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Abstract. While only a fraction of Active Galactic Nuclei are observed to host a powerful relativistic jet,

a cohesive picture is emerging that radio-loud AGN may represent an important phase in the evolution of
galaxies and the growth of the central super-massive black hole. | will review my own recent observational
work in radio-loud AGN unification in the context of understanding how and why jets form and their the
connection to dferent kinds of accretion and growing the black hole, along with a brief discussion of possible
connections to recent modeling work in jet formation. Starting from the significant observational advances in
our understanding of jetted AGN as a population over the last decade thanks to new, more sensitive instruments
such as Fermi and Swift as well as all-sky surveys at all frequencies, | will lay out the case for a dichotomy
in the jetted AGN population connected to accretion mode onto the black hole. In recent work, we have
identified two sub-populations of radio-loud AGN which appear to be distinguished by jet structure, where
low-efficiency accreting systems produce 'weak’ jets which decelerate more rapidly than the 'strong’ jets of
black holes accreting near the Eddington limit. The two classes are comprised of: (1)The weak jet sources,
corresponding to the less collimated, edge-darkened FR Is, with a decelerating or spine-sheath jet with velocity
gradients, and (2) The strong jet sources, having fast, collimated jets, and typically displaying strong emission
lines. The dichotomy in the vp-Lp plane can be understood as a "broken power sequence” in which jets exist
on one branch or the other based on the particular accretion mode (Georganopolous 2011).We suggest that
the intrinsic kinetic power (as measured by low-frequency, isotropic radio emission), the orientation, and the
accretion rate of the SMBH system are the the fundamental axes needed for unification of radio-loud AGN by
studying a well-characterized sample of several hundred Fermi-detected jets. Finally, we present very recent
findings that the most powerful strong jets produce gamma-rays by external Compton rather than SSC emission,
placing the origin of the IC emission in these strong jets at a radius inside the BL/Brandlecular torus

(Meyer 2012).

1 Introduction In the general unification scheme for radio-loud AGN,
blazar-type sources are beamed.(jet face-on) counter-

. . ._parts to sources seen as Farfiaemd Riley radio galax-
Blazars are understood to be end-on orientations of radlo-p y g

: S ies[FR, 6]. The association of flat-spectrum radio quasars
loud AGN W.'th broad-band SPe_C‘Fa'_ energy _dlstrlbutlons (FSRQ) with powerful FR IIs, and featureless BL Lac ob-
(SEDs) dominated by the relativistic jet, consisting of syn-

o . jects with FR Is was suggested chiefly by the correspon-
chrotron emission up to UV and X-ray, and inverse Comp J WI W 199 ey oy P

- . | hologi . i
ton (IC) emission at higher energies. This second, hig _dence in spectral types, morphologies, and range in ex

. . ) . tended radio luminosity [7]. However, violations to this
energy peak in the jet SED can be explained with bothSCheme are well-knowneg., powerful, FR Il-like BL
synchrotron-self Compton (SSC, in which the particles in Lacs, and low-power FSR(j [8-10] aiong with BL Lacs
the relativistic jet up-scatter synchrot_ron photons, [1, 2])displé1ying SEDs, luminous narrovx; lines, and hot-spots
and exfcernal Compton (EC) models, in the latter case UPy pical of quasars [10, 11] and even broad lines in low
scatten.ng pho.tons from an external source, such as th ontinuum statese[g. 12]. In addition, [13] discovered
b“’?‘d "T‘.e reg!on.[.BLR, 3_5].)' The very high app"’.‘rer.“ an apparently continuous anti-correlation between the syn-
luminosities, significant polarization, and strong variabil-

. . : .__chrotron peak (and bolometric) luminosi and the
ity of blazars is explained by the same Doppler_boostlr!g eak freq%encf%eak), forming t)he now c;%fre;?cal ‘blazar
that makes these sources the dominant population at hig equence’ [13]. With blazars displaying a continuum in
energies.

