THE HENRYK NIEWODNICZANSKI
INSTITUTE OF NUCLEAR PHYSICS
, POLISH ACADEMY OF SCIENCES

Modeling the non-thermal
emission from blazars

Stella S. Boula

>



Outline

Localization of the
AGN Radiation Models emission

Blazar Blazar Sequence Flaring Episodes



Introduction

Active Galactic Nuclei



M87 Black Hole — Event Horizon Telescope

ALMA image of the jet

EHT image of the
black hole shadow

bof the Solar System

-

Simulated image

/\'(:Crellon d|scl

Event horizon

Photon ring

8
boo\g[eci and bng\q‘e!

Credit: EHT Collaboration 4




Active Galactic Nuclei
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Blazars Monitoring Programs
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You can find a list of Blazars Monitoring Programs at
MOJAVE page:

https:.”/www.physics.purdue.edu/MOJAVE/blazarpr
ogramlist.html
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Introduction
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Modeling the blazar emission

48
Parameters of the Leptonic Model : -
© Radius of the source ;o &
® Magnetic Field Strength ﬁ .
®© Electrons Energy Distribution . .
®© External photon fields 3
© Bulk Lorentz factor o=
®
Doppler factor -
Leptonic Models:

Mastichiadis and Kirk, 1997,Weidinger and Spanier, 2010, Kataoka et al., 2000,

Krawczynski et al., 2002, Sikora et al., 2001, Bottcher and Chiang, 2002,
Ghisellini and Tavecchio, 2009, Acciari and Aliu, 2009, Boula et al., 2019 ++

Inverse
Compton
Scattering

Synchrotron
Radiation
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Ghisellini, 2017 7
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Numerical Approach

Kinetic Equations
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Numerical Approach

Numerical Code
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Based on the numerical code:
Mastichiadis & Kirk, 1995, A&A
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A new numerical approach:

A one-zone expanding model

| ® Synchrotron Radiation
. 1 ® Inverse Compton
g Scattering
> 1 ® Synchrotron Self
= Absorption
o 1 @ Photon-Photon
B Absorption
i © Adiabatic Losses
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log v (Hz) in an expanding source
EET : : .
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A new numerical code based on Mastichiadis & Kirk, 1995, 1997;

see also Boula et al. , 2019, Boula & Mastichiadis, 2021 19



log(y’N,) (arb.units)

Comparison of Analytical and Numerical solutions

The case of Synchrotron and Adiabatic losses
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Topic No 1

Blazar Sequence
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Fossati et al., 1998

(Giommi et al,, 1999, Georganopoulos et al, 2001, Cavaliere and D'Elia, 2002,
Padovani et al., 2003, Maraschi and Tavecchio, 2003, Nieppola et al., 2006,
Padovani, 2007, Nieppola et al, 2008, Xie et al,, 2007, Padovani 2007, Ghisellini and
Tavecchio, 2008, Ghisellini and Tavecchio, 2009, Meyer et al., 2011, Chen and Bai,
2011, Giommi et al., 2012, Finke, 2013, Xiong et al., 2015, Xiong et al., 2015b, Raiteri
and Capetti, 2016, Ghisellini et al., 2017, Boula et al., 2019).
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Accretion Disk Photons

(Dermer et al., 1992, Dermer and
Schlickeiser, 1993 ++)

Broad Line Region (sikoraetal,

1994, Blandford and Levinson, 1995,
Ghisellini and Madau, 1996, Dermer et
al., 1997, Finke, 2013 ++)

Photons from torus
(Blazejowski et al., 2000)

Synchrotron emission from

other regions of the jet

(Georganopoulos and Kazanas, 2003,
Ghisellini and Tavecchio, 2008)

Photons which are scattered
on Accretion Disk Wind
particles (Boula et al., 2019)

Self-Synchrotron Photons

(Marscher and Gear, 1985, Maraschi et
al., 1992, Bloom and Marscher, 1996 ++)

Blazar Type I (no outflow) Type I (vutflow)

"1t

Type 1/1I
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Credit: Detmers
Photon Fields
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Accretion Disk Winds

AGN Disk

Contopoulos & Lovelace, 1994
Fukumura et al., 2010

® \Xinds driven by an accretion
disk threaded by a poloidal
magnetic field.

