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Outline of the Talk

* Active Galactic Nuclei (AGN)
 Relativistic Jets in AGN
e Fermi/LAT Instrument
* Fermi/LAT & AGN
* Conclusions



Active Galactic Nuclei

Each galaxy hosts supermassive (Mg, ~ 10°- 1019 M) black hole in its center, and each
supermassive black hole accretes at some level from the surrounding interstellar medium.
Active Galactic Nuclei are those central black holes which accrete at high rates.

AGN constitute a very diverse class of astrophysical sources. They differ in the properties of their
large-scale environments, in the properties of their host galaxies, in the accretion rates and
accretion fuels, in the structure and state of their circumnuclear environment, and finally in
the properties of the produced outflows.

Narrow Line

*  Quasi-Stellar Objects aka Quasars (~ 107 Mpc3) : ; ve / Region
Radio-quiet or radio-loud quasars * *
* BL Lacertae Objects (~ 10°7 Mpc3)
* Radio Galaxies (~ 10 Mpc-9) '
Black Accretion
Broad or narrow line radio galaxies ' Hole Disk

Fanaroff-Riley class I or II o

Broad Line
Region

...any many more...

* Seyfert Galaxies (~ 10™* Mpc3)
Seyferts type 1 - 2
Narrow-Line Seyferts

* Low-Luminosity AGN (> 102 Mpc3)
Low-Ionization Nuclear Emission-Line Region Galaxies

“Regular” spiral galaxies like our Galaxy (Sgr A%)...



Relativistic Jets

Rotating black hole embedded in an external magnetic field (supported
by an accretion disk) acquires a quadrupole distribution of the electric
charges with the corresponding poloidal electric field. Thus, a power
can be extracted by allowing currents to flow between the equator and
poles of a spinning black hole above the event horizon.
Blandford & Znajek 1977 discussed how, with a force-free
magnetosphere added to such a rotating black hole, electromagnetic
currents are driven an the energy is released (in a form of magnetized
jets) in the expense of the black hole rotational energy (“reducible
mass”). This scenario was inspired by earlier developed models for
young stars (Weber & Davis 1967), pulsars (Michel 1969, Goldreich &
Julian 1970), and accretion disks in active galaxies (Blandford 1976,
Lovelace 1976, Bisnovatyi-Kogan & Ruzmaikin 1976), and is being
recently investigated further by means of GR MHD simulations (e.g.,
Koide et al. 2002, Komissarov 2005, McKinney & Gammie 2004).

R, = GMgy/c?
~ 10' (Mpy/10°Mg) [cm]

Lggq = 4tGMpym ¢/ 0y
~ 10%" (Mgy/10°Mg) [erg/s]

for maximally spinning black hole:

E,. ~ 0.3 Mpyc?
~ 10% (Mpy/10°Mg) [erg]

Poox ™ CBQRg2/4n
~ 10% (Mpy/10°Mg) [erg/s]



Shocks and Turbulence

Jets produced in AGN are quickly accelerated and collimated by the magnetic field, and reach terminal bulk velocities
of the order of I'; ~ 10 - 30 at sub-pc scales (1pc ~ 3x10'® cm). In such relativistic magnetized outflows, shocks and

turbulence driven by the intermittency of the central engine, by the magnetic reconnection, or by the jet interactions
with the surrounding medium, accelerate jet particles to ultrarelativistic energies (e* up to at least 100 TeV, p*

possibly up to EeV). Diffusive acceleration of particles at the fronts of astrophysical shocks (“1st-ordr Fermi” process)
has been discussed in the context of Galactic cosmic rays and supernova remnants (Krymski 1977, Bell 1978,

Blandford & Ostroker 1978), and is being recently studied further in a relativistic regime by means of numerical
simulations (MC and PIC; e.g., Hoshino et al. 1992, Niemiec & Ostrowski 2004, Sironi & Spitkovsky 2009).
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Blazars
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Non-thermal broad-band emission of the accelerated electrons is strongly Doppler-boosted in the
observed rest frame, if a jet is viewed at angles 6 < 1/I';, and this results in the observed luminosities
Lyys = 8% L’ reaching 10%° erg/s (“blazar sources”; here 6 = 1/ I';x [1 - f; cosb] is the Doppler factor).
As demonstrated by the previous observations with the EGRET instrument onboard Compton
Gamma-Ray Observatory, most of the jet power in blazars is radiated in gamma-rays (see, e.g.,
Maraschi et al. 1991, Dermer & Schlickeiser 1993, Sikora et al. 1994, Ghisellini et al. 1998).