Vpeakfrom low- to intermediate- to high- synchrotron peak-
ing (LSP, ISP, HSP; we use roughty14, 14-15.5,>15.5

%e-mail: meyer@stsci.edu in 109 vpeay, it was not clear how the SED appearance of
be-mail: georgano@umbc.edu
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Figure 1. The synchrotrom. pea - vpeak Plane. Using only well-sampled SEDs reveals a possible alternative to the continuous sequence,
in which two populations show dramaticallyfidirent behaviors in this plane. The branch at upper left is composed of strong-jet sources
(typically powerful FSRQs), while the lower right branch consists of weak-jet sources (typically low-power BL Lacs). The debeaming
path moving horizontally over the weak-jet sources is typical of a decelerating jet model characterized by velocity gredtiptets.
fromM11.

blazars fit with the morphological dichotomy in the FR to radio galaxy jets imaged with high-resolution instru-
galaxies. ments). We tested whether the jet kinetic powggn( as

The blazar sequence has had several challenges. Aneasured from the isotropic radio emission) could be the
deed, [14] found that new sources they identified modify Single parameter necessary for characterizing the jet SED,
the blazar sequence to an envelope, with the area belo@!ong with radio core dominanc& 10g Leore/Lex) as a
the blazar sequence populated with sources. Similar enteasure of jet orientation (and therefore degree of beam-
velopes were found by [15] and [16]. However, lower- ing). We found that the blazar sequenceis actually broken
luminosity sources appearing in the space below the blazatto two populationsin the Lpeak— vpeakplane (Fig. 1). The
sequence were actually expected. If one takes the blazaWeak' jets (branch labeled ‘irficient’) consist entirely of
sequence to be the rule for only the most-aligned (smallesgources withLy, _<1044‘5 ergs s*, and extend from mis-
orientation angle) sources, then progressively misalignedligned FR | radio galaxies at loweax up to well-aligned

sources will experience less beaming and appear to forntaS measured big) HSP BL Lacs. The ‘strong’ jets com-
an envelope beneath the sequence. prised a population of lowpeaxjets (branch labeled f&-

The possibility for tracking similar jets as they filled cient’) which drop inlpeakrapidly with decreasing

the envelope motivated recent work [17, hereafter M11], = This manuscript is organized as follows. In Section 2
in which we filled the synchrotrobpeax— vpeakplane using ~ we discuss the three (minimum) parameters that we be-
a much larger sample of well-characterized jet SEDs fromlieve necessary for radio-loud AGN unification, including
sources over a wide range of orientations (from blazarsa critical transition in accretionfigciency. In Section 3 we
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The Innermost Regions of Relativistic Jets and Their Magnetic Fields

show that the blazar divide of M11 is consistent witbra-

ken power sequence with two branches. In Section 4 we Q -
briefly discuss the recurring issue of FSRQs masqueradiny

as BL Lacs, and the potential pitfalls of dividing blazars

by optical type only. Finally, in Section 5 we introduce the ™
‘Blazar Envelope’ as seen ermi and discuss the impor-
tance of the jet kinetic power and orientation of the jetin 3 o
determining the gamma-ray luminosity. We also examine® A
a recent finding suggesting that the high-energy emissior-

of high-power jets is dominated by EC processes rather < -
than SSC.

quency

2 A Critical Accretion Rate?

log Liin/Ledd

Following M11, the important factors in RL AGN unifica-
tion (i.e, placing a source in Fig. 1) appear to be (a) the
jet powerLy;, (above 16*° erg s, one only finds sources Figure 2. Histogram of estimated accretion ratgqf/Leqq) for

on the strong-jet branch) and (b) the orientation angle (agt Sample of blazars with known jet power and a reliable esti-
proxied by radio core dominance in this case). However,mate of black ho_Ie mass. The _sample is sub-divided into we_ak-Jet
there is a degeneracy at ldw;,, with sources appearing sources (from Flg. 1, those with logeax >14.5), and strong-jet

. ; . . sources (those with logpeax <14.5 and lod-peak >45.5). Strong-

N pOth branches, WhICh Wou!d imply Fhat a thqu parame-. jet sources have lobin/Leqq typically greater than critical val-
teris necessary (optical type is not reliable, as discussed i es of -2 to -3 suggested in the literature, and thus this branch
Section 4). Others have suggested that a critical accretiofy japeled *dficient in Fig. 1: while weak-jet sources have sub-
rate [19, 20], taking place ah = ey ~10°-10%Meqs  critical values and are labeled ‘ifiient.