® At latitudes above the Alfven
point the field lines become
toroidal and the flow is almost
radially out.

® The magnetic field permeates
the entire disk, out to ~10° R_

26



Galactic & Extragalactic Applications
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Theoretical Emission Model

Basic parameters of a Leptonic Model

Magnetic field strength

Electrons luminosity

Electrons distribution

Energy density of the external photon
field

Bulk Lorentz factor I'= (1-B?)™*/2

© Doppler factor &= [I(1-BcosO)]™

©@ © ©® ®

®

Related to the
mass accretion rate
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External Photon Field

n(r,0) = no(rs/r)f eS(Q—ﬂ/z)‘ i, = gwm

OTrs

forp =1, n(r) = ny(rs/r)

TT(Rl,R2) = fgf TL(T)O‘TdI‘ — NNgoTIg ln(Rz/Rl)

emMLgyg form < 0.1

L(isc —
| en’@M Lggq form < 0.1
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Accretion Power of the source:

Pacc — mMLEdd

Magnetic Field

_ nbpacc . 2:_0
UBO - 47r(3rs)2c’ 8= BO( = )

Electron Injection

Q. = ke, v* for Ymin < ¥ < Yor, _ 3m.c
) kez ’yiqeiv/’ymax for Ybr < Y < Ymax ’YbI' 4O-Tc-l‘:dyn Utot

Lfnj - mecz f»)zzzx Qe (7)7d7 = Te Pacc
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Particle Acceleration
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One(v,t) | me(7st) 9 ¥ _
ot tese(7) T v (tacc(v) ne (7, ) ) = Le(7,)

S
log Ria

tacc < Aacc (m)y

_2.5 1 ! I 1 ] 1
“Be0 T3 2.5 =2 =l.5 =l =05 0

log (normalized mass accretion rate)

We assume next that the particles gain energy and the electrons energy
distribution is calculated self-consistently
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log VL, (erg/sec)
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Next step:

BL Lae
lb > le:ct
lb > le:ct
D @
R U RU Boula et al., 2021 (ICRC2021)
—_ 0-7' blUb _ 0-7- bUext
lb B "nec2 7l6£L't o me02 B X ]./Z, Uea&t — constant
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Application to 3C273

z=10"2 pc

R; = 10 cm

Ry = 3 x 10*® cm
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Topic No 2

Localization of the emission
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Where the radio photons are produced?

46 T T

45 |

43 |

log vL,(erg/sec)

1
42 + 4
't
AL Synchrotron I ,
Self-Ab £ Numerical code:
e f -APsorption Mastichiadis & Kirk, 1995, A&A
“ 10 15 20 25
log v (Hz)

,
3¢ 3 2 s 3p+2 3p+22 P+
= [Q/;Zl (z7mscs) *©(Bsina) =T (F35) T (pT)@]

Rybicki & Lightman, 1974

Jet Models:

Blandford & Konigl, A, 1979 , Marscher & Gear, 1985, Ghisellini, Maraschi & Treves, 1985, Georganopoulos &
Marscher , 1998, Katarzynski, Sol & Kus, 2003, Potter & Cotter, 2012, Hervet, Boisson & Sol, 2015, Richter & Spanier,

2016 +++
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Standard Jet Model

R MODEL OF A QUASAR
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Our model for the continuous jet

® Spherical regions of accelerated
particles, that move along the jet
and at the same time are

optically thin region — radio emission

expanding.
® Superposition of the emission of
these blobs leads to a continuous
Jet em |S S | on. [ optically thick region, no radio emission
R{t) = Ro + texpt, B = By (Ro/R)’ | — @ —
ON(v,R 0
g{ ) 3 3 [(Asyn(% R) + Ajcs(y, R) + Aexp(7, R)) N(%R)] = Qe(7, R),

