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Introduction to radio-loud AGNs

NASA

• Powered by accretion onto a 
central, supermassive black 
hole 108-9 M

����

• Accretion disks produce 
optical/UV/X-ray emission via 
various thermal processes

• Jets: highly collimated 
outflows with Γ∼Γ∼Γ∼Γ∼10

• Unified Model: observer line-
of-sight determines source 
properties, e.g., radio galaxy 
vs blazar

• Other factors: accretion rate, 
BH mass and spin, host 
galaxy
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radio-galaxy

blazar

1 pc= 3 1016 m

rS=10-5 (M/108 M
����

) pc

Disk size:10 -3pc

Base of  VLBI jet: 1-10 pc

BLR: 0.01-0.1pc

Tore: 100 pc

Galaxy diameter: 100 kpc

Radio lobes: 1 Mpc

Urry & Padovani
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Credit: NASA/Goddard Space Flight Center Conceptual Image Lab
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Particles accelerated
within the jets possibly 
in shocks between different
clumps of plasma moving at 
different speeds
Large brightness temperature
superluminal motion, 
rapid variability in γγγγ-rays
Relativistic aberrations!
Doppler factor:

For θ=0, δ=2Γ.    δθ=0, δ=2Γ.    δθ=0, δ=2Γ.    δθ=0, δ=2Γ.    δ≅≅≅≅10101010−−−−50505050

Relativistic Jet
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Superluminal motionSuperluminal motion

Superluminal motion observed if v>0.707 c
vapp observed up to  46 c!

Observation VLBI: v app=4 c!

line of
sight

« core »
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BLLacsFSRQsclass

< 10.1-2.3Redshift of EGRET 
sources

14 (23%)46 (77%)EGRET-detected

Peak in Opt/IR: LBL 
Peak in UV/X-rays: HBL

Peak in  IRSynchrotron

hump in SED

Fanaroff-Riley 1Fanaroff-Riley 2Parent population

~1045-46 erg/s~1046-48 erg/sPower 

low radiation fieldintense radiation field 

(disk, clouds, torus) 

Environment

nearly linelessstrong emission linesDefining property

Blazar classes
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Disk +BLR faint
Synchrotron Self Compton

Bright disk
Light scattered off the BLR 
into the jet
Synchrotron Self Compton +
External Compton)( 2

EXTSYNCB UUUL Γ++∝

Γ Bulk Lorentz factor

BL Lac FSRQ
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Blazar Spectral Energy Distributions

• Smooth, broad, non-thermal 
continuum (radio to γγγγ-rays)

• Compact, flat-spectrum ( ααααr< 0.5) 
radio sources (f core >> fextended )

• Rapid variability (high ∆∆∆∆L/∆∆∆∆t), high 
and variable polarization 
(Popt > 3%) 

• “two-hump” spectral energy 
distributions (SEDs)
– Synchrotron at low energies

• LSP: low-synchrotron peaked: 
IR-optical

• ISP intermediate-synchrotron 
peaked :U V

• High-synchrotron peaked: X-
rays

– Inverse Compton and/or 
“hadronic” at higher energies

3C 279

Hartman et al. 2001

Mrk 421

Donnarumma et al. 2009
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Key questions on blazars

• Emission mechanisms (for HE component)
– Leptonic (IC of synchrotron or external 

photons) vs hadronic ( ππππ0→γγγγγγγγ, proton 
synchrotron)

• Emission location
– Single zone for all wavebands (completely 

constraining for simplest leptonic models)
– Opacity effects and energy-dependent 

photospheres

• Particle acceleration mechanisms
– Shocks, magnetic reconnection, turbulence 

acceleration

• Jet composition
– Poynting flux, leptonic, ions

• FSRQ/BLLac dichotomy
• Jet confinement

– External pressure, magnetic stresses

• Accretion disk—black hole—jet connection
• Effect of blazar emission on host galaxies 

and galaxy clusters
• Blazars as probes of the extragalactic 

background light (EBL)

