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TALK OUTLINE

Radio Loud AGNs - Blazars
Models of non-thermal emission

Blazars as multi-messenger sources
lceCube neutrinos and TXS 0506+056



THE GeV GAMMA-RAY SKY

Fermi Telescope (>2010) - What are these sources?



PKS B1502+106

PKS B1510-089
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WHAT IS AN AGN?

~100 kpc | ~100 ppc

Manifestations of a supermasive
black hole In the center of a galaxy




RADIO GALAXY
M87 -- From 200,000 Light-Years to 0.2 Light-Year
M87 = VLA-2cm

VLA -7 mm
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Credit: Frazer Owen [WRAC), John Birella (STScl) and collsagues.
Thea Nalional Radio Aslionomy Obsemvalory isa facilly ol 1he
Malional Science Foundalion, operaled under coopealive
agreameant by Associalad U nivarsilies, Inc.




Cygnus A

FRII

RADIO GALAXIES

Galaxies (mostly ellipticals) hosting an active nucleus

Core - jet - lobes
morphology

Visible galaxy
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Emissjon lines:
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INTENSITY

QUASARS

Star-like appearance
High redshift —»
high luminosity
Strong, broad,
emission lines

Continuum and
emission line
variability

Broad spectral energy
distribution (SED) from
radio to y-rays
Superluminal motion
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BL Lac OBJECTS

* Star-like appearance
* Low redshift - |low
luminosity
* No emission lines
Non-thermal continuum (radio to
gamma-rays)
Fast variability
High polarization
~ Superluminal motion
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AGN TAXONOMY

Seyferts and QSOs % 3nt_i i:SRO_S
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BLAZARS
Few (~5% of all AGN)

Compact, flat spectrum
radio sources

Broad (radio-gamma) non-
thermal continuum :
‘Double hump’ spectrum

Variable at all energies:
short - large amplitude
variability + correlations

Superluminal motion

4 10%

= 11987.0 (TJD)]



AGN UNIFICATION

Observer sees blazar

\

Gas clouds in narrow
line region

Observer sees
radio loud quaser

! Observer sees

radio galaxy

Observer sees
Seyfert 2 galaxy
—

Broad line region

Observer sees
Seyfert 1 galaxy
‘Q'\\

Urry & Padovani 1995




BLAZARS: THE HARD FACTS

MW Spectrum — Non-
thermal radiation ,
mechanisms N T
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Gamma-ray emission =

High energy particles —»
Acceleration

Fast + correlated
variability - emission from B P A B
a localized region e s T
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Superluminal Motion
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BLAZARS: THE OPEN ISSUES

Radio koud
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- Distance of the active region
(close or far from BH?)

- Geometry of the active region
(blob or jet?)

- Species of radiating particles
(electrons or protons?)

- Acceleration mechanisms |
(shock or magnetic reconnection or...7?)



RELATIVISTIC BEAMING AND
JET ORIENTATION

Relativistic effects are important

Doppler boosting:
F =04 F (F observed flux)

P,

O= [l (1-B cosO)]! Doppler factor
For I'>>1 and.

B: V/C B<<1
[ =HI=E=)7 Lorentz factor of the (superluminal
flow | motion)

- 0>>1



RADIATIVE TRANSFER
Observed flux F =1 ).dQ

gl
RTE = /£8
o A

For Blazar jets: Specify j, a and geometry of emitting
region -

Solve RTE in the comoving frame —» Specific Intensity —
Doppler boosting — Flux




PHYSICAL PROCESSES
FOR SPECTRAL FORMATION

JET AXIS
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EARTH
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THE ONE-ZONE LEPTONIC MODEL
FOR y-RAY EMISSION

(@)
owv Gt
B Lsc Radlu Lo ud il et
Acti Re |.on aka=The
e Ob" NLR

Rejat stlc Electrons 5
i
L3 .//"
»
* ,.-_'—-\ _9
"
T 10 |
= R el
# « B g
; 2 11 A7
> . , inyerse
&ﬂ .f/i\"'"h R
S
P e 2 gbmpton
ol - - = /
/I - %, = =0
Say 2 - \\ 2 —13
T Radio Quiet
Qso




THE (LEPTO)HADRONIC MODEL
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IMPLICATIONS FOR COSMIC RAY
AND NEUTRINO ASTRONOMY
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COSMIC RAYS

MSU
CASA-BLANCA |

e Cosmic Rays: Protons + heavy nuclei CAPAICE
up to energies of 300 EeV BESSE !