[21, 22], and marking a transition from sources with in-

efficiently radiating accretion disks and therefore absent

or weak broad emission linesd, BLL/FR Is) to sources
with efficient accretion disks and strong broad emission

I|ne§ (FSRQFR IIs)_, could explain the two distinct classes tion rate as measured ly/Leqq can be used as the third
(opticaymorphological). . P
. . . factor in AGN unification.

In Fig. 2, we compare the estimated accretion rates
for two sub-samples of the sources analyzed in MJ, (
those in Fig. 1). The accretion rateis estimated from 3 Exploring the new Broken Sequence
the ratioLin/Leqq, WhereLyi, is the jet power scaled from
low-frequency isotropic radio emission (M11) abglg is In M11, the new scheme was presented as a broken blazar
the Eddington luminosity gqq = 1.3x18 (M/M,). Black sequence, with two broad groups, otherwise ffacenti-
hole masseM were taken from the literature and averaged ated. We return to the synchrotrepeax — Lpeak plane to
(further details will be discussed in a forthcoming paper). examine the possibility that a ‘blazar sequence’ remains
The two populations were carefully selected to correspondwithin each of the two branchesd, a strong sequence
to strong-jet and weak-jet samples while minimizing con- and a weak sequence).
tamination. To that end, the weak-jet sample was choseiBuilding a Sequence. For simplicity, consider all sources
from all sources with known synchrotron legeacgreater  to have a black hole magd ~10° M, and thus a fixed
than 14.5, and the strong-jet sample was chosen from allLg4y. Sources that accrete at < m. will have radia-
sources with logpeak <14.5and log Lpeak >45.5. The lat-  tively inefficient accretion disks. Assuming that the jet
ter cut was necessary to avoid potentially confusing LSPpower cannot significantly exceed the accretion power, we
sources shown in the lower left of Fig. 1. Because sourcesequire Lyin < Mlggq < Mglege. Sources that accrete
on either branch, when misaligned, begin to coincide inat m > mgwill have radiatively dficient accretion disks
this space, these sources were ambiguous in classificatioand Ly, < mLgqe. In both cases, given a set of sources
and omitted from the analysis. with identical Ly, the aligned (0 orientation) sources

As shown in Fig. 2, there does indeed appear to bewill have the highest peax and vpeak Becauseypeqx de-
a divide at-log Lyn/Leqg ~ 2—3. The weak-jet sources creases as the radiative cooling becomes stronger, any situ-
appear at lower accretion rates and the strong-jet sourcegtion where electrons in more powerful sources experience
at higher. Despite the fact that the errors on black holestronger radiative cooling will result todecreasing vpeak
masses and jet powers can be over half an order of magniwith increasing Lyin, i.€., a sequence. If we now gradu-
tude, the divide in the populations is fairly distinct. Some ally increasel jn/Leqq, the location oflpeak— vpeakfor our
have suggested that the accretion power merely gives af° aligned source on the plot shifts to delineate a power
upper bound td, [23]; this would then predict that the sequence. The exact shape of this track depends on the
strong jet sources should have a significant population apphysics of the jet. We consider below two plausible cases
pearing at sub-critical fRciency as estimated for Fig. 2. for the weak-jet and strong-jet populations separately.

We suggest that a one-to-one correspondence is more in
keeping with the results shown there, and that the accre-
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m, the cooling break in the electron distribution scales as

48 - BL Lac ¥b o 1/U oc I72. Thenvpeakc By2d o T3, where we have
. Efff‘? used our assumption thBtis fixed and our jet is aligned.
47 v FRII Now Lpeak I'* for emission from plasma moving through
a steady feature in the jet. Therefore, we have the sequence
— 46 Q) L oc v 8 & L2
T'm © peak & Vpeak kin*
2 4 ® To evaluate ifLyy, indeed increases along the path
o, K 0 shown, we considered the sources in boxes A, B, and C.
¥ - The distribution ofLi, is shown for each box in the left
2 44 °
= [ ] . .
7 . panel of Fig. 4. As can be seen, the averbggincreases
2 ., 109 Lign from C to B to A, as expected.
= 43 m <435
435 - 44
| 44 - 445
42 o 445 - 45
B g 45 - 455 . ‘ ’
41 - @ - 2255 4 A Caution on ‘False BL Lacs

