
Active Galaxies in GeV-TeV γ-Rays
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• (Progress on) Flat-spectrum Radio Quasars, GeV and TeV

• GeV-TeV observations of (Low-frequency peaked) BL Lacs

• Developments on fast VHE variability

• Perspectives
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Active Galaxies in GeV-TeV γ-Rays::High/GeV and Very High/TeV

Fermi ACT EAS
Effective area [m2] ' 1 ' 105 105@10TeV
Angular resolution 3.5◦ ×

(
E

100MeV

)−0.7
0.1◦ 0.5◦

FOV 2 sr 5◦ 2 sr
Energy resolution ≤ 10%@ 10(100) GeV 20(10)% @500(103) GeV + syst!

Sensitivity 10−12 (1yr) 10−13(50 h) 10−12 (1yr)
[erg cm−2 s−1]

Duty cycle ' 90% ' 10%(1000 h) ≥ 90%
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Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

• ACT entered astronomy era during CGRO operations
⇒EGRET sensitivity declining at Eγ > 1 GeV and off-axis
⇒Little or no information about existing faint and “hard sources ” Γ ≤ 2

• Very limited guidance for restricted TeV observatories
⇒ VHE discovery strategies rely on (mostly) archival X-ray properties
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Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

• Fermi improves sensitivity, field of view and range to Eγ > 100 GeV
⇒ VHE target potential requires limited spectral extrapolation
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• Fermi added the ISP/HSP population to the HE sky
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Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

• Blazars equally divided between:

– Γ ≥ 2.2 (highly) variable FSRQs

– Γ ≤ 2.2 mostly non-variable BL Lacs

– No redshift for ∼ 60% of BL Lacs

• New subclasses of non-blazar types?

– γ-ray emission from Seyfert galaxies
⇒ coming from jet or starburst?

– Radio-loud Narrow-line Sy1’s
⇒ really a new class of AGN?

• Fermi Symposium 2011: A wealth of
new discoveries, studies, measurements
⇒2LAC available soon
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Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

• Bright(est) blazars sampled at ∆t ∼ 3 d(3-6 h; Sbarrato+ 2011) and T = 1(3) yr

⇒ τγγ(Eγ = 1− 10 GeV) < 1 constrains δ = D = [Γ(1− β · n)]−1 ≥ 2− 7

• F>100 MeV excess r.m.s.: σXS ,LSP ∼ 0.3 > σXS ,ISP ∼ 0.2 > σXS ,HSP ∼ 0

•
P(ν) ∝

{
ν−1.4±0.1 FSRQ

ν−1.7±0.3 BL Lac

⇒Low-frequency rollover ν< exists, little noise leakage
⇒High-frequency cutoff ν>(?) for AČTs, red noise leakage at low frequency
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Active Galaxies in GeV-TeV γ-Rays::Variability (Gaskell & Klimek 2003)

•What is the amplitude of variability

• How are the amplitudes related to the timescales? (“Power Density Spectrum”)

•What are the timescales of variability? What are the shortest timescales? What
are the longest timescales? Are there preferred timescales?

• Is variability periodic?
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Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

Abdo+ 2010; ApJ

• 3C454.3 in Nov 2010 Lγ = 2× 1050 erg s−1 brightest blazar in γ-ray history

• Largest non-GRB luminosity fluctuations Lγ/∆t ' 1046 L50/t4 erg s−2

⇒ 3× 1044 erg s−2 largest TeV fluctuations from PKS 2155-304
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Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

Aleksic+ 2011

• PKS 1222+21 (z = 0.432) detected at
“TeV” energies with ∼ Crab flux!

• Significant variability with T2 ∼ 10′

⇒Fastest variability ever observed in
FSRQ at any λ
⇒ τγγ < 1 constrains δ ≥ 15
compatible with superluminal radio
knots

• VHE spectrum compatible with Fermi
extrapolated spectrum
⇒no significant intrinsic BLR γγ at-
tenuation

• 3C279 spectrum less significant and
not contemporaneous with Fermi

• no details on PKS 1510-08 detection by
HESS
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Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

• gamma-ray resolved giant lobes in Centaurus A (Abdo+ 2010)

• once subtracted, core spectrum compatible with HESS spectrum PL over almost
5 decades

• Careful with claims of additional radiative VHE component
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Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

• gamma-ray resolved giant lobes in Centaurus A (Abdo+ 2010)

• once subtracted, core spectrum compatible with HESS spectrum PL over almost
5 decades

• Careful with claims of additional radiative VHE component
“The question is not what you look at
but what you see” (Henry David Thoreau)
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Active Galaxies in GeV-TeV γ-Rays::VHE

http://tevcat.in2p3.fr

• “TeV” extragalactic emitters are

– 3 unkown (See Szostek+ Poster)

– 2 starburst galaxies

– 3 radio galaxies/FR I

– 3 FSRQ

– BL Lacertae among which

∗ 29 HBL

∗ 4 IBL

∗ 4 LBL

• Discovery rate 0.5 yr−1 ⇒ 5 yr−1

•Most recent VHE emitters discoveries
based on Fermi indications
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Active Galaxies in GeV-TeV γ-Rays::Finding VHE Targets

Fortin, Horan & Ferrara 2009; arXiv:0912.3698

Cannon+ 2010, 8th Integral Symp.