* Highest energies extragalactic _ ooy

* So far, no significant correlation with " \ e
any known population ’ b | Tien Shan

Origin uncertain due to IGMF deflection
Propagation effects important

HEGRA,
CasaMia |
Thet
Fly Eye
Haverah —

AGASA |
HiRes !

(GeV cm'Esr'15'1}

EZdN/dE

10t 10° 10
Exn (GeV/particle)




COSMIC NEUTRINOS

Cosmological v

Solarv
Supernova burjt (1987A
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CONTESTED ASTROPHYSICS

Dublin, 12-14 April, 2016

N7
When Experts Disagree
WEXD

We see extra-galactic

_______peutrinosf No they come from
: our Galaxy!

Organised by DIAS, the workshop will examine areas of current disagreement in
high-energy astrophysics and will be attended by scientists as well as some
philosophers of science and experimental philosophers. It forms part of an
interdisciplinary project between philosophy and science on expert disagreement
funded by the Irish Research Council. There will be no written proceedings and
we hope to emulate something of the open discussion of the Aspen workshops
with frank discussions of disputed areas, if desired under the Chatham House

rule (you can say what was said, but not who said it).




2

SPECTRAL FORMATION: THREE
DIFFERENT APPROACHES

Create particle distribution functions from injection rate
— kinetic equations ( » RTE analogy)

- Self-consistency (energy conserved)

- Temporal studies (flaring)

- Injection rates? (e.qg. functional form)

o




PROTON
HADRONIC INJECTION
MODEL
PROTON %0 PROTON PROTON
ESCAPE DISTRIBUTION LOSSES

FUNCTION

feedback
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ELECTRONS- Leptonic
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|

ESCAPING
NEU:II\TIIJNOS OBSERVED MW
NEUTRONS SPECTRUM



PROTONS
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SED OF Mrk 421: LEPTO-HADRONIC
MODELING
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AM, M. Petropoulou,
S. Dimitrakoudis 2013




MODEL SIGNATURES: COSMIC RAYS
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AMrk 421 proto

' at Earth after
propagation
(LHs-model)

LHs model: Mrk 421 CR peak at ~30
EeV

CR protons from escaping the
source n = p (Kirk & AM 1989)

Small UHECR contribution from
nearby BL Lac objects if similar to
Mrk 421

> Lower luminosities

> Larger distances




MODEL SIGNATURES:
SELF-CONSISTENT NEUTRINO EMISSION

!.H sypchrqtron |

IC-40
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E=]
L
':;
g
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Due to differences in fitting parameters |
*LHmm model: PeV neutrinos with high flux - lceCube

[ Hs model: EeV neutrinos with low flux
S. Dimitrakoudis et al. 2014




BL Lac - IceCube EVENTS
ASSOCIATION?

ICECUBE PRELIMINA

The facts

. lceCube: 54 events 0.03 - 2 PeV
(Aartsen et al 2013,2014)

. Background or point sources?

$ 8 possible associations between
BL Lac - IceCube events
(Padovani & Resconi 2014)

. 6 (out of 8) BLLacs with good
“quality observations

The challenges

1. Can hadronic models (LHm) fit
the SED of these blazars?
(sources not a-priori selected!)

2. Is the associated neutrino flux
compatible with IceCube [ e b P
detections? . (SED fit - source <\ | Hotabio
parameters - neutrino flux)

Galactic

( 3573-553206

Padovani & Resconi 2014



AMON, IC170922A and TXS 0506+056

"IC170922A is a track
with Ev~300 TeV
(ang.res < 1 deg)