Fermi Satellite

e Fermi: An International Science Mission to perform gamma-ray
astronomy, with an additional X-ray detector for GRBs

— Large Area Telescope (LAT); 20 MeV — >300 GeV
— GLAST Burst Monitor (GBM); 10 keV — 30 MeV

 The strategy (5 years operation, 10 years goal)

— Survey mode: entire sky every three hours
— Sensitivity ~ 30 better than EGRET

Launch: June 11t 2008
Cape Canaveral



Fermi LAT and GBM
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I Tracker

Large Area Telescope

(20 Me'V - > 300 GeV)

g
Glast Burst Monitor
(10 keV - 25 Me'V) 5




Fermi Collaboration

France
— CNRS/IN2P3, CEA/Saclay
[taly
— INFN, ASI, INAF
Japan
— Hiroshima University
- ISAS/JAXA
— RIKEN
— Tokyo Institute of Technology
— Waseda University
Sweden
— Royal Institute of Technology (KTH)
— Stockholm University

United States

PI: Peter Michelson (Stanford)

~400 Scientific Members
(including ~100 Affiliated
Scientists, plus ~200 Postdocs
and Students)

Cooperation between NASA and
DOE, with key international
contributions from France, Italy,
Japan and Sweden.

Managed at SLAC/Stanford

— Stanford University (SLAC and HEPL /Physics)

— University of California, Santa Cruz - Santa Cruz Institute for Particle

Physics
— Goddard Space Flight Center
— Naval Research Laboratory
— Sonoma State University
— The Ohio State University
— University of Washington




Survey Instrument LAT

100 Sec 1 Day

1 Orbit

o
Flux > 100 MeV ( phot cm?s1)

* In survey mode, the LAT observes the entire

Energy Resolution: ~10% sky every two orbits (~3 hours), each point
PSF (68%) at 100 MeV ~ 3.5deg on the sky receives ~30 min exposure during
PSF (68%) at 10 GeV ~ 0.1deg this time.

After 1 day, exposure is rather uniform
(factor 2)

Field Of View: 2.4 sr (>20% of the sky)



Hundreds of AGN

The first catalog of AGN detected by the Large Area Telescope (LAT) corresponds to 11 months of
data collected in scientific operation mode. This First LAT AGN Catalog (1LAC) includes 671 gamma-
ray sources located at high Galactic latitudes (| b|>10°) that are detected with a test statistic greater
than 25 and associated statistically with AGN. Some LAT sources are associated with multiple AGN,

and consequently, the catalog includes 709 AGN, comprising 300 BL Lacertae objects, 296 flat-

spectrum radio quasars, 41 AGN of other types, and 72 AGNs of unknown type (Abdo et al. 2010).



Number of sources
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Overhelming majority of AGN detected by Fermi/LAT are blazars
(“blazar” class includes Flat Spectrum Radio Quasars - FSRQs, and
BL Lacertae objects - BL Lacs).

The most luminous blazars (FSRQs) are found up to redshifts of 3.5
(luminosity distances of ~30 Gpc or ~100 Gly, where the Universe
was only ~10% of its age)



Mostly Variable
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AGN detected by
Fermi/LAT show a
variety of spectral
shapes in gamma-

rays, and are

mostly variable
(Abdo et al. 2010)
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= Variable

Blazars

LLLLR B L

AL UL

e

Lo o

!