NASA
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Populations 
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~ 100 AGNs

� all radio-loud

� ~ 97% blazars

� 3 radio galaxies: Cen A, NGC 6251, 3C 111

� Mostly FSRQs : FSRQ: 75% BL Lac: 25%

� Mostly (> 90%) low-energy peaked blazars (synchrotron peak in opt/UV)

� 13 blazars in first AGILE catalog

The EGRET legacy (1)
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redshift distribution
photon index vs redshift

The EGRET legacy (2)

FSRQs

BLLacs
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11-month sky survey

TS=100, photon index=2.2

Flux(E>100 MeV) ph cm -2s-1
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1FGL catalog
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BZCat (Massaro et al. 08)
Compilation of 2500 known blazars
association based on spatial 
coincidence (Mattox et al., 01)

C G R a B S ( H e a l e y e t  a l .  0 8 ) 
1627 radio sources from CRATES
association based on Figure-of-Merit
(spatial, radio and X spectrum) 
established from EGRET

1FGL: 1049 sources with TS>25, |b|>10°

Associations

celestialgalactic
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The LAT Bright AGN Sample (LBAS)

• 3-month dataset, TS>100

• 132 0FGL (Bright Source List) sources at |b|>0°
• 116 AGN associations with

•CGRaBS-CRATES 
(Healey+ 08)

•BZCat (Massaro+ 08)

• 106 high-confidence
associations: 
• 58 FSRQs
• 42 BLLacs (40%)

10 HSPs
• 2 Radio Galaxies

Cen A, NGC1275
• 4 of Unknown type

EGRET sources: only 30%
Abdo A. A. et al. 2009 ApJ 700, 597
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• 11 month data set 

• 1079 TS>25, |b|>10°sources
•1LAC: 709  sources  
• 663 high-confidence

(Passoc >80%) AGNs

• Census: 
• 281 FSRQs
• 291 BLLacs

(~141 with measured z)
• 50 of unknown type
• ~10 Radio galaxies

Differences between Northern Hemisphere and 
Southern one (FSRQs: 4%,  BLLACs: 18 %)

The First LAT AGN catalog (1LAC) 

Preliminary

The First Catalog of Active Galactic Nuclei Detected by the Fermi LAT
Abdo, A. A. et al. 2010, arXiv: 1002.0150
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Angular separation

Distance between LAT source and AGN counterpart norma lized
to the 68% containment radius  

true

random

Bayesian approach to determine possible counterparts fr om an
existing catalog of sources detected at other wavelength s (typically radio)
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Galactic latitude distributions

LAT sources
LAT blazars
BZCat blazars
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SED-based classification 

FSRQs
BL Lacs

HSP

ISP

LSP

BL Lacs

• relation with ννννsynestimated from ααααox, ααααro

• subclasses assigned from ννννsyn
LSP, ISP, HSP: low-, intermediate-,
high-synchrotron peaked blazars,
resp.

• LSP: log( ννννsyn ) < 14 
• ISP: 14<log( ννννsyn ) < 15
• HSP: log( ννννsyn ) > 15

with ννννsyn in Hz
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Redshift distributions

Preliminary

LAT blazars
WMAP blazars
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Photon index – Flux distributions

Preliminary

3EG flux limit
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Mean/Peak Flux distributions

LAT 
EGRET
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Prelim
inary

• Log N- Log S presents a  flattening 
around F[E>100 MeV]=6.7 x10 -8 ph cm -2s-1

• FSRQ densities peak at a redshift which
increases with increasing luminosity 

• contribution of blazars to Extragalactic
Diffuse Background under evaluation

Population studies
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28 TeV Blazars/AGNs
in the 1 LAC 

Their hard spectra
makes the LAT detection
easier !