AMON circulated GCN
~43 s after its detection

MOTICE_DATE:
NOTICE _TYPE:
RUN_NUM:z
EVENT NUM:

i _‘ f‘ ERC OR: S in radius, ;yz, 50% containment)
i \ \ J J : 'y {_DATI 18018 TJD; 265 DOY;  17/09/22 (yy/mm/dd)
@ Cosmic rays 3 \-.. . 5 / -7 ) X 75270 SOD {20:54130.43) LT
%, X % r " Iﬁ ff \E 0
o PhOtD ns 3 \ - S : y X N_EVENTS: 1 (number of neutrinos|
= X ® P o = o 2
@ Grav. waves g

@ Neutrinos

5 pe

180.03d {#12h 0Om 08s} =0.01d {-00d 00" 53"}

102.45 [deg] Sun_angle= 6.8 [hr] (Weat of Sun)

211.24d {+14h 0dm 58s) =7.56d {=07d 33' 33"}

134.02 |[deg]
-19

67 [deg] galactic lon,lat of the event
76.75,=17.10 [deg] ecliptic lon,lat of the event
AMON_I1CECUBE_EHE.

- Swift observations (Keivani+): GCN #21930, Atel #10942 (26/9/17)

- NuSTAR observations (Fox+): Atel#10861 (12/10/17)

- Swift detected the blazar TXS 0506+56

- Fermi reported that TXS 0506+056 was in a flaring state: Atel #10781



THE MULTI-MESSENGER FLARE OF
BLAZAR TXS 0506+056 IN 2017

IC-170922A: a 290 TeV neutrino Follow-up detections of IC170922 based on public telegrams

Y { )
|-

Swift Fermi, ASAS-SN
September 22 September 26 September 28

g 9 &

SALT, Kapteyn MA-GIC Liverpodl, AGILE
October 7 @ October 4 September 29

O O O >y
Kanata, NuSTAR VLA Subaru
October 12 October 17 October 25

Fermi-LAT

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC17

= |C170922A 50% - area: 0.15

= IC170922A 90% - area: 0.97
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w
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o
%

Fermi-LAT Counts/Pixel
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o
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5:00

:,
05:12 05:08 '
MAGIC PSF

|fn]‘n|xl|n:l 5) 78.4° 78.0° 776" 7z 76.8" 76.4°
0 200 400 600 800 1000 1200 1400 1600 Right Ascension Right Ascension

lceCube Colloboration et al. 2018a
Keivani, Murase, MP, Fox et al. 2018
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More than century-old riddle resolved—a blazar is a source of high-energy neutrinos

July 12, 2018, Uni y of Wisconsin-Madison
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An international team of scientists has found the first evidence of a source A Sl
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Neutrinos from a
blazar

Multimessenger observations of
an astrophysical neutrino source

JAMIE YANG AND SAVANNAH
GUTHRIE/ICECUBE/NSF

ghostly subatomic particles that can travel unhindered for billions of light ] f’/ \?,

W
7
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Why a 4-Billion-Year-Old Particle
That Hit Antarctica Is Such a Big

It Came From a Black Hole, Deal

and Landed in Antarctica

By Rafi tel July 12,2018 11:25am ET

fo

For the first time, astronomers followed cosmic neutrinos into the
fire-spitting heart of a supermassive blazar.

"3 By Dennis Overbye
A
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MODELING OF THE TXS 0506+056 FLARE

‘Keivani et al 2018

Analysis of Swift/UVOT,
X-SHOOTER, Swift/XRT,
NuSTAR, Fermi-LAT data.

Dominant leptonic component:
- External Compton explains

y-rays
- SSC X-rays (NuSTAR)

»
b
£
G
2
2,
w
w

3
el atz=0.33 [ergs™]

Subdominant hadronic component: .
— upper limit on v and baryon
loading (hadronic cascade

should not exceed X-ray data)
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MORE NEUTRINOS FROM
TXS 0506+056

TXS 0506+056
2009-06 2010-11 2012-03 2013-07 2014-12 2016-04 2017-09

>

IC-170922A

Neutrino flare 2014/15

Gamma-ray flare 2017/18
<+ Fermi-LAT > 300 MeV

w [10~" TeV cm7]

