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AGN-Unification

Radio Loudness
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Blazar Radio galaxies

o The emission is strongly boosted

o The emission is produced from the

compact region in the jet

o Unique possibility to investigate the

sub-parsec scale structure of jet
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v" The emission from extended regions
comparable with jet emission

v'A chance to investigate both the jet and the
extended regions

v’ Investigate the particle acceleration and
emission over large scales




Radiogalaxies

* Morphology:

— Core: flat spectrum,
unresolved

— Jets: up to several 100’s
kpc, steeper spectrum,
may contain “knots”

— Lobes: big amorphous
structure, contain “old”
particles

Hot spot

— Hot spots: present in
more powerful sources,
bright and compact, site
of reacceleration
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Radiogalaxy types

FR = Fanaroff & Riley

FR I- BL Lac

FR II- FSRQ
X &
’
3C 31 (FR) 3C 438 (FRII)
<10* erg gt — Radio luminosity > 104 erg st
Low I — Bulk motion High T’
Toward core —— Brightness Toward edges
inefficient energy ot Collimated, efficient
transport R energy transport
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Components

knots

Observations in the gamma-ray band can help to understand the particle acceleration
and emission processes in the components of radio galaxies
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Fermi LAT- new view
) Large Area Telescope (LAT)

Sahakyan

KEY FEATURES

20 MeV = >300 GeV photon
energies

2.4 Steradian field of view

Operated in scanning mode, so
views the entire sky every 3
hours.

Point Source Sensitivity

<6x10cm=s™

Gamma-ray Burst Monitor (GBM)
8 keV - 40 MeV




Third Catalog of AGN

Entire 3LAC Clean

AGN Type 3LAC Sample”
All" 1591 1444
FSRQ 467 414
..LSP 412 366
...ISP 47 42
..HSP 3 2
..no SED classification 5 4
BL Lac 632 604
...LSP 162 150
... ISP 178 173
..HSP 272 265
..no SED classification 20 16
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Entire JLAC Clean

AGN Type 3LAC Sample”
Blazar of Unknown type 460 402 125
LBCU T 37 49 11
...LSP BCU 1 26 24 8
ISP BCU 1 11 9 1
...HSP BCU 1 13 13 2
...BCU I w/o SED 7 3 0]

classification
.BCU 11 346 308 85
...LSP BCU 11 156 129 39
..ISP BCU 11 T8 0 13
...HSP BCU 11 107 105 31
...BCU 11 wio SED 5 4 2

classification
...BCU 111 57 45 29
...LSP BCU 111 16 11 0
ISP BCU 111 ] ] ]
...HSP BCU 111 0] 0] 0]
...BCU III w/o SED 41 3 20

classification
Non-blazar AGN 32 24 3
O 2 1 0]
...NLSv1 5 5 (
...RG 14 13 2
...35R0Q 5 3 0]
...Other AGN 6 2
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azar AGNs

Maime IRGL 2HGL 1FGL Twpe
NGC 1218 JOZ08. 6+0408" JOG08 3+0403" FRI
IC 310 I0316.6+4119 I0316.6+4119 FRI/BLL
MNGC 1275 JO319.8+41307 JO319.8+4130° JO319.7+41307 FRI