12 13 14 15 16 17

10g Vpeak [HZ] As noted by [24] and most recently [11, 25], there is a
possibility that some broad-lined blazars appear as lineless
Figure 3. The blazar divide (same sources as in Figure 1) shownSOUrces (and therefore, are classified falsely as BL Lacs),
with overlaid ‘zones’ used to compare sources which are believecdue to the blazar jet being much brighter than any lines
to have diferent intrinsic jet powers, based on the “broken power in the optical. This seems to require a combination of a
sequence” hypothesis. (See also Figure 4). 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 op-
tical (i.e., possibly, a lower-power source). In keeping with
The Inefficient Accretion Case. We consider here the the idea of a half-sequence still existing in the strong-jet
case in which the jet bulk Lorentz factor)(does not  population, one would expect that more powerful sources
change atyin is increased, ant, scales linearly withthe  have lowervpeax values, and brighter broad line spectra.
number density of relativistic electrons in the jet. In this Following aligned jets in the powerful branch from low to
case, and assuming that the electron energy distribution ifiigh L, vpeak Will shift to lower energies and out of the
n(y) = ky™®, p < 3, vpea is formed by the maximum  optical, and the lines would come ‘up’, the source would
energy electrons and remains fixed, while the peak lumi-be revealed as an FSRQ rather than BL Lac. The net ef-
nosity increases linearly with the number density of rela-fect, which we can readily test, should be that in moving
tivistic electrons and, therefore, with,. This is the line  ‘up’ the strong-jet sequence (red arrow in Fig. 1), the frac-
forming the upper right of the box for the ifiigient branch  tion of sources recorded as BL Lacs will drop. In fact this
in Fig. 1. Similar lines, possibly of @ierent slope, are s seen in the left panel of Fig. 4, where we show BL Lac
anticipated for other scenarios in which cooling increasessources as the dark-shaded regions of the histogram. It is
with increasingd_yin. However, an important feature is that clear that in the progression from box C to B to A that
whenLy, increases enough that the source pasggshe  the percentage of BL Lacs drops (58% to 24% to 15%),
inefficient accretion mode ceases being attainable. Interas expected if the broad lines of these sources are simply
estingly, the highedt,, sources in the irficient accretion  overcome by a bright jet in optical.
branch reach values of & erg s, which corresponds to Further, we can check théect of relative beaming on

iy ~ 2.3x 107 for M = 10°Mo. the proportion of BL Lacs in the strong-jet branch. Taking
DoesL,in actually increase along the iffieient branch  the scaling derived in Section 3, we can draw a line (with
sequence? To evaluate this, we assume that the desomewhat arbitrary normalization) corresponding to the
beaming tracks shown in Fig. 1 (curved lines defining thesequence at 0 degree alignmes( the red line in Fig. 1).
box at lower right) are a good representation of the ac-Selecting sources at moderate power4¢2010%5 erg
tual de-beaming taking place. Keeping only HSP and ISPs-1) to get a more uniform population (see M11), we can
we plot the distribution ofLin in the three zones S,y  estimate the relative beaming by considering that a depar-
in Fig. 4 (right panel). As expected, the averdgg de-  tyre from the 0 line will follow a de-beaming path in the
creases as we move ‘down’ the sequence. log-log plot with a slope of 4j.e., the relative beaming
The Efficient Accretion Case. A plausible scenario for factor§/5g can be estimated from the ratitvg, wherevg
the strong-jet sources is thia, increases with', as sug-  is the frequency where the sequence and de-beaming path
gested by VLBI datad.g. 10]. We assume in addition that meet. As a source is found further from the red line, the
the comoving energy density of electrons and magneticsmaller the value 06/6o. As shown in Fig. 5, the frac-
field remain invariant. In this caséy, « I'2. Because tion of BL Lacs falls from 100% in the highest bin 6o
the external photon field energy density in the comovingdown to 0%, which seems to support the idea Heaming
frame scales abl « Ugy and Ugy is not a function of  is also an important factor in producing false BL Lacs.
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Figure4. (Left) Distributions ofLy;, for the boxes labeled A,B,C in Fig. 3. BL Lacs are shown as shaded regions. (Right) Distributions
of Ly, for the boxes labeled s,y in Fig. 3. In both cases the predicted changkgp along a sequence is seen, supporting a ‘broken’
power sequence interpretation.