GeV-TeV connection
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Spectral properties
in the γγγγ-ray band
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HSP-BLLacs
rms: 0.14

ISP-BLLacs
rms: 0.22

LSP-BLLacs
rms: 0.15

Photon index distributions in LBAS

Photon index
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FSRQsLSP-BLLacs

νν ννF
νν νν

ν

FSRQs
rms: 0.19

ISP-BLLacs

νF
ν

HSP-BLLacs

νF
ν

LAT range

Photon index determined with the first
6-month data set

• Strong correlation between photon index 
and  blazar class

• Narrow distributions point to a small
numbers of parameters driving the blazar
SEDs
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Photon index distributions

FSRQs
LSP- BL Lacs
ISP- BL Lacs
HSP- BL Lacs
Radio-galaxies

F> 3x10-8 ph cm-2s-1
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FSRQs
LSP-BL Lacs
ISP-BL Lacs
HSP-BL Lacs
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EGRET vs FERMI photon index

FSRQ
BLLac
Uncertain
Radio galaxies
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photon index vs redshift

No evolution of photon
index vs z for FSRQs

Strong evolution for 
BLLacs but just due to 
different subclasses
(LSP, ISP, HSP)
having different
redshift distributions FSRQs

LSP- BL Lacs
ISP- BL Lacs
HSP- BL Lacs
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photon index  for BLLacs

low z

high z

unknown z
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FSRQs
LSP-BL Lacs
ISP-BL Lacs
HSP-BL Lacs

Luminosity vs redshift

dL: luminosity distance
S(E1,E2) : energy flux  between
E1(100 MeV) and E2 (100 GeV)
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Photon index vs luminosity

FSRQs
LSP- BL Lacs
ISP- BL Lacs
HSP- BL Lacs
Radio-galaxies

z=0.2 z=0.5  z=1
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BlazarBlazar SequenceSequence : : «« Grand Unification Grand Unification »» (?)(?)

Donato+ (2002)  Fossati+(1998)

• ννννpeak ∝∝∝∝ L-1

• ννννHE/ ννννLE =cst
• LHE ∝∝∝∝ Lradio

Average SEDs of blazars
binned according to radio 
luminosity

126 blazars in total
28 with a spectral index 
measured by EGRET

Hypothesis:
Results of reduced accretion
rate leading to an evolutionary
link between classes:
FSRQ →→→→LSP BLLacs →→→→HSP BLLacs
(Ghisellini et al., Boettcher and Dermer, Cavaliere and D’Elia)
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• General feature in FSRQs
and many LSP-BLLacs

• Absent in HSP-BLLacs
• Broken power law model 

seems to be favored 
• ∆Γ∆Γ∆Γ∆Γ~1.0 > 0.5 →→→→ not from 

radiative cooling

• Possible explanations:
– feature in the underlying 

particle distribution
– Klein-Nishina effect
– γγγγ−−−−γγγγ absorption effect

• Implications for EBL 
studies and blazar
contribution to 
extragalactic diffuse 
emission

Non-power law spectra

Preliminary

FSRQsLSP-BLLacsISP-BLLacsHSB-BLLacsChallenge for modelers to account for  the break 
and the relative constancy of spectral index with tim e

FSRQ LSP-BLLac
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Curvature index: chi-square of
fit of 5-band photon fluxes
with a power-law model

FSRQs
LSP-BL Lacs
ISP-BL Lacs
HSP-BL Lacs

curved spectra
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Relative constancy of photon index

Weekly light curves

Slight « harder when brighter »
effect observed

Typically, ∆Γ ∆Γ ∆Γ ∆Γ <0.3 in time

Process stabilizing the spectral
shape at work?

Continous injection of particles?

LSP-BLLac

FSRQ
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daily l.c.

daily l.c.

Relative constancy of photon index

weekly l.c.