• extract the γ ≤ 2 spectra from 1LAC
and test

F (E )dE ∝ E−ΓdE

at energies E > 1GeV and versus

F (E )dE ∝ E a+b ln(E )dE .

See Fortin, Horan+ poster

•Many new targets found for all major
Čerenkov telescopes
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Active Galaxies in GeV-TeV γ-Rays

• Fermi-LAT counterparts of known
extragalactic VHE emitters:
Mostly power law spectra
F (E ) = N0(

E
E0

)−Γ

⇒ 1.5 . ΓHE ≤ 2 while ΓVHE > 2
Fermi observations constrain observed
SED peak
TeV emitters have the hardest Fermi
spectra

• Normalizations generally in good agree-
ment
⇒HE counterparts mostly non-variable

• unseen HE sources still compatible with
ΓHE ' 1.5
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Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

• GeV-TeV spectrum of 1ES 1218+304 (Albert+ 2006)

15



Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

• GeV-TeV spectrum of 1ES 1218+304 with ∆Γ = 1.17

{
ΓHE = 1.91
ΓVHE = 3.08

• Power law confidence region extrapolation without EBL
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Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

• γ-rays can interact with cosmological backgrounds EγEt ≥ 2m2
ec

4

⇒Observed spectrum FVHE(Eγ) = e−τ (Eγ,z) × FVHE,int(Eγ)

τγ(Eγ, z) =

∫ z

0
d`(z)

∫ +1

−1
dµ

1− µ

2

∫ ∞

ε′th

dε′ nε(ε
′, z) σγγ(E ′γ, ε′, µ)

•Minimal EBL used to derive minimal ∆Γ(z) = ΓVHE − ΓHE
⇒ if ΓVHE = ΓHE + ∆Γ(z) then spectral break not intrinsic
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Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

• GeV-TeV spectrum of 1ES 1218+304 with ∆Γ = 1.17

{
ΓHE = 1.91
ΓVHE = 3.08

• Power law confidence region extrapolation without EBL

• Power law confidence region ×e−τ (E ,z=0.182)

⇒spectral rollover compatible with extended and attenuated Fermi spectrum
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Active Galaxies in GeV-TeV γ-Rays::Fermi’s Sky

• Distribution compatible with extrinsic attenuations + intrinsic curvature

• Possibly first direct evidence for a cosmological absorption à la GZK on AGN

• Intrinsic IC peak undefined when ΓHE < 2 and ΓVHE = ΓHE + ∆Γ(z)
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Active Galaxies in GeV-TeV γ-Rays::VHE variability

• TeV γ-ray flares from Mkn421 seen by the Whipple observatory (Gaidos 1992)

• Variability on timescales . 15′ (T2 ∼ 3∆t)
⇒Doppler factor δ ≥ 10 if τγγ < 1 (Celotti, Fabian & Rees 1998)
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Active Galaxies in GeV-TeV γ-Rays::VHE variability

Hinton 2008, ICRC review

• HESS ∆t = 1′ fastest doubling time scale T2 = | tj−ti
Φj−Φi

|Φi+Φj
2 = 224± 60 s

•MAGIC ∆t = 2′ and T2 ∼ 2′

• Caveat: T2 meaningless if variability scale invariant (McHardy & Czerny 1987)
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Active Galaxies in GeV-TeV γ-Rays::VHE variability

• GRB-like generalized Gaussian shapes I (t) = I0e
−(

t−t0
σr ,d

)κ

• Fastest significant rise/fall time is

τr = (ln 2)1/κσr =

{
173± 28 s for PKS 2155− 304
∼ 180 s for Mkn 501

τγγ

{
> 1 Eγ = 1TeV
' 1 if δ ≥ 50
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Active Galaxies in GeV-TeV γ-Rays::VHE variability

• Black hole mass in PKS 2155-304 estimated at MPKS = 1− 2× 109M�
⇒Light crossing time

tLCT = 2GMPKS/c3 = RS/c = 3− 6 h

⇒ tLCT/tvar = 60− 120 when tLCT/tvar < 1 in GRB

– ”[..] we would not expect to see large amplitude variability on much shorter
timescales” (Sikora+ 1994)

– ”[..] the jet becomes radiative on scales much larger than the central source
dimension” (Spada+ 2001)

• Assume R ≥ RS → t ′var = δ−1tvar ≥ tLCT
⇒ large Doppler boost δ ≥ 60− 120× R/RS
“[..]observed variability imprinted either by a small fraction of the BH horizon”
(Begelman+ 2008)⇒“jets in a jet” (Giannos, Uzdensky & Begelman)
δ no longer indicative of jet properties D? (Ghisellini+ 2010)
⇒Needle/jet structured model (Tavecchio & Ghisellini 2009)
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Active Galaxies in GeV-TeV γ-Rays::VHE variability

•What is the amplitude of variability in
the dynamic range?

