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A Overview

* Qutline
— Introduction to blazars
— Blazar sequence
— Origin of y-ray spectral break
— Location of y-ray emitting region
— The end of the one-zone leptonic model, and what is next

« This | won't talk about:
— Radio Galaxies (Jun Kataoka and Paola Grandi later today in “AGN II”)
— Narrow Line Seyfert | galaxies (Filippo D’Ammando later today in “AGN
II”)
— Starburst galaxies (Keith Bechtol tomorrow)

— Using blazar y-ray emission to probe the EBL and IGMF (Marco Ajello,
Alberto Dominguez, and levgen Vovk tomorrow, my poster today and

tomorrow)
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- N—— Blazars dominate the y-ray sky
o/ S T
« The Second Fermi LAT

Catalog:

1,298 identified or
associated sources

o 84% of these are AGN,
mostly blazars

H o No association 8 Possible association with SNR or PWN

* 575 unassociated sources <~ AGN * Pulsar A Globular cluster
* Starburst Gal ¢ PWN x HMB
+ Galaxy o SNR * Nova

« Of the unassociated
sources, so far 27% have Nolan et al. (2012), ApJ, 199, 31
since been identified as
blazars (Massaro et al.
2012, Apd, 752, 61; talk in
“AGN I”) 3

Fermi is a blazar telescope!
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- J—— Radio Loud AGN

Gdr"‘ ma-Tay

/' Space Telescope

Radio galaxies seem to be unified
with blazars.

Evidence:

* Diffuse radio lobes in BL Lacs
» Statistics of blazars
» Apparent Superluminal motion

Low power High power
(L<~10% erg s),| (L,>~10%! erg s),
Fanaroff-Riley | Fanaroff-Riley Il wide opening narrow opening
angle angle
Jet pointed
away from us FRI FRII
See Jun Kataoka's talk a bit Lot bointed
et pointe
later! towgrds us BL Lac FSRQ

Urry & Padovani (1995) 4
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@5, ermi Blazar optical spectra and redshifts
W Lo
FSRQs: strong broad emission lines E ! ; | -
BL Lacs: weak or no broad emission lines ::: [ 0716+714Bluc  BL Lac object =)
v | ' | ‘ | - d p | . l 3
FSRQ4C+21.35 [T | 1o | | a
d 0.98 I— l 1 | ;
= de-15 ]
< Hﬁ i 4500 SO00
5l 2.4 m Hiltner telescope. JF et al. (2008)
f< - LN B L LN A e B A e B e B A S M
1 1101-232
. 08} poar photem#i™ BL Lac object
$000 1 sooo ‘ ; al)loo ‘ 70|00 8000 00:-
wavelength [anstroms] ’
Kuipper telescope (1.5 m; black) and Bok 0.4+
telescope (2.3 m; red, blue). source: -
http://james.as.arizona.edu/~psmith/ 0.2+ Vg | 1

Fermi/ : 4

|
0 Cldinbindbnd b adadedudnbubatbedabdakadadl

3.9m AngIO'AUStraIian teleSCOpe. 4000 5000 6000 7000 8000
Source: Falomo et al. (1994)
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- Nonthermal Blazar Emission
o/ o T
Mrk 421 Vsy VC
Abdo et al. (2011, ApJ,
736, 131)
rw‘;y;;n T 7T T T *TI°1 ¢ I B R
B T
B agnk o wasmeom a’ ]
P == T L
= - B VLBA_CompeouAvE) Opt'CaI ¢"-»- i ~‘ T
""”;Ej " mwn X-ray LAT ® —;:«
- RATAM MAG C;
- Meacine *  SwRUVOT ® NAGK -
o:— — SR :::m g / Broad line
©  radio B o RETERCA : N\, region
o“;—— o :'” SwinXRT ﬂ ’
et h‘.f” ' u;“ 1 :t;“ ‘lol" : |:l) W™ 1 1;" = :le' : W : 10 Jet blOb
v 2] 1
Blazar SEDs dominated by two “bumps”: ‘ 7
« Synchrotron bump: peaking at <~ 10" Hz Accretion
« Compton bump: peaking at y-ray energies. Seed photon sources: disk

» Synchrotron photons (synchrotron self-Compton or SSC)
* Broad line region (BLR), accretion disk, or dust torus photons 6
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Y A—— Blazar SEDs

o S T
Blazars also classified based on the position of their synchrotron peak (Second LAT
AGN Catalog; Ackermann et al. 2011, ApJ, 743, 171).
« 10" Hz < v, high synchrotron peaked (HSP)
« 10™Hz<v, <10 Hz: intermediate synchrotron peaked (ISP)
* v < 10" Hz: low synchrotron peaked (LSP)

Almost all FSRQs are LSPs.