10° 10" 10" 10 10" 10" 10* 10" 107 10" 10° 10® 16 10® 10 10* 10% 10*

Lol vvw v L von b by

Dramatic flares of blazar sources can be
observed at basically all accessible
wavelengths, and are very often correlated
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Complex Variability
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Broad-band correlations are not always the
case, though... Variability timescales
possibly different at different wavelengths,
with the shortest ones (~200 sec) found at
the observed TeV photon energies
(PKS 2155-304; Aharonian et al. 2009)
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Complex Jet Structure

Fopticarv [MJy]  Fy [10°12 erg em2 ¢1]  photon index

PD [%]

EVPA

Ay (mdy]

Fradio [y

Energy [eV]
| 103 1 108 106 10°
Ju.__ Aug. s_ep.zofmon MNov. _Dec . Jan & Feb Marzof)gAgr _May i 109;' P RE R VE N NE AR RESEE AL 1048
_a 5 : 0. ]
2 -ray (>200 MeV) +++4.q.+ :# -10; ”+ 1 -
°F ) ’:“ o’ "’o“" m N 1 } T 310
0000, ey N"‘ ‘ & : : <
of—+ > ’2": 0 S00ne $ o’ bttt 4 ? ‘(“"‘W_g Hoter (}‘E i LY fr 1] a
Tl PPV I S SR SRR S
st by + ‘ ¢ s Fo» e 1
:: ++++ ++++ ++++ +HH+++ t ”W WH ot "“0 H H+++H+++ *i W . 4 \ ! =
15F y-ray photon index (>200 MeV) . : E -|o-12:r . 410%
15k € ' 4; F o 5
“ f e 3
10k X-ray (2-10 keV) " o t h L ]
¢ hmnti I R TP S TR
- 0"&?’ o m’w W¢ “ # *+ M#b E 19 11309 1(;12 10I15 1(;18 1(;21 1(;24 104
0 t } ,’ . ; } v[Hz]
af okl ‘-‘\‘ W,:' j,_;‘.' é Correlation between gamma-ray flares
2 : A . . . .
A S ™ :’“‘M" e f;i : and changes in the optical polarization
i . o,__:, ! A oo . . . .
S : : 3 - angle (Kanata) gives us insight into the
e . Do .
“ Optcalpolrzton degos J 1 T | s ' geometry of the unresolved blazar jets
L ML (3C 279; Abdo et al. 2010, Nature)
0 } i} }
w-_f _____________ Jo_-ql'f: _‘,07 -.- ________
o°r Optlcal polanzauon angle :
{V, no filter) Sle g @
B e e B T B
20F 9 ' ' ' . o‘lf e '
15 Near Infrared . DAY P
10k (Ks, K, H, J bands) i ':..'.' ot :.:o .'
°F ..:"Q:" « ™ 4
0 } } } } } }
20F h 4 b :
”‘. S b coms wo o8 .
E ey e . ’q -h.:- ‘?m- ...'.’ . .".\""a":»\ .
> e¢e + #. e L ¢ © .y . a2 S5 %
;oo IC TR . ey hm i r gy ess
850 700 750 800 850 900 950 1,000

[MJD - 54,000]




v Fv[erg cm?s7]

-
S
3

-
e
3

10"

107

107

10

Multiwavelength Campaigns
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Minimum electron energy Ymin = 600

Intrinsic electron break energy
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Ymaz = 1.5 x 107

Time [MJD]

Low-energy electron index 81 =22
High-energy electron index 52 =27
Electron index above the cooling break 53 = 3.65
Mean electron energy {7} ~ 2400
Main variability timescale tyar =~ 4day

Comoving electron energy demnsity

Comoving magnetic field energy density
Comoving energy density of synchrotron photons
Comoving electron number density

Ul ~5x10"*ergem ™3
Up ~0.9 x 10~5 ergem =3
Ulyn =~ 0.9 x 10~5 ergem ™3

N{ ~0.26cm~3

Luminosity of the host galaxy

Jet power carried by electrons

Jet power carried by magnetic field
Jet power carried by protons®
Total jet kinetic power

Total emitted power

Isotropic synchrotron luminosity
Isotropic SSC luminosity

Latar ~ 3 x 10* ergs™?

Le ~10% ergs'l
Lp~2x10%2ergs—?
Ly~ 3 x10%ergs—?
Lj~ 10* ergs—?

