 0.692 46.31 −0.40 <-1045.38 12.95 <45.68 2.34 9.85d,k J1829.7+4846
162838+393304‡ RG FR1 0.031 44.25 −1.80 < 1.04 13.12 <41.44 8.99e,m

094324−762010 RG unk. 0.071 44.29 > 0.07 < 0.30 -1000.00 <-1000.00 2.44 J0942.8−7558
163231+823216‡ RG FR1 0.024 43.99 −0.73 <-1042.95 12.79 <43.25 2.20 J1629.4+8236
132527−430108‡ RG unk. 0.002 43.85 −1.62 <-1042.22 13.41 <42.52 2.76 7.69e J1325.6−4300
030826+040639‡ RG FR1 0.029 44.11 −0.46 <-1042.37 14.75 <42.67 1.86 8.60m 1FGL J0308.3+0403
041821+380135‡ RG FR2 0.049 44.63 −0.59 <-1042.99 13.28 <43.29 2.61 1FGL J0419.0+3811
043311+052115 RG FR1 0.033 43.69 0.46 <-1044.25 13.58 <44.55 3.00 7.76e,f,l,m

031948+413042‡ RG FR1 0.018 44.01 −0.17 <-1042.79 13.46 <43.09 2.03 8.88e,m J0319.8+4130
062706−352915 RG unk. 0.055 44.38 −0.39 < 0.30 -1000.00 <-1000.00 1.93 J0627.1−3528

†Estimated Redshift

∗Peak value using parabolic SED fit
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