About half of BL Lacs in 2LAC do not have a measured redshift (but see talk by Michael
Shaw Thurs.). Could be due to nonthermal continuum overwhelming line emission, or

BL Lacs having intrinsically weaker lines.
3C 279 BL Lac
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Giommi et al. (2012), MNRAS, 420, 2899 7
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/" Why do we understand stars so well but not

S>ermi blazars?
/ Sna‘i‘:?ilei{'ope
Stars Blazars
Isotropic emitters Anisotropic emitters
Mostly constant on human type scales Highly variable on human type scales (as

short as hours or minutes)

Energy generation mechanism well Energy generation mechanism (involving
understood black hole) not well understood

Globular clusters allow study of stars of No way to know if different AGN are the
the same approximate age same age

Composition determined from optical Fully ionized non-thermal plasma,
spectroscopy composition can’t be determined from

optical spectroscopy
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S, sz

Gamma-ray

Luminosity

Hertzsprung-Russell diagram
/‘ S pace T elescope EEEE——

Temperature

The H-R diagram is a
useful tool in our
understanding of stellar
emission and evolution.

Stars spend most of
their lives on the main
sequence.

Is there a similar “main
sequence” for blazars?



- J— Blazar Sequence

48 |- -

O BLL (1Jy)
@® BLL (Slew)

A%

sy

There seems to be a correlation between:
« The radio luminosity and peak frequency of the synchrotron component (left).
« The peak luminosity and peak frequency of the synchrotron component (right).

Explanation? Is it an intrinsic physical effect? Or do bright, high peaked objects have

their emission lines swamped by synchrotron emission and their redshifts can’t be
measured?

Fossati et al. (1998), MNRAS, 299, 433

10



- — High-z high-peaked blazars?
o Soun T
- Rau et al. (2012), A&A, 538,
4 ' o FSRQs 1 A26 have constrained the
o o t e redshifts of high-z sources
> 2 F o Uncertain type .
° . from optical/UV photometry,
I ¢ | identifying the Lyman break.
3 3 °®
_?ué, ¢ Four high-z sources indeed
= o 8 o . :
+ 8 o o . seem to have high
o<l e * | synchrotron peak
frequencies and
- : " : s : - luminosities.
Log(v® .. (rest-frame), Hz)
Vsy >

Padovani et al. (2012), MNRAS, 422, L48

11



E A— What about the gamma rays?
o/ S T
Correlation found 35_ T TTTTT T TTTTI T TTTIT T TTTTT T TTTIT T TTTT T TTTTT T TTTT T IIIII!
between LAT spectral - i
indgx ar)d LAT y-ray sl ]
luminosity. x | ] i
- §
LAT spectral indexisa g 25 1 —
proxy for y-ray peak o —} i T -
frequency (or energy), & | % 1 N
so this is a similar plot ~ § 2[ __
for y-rays. é _ i
o _ 15— .
A correlation is evident. - g
Where are the four neW 1_ 1 | IIIIII|4 1 | IIIIII|42I | IIIIII|43I | IIIIII|44I | IIIIII|45I 11 IIII|46I | IIIIII|4 1 | IIIIII|48I | IIII: 49
sources on this plot? 107 10% 10 ﬂ$( erg1g'1) 107 10 107 10

Ackermann et al. (2012), ApJ, 743, 141 12



Gammaw'ay

LAT spectral index is a
proxy for y-ray peak
frequency (or energy)
1.5
These new objects seem to
be consistent with
previously known sources
and correlation.

But it certainly is possible
in the future that high L,
low a., sources will be
found as more redshifts are
found.