total LAT-band Luminosity (k-corrected) versus the LAT-

band photon index) for blazars in the secorfeermi cat-
S - _— alog [2FGL; 26]. While each of these measurements are

BL Lac/FR | very rough approximations for what we wish to measure

(IC Lpeak and vpea respectively), we still see a familiar
trend: at lowI” values (corresponding to higher ¥geay),
the gamma-ray luminosities are lower, suggesting again
a zone of avoidance at high-peak, high-luminosity. The
presence of two branches can not be readily discerned, but
this may be in part due to the roughness of the estimators
and particularly, the choice of the LAT-band integrated lu-
minosity as a proxy for peax as this will progressively
underestimate sources peaking beyond the LAT band on
either side (before for powerful FSRQ, and after for the
HSP sources). It may also be due to the fact that the IC
spectrum is not necessarily produced the same way for
all sourcesi(e., the Compton dominance over synchrotron
may vary).

An important feature in this figure is the location of
Figure 5. For moderate power (18°-10*° erg s?) sources  the radio galaxies. As discussed above, we suggest that
in the‘strong-jet branch, we show the distribuﬁon of the relative weak-jet sources are to be paired with FR | radio galax-
bear_mng factop/sq as estlma_lted from th_e position of the sourc_e ies. As seen in Fig. 6, the FR | sources are found to have
relative to the sequence derived in Sectlo_n 3. The shaded reg|0n§ubstantially softer LAT spectra than the JSIBP sources
correspond to BL Lac sources. The fraction of BL Lacs faifts o . .
as beaming decreases, suggesting that these are false BL La&gnarked with plue squares). _Th|s see_ms to maich the_ hor-
due to the jet emission covering the lines. !zonta_l trend d|scussgd for F_lg. 1, which can be explained

if the jets have velocity gradients. On the other hand, the
FR 1l radio galaxies seen withermi appear to have very
) o similar IC peak frequencies to the strong-jet sources, con-
5 Fermi and the Blazar Divide sistent with a ‘simple’ jet as discussed in M11. In both
cases a dotted line is shown connecting the avektagg,
vpeak fOr the blazars and their respective parent population
Given that the trends shown in Fig. 1 appear to be drivenof radio galaxies.
by jet power and beaming.€, orientation angle), it is In Fig. ??, we give a diferent view of the high-energy
natural to expect something similar to appear in ithe  emission of blazars as seen wiermi. Using a sub-
verse Compton L peak - vpeak Plane. We show in Fig. 6 the sample of the 2FGL blazars with very good spectral cov-

15
|

Frequency
10
L

7 // o

%.

313,

5.1 The Blazar Envelope at High Energies
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a strong EC component from up-scattered BLR photons

49 - [30]. However, if the region is several pc downstream
(well outside the BLIRVIolecular Torus) as suggested by
48 some multiwavelength observations of variability [31, 32],
47 4 EC is necessarily ruled out.
é 46 In Figure 7 we examine the relationship between
3. 45 4 Compton Dominance@D, the log-ratio of IC and syn-
i chrotronl pea and the radio core dominandg,for a sam-
S 44 ple of 2FGL blazars. The black points are high-jet-power
- 43 - sources (log kn > 45.5), while the blue are low-power
(log Lkin < 43.5). The flat distribution in the latter group
42 - = FRII may be consistent with the SSC models generally used to
* Faro model these types of sources. For the high-power group,
41 7 BL Lac however, we find a significant trend of increasing Comp-

