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Blazars: Supermassive Black Holes with Relativistic Jets Pointed at Us
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Classes of Active Galactic Nuclei and Unification
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Blazar spectral energy (power) distributions
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BL Lacs: emission to VHE/TeV energies FSRQs: cutoffs at GeV with VHE episodes
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Blazar Modeling
ElE———— I & B ELFERN)

Nonthermal vy rays = relativistic particles +
intense photon fields

Leptonic jet models:

* Nonthermal synchrotron radiation for radio
through optical (low-energy hump)

* Compton scattering of ambient radiation
fields by jet electrons making high-energy X-
ray/y-ray component by synchrotron self-
Compton (SSC) or external Compton (EC)
processes (FSRQs)

Lepto-Hadronic jet models:
» Nonthermal synchrotron radiation for radio
through optical (low-energy hump)
» Secondary nuclear production
p+N — mo, = — v, v, n, ex
* Proton and ion synchrotron radiation
p+B — vy
* Photomeson production
py — mO,7T= — Y, V, I, €=
Hadrons escape to become UHECRSs

Jet axis

Line of
sight to
Earth

Ambient 4 Proton-induced
photon or 4 , cascade
synchrotron =

photon

Inverse-Compton
scattering



Particle Acceleration and Radiation in Leptonic Blazar Models
Je =V I

Dermer & Menon (2009)

on(~v;t o .. n(~vy:t ,
g’ ) + 5 [y n(y;t)] + . (Z’ i) =n(vy;t) 1. Relativistic outflows
¢ o eseVs 2. Single zone; exclude radio
The synchrotron flux 1s then given by 3. Synchroton, SSC, and EC
| LTl () 354 0 4. Electron energy distribution
" = (@) _ V3dpee? dYN.(V)RW)- 5, power-law injection + |
Je 47sz 47Tha’2 1 ¢ . ower-law injection + losses
L 6. Nonlinear losses
3 3 13 2 ~ -syn 7. Adiabatic expansion
f SSC _ . de Jz 8. Light travel-time effects
S € R' ’c {,4 Us . €3 9. Cascadingl/yy pairs in source and IGM
b D 10. Mqltizon_elsfrf)ine-sheath
; / o el g B R tasano
/ Y 5 ’
HIGH ENERGY
EC 3 core 1o us(€,) [mes N! Q/ RADIATION
fe=— iSOD/ de, (2)/ dy (A_ )Fc(qf) FROM
4 0 € Jymin - BL’%OLES
Boettcher & Chiang (2002) Trend toward increasing o
Finke et al. (2008) o :
complexity in blazar modeling




Spectrum and Jet Physics

* BL Lacs: synchrotron/SSC model fits
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Log vf(v) (erg cm2sY)
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The Synchrotron Puzzle

v-ray photon index vs. peak synchrotron frequency
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In Fermi acceleration scenarios, acceleration timescale > Larmor timescale
Equating synchrotron energy loss time scale with Larmor timescale implies maximum
synchrotron energy ~ 100I" MeV (de Jager & Harding 1992)

Peak or maximum synchrotron frequency of blazars 4-7 orders of magnitude less than
theoretical maximum



Acceleration Physics and the Electron Energy Distribution

First-Order Fermi Acceleration

/ 24r / r—4
' 1ot 2= e
(Naively) makes power-law distributions vN'(y'?) = K(Yf) = K(—Y, ) !

e
pk Y pk
Second-order Fermi Acceleration

!

2 2-g 2N (v ') = K Y \~blogtr '/ )
t, <Py YN (v ) = K( ;k)
Makes curved log-parabola-like particle distribution
(Massaro et al. 2004; Stawarz & Petrosian 2008; Tramacere et al. 2007, 2011)

Fermi 1: separate acceleration and radiation regions
Fermi 2: acceleration and radiation regions same

Turbulent particle acceleration and magnetic reconnection invoked in highly

magnetized jets for short variability time scales
(Lazarian et al.; Sironi & Spikovsky 2014; Giannios et al. 2009, Sironi, Petropoulou, & Giannios 2015)