0
Fermi-LAT Collaboration 2019
(see also Padovani et al. 2018)

E%J

IC40 IC59 IC79 IC86a

»+»1 |ceCube-170922A
Gaussian Analysis
4 — Box-shaped Analysis

T 1 IceCube Colloboration 2018b

Right Ascension

lceCube Colloboration 2018b — il -
2009 2010 2011 2012 2013 2014 2015 2016 2017

13+/-5 neutrinos over the atmospheric background over
6 months (2014-15, 3.50)
L neutrino ~ 4*L vy ! (Theory L neutrino ~(3/8)*L v)




CONCLUSIONS

25 years after the Blazar gamma-ray discovery hadronic
models continue being successful in producing very good fits
to their MW data - just like leptonic.

They are more complicated (more physical processes + non-
trivial radiative transfer) and more ‘expensive’ (energy
budget) than the leptonic ones but predict UHE cosmic ray
and neutrino. production

In 2017: Blazar TXS 0506+056 is the first source to be
associated (at 3o0) with a neutrino event -» Multi-messenger!
Searches unearthed more neutrinos from the same direction.
However:

1. Hadonic component subdominant. Gamma rays should be
leptonic.

2. Required proton energy ~PeV — TXS cannot be a source
of UHECR (~100 EeV)



dracaue otnv TNynN,
OAAO VEPO OEV NTUOE



HIGH ENERGY EMISSION FROM
AGN

Acceleration of outgoing material:

* Radio Quiet AGN:

X-rays: Mostly thermal _ | | _
emission from accretion anisotropic y-rays (+X+V+IR+Radio)

disk-corona

* Radio Loud AGN:
y-rays: Non-thermal
emission from
ultrarelativistic electrons
and/or protons Heatirlg of infalling
- particle acceleration material:
quasi-isotropic X-rays

MODEL OF A BLAZAR O
HELICAL MAGNETIC FIELD o o0

STANDING
CONICAL SHOCK , MOVING SHOCK/SUPERLUMINAL KNOT

N A

"Ry,

F TURBULENCE —————— "
EMISSION-LINE CLOUDS

O C())O BROAD NARROW (O

A. Marscher



INTERACTIONS OF PROTONS WITH PHOTON
FIELDS - PHOTOPAIR




INTERACTIONS OF PROTONS WITH PHOTON
FIELDS - PHOTOPION

N+ Viarget —> N+ 78+
1/2 -
st/ Threshold'mp"'mno

low F photon

pion photoproduction

Photomeson production cross section

total

direct

multi-pion

diffraction
resonances -

-
=
@
Ro!
=2

total cross section

at
pion photoproduction

0.1
[Mdiicke et al. 2000]




PRESENT-DAY STATUS

- Both classes produce equally good fits

BL Lacertae

- Leptonic models mostly in particle - B-field
Equipartition

- Hadronic models require
1. High power (L~ 10748 erg/s)
- hadronic processes are inefficient

2. High E_max .1 | blF o IN
FOF TeV emiSSion 10 10 10 10 v[IIEIJz] 10 10 10 10

- Photo-hadronic ~ PeV (threshold V-phot) SR
- Proton synchrotron ~ EeV -

3. High B (=10 G) - gyroradii < source size
(+ supress the SSC component)

- How to discriminate?
- Variability?

Boettcher et al 2013




INJECTION OF SECONDARY ELECTRONS -
RESULTING PHOTON SPECTRA

* Energy lost from protons = Energy injected’in secondaries

= Energy radiated in photons
* Photopair injection spectrum different from photopion
- the two processes have inherently different radiative

signatures . A SIMPLE

injected

synchrotro
n of

/. photopion
\ Ii esyn(_;,
py/ .

o i | it
I 1 7
s i y
! / | /, 1
e, ! ; ; .
I, ! / . ;
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1/ 1 i
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i Lo ]
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S. Dimitrakoudis et al.




Cosmic Microwave Background forms
Universe is 380,000 years old

First stars form
400 million years

Blazar
Peak of star formation

3 billion years

Gamma-ray attenuatio

4.1 to 8.6 billion years

“~\ 1.2 to 13.8 billion years

Now: 13.8 billion years
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