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‘ Blazars

»
Quasar 3AC175

YLA Gem image () NRAD 1996

Class of AGN consisting of BL Lac objects and
gamma-ray bright quasars with relativistic jets
pointing close to our line of sight

Rapidly (often intra-day) variable

Strong gamma-ray sources

Radio knots often with superluminal motion
Radio and optical (and X-ray?) polarization



vE, [Jy Hz]

Blazar Spectral Enerqy
Distributions (SEDs)

3C66A 3C279
-1 [ I [ I [ [ I | #—4 P1 (June 1991 flare)
- 14
10 F +-¢ P2 (Dec.92/dan. 93)
I ¢ T e June 2003 { & MAGIC
10°F : - Jan. 15, 2006 - Ii‘} {
- : 3 = Feb. 23, 2006 I‘

12 L
10 = w  Fermi Dark Run
= =  Fermi Flare )
A MDM: Oct. 6, 08:24 UT |

1
 MDM: Oct. 10,0936 UT | % '

vF, [Jy Hz]

11
10 F
C Chandra, Oct. 6 X}

+ PAIRITEL, Oct. 9

2 + VERITAS Dark Run
% ® VERITAS Flare

g v F-Gamma e

v = £ -

1 I [ . [ 1 | L INS

10 1012 1014 1016 1018 1020 1022 1024

v [Hz]

10"

ow-energy (probably synchrotron):

Non-thermal spectra with | _
radio-IR-optical(-UV-X-rays)

two broad bumps:
» High-energy (X-ray — y-rays)
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Blazar Classification
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Low-Synchrotron Peaked

(LSP): Quasars (FSRQOs)/

Low-frequency peaked BL
Lac Objects (LBLS)

Low-frequency component
from radio to optical/UV,

vgy S 1014 Hz

High-frequency component
from X-rays to y-rays, often
dominating total power
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Intermediate-Synchrotron
Peaked (ISP): Intermediate
BL Lacs (IBLS):

Peak frequencies at
IR/Optical and GeV gamma-
rays,

10 Hz < vgy = 101> Hz

Intermediate overall
luminosity

Sometimes y-ray dominated
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High-Synchrotron Peaked

(HSP): High-frequency peaked

BL Lacs (HBLS):

Low-frequency component
from radio to UV/X-rays,

Vg > 10%° Hz

often dominating the total
power

High-frequency component
from hard X-rays to high-
energy gamma-rays



Flux and
Polarization
Variabllity

Multi-wavelength variability on various
time scales (months — minutes)
Sometimes correlated, sometimes not

Observed optical polarization degrees
[T, <~ 30 %

Both degree of polarization and
polarization angles vary.
Swings in polarization angle
sometimes associated with
high-energy flares!

(3C279: Abdo et al. 2010)
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Open Physics Questions

Source of Jet Power (Blandford-Znajek / Blandford-Payne?)

Physics of jet launching / collimation / acceleration — role /
topology of magnetic fields

Composition of jets (e-p or e*-e- plasma?) — leptonic or
hadronic high-energy emission?

Mode of particle acceleration (shocks / shear layers /
magnetic reconnection?) - role of magnetic fields

Location of the energy dissipation / gamma-ray emission
region
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Leptonic Blazar Model
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dust torus (EC = External Compton)



Hadronic Blazar Models

Injection, Relativistic jet outflow
acceleration of with T = 10 A
ultrarelativistic
electrons
E: Y
2 * Proton
& ‘ synchrotron
Y
| Obscuring
\ Torus — secondary p-,
> e-synchrotron

A 4

 Cascades ...



| epto-Hadronic Model Fits

to Blazar SEDsS

RGB J0710+591 (HBL)
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Possible Distinguishing Diagnositic:
Polarization
 Synchrotron Polarization

For synchrotron radiation from a power-law distribution of
electrons with n_ (y) ~y? — F,~ v with o = (p-1)/2

sy — p+1l _ a+l
g = —
p+7/3  a+5/3

D=2 T1=69 %

D=3 >T1=75%



Compton Polarization

Compton cross section is polarization-dependent:

do 8 (EN (£, € yiure. e
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Compton Polarization