30 s ’0 15 10 ton dominance with increasing radio core dominanes, (
' ' ' ' ' alignment). This can be interpreted as a signature of an
EC process for a population of jets characterized by high

kinetic powers.
Figure 6. The Inverse Compton Envelope. Figure is adapted
from [27]. TheFermi-detected AGN (large symbols) show that . .
alignment plays a strongfect in the gamma-ray output. Inter- This Statement can b? explalngd as follows. The
estingly, while the FR Il sources appear to drop directly below DOPPler beaming factow, is a function of the Lorentz

the powerful FSRQ sources, FR | radio galaxies appear to followfactorI” and the orientation angle, and for monochromatic

a more horizontal track, similar to our findings in the synchrotron luminosities we have L= Lo6*", whereLy is the rest-

envelope (Fig. 1). The presence of a “forbidden zone” (empty re-frame luminosity (ab = 1), anda is the energy spectral

gion at upper right, implying no powerful, hard sources) suggestsindex at the frequency of interest. The exponent & the

that there is a sequence in the IC plane, similar to that found invalue assumed for a ‘moving blob’ in the jet. If the emis-

the synchrotron. sion comes from a standing shock, the exponent would be
2+a [33].

Gamma-ray Photon Index

erage (in order to accurately fit a phenomenological model In the case of emission by SSC, the IC peak has a
to determine the synchrotrd@ peaks), we show the aver- beaming pattern which is identical to the synchrotrios, (
age IC peak luminosity versus the radio core dominance ait follows the above equation). However, for EC mod-
1.4 GHz R). For the whole sample, there is no trend; how- els, the beaming at high energies goes @s4.Lqc6*?*
ever, when the sample is divided into binslgf,, the cor-  [34, 35]. The larger exponent indicates that as a source
relation between the pedk andR (log Lcord/Lext) become  with significant EC emission is aligned, the IC peak should
significant within the bands. We have shown the OLS bi-be more and more dominant over the synchrotron peak
sector fits for each bin as dashed lines (slopes range froni.e., CD will increase withR. We can see tha&D «log
0.8 - 1.2, with positive Pearson’s r values from 0.4 - 0.8). (61+%), and thus the dependence &goes with an expo-
The peak IC luminosity is strongly positively correlated nent of 2 when comparing the IC and synchrotron peaks
with both the jet power an®&, as we expect if these two (wherea = 1). At radio frequencies, where the spectral
factors are key to predicting jet phenomenology. index is confined to a fairly narrow range in values of
ar = 0-0.5, the beaming exponent will be3 - 3.5. Thus
an overall slope of 2/3, up to 1 is expected in Fig. 7.
While a more detailed investigation is in progress, we note
The high-energy emission in blazars can be explained withthat a higher slope might mean that the assumption that the
either SSC or EC emission. Generally low-power and line-Lorentz factor of the plasma emitting in the gamma-rays is
less objectsi(e., weak jets) are believed to radiate by SSC the same as that emitting at GHz frequencies is incorrect.
at high energies, while individually, many high-powered While the current data shown are ificient to put strong
FSRQ (strong jets) have been more satisfactorily fit with constraints on the slope, there iditient confidence in
EC models [28, 29]. However a consistent basis for whichthe positive correlation to say that EC is required for the
sources require EC has not been demonstrated for any pamost powerful strong-jet sources. Further, as shown in fig-
ticular class of blazars. ure 8, the apparent velocities measured with VLBI support
The location of the GeV emission is a matter of ac- our interpretation of the trend in figure 7 as one related to
tive debate, as it comes from locations close to the cenincreasing alignment giving rise to increased beaming: in
tral engine that remain unresolved. However, identifying such a case, the maximum apparent speggs) (should
the nature of the radiation can give some insight. If theappear at intermediate angles of orientation, as at zero de-
emission region is located within the sub-pc scale BLR, grees no proper motions can be measured. As shown, this
the GeV emission of blazars with strong lines should haveis exactly the pattern we see.

5.2 Diagnosing SSC versus EC with Populations

05002-p.6
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2 109 Lin:
>455: o FSRQ
e BLL

43.5 - 45.5:
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Figure 7. Inverse Compton dominance over synchrotron emis-
sion (Lic/Lsyng) Versus the radio core dominanke We find that

proxy for jet power and black hole mass to estimate the
Eddington rate. Finally, we have shown that only the most
powerful sources show evidence for gamma-ray emission
via the EC process.
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