• energy-binned light curve on 4 nights
⇒ Fvar(E ) ∝ E 0.19

similar behaviour in synchrotron radia-
tion

• Possibly related to energy-dependent
cooling time scales

• Also found in Mkn 501 data (MAGIC
collaboration 2007)
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Active Galaxies in GeV-TeV γ-Rays::VHE variability

• Variance of a light curve Φ(t) expressed as

σV =

∫ T

0
(Φ(t)− Φ)2dt =

∫ 1/∆t

1/T
P(ν)dν

with P(ν) = 2T

Φ
2
N2
|F̂ (ν)|2 the Power Density Spectrum

and usually P(ν) ∝ ν−α over a broad range for X-ray observations of AGN

• However Φ(t) affected by discontinuities and gaps inherent to ACTs
⇒ Φ(n) = φ(n) · ω(n) · η(n)
⇒ φ(n) is just one realization of the stationary random process
⇒Misleading artefacts in frequency space for all transforms

• Derive α ± σα from likelihood comparison of N � 1 stochastic process simula-
tions with experimental conditions (sampling, flux uncertainties, run resets, daily
observation length) assuming signal is red noise (using Timmer & König 1995
light curve method).

25



Active Galaxies in GeV-TeV γ-Rays::VHE variability

• First VHE PDS (ever) on “Big Flare” light curve
⇒ Red noise fluctuations with

P(ν) ∝ ν−α, α ≤ 2

•Maximum likelihood method using simulated
structure functions extended to 4 consecutive
high-state nights converges to

α = 2.32± 0.12

•Maximum likelihood method using simulated
Fourier transforms to 4 consecutive high-state
nights converges to

α = 1.76+0.22
−0.21

• Compatible with archival X-ray PDS
no indication of low/high-frequency cutoff
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Active Galaxies in GeV-TeV γ-Rays::VHE variability

• ∆t = 1′ time series averaged over ∼ 60′

⇒ Excess rms

σ2
XS =

1

N

i=N∑
i=1

[(φi − Φ)2 − σ2
i ]

is proportional to average flux Φ
⇒ σXS ∝ (0.19± 0.03)× Φ
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Active Galaxies in GeV-TeV γ-Rays::VHE variability

• linear rms-flux relation and gaussian
distribution of log flux
⇒variations are lognormal

• X-ray Lognormal fluctuations unrelated
to jet except one BL Lac:
SAX J1808 (Uttley & McHardy 2001)
Mrk 766 (Vaughan+ 2003)
IRAS 13244-3809 (Gaskell 2004)
Cygnus X-1 (Uttley+ 2005)
BL Lac (Giebels & Degrange 2009)
⇒ σXS ∝ (0.15− 0.3)Φ

• LC result of many independent stochas-
tic processes?

ΦN =
N∏

n=1

φn → ln ΦN =
N∑

n=1

ln φn
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Active Galaxies in GeV-TeV γ-Rays::VHE variability

McHardy 2008; PoS

• Uttley & McHardy (2001): “Subdivision of magnetic reconnection energy release
as an avalanche occuring on large scales in the corona” or “radius-dependent
fluctuations in the mass accretion rate as modelled in Lyubarskii+ (1997)”

• Photon breeding mechanism (Stern & Poutanen 2006)

⇒ Link lognormal distribution to underlying physics
⇒Difficult measurement but lognormality needs to be searched for
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Proxy light curves… 

Black = instantaneous accretion rate onto BH 
Red = Volume integrated stress 



Black = Mdot 
Red = Stress 
Blue = Log-norm 



Active Galaxies in GeV-TeV γ-Rays::Variability

•What is the amplitude of variability in the dynamic range/at various wavebands?

• How are the amplitudes related to the timescales? (“Power Density Spectrum”)

•What are the timescales of variability? What are the shortest timescales? What
are the longest timescales? Are there preferred timescales?

• Is variability periodic?

• Is there evidence for non-linear behavior?

• How does the variability vary with luminosity in the d. r./at various wavebands?

• Can the variability properties of an AGN change with time?
⇒ “are AGNs moody?”
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Active Galaxies in GeV-TeV γ-Rays::VHE/X-ray correlations?