- Ro\* _
Qe(")’rR) = qe(R)7 P = deq (%) g K Ymin S Y < Ymax,
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The role of the initial Magnetic Field on Ve

Boula & Mastichiadis, 2021
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Steady State Emission of Mrk 421

-9 I I I I

log vF, lerg sec’ ' om '2}

1 1 1 1
10 15 20 25
log v |Hz}

Produced by supeposition of expandinhg blobs injected at z_ = 0.01 pc with the
following properties:

=02¢c,y .. =LY, =1€eb

Bo =03 G, RO =1.e16cm, L = 3.e41erg/s, u,, i

inj eo o)

slope index= -2, d = 10. 45

The magnetic field and electron injection luminosity decrease linearly with radius



Steady State Emission of Mrk 421
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sl Radio emission check
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log VL, (erg/sec)

Different mass accretion rates and expansion velocities
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Topic No 3

Flaring Episodes

48



Flux density (Jy) Photon flux (phcm‘zs")
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A combined radio and GeV gamma-ray view of the 2012
and 2013 flares of Mrk 421 (Hovatta et al., 2015)
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Challenge:
The connection of
y-ray and radio flare

e |sthere a causal
connection
between y-ray and
radio flares?

e \Xhat drives the
time-lag between
radio and y-ray
flares?
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Modeling Flaring Episodes

radio

@

Case 1 Case 2

Blob with different initial properties — flare Particle re-acceleration at a distance z — flare
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Produced by a single blob injected at z_ = 0.001 pc with the following properties:
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The magnetic field and electron injection luminosity decrease linearly with radius
Boula et al., 2019 51
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Case 2 425

42 |-\ .
\ Symmetric flare
A particle re-acceleration 415 :
. " " . —~ Strong Cooling
episode ‘somewhere’into the jet -,
hoton flare. s
could produce a photon flare o ' Extended flare
Here we use the assumption that 2 405 - N N t SO -
e . 1aDat1IC 10SSES
this injection has the form of a 8
lorentzian distribution.
LY —
39
B o 0 200 400 600 800 1000
Qe (7, t) p— qe (t)'y p ]_ —|_ 4(t ; )2+w2 tObS (daYS)
-0

a=the value of the luminosity at the

w=the width of the injecton —mM———
t_=the time of the injection at the peak

time o
Boula & Mastichiadis, 2021

For modeling the production of flares in gamma-ray quasars e.g. Sikora et al., 2001
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Gamma-ray flare is produced by a re-acceleration episode close to the central engine and
radio flare is produced by the transition from the optical thick to the optically thin region
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Application to Mrk 421 2013 flaring episode

~ injection of electrons
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Topic No 3

Flaring Episodes & Hadronic Supercriticalities
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Hadronic Supercriticalities: A nonlinear system

Proton Synchrotron

Electrons/
Positrons

....... -4.875 -~ 4.5 — -4.125 - -3.75 .-.-..-3.375 e
50 52
0

Eerc (erg)
n i
7)) i
) i
= i
=
(]
<
=
)
o
e
(@) 3
= AGN Jets
A £

500 1000 1500 2000

time T 12 13 14 15 16

e . logR
Mastichiadis, ..., SB et. al, 2020 ORI



leg L jargisec)

Supercriticality and Blazars
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Summary @
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NS
Take Home Messages x

Topic No 1

MHD Accretion Disk
Winds are fundamental
in reproducing the LAT
Blazar phenomenology
(Blazar Sequence)
which appears to be a
one parameter family.
We obtain the
theoretical Blazar
Sequence by varying
only one parameter, the
mass accretion rate .
The spread of the
distribution depends on
the other parameters.

Topic No 2

Development of a new

one-zone expanding
radiation.

The localization of radio
emission depends on
the properties of the jet.
Production of a
continuous jet by
superposition of
expanding blobs across
the axis of the jet.

60

Topic No 3

Prediction of zero or
positive time lags,

l.e., the y-rays come first
and the radio follow.
Flares in radio and
y-rays with a wide range
of time-lags may be
produced my
re-acceleration of
electrons.

Correlations between
y-rays and radio flares
are studied.
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