Bright Fermi blazars explained by broken power-law and log-parabola spectral functions
about equally (Kohler & Nalewajko 2015)



Blazar modeling with log-parabola electron energy distributions

Photon spectral index

CD, Yan, Zhang, Finke, Lott; ApJ 2015

Explain correlations of

spectral index with peak I, =d-klogv,,

synchrotron and Compton v =v /10" H=

frequencies in blazars 14 g
k=0.18+0.03

Spectral Index Diagram
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Near-equipartition, log-parabola model

Electron energy distribution (EED): y"”N.(y")=K'y™*, y=y'/y),

Simplest non-trivial 3 parameter EED b is log parabola width parameter
/ _ /2 4 /] o~
u = Lgn/4mr, c r, = copt
Syn syn/ b Dfo b Divar Dermer, Cerruti, Lott, Boisson, Zech 2014
kinematic 49_..,.....,.,,..,,.,,,5106
Lo = 47Tt 2 C (SDusyn 10 b »
um 4 :
/ 2 4 48
3 B :
Equipartition relation: g’ 47 [ 1 Tw
2 w
/ gé Me( N"O)/pl\ ; 0.01
u(.’ — / — / fl - C()UB o) 46 3
v, v, 5 i 4 0.0001
/4 1/8 ; 3
3/]6 ¢/ Vig 10°°
OD = 17.5L30 -t sl
Cs Iy L
¢ 13/16  syn 10°®
B/(G) g 7 SS f :num
1/16 ,5/8 3/8 _3/4 o -10
5/8
I~ 593 §c 38 log[v(Hz)]
Ypk = Ll/l6 3/16 4
48 5

]Iiompletely solvable system; obtain external

radiation field energy densities in FSRQ analysis 11



Dermer et al. 2014
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Equipartition modeling : .
F ol i Epoch C
[ - gk 3C279 14s
pk pk / / £ < S ]
Lsyn 9V syn > tvar = B 76D3 R 107° E fme am e {4
v )
modulo b (from SED) o ) PR 1465 3
€ (from SED modeling) " ¥ 1 =
. . . © 1 ;e 1 =
¢, (equipartition assumption; w 00 F 1y 146 2
from SED modeling) b i s 2
Data of Hayashida et al. (2012) on 3C 279 o '
GeV break in LSPs, ISPs (Cerruti et al. 2013) 102 F 74 as
Models close to equipartition F i
TABLE 1 -': lI x 5: ..k"-._‘syn ! [ 0
‘ i o Disk § ,
DEPENDENCES OF dp, B’, AND 'y]/pk“ 10713 L, T LR L R e
10° 10" 10® 10" 10Y 10® 10* 10® 10%
Coef. Lig via ta Cs Ce fo v fa V(Hz)
g Cerruti etal. 2013
6p 175 3/16 1/8 —1/8 —7/16 1/4 —7/16 —1/4 —1/8 -
B'(G) 50 —1/16 —3/8 —5/8 13/16 —3/4 13/16 3/4 3/8 - 3C 454.3
Ve 523 —1/16 5/8 3/8 —3/16 1/4 —3/16 —1/4 —5/8 - '9:_
g 14 5/16 —1/8 1/8 —1/16 —1/4 —11/16 1/4 1/8 § _10:_
Le,p 25 5/8 —1/4 1/4 -1/8 —1/2 -1/8 1/2 1/4 §
i - m]
3 E o
“ So, eg., 0p = 17~5L2é16(V14/f2t4)1/8(f0C.<)_7/16(Cc/f1)1/4, - - G
etc. - O
b & = Fmax (1020 V) /Z 12 g :
¢ Absolute power in magnetic field, units of 10%° erg s—1 :DD i 7 :
’ _13_I I 1 1 | 1 l: II:I:I 1 1 1 .q 1 I::A 1 1 1 | 1 1 1 I 1 :l E
10 12 14 16 18 20 22 24 26

Log (v [Hz])