Lem =~ 10%3 ergs—?
Lsyn =~ 104 ergs'l
Lsse ~2 x 10% ergs—1
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Plenty of truly multiwavelenght and
truly simultaneous data to come...
These data will allow us to constrain
several hardly known parameters of
relativistic jets in AGN
(Mrk 501; Abdo et al., submit.)
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Modeling of simultaneous gamma-ray and
X-ray (Suzaku) data for powerful quasars
suggests that the difference between the
low and high-activity states in luminous
blazar sources is due to the different total
kinetic power of a jet, and therefore
intermittent (modulated) activity of the
central engine (supermassive black hole
and the accretion disk; Abdo et al. 2010).
This regards rather long-timescale
variability (months/years). The origin of
short-timescale variability remains elusive.
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Spectral Breaks
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Fermi/LAT discovered that gamma-ray spectra of luminous blazars are
typically of a broken power-law form, with spectral breaks located
typically around the observed photon energies of few GeV.

For example, a fit between 200 MeV and 300 GeV gives photon indices
I, =2.27+0.03, T, = 3.5+£0.3, E,, = 2.4+0.3 GeV
(3C 454.3; Abdo et al. 2009)



Flux [E>1 GeV] (10° ph cm™s™)

What Is It Telling Us?
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to L(>0.1GeV) ~ 3x10% erg/s, the gamma-ray
spectrum seems stable
(B3C 454.3; Ackermann et al. 2010;
see also the talk by Y. Tanaka)




GeV /TeV Connection

Table 1. AGN detected at TeV energies. % f ' ' ' ' 15 ' ' ' ' ;
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Emission above 100 GeV photon energies can be detected from the ground by the Imaging
Atmospheric Cherenkov Telescopes (Whipple, CANGAROO, Magic, HESS, VERITAS)
Extrapolations of Fermi spectra to the TeV regime with the absorption of very high-energy
gamma-rays taken into account (Abdo et al. 2009)



Absorption of Gamma-rays

The Universe is not transparent to very high-energy gamma-rays (Nikishov 1962, Gould & Schreder
1966)! This is because of a photon-photon pair production involving extragalactic background
radiation, and in particular Extragalactic Background Light at optical and near-infrared frequencies
(EBL: 0.1-1000 pm). As a result, only relatively local sources (z < 0.2) can be detected at TeV photon
energies. Direct measurements of EBL are however difficult due to strong foreground emission. EBL
spectral shape reflects star and dust formation history, and therefore probes galaxy evolution
models. Even small uncertainties in the absorbing photon number density, ng(g,) « t..(¢,) , translate
to large uncertainties in the gamma-ray attenuation.

Photon-photon annihilation:
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Constraining EBL
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With the impressive photon and source
statistics, Fermi/LAT can constrain hardly
known but important spectral shape of EBL
(Abdo et al. 2010)
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Radio Galaxies: A New Class
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NGC 1275 =
Perseus A
(Abdo et al. 2009,
Acciari et al. 2009,
Kataoka et al. 2010)
Source located in
the center of a
cluster of galaxies
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Radio Galaxies: Famous Ones
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(Owen et al.)
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M 87 = Virgo A (Abdo et al. 2009)
First jet ever discovered (Curtis 1918)




Radio Galaxies: Our Neighbors
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Fermi/LAT (similarly to WMAP) resolved giant
lobes of Centaurus A radio galaxy (~8 deg on the

sky, ~1 Mpc physical size)

The observed gamma-ray emission is well

modeled as being due to inverse-Comptonization

of cosmic background radiation by relict

ultrelativistic electrons injected into the giant

lobes by jets ~100 Myr ago
(Abdo et al. 2010, Science)
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“Misaligned Blazars”

Table 1: The Sample

Object 1FGL Name RA Dec Redshift Cle <
(J2000) (J2000) Radio T UL et Lt
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(Abdo et al. 2010)



Conclusions

* AGN (and blazars in particular) are fascinating objects
providing the best insight into relativistic plasma and high
energy astrophysics in general

* AGN dominate the gamma-ray sky

* Fermi/LAT is extremely well suited instrument for studying
AGN at GeV photon energies

* After two years of the Fermi/LAT operation, an
unprecedented amount of data regarding AGN has been
collected

* New examples and classes of gamma-ray - emitting AGN are
being discovered continuously

* Multiwavelength studies and cross-field collaboration will
enable a better understanding of AGN in a near future