1 H 0323+342 JO325.2+34100 JO324.8+3408° JO325 0434037 MNLSv1
4C+39.12 J0334.2+391 57 FRI/BLL?
TXS 0348+013 JO351.1+0128° S5R0)
3C 111 JO418.5+381 3 JO419. 043811 FRII
Fictor A JO519.2-45427 FRII
FPES 0625-35 J062T.0-3529 JO62T.1-35287 JO62T 3=35307 FRI/BELL
4C+52.17 J0733.5+5153 AGH
MNGE 2454 JOT58.7+3747 FRI
4C+39.238 JOE24.94391 6 58
3C 2407 J0B40.8+1315° JOB40.7+1310 JOB40.8+1310 S5R0)
SES (08464513 JOB49. 945108 MNLSv1
3C 221 J0934. 143933 S5R0)
FMM J0948+0022 JO948 B+00217 JO94E. B+0020™ JO949 O+00217 MNLSv1
FMM J11158-0413 nlis2-0411° AGHN
B2 1126+37 J1129.0+3705 AGHN
3C 264 J1145.1+1935° FRI
PES 1205+04 J1205 4+0412 S5R0)
M BT J230.9+1224° JI230.8+12247 J1230.8+1223° FRI
3C 275.1 J1244.1+1615 S5R0)
GEBE 13104487 JI312.7+46258° J1312. 8445287 J1312 4448277 AGH
Cen A Core J1325.4-4301° J1325.6-4300 J1325 .6-4300 FRI
Cen A Lobes N324.0-4330e J1324.0-4330e J1322.0-4515 FRI
3C 286 J1330.5+3023° SSROYCSS
Cen B I1346.6-6027 I1346.6-6027 FRI
Circinus J1413.2-6514 Seyfert
3C 303 I1442 6451567 FRII
PES 15024036 J1505.1+0326™ J1505.1+03247 J1505.04+0328° MNLSv1
TXS 1613=-251 11617.3-251% J1617.6-2526¢ AGHM
FES 1617-235 J1621.1-23317 J1620.5=-2320c AGHM
NGC 6251 J630.6+8232° 11629 4+8236 J1635 4+8228° FRI
3C 380 JTR29. 648447 JIR29.7+4846° J1B29 H+4845° SSROVCSS
FES 2(04-447 J200T B—-4429 J2007 8=-44307 J2007 944307 NLSv]
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New Possibilities

PASS 8

Pass 8 provides a full reprocessing of
the entire mission dataset, including
an improved event reconstruction, a
wider energy range, better energy
measurements, and significantly

increased effective area.

The accumulation of a larger data
set allows detailed temporal
analysis in short and long time
scales, as well as to study the
spectrum with better statistics at
energies above several GeV.
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Time period: 2008-2015 (7 years)

Allows to study the variability in short and long time scales which allows
to investigate the physical processes, such as particle acceleration and
emission mechanisms, origin of flares and size, structure and location of
the emission

Energy range: 100 MeV- 300 GeV

The improved statistics allows to investigate the spectrum above GeV
energies and test the power-law with exponential cut and broken power-
law models. Any cut-off or break in the spectrum will be defined by

the cooling of relativistic particles.
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GE 1310+457 ATH 2134 200207 249 = 165 £355
SC+T235 Cs8 2456 = (LOSTT .2+235 2103
30264 FRI 1588 £ 0477 28421144 7335
NG 1275 FRI 208 + 00055 334 2229 53571
3120 FRI 2694200593 £1.2 = 564 33459
CanA Core FRI 2672 = L00134 193 = 0382 509,15
NEC 2434 FRI 241 z 0011 212 £ 0055 2829
ceng FRI 24662005417 T 2315 34179

war =R 2077+ 00409 19.321.35 1051

52 5251 FRI 2355 = 003222 2ax15 733
ngc 1213 FRI 203008253 71921358 12172
I 310 FRIBLL 2036201735 4232278 797
THE 03+ 3915 FRIELL 1861 20,1728 171 = 098 £33
PE 0525-35 FRIELL 18655 008144 15119 0554
3111 FRII 2685200054 8.4 2032 25475
330 FRII 20352019 159 = 0841 277
Pictor A FRII 2525201228 137 2375 11854
555 0345+513 NLEy1 2284002318 5.5 =135 13438
1HO23+3E2 NLEy1 283 & 00257 903226 157201
PN JO3SE+0122 NLEy1 2615 = 0L.01356 155 =24 £22437
PHE 1502+035 NLEy1 2625 = L0354 5222239 w2872
PHE 2004447 NLEy1 2623 £0.0532 259+ 235 35033
3C 27 SSROQICES 2629 = 0039 1512239 12317