Energy index o,

0.5

Ghisellini et al. (2012), MNRAS, 425, 1271
See also:
Meyer et al. (2012), ApJ, 752, L4

What about the gamma rays?
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- —— Compton Dominance

Camma-ray

/ Space Telescope

YO'E I L B B A T T *1 P %1 'y )V ON)
-'-: prTey lj
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B e 4 ViBAmKIX) »
‘ .- v -.." . -
> - A W < - -
I W VLBA compeolAvE) 2N * ”
,ou.-:: VLEAMOLAVE) ‘ E
= A oveo =
- RATAN ~
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‘oo)‘E e ONVOR * Fami -=
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- *  NITSuNE ® RXTEPCA
. - o SwiXRT
i o : " Gaw —
- L
s é . wmo g
C ! " OAGH v
o™ g 1928 2] oF of 28 0 .} | .- g 1) el o1 1 a1 41 41

L
10" w* 10" w" w* 0% 1 w™ 0™
v [Mz]

Compton dominance: A; = Ld/Lg, = F/Fy,

This quantity is redshift-independent

14



What about the gamma rays?

Potential selection effect
involving sources with
unknown redshifts

15



- N— What about the gamma rays?

Potential selection effect
involving sources with
unknown redshifts

Solution: Plot redshift
independent quantities

16
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A Compton dominance and the sequence

Gar-*ma'ay‘
/ Space Telescope
: 1 IIIIIII 1 IIIIIII 1 llllll' L LLLL 1 lllllll 1 IIIIIII 1 lllll-l
An anti- - e FSRQs .
. i o BLL -
correlatlop o[ AGU‘;CS )
clearly exists 10 E
Q » .
Q B -
What about czvs i i
: 1L _
sources without g 10 E o
known s - .
redshifts? = i ® O oo, i
2 10°F 3 E
=¥ : o O © 89 :
= - ° P 8§ ]
o - o %% 5 :
~ -1 | Lv@)qé%) %Jo o] |
10 F | %Cop@ 3
C | 3
B | %) ooo i
N ' O O i
10'2 L1l lllllll L1l lllllll L1l llllllI L1l llllllI L1l lllllll L1l lllllll L1111
1011 1012 1013 1014 1015 1016 1017 1018
vpksy [Hz]

JF (2012), ApJ, submitted .



- S—— Compton dominance and the sequence

e FSROQs

O BL Lacs
» objects w/ unknown z

AGUs
> >

Vi IS in the rest
frame of the
source, it is a 10
lower limit for
objects with
unknown z

[
-
BB RRLL

An anti-correlation
clearly exists,
even with objects
with unknown z
plotted 107

Compton Dominance

[
-
T oo

dnx) oY
SfoN e
O
o
0]
1 llllllll

Thus, at least this O o

part Of the “blazar 10_2 111 1 llllllllzl 1 lllllll13l 1 lllllll 141 1 llllllI 11 lllllll 161 1 lllllll 171 L L1l 18

sequence” seems L U 10”10 10" 10
to be physical and Vo [Hz]
not the result of a

selection effect. JF (2012), ApJ, submitted
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Gamma ray spectral breaks

19



- J—— Gamma-ray spectral break
Lic i
Abdo et al. (2009), ApJ, 699, 817
va"._ T L BRI A R |
1 """N.,,M,;‘ ]
- “aa.,  3C454.3 -
5 | 55 *
€
RN
3
ot bbb hendhemeedoded -
w’E (MeV) 0

Spectral breaks at ~ a few GeV
have been found in the y-ray
spectra of many LSP FSRQs
and BL Lacs, most prominently
in the extremely bright 3C454.3.

20
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- —— Gamma-ray spectral break

" Gamma-ay
Space Telescope

Abdo et al. (2009), ApJ, 699, 817

Abdo et al. (2011), ApJ, 733, L26
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What are some possible causes of this spectral
break?

21



- — Combination of scattering components
/ Gamma-fay‘
/ Sm(eTele\cope
A combination of disk and broad
line scattering components with
T ke s i e B s R e e b b b b b e KN cutoff can reproduce the y-
F [ SSConly o 3 ray spectrum
10-7 E multi-component T e
- AA
10" F
e F | |
RT3
: | |
=0, [
i F |
> [ 3" ’
0"E ¢ 5
nle - SV A I
e Jet blob
10- 9 11 13 15 17 19 21 23 25 27 1
100100 107 107 107 100 100 107 107 10
”HZ] @

JF & Dermer (2010) Accretion disk
22
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I IIIIIII| T TTTTT

