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Hillas plot:

Astrophysical / accelerator sites?

• Maximum energy (energy loss not included)
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First AGN: M87

HST ACS

H. Curtis 1918: 

“A curious straight ray lies in a gap in the 
nebulosity in p.a. 20 deg, apparently 
connected with the nucleus by a thin line of 
matter. The ray is brightest at its inner end, 
which is 11 arcsec, from the nucleus.'' 



First AGN: M87
W. Baade & R. Minkowski 1954: 


• M87 is radio source—suggests 
connection


“The interpretation which suggests itself is 
that the jet was formed by ejection from the 
nucleus and that the [OII] line is emitted by 
a part of the material which forms the jet 
and is still very close to, if not still inside the 
nucleus.”


• 1956: Optical polarization suggests 
synchrotron

HST ACS
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Fig. 4.— Leptonic model fits to the 6 FSRQs in our sample. See table 2 for parameters.

Dotted = synchrotron; dashed = accretion disk; dot-dashed = SSC; dot-dash-dashed = EC
(disk); dot-dot-dashed = EC (BLR).

Roughly equal power per decade

Boettcher+’13





AGN Luminosity Function

Hasinger+ ’05Aversa+ ’15



Emission Lines



AGN Diagnostics

Bamford+ ‘08

Type I

Type II



BL Lacs and Blazars

La Mura+ ‘17



Polarization



Variability



Causality
• � 


• � 


• � 


• Fuel supply:


�

ΔR ≤ cΔt

Δt < 1 hr

ΔR ≤ 1014 cm ∼ 1 AU

·M =
L

ηc2

Fuel-consumption time: 

!t ·M =
M
·M

∼ 4 × 107 yrs
η

10 %



AGN Taxonomy

Krolik 03



AGN Zoo

Krolik 03



Pair Creation and 
Compactness

γ

γ

e-

p+

Pandey+2017

l ≡
LσT

Rmec2
∼ τγγ = 1000

L
1046 ergs s−1
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Blazar Brightness Temps

4 Kovalev et al.

MOJAVE sources with the LAT variability flag only are se-
lected. The K-S test confirms, at a 99.0 per cent confi-
dence, that the ELBS and non-ELBS MOJAVE sources have
different distributions of V r08. The confidence level rises to
99.7 per cent if V r08 distribution for confirmed γ-ray variabile
ELBS objects are compared to non-ELBS. Our conclusions
stay the same even if a few outliers with very high radio ac-
tivity index V r08 > 1.0 are excluded from the analysis. In this
case, the average V r08 values decrease to 0.16± 0.05 (ELBS-
MOJAVE) and 0.24± 0.07 (ELBS-MOJAVE with the γ-ray
variability flag). And we find the following confidence level
of the K-S test for theV r08 distribution: 97.2 per cent for ELBS
vs. non-ELBS, 99.5 per cent for ELBS confirmed variable vs.
non-ELBS. The fact that the average value ofV r08 for the entire
MOJAVE sample (0.05± 0.03) is close to zero demonstrates
a lack of overall bias. It is important to note that the same V r
activity analysis was performed for VLBA data prior to 2008
and has shown no significant difference between ELBS and
non-ELBS MOJAVE sources.
Thus we observe a radio activity index significantly greater

than zero for the ELBS sources only for the time interval of
VLBA observations which roughly coincides with the ELBS
detections. This temporal coincidence suggests that the γ-
rays are produced in a region close to or coincident with the
radio core where radio flares originate (e.g., Kovalev et al.
2005). However, more densely sampled γ-ray Fermi LAT —
radio VLBI and/or single dish monitoring is necessary to es-
tablish this robustly as the apparent time compression in rela-
tivistic jets can be quite large. The frequency dependent opac-
ity effect which delays radio flares should also be accounted
for.
Our conclusion is supported by the fact that we find ex-

tremely few blazars in their low radio activity state to be γ-
ray bright. It is also interesting to note that the ELBS sources
in Figure 4 with no variability flag (grey shading) span both
moderate and high V r08 states. This suggests that AGN in this
category might consist of both true γ-ray non-variable objects
as well as moderately flaring ones.

3.3. Brightness temperature of jet cores
Further insight into the γ-ray/radio jet connection can be

obtained by examining the radio core brightness temperature

FIG. 5.—Distribution of median brightness temperature values, Tb of VLBI
cores in the complete MOJAVE sample. The shaded areas represent the LAT-
detected objects in the sample.