3z 2 SSROICES 2444 £ LT 3542173 12239

3C 2751 SSROICES 2435201135 10.3 2237 2333

3 356 SSRQICES 27201417 10.5 £ 25 &34

3c 380 SSROQICES 2427 = LOI1Y 22 T+215 1315
PHE 1203404 SEROICES 2584 £ 0.1853 356231 .08
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Sources with hard spectrum
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NGC 6251
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PKS 0625-354
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The HESS spectrum can be explained when the Power-Law Exponential cut-off
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Unusual spectrum
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NGC 1275
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Flare-Post Flare
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More detailed view
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GB 1310+487

Gamma-ray/radio-loud narrow-line AGN at z = 0.638.
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Flare -1 and Flare -
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Individual Sources
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Cen A core @ HE (4 year data)

Fermi LAT data from four years of observations of Cen A => detection of HE (>100 MeV)
gamma-rays up to 50 GeV with detection significance of about 44 sigma

. . Sahakyan, Yang, Aharonian, and Rieger 2013 Ap/, 770, L6
The power-law fit with data:

dN E -2.69£0.03
(—) =(2.73£0.12) x10”
dE 100 MeV

p

|
=]
——

log(dN/dE(cn? s~ Ge V-1))
L
=

The spectrum shows a tendency for a
deviation from a single power law with = —
respect to the data above several GeV.

Broken power-law fit with data: il
log(EiGe V)
rlZ
(d_Nj =(1.19£0.08)x10™" E | The log likelihood ratio test gi f t
dE ),, R 4Gel e log likelihood ratio test givea preference to

a broken power-law model.

with T,=2.74 and T, =2.12
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Second Component ?

The results of the data analysis reveal a hardening of the (average) gamma-ray core
spectrum toward higher energies. The “unusual” break at 4 GeV could most naturally be
explained by a superposition of different spectral components.

The power-law fit in the range 0.1-4 GeV

==

photonindex - I, =2.74+0.02
flux - F, =(1.68+0.04)x10™" ph cm s
detection significance - TS =1944  _

The power-law fit in the range 4-100 GeV

photon index - [, =2.09+0.2
Flux - F, =(4.2+0.64)x107"° phem™s™

1S =124.4

detection significance-

logdN/dE cnt

|
=]

2 GE"ra_l )
|

L
=]
—T

—12F+

—14

log(E(Ge V)

Sahakyan, Yang, Aharonian, and Rieger 2013 Ap/, 770, L6

hardening of the spectrum !
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Time variability

Time variability — region size R< Op ct. _cm
l+z
Low E
ow Energy Component High Energy Component
45 day bin 90 day bin

||||||||||||||||||||||||||||||||||




Spectral Energy Distribution

ll:ng{EQdH.-'dEferg cm— s )

HESS data

_Wn et al. 2009

log(E(GeV))

For a distance of 3.8 Mpc, corresponds to apparent (isotropic) gamma-ray luminosities:
L (0.1-4GeV) = 10*' ergs and L (>4GelV)~14x 10 ergs™' which are larger than VHE

luminosity reported by HESS L (>250GelV) =2.6 x10°" ergs™ Aharonian et al. 2009, Ap], 695, L40

Sahakyan
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Origin of HE and VHE gamma-rays

The lack of significant variability + limited angular resolution (~5 kpc)-> uncertainties
production site of the HE gamma-ray emission.

In terms of SSC processes occurring in inner jet-> well modeling up to a few GeV (e.g.,
Chiaberge et al. 2001; Abdo et al. 2010). However the hardening on the HE spectrum
above 4 GeV -> appearance of a physically different component.