RGB J0920+446 (x300)

-+
PKS 0454-234 (x30)
——

——
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EF, (ergcm™s™)

10—11 L

e

\
PKS 1502+106 (x3) _}h N

3C 4543

Tl
SNq .47 3
3
T
N

v :
10" Ll Ll ||\‘1||M’
0.1 1 10 100
E (GeV)

Poutanen & Stern (2010)
See also poster 8.4

Gamma rays photoabsorbed by He Il
recombination (54.4 eV) and Lya (40.8
eV) photons from the BLR would create a
break at ~ 5GeV in the rest frame of the
object, around the observed break

energies .

| |

g

oy smme wmmmm ST
—

Jet blob

Accretion disk
23
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- —— Compton-scattering BL H Lya photons

y Gamma~ray
/SpaceTelescope
e G
10" vg _9_4‘: M. Cerruti (2012)
§ 98-
P € .98}
g o
E e —
%" 10 a0z Mgll e
% 1045 1600 A feature™ e,
.10.35. .............................
B OV] e
\ 108 . aniornmiiane,,, e %
o e ’510{” 2 : s 2 245
1 A D .
10 :—A.__-A_A-A_A.A_LAL’_J_._-‘ --A.A_A_A_AJL;__L__.L_A-; % (HI)
10 10 10
Energy (MeV)
Model with power law Model with log-parabola
electron distribution does electron distribution does
not provide good fit provide good fit

24



- Curvature in electron spectrum?

demav‘ay

PKS 0537-441

10° :

@ average E

PRELIMINARY = low ]

-9 ¢ high _

Curvature in 10
IR/optical Ko ]
spectrum: E=-RT REM/ATOM |
implies 210 E
curvature is '» ]
in electron = -
distribution? — 107! =
(L -

> )

10712 .

D’Ammando et al., 1l ]

in preparation 10 "¢




Location of the y-ray emitting region

26
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L A— Location of y-ray emitting region

4 Gamma"'ay
/ Space Telescope

Most of these methods assume the y-ray
emitting region is within the Broad line
region (except the intrinsic to the electron
distribution explanation)

Here the broad line
| A | or disk is the seed
photon source for
Compton scattering

Broad line | ‘
region | + [
a ) | \ Dust torus
Jet blob é
|
<~1pc
]

Accretion disk




y

Y — Location of y-ray emitting region
W Lo e

But there is some evidence that the

emitting region is outside the broad line

region Here the dust torus
or synchrotron

\ (SSC) is the likely

Jet blob seed photon source

for Compton

scattering

Broad line | I
region | '

Dust torus

<« Accretion disk
~1-10 pc
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Y — Evidence for large distances from BH

/ Gammaray
Space Teleirope

PKS 1510-089

142 GHz } s - ~40 day increase in radio flux
h: ° es . ° | " °  associated with y-ray flare
.- 86 GHz . .
E @ & 3 3 E .
B : ; o One can determine the speed of the
.: 32 GHz | o | 0%e = . . . by
- . oo o o 202" | - blob by following its motion after it is
g ; : 3 . .
. 22/23 GHz, ; . - ejected during the y-ray flare
gg ©xponm X XX @ 4y uxe® @@@*ﬁ
> gi 1510-069
;; 42 3 : E L 06Jul08, 15 Aug 08 10 Sep 08 16 Nov 08 21Dec 08
= 6 @ o o6 © o0 Boos 608 | I 4693 4720 4787 4822
8 } | =05
4%8.4 GHz : | 8P EO0 L
g% ® © ® ® 0 e@@@ %ﬁ%% S5 04 &
- 5GHz i 18 [
“E e S0 |
g ©°® eee e 00 @%@ s d Caalall g oo ‘/’//
2.6 GHz | | 3 / r ( :"
E ®@@® @eoe0 o 6o Bo0e 0oa | @ ©009° 1 (0 W ﬂ Core
2011.0 T YearZOW 1.5 2012.0 i /
(Year) y-ray flare/ 2= %
Orienti et al. (2012) knot
arXiv:1210.4319; also see ejection Marscher et al. (2010), ApJ, 710, L126