Tb. We have calculated median values of Tb for the MOJAVE
sample for the period 1999-2007 (McCormick et al. 2009). In
less than 20 per cent of the cases only a lower limit could
be found; this group of sources includes two ELBS objects.
Gehan’s generalized Wilcoxon test from the ASURV sur-
vival analysis package (Lavalley et al. 1992) indicates, at a
99.9 per cent confidence, that the median Tb values for LAT-
detected sources are statistically higher than those for the rest
of the sample (Figure 5). The same result is found if the max-
imum Tb values are used in the analysis. Based on earlier
brightness temperature findings of Homan et al. (2006), these
results suggest higher Doppler factors for the LAT-detected
sources, although their recent work (McCormick et al. 2009)
indicates that variations in the intrinsic Tb among jets may also
play an important role in the brightest objects. Therefore, we
expect that they might also have faster apparent jet speeds,
which is indeed confirmed by results of the direct kinemat-
ics analysis presented by Lister et al. (2009b). Lister et al.
have shown that LAT-detected quasars in the complete MO-
JAVE sample have preferentially faster jet motions than the
non-detected ones.

4. SUMMARY
On the basis of the joint analysis of the Fermi γ-ray LAT

and radio observations of parsec-scale jets in blazars we con-
clude the following. The γ-ray and parsec-scale radio emis-
sions are strongly related in bright γ-ray objects detected by
Fermi . At radio wavelengths, γ-ray bright sources are found
to be preferentially brighter and more compact, which sug-
gests that they might have higher Doppler factors than other
blazars. The correlations found suggest that the prominent
flares in both γ-ray and radio bands are produced in the cores
of parsec-scale jets, typically within an apparent time separa-
tion of up to a few months. These findings could be a conse-
quence of relativistic beaming that boosts the jet emission in
both bands.
The first three months of Fermi observations represent a

significant improvement over the earlier EGRET results, due
to the dramatic increase in sensitivity and temporal coverage.
The combination of these Fermi LAT measurements and the
extensive VLBA monitoring at 15 GHz by the MOJAVE pro-
gram has proved to be a powerful tool to study the nature of
the emission processes in extragalactic jets. We found a clear
connection between the beamed relativistic radio jets and the
γ-ray emission expected to originate in these regions, con-
firming and enhancing earlier results obtained by comparing
radio data with the EGRET catalog.

We thank M. H. Cohen and A. P. Lobanov for thorough
reading of the manuscript and fruitful discussions. The au-
thors wish to acknowledge the contributions of the rest of
the MOJAVE team as well as students at Max-Planck-Institut
für Radioastronomie and Purdue University. We also thank
J. McEnery, D. Thompson and the Fermi LAT team for dis-
cussions of their plans for publishing their bright source list
and AGN list, and we look forward to future cooperation with
the LAT team. This research has made use of data from the
MOJAVE database that is maintained by the MOJAVE team
(Lister et al. 2009a). The MOJAVE project is supported under
National Science Foundation grant AST-0807860 and NASA
Fermi grant NNX08AV67G. D. C. H. and M. J. M. were sup-
ported by NSF grant AST-0707693. Part of this project was
done while Y. Y. K. was working as a research fellow of the



Inverse Compton Catastrophe

PIC ∝ Uγ

Uγ = UCMB + UIC + Usync

Usynch =
Psynch

cΔR2

Psync

cΔR2
∝ Isync < Imax

UIC =
PIC

cΔR2

TB ≤ 1012 K



Variability in Ultra-Relativistic Flows

�δx = δt (1 − β cos(θ)) ∼ δt (1 − β) ∼ δt (1 − 1 −
1
Γ2 ) ∼ δt

1
2Γ2



Jet Speeds?

δ ≡ Γ (1 − β cos(θ))

Iν = I′�ν′�
δ3 = I′�νδ3+α

jν = j′�ν′�
δ2 = j′�νδ2+α

I+
ν

I−
ν

=
δ+3+α

δ−3+α = [ 1 − β cos(θ)
1 + β cos(θ) ]

3+α

Relativistivity Solves all 
timing and brightness 

issues



AGN Unification



AGN jets

Steffen+’02
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Fig. 7.— Hadronic model fits to the 6 FSRQs in our sample. See table 3 for parameters.
Dotted = electron-synchrotron; dashed = accretion disk; dot-dashed = SSC; dot-dot-dashed

= proton-synchrotron.