Compton scattering of an anisotropic radiation field by
non-relativistic electrons induces polarization
perpendicular to the plane of scattering.
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Compton Scattering by Relativistic Electrons

Relativistic aberration => approx. axisymmetric radiation
field in co-moving frame of e-

p
e 4
| ——=

o J

Unpolarized target photons (EC emission) — Unpolarized

Polarized target photons (SSC) — SSC polarization ~ % of
target (synchrotron) photon polarization



Multiwavelenagth Polarization of Blazars
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X-Ray and Gamma-Ray

Polarization in FSRQOsS

3C279
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(Zhang & Baottcher, 2013)

Hadronic model:
Synchrotron dominated
=> High I, generally
increasing with energy
(SSC contrib. in X-rays).

Leptonic model:
X-rays SSC dominated:
IT~ 20 - 40 %;

v-rays EC dominated
=> Negligible II.



X-Ray and Gamma-Ray
Polarization in ISP blazars
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Simulated MWL polarization in
ISP blazars— IXPE predlctlons
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Spectropolarimetry of FSRO-type blazars

/Optical Spectropolarimetry \
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The "Big Blue Bump”

« Accretion disk + Corona? — Unpolarized

« Additional synchrotron component? — Moderately polarized

« Bulk Compton scattering of external radiation field by thermal
electrons — Potentially highly polarized
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X-Ray Polarization iIn HBLS:
Diagnosing particle acceleration

Optical and X-ray emission dominated by electron synchrotron.

50

X-ray polarimetry may reveal mode of
particle acceleration: s0 |

30

Magnetic reconnection: Acceleration in
turbulent regions — Low PD (< 20 %)

I, (%]

20

—

Shocks: Significant (up to ~ 50 %) X-ray 1o
polarization; likely higher PD in X-rays
than in the optical (smaller emission 9 f

region?) Toof
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»2 30 F
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(Tavecchio et al. 2018, 2020) = ™ 1 e a7 18
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X-Ray Polarization in HBLSs

Evidence for particle acceleration + B-field
compression at shocks across blazar classes

GL (this work)
GL (from 3FGL)

GL: tagged as “bzb”
oD

GQ (this work)

GL: mean and o in bins

(Angelakis et al. 2016 — ROBOPOL)

vE,

particle acceleration (DSA/magn. reconnection)

B-field compression \

L /// '/

high-energy e”
small volume
— high polarization

shock —

low-energy e”
large volume
— low polarization

7 ~ v
optical in optical in
HSP blazars LSP blazars



X-Ray Polarization in HBLS:
Shocks

Time dependent simulation:

Upstream
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Optical

Almost constant X-ray PD, up
to ~ 40 %

More complex behaviour in the
optical

(Tavecchio et al. 2020)
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X-Ray Polarization in HBLS:

Magnetic Reconnection

Likely triggered by kink instability (Bodo et al. 2020;
Zhang et al. 2021, 2022)

Coupled PIC + polarized radiation transfer simulations:

X-ray emitting plasma
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X-Ray Polarization in HBLS:
Magnetic Reconnection

Coupled PIC + polarized radiation transfer simulations:

Flux

« Erratic X-ray PD
variations, up to
~20%

Relative Flux

Relative

* Intrinsic PD of
optical and X-ray
similar, but temporal
depolarization might
lower measured X-
ray PD.
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(Zhang et al. 2021)



X-Ray Polarization in HBLS:
Diagnosing particle acceleration

Simulations of 3 different

acceleration scenarios: Shock (based on Magnetic Reconn. (based
Tavecchio et al. 2020) on Bodo et al. 2020)
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Summary

1. X-ray polarimetry of blazars promises insights into several
aspects / questions:

a) Leptonic vs. hadronic emission

b) Disentangling thermal vs. non-thermal emission
components

c) Nature and origin of “big blue bump”

d) Mode of particle acceleration (shocks vs. magnetic
reconnection)

e) Structure of shock-compressed / turblent magnetic field

2. Polarization-angle variability might dilute measured
polarization degree in long observations.
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