Different scenarios for new additional component:

(1) non-thermal processes in its BH magnetosphere (Rieger & Aharonian 2009),

(2) multiple SSC-emitting components (i.e., differential beaming; Lenain et al. 2008),

(3) photo—meson interactions of protons in the inner jet (Kachelrief et al. 2010; Sahu et al.2012),
(4) gamma-ray-induced pair-cascades in a torus-like region (Roustazadeh & Bottcher 2011),

(5) secondary Compton upscattering of host galaxy starlight (Stawarz et al. 2006),

(6) inverse-Compton processes in the kpc-scale jet (Hardcastle & Croston 2011).

Also gamma-rays can be produced from relativistic protons. Effective gamma-ray production
if the diffusion coefficient does not exceed D~ R, /t,, ~10"*(R, /10kpc)* (10 cm ™ /m)em* s by
much. An interesting possibility, especially for the hard HE component with photon index
close to 2.1, given the similarity to so-called “Fermi Bubbles”.
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Cen A lobes @ HE- 10 month data

After 10 months Fermi LAT operation discovery of the HE gamma-ray emission from radio lol

Count map SED
%00 A IOH IC/CMB B IOH IC/ICMB |
sgh North et | South o, |
10" IC/dust 1013 1C/dust
4100
% -42°00 g %\ 102
% ol ;’: ; 10"
£ 4400
R 10" i \
4500 =T P \
-4500 oL a ¥ ; SR )
10 10% 10% 10% 10% 10%
4700 v [Hz]
-48°00
13'%0" 13'50" . 130" : 1320 12"0" 1200" .
idreode s Gamma-rays are the result of IC scattering of
i cosmic microwave background photons and
_ _ 7 2 the extragalactic background light photons b
Nlobe- F, =0.77x107 ph cm™s & & gt p y

In situ accelerated electrons
S lobe- F, =1.09 % 107 phem™ s

With photon index I"'=2.6
Fermi-LAT Collaboration, Science , 2010, 328, 725.
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Cen A lobes @ (3 year data)

3 times larger than the previous observation -> study the morphology and photon spectrum
with higher statistics.

1) detected >10 sigma up to 6 GeV

. a1 34 7-3752
3., SUTRYG
4

2) photon index -2.6 for Southern, harder
for Northern -2.24

£36.000

e R SRS | TR0
2FGL '-Z&'G?.’Jd-ljfdég—-d,?]o%
e

-40.000

2FGL | EAIDO907 . 5-4300

3) substantial extension of HE emission

Declination
-44.000

beyond radio/ WMAP for Northern part

2?EGLJJ!36 5443289 T

4) HE gives model-independent info about

2AFEL J1305.8~-4925

-3

<43.000

spatial distribution of electrons

(5]
—
o

206,000  200.000  194.000

Right ascension

Yang , Sahakyan + Rieger A&A, 2012, 542, A19
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Spatial distribution of electrons

The radio luminosity depends on electron

-36.000

density Ne and magnetic-field square 2.

The IC gamma-ray luminosity only depends

-40.000

on N, -> only HE gamma-rays can give

model-independent information about both

Declination

the energy and spatial distribution of electrons

-44.000

0.59

(=]
S
S
& 0.39
212.000 206.000 200.000 194.000 -
Extension of HE emission observed for Cen A Right ascension )
Northern lobe -> example showing no (b) Excess map after background subtraction.

conclusions can be made about electron
density based on radio observations !

Yang , Sahakyan + Rieger A&A, 2012, 542, A19
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Origin of gamma rays

Leptonic origin:
radio emission — nonthermal / synchrotron radiation existence of
multi-GeV electrons —> photons scattering due to IC on
different target photon field.
1) CMB photon field — main contribution
i1)  EBL photon field — some contribution (for highest 7 energies)
117)  Synchrotron photon field — negligible
Hadronic origin:

protons can interact with the ambient low density plasma,

creating daughter mesons and neutral component decay

into y-rays p+p= 1’ =y
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Electron spectrum

The general equation describing evolution of energy distribution function f of relativistic
particles can be written as