Boettcher+’13





Credit: Nicolle R. Fuller/NSF



3C273, Quasar = radiative accretion flow

ESO

M87, Radio galaxy = advection dominated flow

Low-Luminosity AGN QSOs and Seyferts

Jet
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Hillas plot:

Astrophysical / accelerator sites?

• Maximum energy (energy loss not included)
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Accretion Parameters

• Luminosity:	 	 	 � 


• Accretion rates:	 	 � 


• Radial velocity:	 	 � 


Pressure:	 	 	 	 � 


B-field:		 	 	 	 �

L = λLEdd ∼ 1.2 × 1038 ergs s−1 M/M⊙

·M = λ ·MEdd ∼ λ × 2 × 10−8M⊙ yr−1 M/M⊙

υR ∼ αυK

p ∼
c4

ηGMσT

·M
·MEdd

∼ 107 ergs cm−3
·M

·MEdd

109M⊙

M

B ∼ 104 G (
·M

·MEdd

109M⊙

M )
1/2



Evolution





X-Ray Background

Luo+ ‘16ESO

CDF South



Black Hole Mass Density

FerrareseGebhard+ ‘03



X-Ray Background

Not much room for obscured growth. 

1 in 4 QSOs can be Compton thick.



Anit-Hierarchical 
Growth

Merloni & Heinz 2008

A synthesis model for AGN evolution 11

Figure 5. Redshift evolution of the SMBH mass function. Shaded areas represent the uncertainties calculated based on the estimated uncertainties in the
luminosity functions entering our calculations (see section 5 for details). The continuity equation for SMBH growth was integrated assuming a constant
accretion efficiency of η = 0.083, which for the adopted model of the various accretion modes (§ 2) corresponds to a average radiative efficiency of ∼ 0.07.
In all panels the z = 0.1 mass function is shown as a dashed line for reference. Black hole masses are measured in units of solar masses.

derive it consistently from the observed mass and luminosity func-
tions (see § 3). It is thus interesting to show the evolution of the
(Eddington-scaled) accretion rate function, here defined as:

Φλ =

∫

ΦM,Ṁ [M, Ṁ(M,λ)]
∂Ṁ
∂λ

d logM, (15)

where ΦM,Ṁ (M,Ṁ) is given by eq. (5), the relationship between
Ṁ and λ is simply given by λ = ϵradṀc2/LEdd, and λ is related
to the accretion rate via eq. (1). We show the Eddington ratio dis-
tribution function evolution in Figure 6. The various panels make
evident the change in the shape of the distribution, which results
from the combined evolution of the X-ray luminosity function (a
form of luminosity dependent density evolution is noticeable in the
evolution of Φλ as well) and of the mass function itself. Overall,
the trend is for a progressive flattening of the accretion rate dis-
tribution function with increasing redshift, i.e. of a an increasing

relative importance of highly accreting objects, as it is reasonable
to expect on physical grounds if the SMBH population grows from
small mass high-redshift seeds.

The evolution of the Eddington ratio distribution function
shown in Figure 6 does not contain any information about the typ-
ical accretion rate as a function of black hole mass. A useful way
to present this information is that of showing the specific growth
rate as a function of SMBH mass. We have computed this quantity
by taking the ratio of the black hole mass to the average accretion
rate ⟨Ṁ(M)⟩. Such a ratio M/⟨Ṁ⟩ defines a timescale, the so-
called growth time, or mass doubling time, as it measures the time
it would take a black hole of massM to double its mass if accreting
at the currently measured rate of Ṁ . The redshift evolution of the
growth time (in years) as a function of black hole mass is shown in
Figure 7. As a reference, we show in each panel the age of the Uni-
verse as a horizontal dashed line. Black holes with growth times
longer than the age of the Universe are not experiencing a major

c⃝ 0000 RAS, MNRAS 000, 000–000



Croton et al. 2006, Schawinski et al. 2009

AGN Hosts
No. 1, 2009 AGN HOST GALAXIES AND CLUSTERING 901
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Figure 9. (a) Optical colors and absolute magnitudes of AGNs with extended optical counterparts. Contours, black points, and dashed lines are as in Figure 4. Orange
circles, green stars, and red squares show radio, X-ray, and IR AGNs, respectively. The arrows show the typical correction for nuclear contamination for different
host galaxy colors, which range from 0 to 0.3 mag (Appendix A). (b) Distribution in A for AGNs selected in the three wavebands, compared to all AGES main
sample galaxies at 0.25 < z < 0.8 (scaled by 1/25, thick gray line). The radio AGN color distribution peaks along the red sequence, while X-ray AGNs are found
preferentially in the “green valley” between the red sequence and the blue cloud. The distribution of IR AGNs is similar to that of X-ray AGNs, although they are
typically found in somewhat less luminous galaxies with very few on the red sequence, and show a less pronounced peak in the “green valley.”
(A color version of this figure is available in the online journal.)