• VHE γ-ray and X-ray flux correlated

⇒ growing literature on Fγ ∝ F
η(Fγ)
X

• Instances of no correlated variability
challenging for simple SSC (one zone
homogenous) models

– in Mkn 421 (Acciari+ 2009)

– in PKS 2155-304 (Abdo & Aharo-
nian+ 2010, Aharonian+ 2004)

⇒claimed as evidence for hadronic
emission (see also Poster Cerruti)

• “[..] protons, despite being efficiently
accelerated [..] are more likely to re-
main radiatively passive in AGN jets.”
(Sikora 2011)
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Active Galaxies in GeV-TeV γ-Rays::VHE/X-ray correlations?
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• Stationary SSC models usually adjust well to HBL

– PKS 2155-304 MWL “quiescent state” and PG 1553+113 SED

• 100% variation in X-ray emitting γe > 105 for PKS 2155 and PG 1553
⇒< 50% variability at Eγ < 1 TeV
⇒ Current ACTs not sensitive to quiescent-state energetic electron fluctuations
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Active Galaxies in GeV-TeV γ-Rays::LBL

• Emerging source class for AČT

• All have issues with overpredicting the
simultaneous our contemporaneous HE
flux as measured by Fermi with SSC
models
⇒adding EC contributions not helping

Tavecchio+ 2010
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Active Galaxies in GeV-TeV γ-Rays::Variability

•What is the amplitude of variability in the dynamic range/at various wavebands?

• How are the amplitudes related to the timescales? (“Power Density Spectrum”)

•What are the timescales of variability? What are the shortest timescales? What
are the longest timescales? Are there preferred timescales?

• Is variability periodic?

• Is there evidence for non-linear behavior?

• How does the variability vary with luminosity in the d. r./at various wavebands?

• Can the variability properties of an AGN change with time?
⇒ “are AGNs moody?”

• How is variability of the various continua related?
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Active Galaxies in GeV-TeV γ-Rays::Perspectives::Short Term

Upcoming 28-m class HESS2 telescope

• Statistical nature of the quiescent γ-ray emission of PKS 2155-304

• Quiescent level of less bright AGN (PKS 2005-489, AP Librae, ..)

• Spectrally resolved burst analyses of flaring AGN

• Light curve/variability of LBL/FSRQ AGN

• improve ∆Γ = f (z) at z > 0.2 with better σΓ
⇒ joint/intercalibrated analyses to fit EBL shapes beyond ∆Γ?
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Active Galaxies in GeV-TeV γ-Rays::Perspectives::Long Term

• CTA: 5-10 improvement in sensitivity in
100 GeV − 10 TeV
extensions� 100 GeV and ≥ 100 TeV.

• observatory to a wide astrophysics com-
munity

• AGN science case mainly:

– MWL observations to distinguish
emission models

– improved spectra and lower thresh-
old for EBL/EMF studies

– probing variability down to the short-
est time scales
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Active Galaxies in GeV-TeV γ-Rays::Perspectives::Long Term

• “Advertisement” for GLAST/Fermi
performance based on EGRET “iconic”
observation of 1633+382 variability
(Mattox 1993)

• Probably first computation of δ based
on pair production absorption at the
source

• How to “improve” the “iconic”
PKS 2155-304 flaring observations?
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Active Galaxies in GeV-TeV γ-Rays::Perspectives::Perspectives::Long Term

• Use generalized Gaussian
shape I (t) and improve
statistics by

ΦCTA(t) = ΦHESS(t)×

∫ Emax CTA
Emin CTA

F (E )dE∫ Emax HESS
Emin HESS

F (E )dE

⇒ “Boring”, but evidence for
high-frequency cutoff in PSD

• Additional red noise∝ P(ν)−2

for ν < 1.3× 10−3 Hz
⇒ Φ′CTA(t) = ΦCTA(t)+Ψ(t)
“Exciting” new and faster fea-
tures:
tvar = 25±4 s → δ ≥ 80−100
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Active Galaxies in GeV-TeV γ-Rays::Variability

•What is the amplitude of variability in the dynamic range/at various wavebands?

• How are the amplitudes related to the timescales? (“Power Density Spectrum”)

•What are the timescales of variability? What are the shortest timescales? What
are the longest timescales? Are there preferred timescales?

• Is variability periodic?

• Is there evidence for non-linear behavior?

• How does the variability vary with luminosity in the d. r./at various wavebands?

• Can the variability properties of an AGN change with time?
⇒ “are AGNs moody?”

• How is variability of the various continua related?

• Are mean variability properties the same for different classes of AGN?
⇒ e.g., LBL-IBL-HBL, FSRQs, Radio Galaxies

• Do AGNs of the same class have the same variability properties?
⇒“do AGN have different personalities?”
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