Gf =div(D,.grad ) —div(u, f)+a(Pf) o(b./) 82(d /)
ot oy oy oy’

P, is the energy loss rate, D, is the diffusion coefficient, u, is the fluid velocity and b, and d,
are acceleration efficiencies. After integration by volume

(0

esc

where N(y,t) is electron energy distribution function, 7, is escape time and ((y,t) is
the injection rate of electrons. The solution of kinetic equation is

’ dx

N(p.t) = ﬁ j PN e " d
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Escape of particles from the lobes

R2
The particles can escape from the lobes only by diffusion  %esc = 2D(E)

where D(E) is the diffusion coefficient and generally is taken in the form

D(E) - ryC
r.=3.3x10"( E ) B )"'cm is the particle gyroradius and 7] is the gyrofactor
& 10GeV "1 uG '

The electrons lose energy mainly by IC cooling

=1.24 x10° E oGer yr

coohng

the escape distance is

Looing = Twe = R=16.6B’1"pc

cooling

which is very small compared to the size of the outer lobes of Cen A (250 kpc) =
s(1) £(n)

1 7> .
N(y,t)=—— dy,where (= and p(,) is energy loss rate of electrons
(7,1) P(7) _[ O(y)dy, .[ P(7,) () gy

Sahakyan 39




Origin of gamma-rays

150 -_' I I I I
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kg, (2 Hz1

(ay South lobe

Leptonic gamma-rays

Synchrotron emission and IC scattering of

electrons for injection t=8x10’ yr and

7... =10°. The maximum total energy of

leptons

W, =6x10"erg

Sahakyan

log o v Fui 10 ergaem %)

130F

12.5

120

11.5

1.k

0.5

15

log, i Hen

i) y-ray excess (lobe) region in the north

Hadronic gamma-rays

For E;max =55GeV the maximum

energy of hadrons

61 —4 35 -1
W,=10"(n/10"cm ™) "erg

Yang , Sahakyan + Rieger A&A, 2012, 542, A19
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Fornax A

Distance- 18.6 Mpc
Lobe size- 389 kpc

6.1 years
2008 August 4 2014 September 4

Dec (J2000)
Relatve residual counts

Detection significance: TS=121=11 0

The spectrum:  I'=2.08+0.08
Flux: (5.34+£0.78)x10"* ergcm™s™

22m
RA {|2000)

Ackerman, Ajelo and et al. 2016
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Observation in the other waveband

] West! Lobe
- Ea.st:Lcube

10_14 : i 1 [ | — 1 | .'I
106 10 1ol= 1019
Frequency [Hz]

Tashiro et al. 2009

Radio photon index: '=1.68 The same population of electrons is responsible

X-ray photon index: ['=1.62 for radio (synchrotron) and X-ray (IC/CMB)
emissions.
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|C scattering of EBL photons

=1

is 20 25
Georganopoulos et. al., 2008 log(v) (Hz)
The exact measurement of gamma-ray

flux will allow to measure the EBL.

6/21/2016 Sahakyan 43




Overall SED

Log(VvF v(erg cm s 1}}
—8—.—
s
‘r:t
- —* *4
_+_
e
R
<4
<+

Log(Ey)

The multi-wavelength spectrum allows self-consistent estimation
of the parameters describing the particle distribution.

. EY Ee ' E, <E,,
Ne(Ee): NOEe EXp —| = Ne(Ee): |\IO
E, Ee? E, >E,

Derive the best-fit and uncertainty distributions of spectral model
parameters through Markov Chain Monte Carlo sampling of their
likelihood distributions

Sahakyan
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Log(Ey)
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Several Maxwellian

The total electron spectrum is formed from the contribution of several relativistic
Maxwellian distributions

n(y) =ng yje_(%f Vi = (V117 eeeeens 7i) W, OCF

Lagi & wlerg cm™ s il

Sahakyan 46
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Lepto Hadronic scenario

The low energy emission produced from synchrotron emission of electrons, X-ray
Emission from the IC scattering of CMB photons on the same electrons. The
gamma-ray emission produced from the interaction of protons.