where DD, DR, and RR are the number of data–data, data–
random, and random–random galaxy pairs, respectively, at a
separation r. We account for the sparse sampling of fainter
galaxies by multiplying each pair by the product of the statistical
weights of the observed (or random) galaxies. That is, when
correlating galaxy sample 1 against galaxy sample 2, the
weighted number of data–data pairs is

DD =
∑

i∈D1D2

Wi
1W

i
2, (5)

where Wi
1 and Wi

2 for each pair are the statistical weights of
the galaxies from samples 1 and 2, respectively. By including
these weights, we ensure that brightest galaxies do not overly
dominate the correlation function. We correspondingly include
the random galaxy weights (Section 3.4) in calculating DR and
RR. The random galaxy weights are assigned so that their total
weight equals that of the AGES galaxies, so that DD, DR, and
RR may be compared directly.

Following Coil et al. (2007), for the cross-correlation between
AGNs and galaxies we use the simple estimator

ξ (r) = D1D2

D1R2
− 1, (6)

where D1D2 is the number of AGN–galaxy pairs and D1R2 is the
number of AGN–random pairs. Because the selection function
of the AGN samples is not as well defined as that for the AGES
main sample galaxies, we do not assign statistical weights to the
AGNs. Therefore, we use only the galaxy weights in calculating
the weighted number of pairs, such that

D1D2 =
∑

i∈D1D2

Wi
2, (7)

and correspondingly for D1R2.
In the range of separations 1 ! r ! 10 h− 1 Mpc, ξ (r) for

galaxies is roughly observed to be a power law, ξ (r) = (r/r0)−γ ,
although recent work has shown evidence for separate terms
in the correlation owing to dark matter halos that host single
galaxies and those that host pairs of galaxies (e.g., Zehavi et al.
2004; Zheng et al. 2007, 2009; Coil et al. 2008; Brown et al.
2008). For simplicity, and in light of the uncertainties in the

Hickox et al. 2009
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Radio Loudness214 Best
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Figure 1. The fraction of galaxies which are radio–loud AGN, as a function
of stellar mass (left) and black hole mass (right), for different cuts in radio
luminosity.
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Figure 2. The fraction of radio–loud AGN brighter than a given radio lu-
minosity, as a function of black hole mass.

AGN activity, and the role that radio–loud AGN can have on the evolution of
their host galaxies, can be investigated.

Best et al. (2005a) cross-compared the main galaxy sample of the second
data release of the SDSS, with a combination of the NVSS and FIRST radio
surveys designed to optimise the advantages of each radio survey. They defined
a sample of 2215 radio–loud AGN which forms the basis sample for the analysis
here. The left panel of Figure 1 shows the fraction of galaxies with redshifts
0.03 < z < 0.1 that are classified as radio–loud AGN (with 1.4GHz radio lumi-
nosity above 1023, 1024 and 1025W Hz−1), as a function of the stellar mass of the
galaxy. The fraction rises from 0.01% of galaxies with stellar mass 3 × 1010M⊙

up to over 30% of galaxies more massive than 5 × 1011M⊙. The right panel
shows the equivalent relations as a function of black hole mass. Once again, a
strong trend with mass is seen; the slope of the relation is fradio−loud ∝ M1.6

BH.
Figure 2 shows the fraction of the SDSS galaxies which are radio–loud AGN

brighter than a given radio luminosity, as a function of radio luminosity, for six
bins in black hole mass. A remarkable feature is that the shape of the functions
are very similar for all mass ranges: there is no evidence for any dependence of

Best+ ’07



Radio AGN Environments

Best+ ‘07



AGN Environments: Clustering

Coil+ ‘09

!ξ2 ( | ⃗x 1 − ⃗x 2 |) = ξ2( ⃗Δ) ≡
1
V ∫ d3xδ( ⃗x )δ( ⃗x + ⃗Δ)

• X-ray AGN more strongly 
clustered 

• Located in more massive 
halos?