her poster 29
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‘s ermi

Gamma-ay
Space Tele scope

PKS 1510-089

Evidence for large distances from BH

%142GHZ . @%3@@ o .
~ 86 GHz

g @ ® @ © : ®
32 GHz ; 100 oo
e © ® © ® ©g o0°

- 22/23 GHz ; o |® © g0
E Oxpomm OX x* O o uxe® %‘9@@*@*

=] & e} S 000 S 000 S 0D S 0 -~ o) -~ D -~ D -~ )
TTT HHHHHH‘\HHHH\HHHH‘\HHHH\HHHH‘HH\HH\HHHH‘HHHHHHH H\HH‘HH\HHH T

—
>
H
~ o0 ©@9
99 : :
e @ © ©@® ® oo oo 00% |
‘ | w0
8.4 GHz | e
e © ® & 00 Boos &
5 GHz |
& @ e © o ® o0 pods eFeq ©
- 2.6GHz j |
e @ ® o @ ® 0 Boos oo | @ ©0 99O
2011.0 2011.5 2012.0
T (Year)

Orienti et al. (2012)

v-ray flare/
knot

arXiv:1210.4319; also see ejection

poster 4.4

~40 day increase in radio flux
associated with y-ray flare

Assuming y-ray flare is associated with

same region as slower radio flare, one
can determine the projected distance:

D, = V*t/(1+2) = (25¢)*(40 days)/
(1.36) = 0.6 pc

Assuming angle to line of sight:

0=2deg; D= 17 pc
0=5deg; D= 6.9pc

Emission seems to be outside BLR (<~
1 pc)

30



Integral flux (>100 GeV) [cm? s

oo o0 0o o o o
W A OO N © ©

o
O\

10°

X

—— Exponential fit (x*=4.45/3)
slope: (1.30+ 0.15)x 10° s

s Linear fit (x%=5.68/3)

slope = (3.7: 0.8)x10°em?sest | /1

-.. T, .‘ .................... “%‘7 4‘%—“%“ N

0 . . e e | — .
21:50:00 22:00:00 22:10:00 22:20:00
Time (UT)
v (Hz)
5 26
‘?\-5-5k T TTT!RZ T T T TTT1TQ T T T TTTA
E B a
‘>" s = Fermi-25hrs .9
o f .
S - ]
‘:‘Z: C R —-10
| C 5 ]
=-7.5— °, 7
g + 1
8 N
C MAGIC SED extrapolation g —-11
8.5 ; (EBL Model: Dominguez+10) I E
- —— intrinsic \ ]
C r: 27 ;‘ ]
9 ]
r - absorbed 7 -12

%1 05 0 05 1 15 2 25 3 35

©
Gl
L

logE(GeV)

log(vFv) (erg cm™ s)

Rapid emission (~10 minute timescale)
from 4C+21.35 out to 400 GeV
discovered with MAGIC (Aleksic et al.
2011).

If the y-ray emitting region was within
the BLR, these photons would not be
able to escape.

'—_\

>

\\
\
|

Jet blob




@ ormi Rapid variability far from the black hole?

From light travel time arguments, the variability timescale limits the size
of the emitting region to:

R) < c¢épty /(1 +2)

If the jet opening angle takes up the entire cross section of a conical jet,
it must be very close to the black hole (r <~ 0.01 pc) to be consistent with
typical jet opening angles (1.0°) and Doppler factor (85 ~ 30).

How can so much power be transported and released so far from the
black hole in such a small region?

5

]
O———0 .




@s.ermi  Rapid variability far from the black hole?

Jet reconfinement shock (e.g., Aleksic et al. 2011, Tavecchio et al. 2011)
Turbulent cell model (Marscher & Jorstad 2010; poster 1.6)

Magnetic field reconnection leading to anisotropic electron distributions
(Cerutti et al. 2012, Nalewajko et al. 2012)

Energy transport from inner to outer jet regions by neutrons (Dermer,
Murase, & Takami 2012)

]
o——0




@ ormi Finding the location of the emitting region

Compton scattering cross section

A

o o ~ const | o ~ log(E) E-*

Klein-Nishina
regime

Thomson regime

o
>

Exn photon energy

Dotson et al. (2012), ApJ, 758, L15

( Eseed )

Dust torus: 103 K black body, E
0.3 eV

seed

Lyo broad line: E...4~ 10 eV

seed
So if you can determine Eyy, one can
determine E But how can you find

seed-

Variability!