-10.0 T T T T T T T T T T T T T T T T T T T
~10.5- —_

~11.0f

~115]

Log(vF v(erg cm2s™ ))

_12.5]

~13.0L
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Emission from the compact regions

3C 120 radio galaxy at the redshift z=0.033 is an active and powerful emitter of radiation
at all the observed wavebands

Large Scale jet up to 100 kpc with
several knots.

=10.0 -
ceena a2 oL 108 L. 104 ... 4:33:100Q ... .0%6. . .0

Harris et al. (2004)
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Emission from the knots

— 1|:|—!'|
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Harris et al. 2004 Frequency (Hz)

0 )

10%° I

Aharonian 2002 LogE (eV)

Both the proton synchrotron model and the electron self synchrotron model predict
flux detectable by Fermi LAT
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Gamma-ray emission from 3C 120

N. Sahakyan et al.: y-rays from 3C 120

- T
_al
[
o =10
i, 3
i
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o =121
':'j\_ -
Z I
= -
_14‘_ L
—16L-

10 11
Lag(E(eV])
Fig. 1. Averaged difterential spectrum of 3C 120 (above 100 MeV) red
points as compared with that based on the initial 15 month data set

{ Abdo et al. 2010c). The dashed black line shows the power law func-
tion determined from the gtlike.
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Fig. 2. Gamma-ray light curve from August 4th 2008 to December 4th
2013. The bin size corresponds to 180- (red) and 365-days (blue). The
galactic and extragalactic background emission is fixed to the best-fit
parameters obtained for the overall time fit.

Based on 5 years of data

Sahakyan
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New data analysis- flare

o
b

Flux (photon cm Z s7)
i
&

=]
Y

0.05
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Spectrum: flare vs averaged

=4
]
Hed smbyan

I Cidalag 7—years averaged SPeCtl'um

LUrmnge sl 24 Hee
Lireen Sop 24 Hee

dN E —2.7+0.05
— =(1.18+0.14)x10 ™| —— cm?sMeV
dE 1000

]
A

! "p;h": Al g e :J III

-2.17+0.13
Flare-1 (d_'\']  (142+0.19)x10"[ £ cm?sMeV
dE APR .24 1000
dN E —2.26+0.22
_ — =(5.31+1.2)x10 —— cm2s*MeV
Flare-2 (dElEm ( ) (1000)
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Origin of gamma-rays

Synchrotron/Synchrotron self-Compton radiation)

~10] Monthly variability- emission region size

R, ~10*cm

|
="
="

Doppler boosting

~12}

5
=13 I B(imG) « ¥ min Ve U,/Ug
Solid line 30 24 700 1.7x10° 1.9
[ Dashed line 25 28 800 9.8x 10° 16
—141! | Dot dashed line 25 20 2500 12x10 1.3

Log[viHz]]

The jet luminosity L ~6x10*ergs™ which corresponds to 10 %
Eddington accretion power
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Another example....

B(G) Ymin Yc Ue/Ub
Solid line 0.18 100 11500 1
Dashed 0.14 200 4500 8
line
3C 111
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Conclusions

e The analysis of 7-year of Fermi LAT data from the observations of
radio galaxies allows to investigate both the spectrum and
variability.

o The spectra of several sources show deviation from a simple
power-law modeling (NGC 6251, NGC 1275 etc)

e Strong variation of gamma-ray flux and photon index of NGC 1275
radio galaxy is found.

e The modeling of the emission from extended lobes of Cen A and
Fornax A, indicates that the proton contribution can be significant.

e The analysis of simultaneous X-ray data will allow to reconstruct
the nonthermal electron spectrum and investigate the particle
acceleration/emission in the sub-parsec scale structures of radio
galaxies.
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