Blazar Clustering

Allevato+ ‘18

Clustering of Fermi-2LAC Blazars 3

TABLE 1
2LAC Fermi AGN Samples

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

Sample N ⟨z⟩a r0 γ r0,γ=1.8 bPL b
χ2
min

d.o.f.
logMh

Mpc h−1 Mpc h−1 σ8,AGN (z)/σDM (z) Halo Model h−1M⊙

BL Lac 175 0.38 6.90+0.34
−1.46 1.64+0.35

−0.30 7.88±0.66 1.52±0.21 1.84±0.25 6.3/8 13.35+0.20
−0.14

FSRQ 310 1.18 7.7+3.8
−3.1 1.5+0.3

−0.4 11.2±1.2 3.0±0.3 3.30±0.41 22.3/8 13.40+0.15
−0.19

Note. — Values of r0, γ and r0,γ=1.8 are obtained from a power-law fit of the 2PCF over the range rp=1-80 Mpc h−1, using the full error
covariance matrix and minimizing the correlated χ2 values. The bias parameters, bPL = σ8,AGN (z)/σDM (z), are based on the power-law best fit
parameters r0,γ=1.8 and the uncertainties are derived from the standard deviation of σ8,AGN (z), where the 1σ errors on σ8,AGN (z) correspond to
χ2 = χ2

min + 1. The bias factors in col (8) are estimated using the halo model, wmod(rp) = b2wDM (rp, z) where wDM (rp, z) is the dark matter
2PCF at large scale (2-halo term) evaluated at the mean redshift of the samples. The 1σ errors on the bias correspond to χ2 = χ2

min + 1 where
the χ2

min is given in col (9). The correlations between errors have been taken into account through the inverse of the covariance matrix. To derive
logMh we followed the bias-mass relation b(Mh,z) described in van den Bosch (2002) and Sheth et al. (2001), using the bias factors in col (8).

Fig. 2.— Projected 2PCF of 175 2LAC BLLacs (red circles) and 310 FSRQs (blue triangles) compared to (b± δb)2wDM (rp) (blue shaded
region), where (b± δb)2 is the square of the bias factor ±1σ (Table 1, col 8) and wDM(rp) is the dark matter 2-halo term evaluated at the
mean redshift of the sample. For comparison, the dotted grey regions mark the best-fit power-laws with γ = 1.8 and r0 given in Table 1,
col 6.

l = (r1 + r2)/2 is the mean distance to the pair. We
then measure the 2PCF on a two-dimensional grid of
separations rp and π, obtaining the projected correlation
function wp(rp) defined by Davis & Peebles (1983) as:

wAGN (rp) = 2

∫ πmax

0
ξ(rp,π)dπ (3)

Usually ξ(rp,π) is measured using the estimator defined
in Landy & Szalay (1993, LS):

ξ =
1

RR
[DD − 2DR+RR] (4)

The LS estimator is then defined as the ratio between
AGN pairs in the data sample and pairs of sources in the
random catalog, as a function of the projected comoving
separations between the objects. This estimator has been
used to measure the 2PCF of X-ray, optically and radio
selected AGN (e.g. Zehavi et al. 2005, Li et al. 2006,
Coil et al. 2009, Hickox et al. 2009, Gilli et al. 2009,
Allevato et al. 2011).

The choice of πmax is a compromise between having
an optimal signal-to-noise ratio and reducing the excess
noise from high separations. Usually, the optimum πmax
value can be determined by estimating wp(rp) for differ-
ent values of πmax and finding the value at which the
2PCF levels off. Following this approach, we fixed πmax
= 40 h−1Mpc in the following analysis which ensures the
wp(rp) convergence.
The measurement of the 2PCF required the construc-

tion of an AGN random catalog with the same selection
criteria and observational effects as the data. This ran-
dom sample serve as an unclustered distribution to which
to compare the data. We separately created a random
catalog for BLLacs and FSRQs, reproducing the space
and flux distributions of 2LAC Blazars. In detail, the
random sources are randomly placed in the sky and the
fluxes randomly drawn from the catalog of real fluxes
and kept in the random sample if above the values of
the sensitivity map (published by Abdo et al. 2010) at
those random positions. We prefer this method with

• Radio AGN most strongly 
clustered 

• Gamma-ray blazers similarly 
clustered 

• Located in most massive 
halos
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Central Hypothesis