Preliminary

« Harder when brighter » effects observed
but moderate variations ( ∆Γ ∆Γ ∆Γ ∆Γ <0.3) seem to 
be the rule
Process stabilizing the spectral shape?
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Temporal properties
in the γγγγ-ray band
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The variable sky

~50 Astronomers telegrams 
(alert threshold:

F[E>100 MeV]~10 −−−−6 ph cm −−−−2 s−−−−1)
• Discovery of new gamma-ray blazars: 

PKS 1502+106, PKS 1454-354
• Flares from known gamma- ray blazars: 

3C454.3, PKS 1510-089,3C273, AO 
0235+164, PSK 0208-512, 3C66A, PKS 
0537-441

• Galactic plane transients: J0910-5041, 
3EG J0903-3531

Flare Advocates issue alerts
and feed the Fermi blog
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Source monitoring

• EGRET:  sparse 15-day long 
viewing periods
• difficult to establish variability
patterns and determine relevant 
parameters (duty cycle…)
• Fermi: continuous coverage of all 
sources in the sky

Ex: 3C454.3

Light curves of some bright sources are online:
http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermila sp.html

commissioning
pointed mode

Science operation
survey mode
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Variability index

Chi-square

Light curves
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PreliminaryPoster  P1-27,S. Ciprini et al.

Power Density Spectrum

• 1/f−−−−αααα with α α α α between 1 (« flicker », « pink-noise »)  and 2 (« shot no ise », «Brownian») 
with peak around 1.6-1.7 (similar to optical or radio)
•Caveat:  weekly and 3-day bin light curves;  mid- long- term temporal behavior
investigated so far

bright 9 FSRQs αααα =-1.5±0.2
faint 13 FSRQs αααα =-1.6±0.3
bright 6 BLLacs αααα =-1.9±0.4α =-1.5±0.2

9 brightest FSRQs

No significant difference in PDS shape between BLLacs an d FSRQs but a tendency
for the former to be slightly steeper. BLLacs have als o a lower fractional variability.
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Fermi
EGRET

EGRET mean flux 
« 1234 VP»

EGRET peak flux:
maximum in 2-w VPs

Fermi mean flux:
3-m averaged

Fermi peak flux:
maximum in 1-w periods

mean
flux

weekly
peak
flux

mean vs 
peak flux

peak/mean
flux ratio

Flux distributions

Preliminary
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• All (but one) FSRQs in 1LAC
are LPBs

• Most BLLacs are HSPs

FSRQs
LSP-BLLacs
ISP-BLLacs
HSP-BLLacs

Photon index vs  ννννsyn , Lγγγγ, redshift

FSRQs
BLLac - LPBs
BLLac - IPBs
BLLac – HPBs
Radio Galaxies

Preliminary

these correlations enable the
« blazar sequence » concept to 
be revisited but beware of 
limitations!
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Ghisellini et al. 2002

ννννpeak ∝∝∝∝ Bδγδγδγδγ2peak

γγγγpeak for the electrons
determined by the 
balance between acceleration 
and cooling processes 
(synchroton+IC)

Greater Ur : more cooling
� lower γγγγpeak
� greater LHE

HFSRQs, if they exist, would 
not fit in this trend

DrivingDriving parameterparameter : radiation : radiation energyenergy densitydensity (?)(?)
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Evolutionary link
FSRQ� LSP� HSP
Via reduction of the 
accretion rate
M/MEdd
(“1D- problem”) 

Consequence:
BH mass in BLLacs
should be greater than
in FSRQs.

Current data don’t
confirm this trend. 

τrepr= reprocessing optical depth (α Ldisk in the model)

Evolutionary sequenceEvolutionary sequence

Böttcher & Dermer 2002

.

Other authors as well: 
D’Elia & Cavaliere, Maraschi et al.
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Preliminary

slopeBlazar class

2.32 ±0.15BLLacs

2.55 ±0.12FSRQs

2.50±0.12All

• « sky coverage » enables the  
log N-LogS to be computed

• Euclidian space: slope=2.5

Preliminary

Log N - Log S

FSRQs

BL Lacs

Marco Ajello