34
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@ ermi Finding the location of the emitting region

Compton scattering cross section

A

o
>

E(BLR)  Exn(dust) photon energy

Dotson et al. (2012), ApJ, 758, L15

( Eseed )

Dust torus: 102 K black body, E .4 ~
0.3eV

Lyo broad line: E...4~ 10 eV

seed
So if you can determine Eyy, one can
determine E But how can you find

seed-

Variability!

Scattering dust photons will be more
efficient at higher energies, leading to
greater cooling and different variability
than scattering Lya. photons.

35



The end of the one zone leptonic model?

36
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@sormi 1he end of the one zone leptonic model?

Extremely narrow
synchrotron component, very
broad (X-ray to TeV y-ray)
Compton component

Cannot be fit with a one-zone
synchrotron/Compton model

Green curve: not a radiative
model fit, an empirical fit with
two 3rd degree polynomials

/s?i:?. L
AP Librae — HESS & LAT detected ISP BL Lac

P :
g10'11 = E

% - i
cilu10'12§— _§
10'13;— —;

- Al :

R | PRELIMINARVR )

E.I‘ l/l | | | | | | | T N N T N N .E

® 10* 102 1  10® 10* 10°

—
o

Abramowski et al. (in preparation)

108 10" 10'10"®
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2 ~ Other sources where one-zone leptonic
&,Q,;..,_)
ol models have problems

Gamma-ray

/' Space Tele scope

PKS 2155-304 — Aharonian et al. (2007), Finke et al. (2008), Begelman et
al. (2008) — rapid variability, requires extreme parameters (dp, B)

3C 279 — Bottcher et al. (2009), Apd, 703, 1168 — can’t reproduce SED,
including X-ray spectrum

3C 454.3 — Ogle et al. (2011), ApJS, 195, 19 — unusual and variable IR
emission

PKS 2005-489 — Abramowski et al. (2011), A&A, 533, 110 — rapid variability
requires extreme parameters (dp, B)

AQO 0235+164 — Ackermann et al. (2012), Apd, 751, 159 — unusual X-ray
spectrum

1ES 0414+009 — Aliu et al. (2012) ApdJ, 755, 118 — poor fit to flat (I'=2) LAT
spectrum

PKS 1510-089 — Nalewajko al. (2012) arXiv:1210.4552 — requires extreme
energy density in external radiation field 38



What comes after the one zone leptonic
by i model?

* Multi-zone models
« Graff et al. (2008), ApJ, 689, 68
« Bottcher et al. (2008), ApJ, 679, L9
« Marscher & Jorstad (2010) arXiv:1005.5551
« Tavecchio et al. (2011, A&A, 534, 86),
* Nalewajko et al. (2012 arXiv:1210.4552)

 Hadronic models
* Mucke et al. (2003), Aph, 18, 593
« Bottcher (2010) arXiv:1006.5048
« Dermer et al. (2012), Apd, 755, 147
« Cerruti et al. (2012) arXiv:1210.5024

* Intergalactic cascade models
 Esseyetal. (2010, 2011)
« Tavecchio et al. (2011), MNRAS, 414, 3566

39
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‘@ ermi Summary

Gamma ray

/V Space Telescope

Fermi has provided evidence, independent of redshift, that there
is an anti-correlation between Compton dominance and the peak
synchrotron frequency, a key component of the “blazar
sequence’.

The cause of the y-ray spectral break is still a mystery, although
several causes have been proposed.

The location of the y-ray emitting region in the jet is still
ambiguous, although y-ray variability may be the key to resolving
this issue.

Fermi and multi-wavelength observations are forcing us to look
for models beyond the standard one-zone leptonic models

40
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Sequence from low power BL
Lacs to high power FSRQs,
binned by 5 GHz radio
luminosity.

Explanation for sequence: more
powerful sources have stronger
broad lines.

The BLs provide the external
radiation field for Compton
scattering, leading to a larger
Compton component.

More intense BLs, more cooling,
and lower peaks.
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PKS 0537-441

Typically it is
assumed that radio
emission is from
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/ ~ Cosmic Ray interactions with the CMB and
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Blazars are leading candidates for
UHECR sources. The cosmic rays
could interact with CMB and EBL
photons, producing TeV y rays,
nonvariable and mostly independent of
the other MWL emission from that

source.
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