Analytic form for Spectral Index Diagrams

YON) =Ky y ="y,

The comoving synchrotron luminosity

B/2 e ¢ 4 BI 12
L./syn = (’UTE dy'y?N.(v') €pk = & phyn = 0p EB_Y pk
Results in Thomson regime
. 1 i)l - . € 1 _ b ] o= v E/Epk
€Lgyn(€) =va "M =v(— )27 14 og(e/epk) v = f3Llsyn
€pk f3 =104 /(2\/7In10/b)
dIn[eL (€ 1 € D tal. 2014
Qa, = [ - ( )] —[1 blo (—)] (Massaro et al. 2004) b (Dermereta )
dlIng € pk bsy = Z (Massaro et al. 2006)
5 5 b
PEC _ 17 b o ,/4E(6Vg /4 _3_b10 , bgse =2 (Paggi et al. 2009)
v T ] 2 & 172 1/ y 084
€Lyaty “Celys
PSSC _ 65 b 1 6.5 x 10 E(evfg/8 3/8L1/8 9b1 ,.
TR T1% e T

By binning results according to b from synchrotron SED fit, identify radiation process
13



Equipartition Model vs. Synchrotron Spectral Index Diagram

b=1/2,Lg=t,=¢c,=¢g,=Eg,, =1

Slope for EC processes:
3b
kEC = T

—

Slope for SSC processes: x

©

9b =

= — ©

SSC 16 E

Three y-ray emitting processes: §,i

SSC, EC BLR, EC IR Py

- External radiation field L

densities:
Ly alpha: 0.01 erg/cm3
IR torus: 10-3 erg/cm3; 1000 K dust

- Compton dominance restricts
EC, SSC regimes

- Double-headed arrow shows
slope of +1 for Compton
dominance (in Thomson
regime)
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2LAC data: Red: FSRQ; Blue: BL Lac w/ z;

Green: BL Lac w/o z

| | | t | | |
TR \ C ECIR
i3 —=
‘l‘{
lf ] .~ - Ac, ECBLR
iy ol AL E AR “Br==io
II 2 Sk R by hii‘!e?!ﬂ'g‘ ' i LRl "
L 211 B By E s i el L
Zabin kel
i 1 g N L JT1SSC
S s
/ i N ]
L ’, l ‘llllli i ;i“iif |
7 W.'
.7
4
f;, b=1/2 EC BLR
-u vl 1 ul L1 | vl L vl ol 1
0.01 0.1 1 10 100 1000
s (10" Hz)

100 &
E

1000 =
. >
{4 100 O
3 o)
] 3
10 =
Q

>
13
0.1 o

14



Equipartition model and y-ray spectral index diagrams

Discriminate between SSC and EC processes in blazars

R e FSRQ
3k LSP BL Lac +
SN ISP BL Lac :
N :+ e HSP BL Lac

All curves are EC with

[ black: Thomson Black Thomson

L l/I 1 I Ll Ll l 1 Ll 1 l Ll L1 I 1 Ll

e FSRQ

LSP BL Lac
ISP BL Lac
e HSP BL Lac

All curves are SSC Wlth

= [ magenta: 1000 K dust \(g(e):lei EE:EE E:}g IIE
" Solid (dashed): 0.3 (3.0) GeV " Solid (dashed): 0.3 (3.0) GeV
lIIlIlllllllllllllllllllll | N N N U N TN RN NN AU AN NN NN NN N N NN NN NN RN NN TR A | I T T N N
EO 21 22 23 ‘ 24 25 26 27 0 2I 1 2I2 2I3 2I4 2I5 2I6 27
log(v_© / Hz) log(v,,* / H7)
Thomson-regime FEC,y — 924 é log(2 AEq V) o élog Vo
expressions: Y 2 ' © 2

FSSC T =2+ i log(2.4FGev) — % log o3

Rules out SSC as a process for making y-rays from FSRQs
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Departures from equipartition: the case of Mrk 501

2 1

log vF [ergcm™s]

20

log v [HZ]
: R — : T 132 136 1.4 144
< G Lss

2l /N s /N Markov Chain Monte Carlo method (Lewis &
gl gl Bridle 2002; Yuan et al. 2011; Liu et al. 2012)
. - . S Applied to Mrk 421 (Yan et al. 2013) and Mrk
3 \\ 3 501 (Peng et al. 2014) using different electron
. U I : energy distributions