• Black hole at the center

• Mass governs scale

• All other properties are functions of

★ accretion rate ṁ

★ spin a

★ net external magnetic flux φB
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Figure 1. Shows results from the fiducial GRMHD simulation A0.99fc for a BH with spin parameter a = 0.99. The accreting gas in this simulation settles
down to a magnetically arrested state of accretion. [Panels (a)-(d)]: The top and bottom rows show, respectively, equatorial (z = 0) and meridional (y = 0)
snapshots of the flow, at the indicated times. Colour represents the logarithm of the fluid frame rest-mass density, log10 ρc2 (red shows high and blue low
values; see colour bar), filled black circle shows BH horizon, and black lines show field lines in the image plane. [Panel (e)]: Time evolution of the rest-mass
accretion rate, Ṁc2. The fluctuations are due to turbulent accretion and are normal. The long-term trends, which we show with a Gaussian smoothed (with
width τ = 1500rg/c) accretion rate, ⟨Ṁ⟩τc2, are small (black dashed line). [Panel (f)]: Time evolution of the large-scale magnetic flux, φBH, threading the BH
horizon, normalized by ⟨Ṁ⟩τ . The magnetic flux continues to grow until t ≈ 6000rg/c. Beyond this time, the flux saturates and the accretion is magnetically
arrested. (Panels (c) and (d) are during this period). The large amplitude fluctuations are caused by quasi-periodic accumulation and escape of field line
bundles in the vicinity of the BH. [Panel (g)] Time evolution of the energy outflow efficiency η (defined in eq. 5 and here normalized to ⟨Ṁ⟩τc2). Note the large
fluctuations in η, which are well-correlated with corresponding fluctuations in φBH. Dashed lines in panels (f) and (g) indicate time averaged values, ⟨φ2BH⟩

1/2

and ⟨η⟩, respectively. The average η is clearly greater than 100%, indicating that there is a net energy flow out of the BH.

tromagnetic power that flows out of the BH, ⟨PBZ⟩, to the time-
average rate at which rest-mass energy flows into the BH, ⟨Ṁ⟩c2,

ηBZ ≡
⟨PBZ⟩
⟨Ṁ⟩c2

× 100% =
κ

4πc

(

ΩHrg
c

)2

⟨φ2BH⟩ f (ΩH) × 100%, (2)

where φBH = ΦBH/
(

⟨Ṁ⟩r2gc
)1/2

is the dimensionless magnetic flux
threading the BH and ⟨...⟩ is a time-average. Thus the efficiency
with which a spinning BH can generate jet power depends on BH
spin a via the angular frequency ΩH and on the dimensionless mag-
netic flux φBH. The strength of φBH is very uncertain.

It is generally agreed that φBH is non-zero, since mag-
netic flux is transported to the accreting BH by turbulent
accretion. However, the key elements of this process are
not agreed upon (Lubow et al. 1994; Spruit & Uzdensky 2005;
Rothstein & Lovelace 2008; Beckwith et al. 2009; Cao 2011). This
leads to a large uncertainty in the value of ηBZ. Recent time-
dependent general relativistic magnetohydrodynamic (GRMHD)
numerical simulations have found a rather low efficiency, ηBZ !

20%, even when the central BH is nearly maximally spinning
(McKinney 2005; De Villiers et al. 2005; Hawley & Krolik 2006;
Barkov & Baushev 2011). With such a modest efficiency it is
not clear that we are seeing energy extraction from the BH.
The jet power could easily come from the accretion disc (see
Ghosh & Abramowicz 1997; Livio et al. 1999).

Observationally, there are indications that some AGN in
the universe may have extremely efficient jets that require
η " 100% (Rawlings & Saunders 1991; Ghisellini et al. 2010;
Fernandes et al. 2011; McNamara et al. 2011; Punsly 2011). A
non-spinning BH usually has η < 10%, and might under special
circumstances have η ≈ tens of percent (e.g., Narayan et al. 2003).
However, a non-spinning BH can never give η > 100%, since this
requires the system to produce more energy than the entire rest
mass energy supplied by accretion. Values of η > 100% are possi-
ble only by extracting energy from the spin of the BH. Thus, taken
at face value, any robust observation of η > 100% in an AGN im-
plies that the Penrose/BZ process must be operating. This raises the

c⃝ 2011 RAS, MNRAS 000, 1–6

GRMHD simulations
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Collimation

• Ballistic?

★ Requires tight initial 
collimation

• External confinement?

★ Requires large external 
pressure

• MHD?

★ Requires stabilization
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• B-fields: Gauss (pc scales) to mGauss (kpc 
scales)


• Lorentz Factor: 5 (M87) to 50 (Mojave)
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Fig. 7.— Hadronic model fits to the 6 FSRQs in our sample. See table 3 for parameters.
Dotted = electron-synchrotron; dashed = accretion disk; dot-dashed = SSC; dot-dot-dashed

= proton-synchrotron.
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