20 40 60 80 100 0.28 0.3 0.32 0.34 0.36 0.38
t b

Use G and g, for spectral-index modeling Blazar can be far from equipartition 16



Blazar modeling minimizing jet power

work with Maria Petropoulou (Purdue University): ApJL, 2016

Power analysis: L; = 2mr; T2¢ S @ + P) _I_Ljr_I_LJg:old
i=B,e,p

ul, = B'? /8% L = KL . 1? /51%

ui/ Smiczﬁi']\fi/47rrb/3 =1+ T0)* >1

Minimize power with respect to magnetic field and Doppler factor for
monoenergetic particle distributions

Leptonic synchro-Compton Lepto-Hadronic synchrotron (LHS) jet
(LSC) jet models: models:
» Obtain unique results for magnetic ¢ Characterize acceleration efficiency through
field and Doppler factor from Hillas condition
observables
Brin = 0.17 x713/161 2/8 381, 110G Bl =147k}t T LHTLLG

— 5/14 . —1/7y -1/7
6]) min — 59.3 H7/16L25/16€1_/38tv_31/8 6D,min = 6.9 "{5/14 n 1/7L45/ tv,3/ L’y,45/



Derived blazar properties minimizing jet power

Nominal values: Lg45 = Iy3 =K = 1

Leptonic Blazar Model

Lepto-Hadronic Synchrotron Blazar Model

100000 100000 ¢

- LSC Model - LHS Model
 Solid: nominal ] ' Solid: nominal :
10000 ¢ Dashed: x=100 110000 E o |
| Dot-dashed: L,s=1000 ] f gaShjd'hK;lOO 1000 §
1000 £ Dotted: t, ;=1000 ot-dashed: t, 3=
: ’ ————— IR LVUV) 5 ]
100 ---------------- :
E 100 f - 3
10} z
1k 10 F-
(R S L _:
0.01F - 7 i S .
- S 0.1
0.001 _ _____________________________________________ Lj. min/Lsx _
ool ISP, ISP HSP oo I 001¢ | | |
13 14 15 16 17 44 45 46 1 47 48
log vpk(in Hz) log L (ergs )

Values of magnetic field and Doppler factor for leptonic model consistent
with values derived through trial and error



Comparison of derived properties with numerical calculations

Numerical calculation of jet power as a function of Doppler factor and B’

Leptonic Blazar Model Lys=1,3=K= 1 Lepto-Hadronic Blazar Model

454 366 278 190 -1.02 -0. 2.50 273 114 045 204 364 523 682 841  10.00
|wWLA log(® L/L,u)

k.

100

80

60

40

20

0.1 1.0 - 100 100.0
B (G)
JLsC L LHS
_ ,min _ _
¢ ) me ~14 % 10~ 3 1/8t1/4L55/8M9_16:%/4 ¢ 22_ ~ 10 3(77 /{tv,3L45L%45)2/7M91
Edd Edd

Energetics excessive for FSRQs (but not BL Lacs) for hadronic synchrotron model
BL Lacs remain favored candidate UHECR sources



UHECRSs: Luminosity density of blazars from Fermi data
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Summary
N TEE BN BN B O W W W m il

Outlined two new approaches to blazar modelling:

1) Near-equipartition approach using log-parabola function for
electron energy distribution
2) Analysis based on minimizing jet power

For 1), explains the spectral index diagrams and makes predictions for leptonic
models correlating widths of synchrotron component and Compton components:
but spectral modelling shows some systems are far from equipartition

For 2), strong magnetic fields B >100 G are found for the LHS model with

variability times =103 s, in accord with highly magnetized, reconnection-driven
jet models. Proton synchrotron models of >100 GeV radiation can be sub-
Eddington, but models of GeV radiation in FSRQs require excessive power

1) Method to determine hadronic content from accurate synchrotron

and Y-ray SEDs
2) Energetics rules out hadronic synchrotron model for FSRQs but not

BL Lacs, consistent with BL Lacs being the sources of the UHECR



