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Blazars: Extreme and rare sources

Very rare objects
* | In 100 galaxies hosts an AGN

* |0% of AGN have a jet
e | In |00 oriented towards us

Apparent power up to 1047 erg/s
cf.

. Power
Object lerg/s]

Black Hole Milky Way | 042
gamma-ray burst | 0-0-52

| -axi 48
Blazar, point-like appearance jetted TDE (on-axis) <10
starburst galaxy

Jetted AGN Accretion disk \ N\ (gamma rays/far
% : ‘ infrared)
\ 1

galaxy cluster (X-rays) 10%
jetted AGN (y-rays) 013

| 041743

| | O(100) contributions at this ICRC! discussion sessions #25, #48, UHECR acceleration, neutrino emission,
Image Credit: Sophia Dagnello, NRAO/AUIINSE 5D55, EGRET, VLBA Lorentz Invariance Violation searches, intergalactic magnetic field studies, variability, monitoring. . .



High—energy accelerators
Fermi-LAT 5 year map




High—enerqgy accelerators
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Blazars dominate the y-ray sky
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Blazar emission models

Observations of TXS 0506+056 in 2017 and model SED
from Keivani et al Ap| 864 (2018) and MAGIC Coll. Ap] 863 (20186)
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Blazar spectral subclasses

Flat spectrum radio quasars
IR photons
Dusty
‘ obscuring
Broad . structure

line
region (UV photons)

A ti
“ask o
b

Very powerful collimated jets

Radiatively efficient accretion disk

Luminosity close to Eddington limit



Blazar spectral subclasses

Flat spectrum radio quasars BL Lac Objects
IR photons
Dusty
‘ obscuring
Broad . structure

line
region (UV photons)

Slow moving outer layer? “sheath”

Inefﬂmgnt [ ~ 15 =20
Accretion accretion

disk ‘ dust?
&b

Very powerful collimated jets

o | | | Less collimated jets
Radiatively efficient accretion disk o | | | |
- | o Radiatively inefficient accretion disk
Luminosity close to Eddington limit



_ _ _ this ICRC: Xue #3 |, Fiorillo #65, Schroller,

# 166, Das, #425, Cerruti #9005,

N e u t rl n O P rO d u Ctl O n I n b | a Z a rS Stathopoulos #92‘; , Rodrigueersm—JRlamirez
#1317 Mbarek #1325

Rodrigues #1321, #1330
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Dusty N = ™
obscurin a = a
g o,
structure proton energy photon energy photon energy neutrino energy
. _80PeV (3 10 eV
Egir =102 eV VBLR T+ 22 \ 10 E,
Neutrino typical energy: ,
P 8 EeV %) 0.1 eV
[~ 15-50 Eio orus = 0.1 €V YR a+ 2\ 10 E,

Need:
e.g. Mannheim 1991, 1993,

u} nocity P
] 'gQ Pr?f()lg Luminosity & Halzen & Zas 1997, Miicke 2001,2003, Atoyan & Dermer 2001, 2004,
NOTON TIElds / Neronov, Semikoz 2002, Dermer et al 2006, Kachelriess et al 2009,
_ong time x Neronov et al 2009, Béttcher 2013, Dermer, Cerruti 2013,
Cerruti et al 2013, Tchernin et al 2013, Murase et al. 2012, 2014,
Dermer et al 2014, Tavecchio et al 2014, 2015, Petropoulou et al 2014, 2015,2016,
Jacobsen 2015, Padovani 2015, Gao et al 201/, Rodrigues et al 2017, 2020,
/ Palladino et al. 2019, Righi et al 2020, Rodrigues et al 202 |




The contribution of blazars to the diffuse neutrino flux
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Blazar proton content is (on average) low! Gamma-rays from photopion interactions <few %
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The contribution of blazars to the diffuse neutrino flux
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rule out rare sources (blazars/TDEs) as main sources < |00 TeV

Q 1 Allblazars (3FHL) < 17 % »#
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Z i . ' - of clustering/point sources
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*Huber for IceCube Coll PoS (ICRC 2019) 916. Limits also apply to infrared selected blazars, s2/% with spectral templates: lceCube Coll PoS (ICRC2017) 994
see also (Plavin #1015) >25% VLBI blazars, but <6% (Desal #469) from MOJAVESblazars<30% equal weights (|1 3.8% x-ray weights) VLBI blazars Zhou et al 2021 PRD



The contribution of blazars to the diffuse neutrino flux

/ — 1dys UHECRS
1075
E lceCube HESE, v, 6yr —+ FermiEGB KASCADE
10~64 = IceCube EHE9yr A A Auger
— +,— Auger2017 A TA
L e SO0
0
i)
n
)
&
U
>
U
2
©
N
“ 101
1 0_12 Batista et al, (inc FO) MIAPP UHECR Review, 2019, FrASS, 6, 23

101 103 10° 10/ 10° 1011
E|%GeV]



Blazars coincident with high—energy neutrinos

Several dozen associations so far:

lceCube sends public alerts since 2016
Fermi-LAT follow up: 6 blazars in 23
follow-ups (5. Garrappa #812)

_ Telamon (M. Sadler #1320)
o 3HSP J095507.9+355101 lceCube flares - X-rays (Sharma #299)
Antares flares - radio (llluminati #1 137)
radio blazars + Antares (Aublin # |240
IACTs: (Satalecka #907)

- PKS 1502+106

4FGL J0658.6+0636+IC201 | [4A:
(de Menezes #296, Rosales de Leon
#308)

3.30 lceCube Coll 10yr
Point-Source Analysis (3 blazars)
Franckowiak et al Ap) 893 (2020)
Giommi et al MNRAS 497/ (2020)
Hovatta et al A&A 650 (202 1)
Plavin et al Ap] 908 (2021)

O

TXS 0506+056

Fvaluating the significance of
coincidences: Capel # | 346

11 PKS B1424-418+IC35 Kadler, Nat Phys 12 (2016), Gao, Pohl, Winter, Ap| 843 (2017/)



Blazars coincident with high—energy neutrinos
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Blazars coincident with high—energy neutrinos
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TXS 0506+056 + 1C1/70922A

2009-06  2010-11  2012-03 2013-07 2014-12 2016-04 2017-09

original GCN Notice Fri 22 Sep 17 20:55:13 UT 10 __3.5F IC-170922A
6.6° refined best-fit direction IC170922A -—I' Neutrino flare 2014/15
' = |C170922A 50% - area: 0.15 square degrees 19 NU') 3.01 Gamma-ray flare 2017/18
= |C170922A 90% - area: 0.97 square degrees g |E > 5l +  Fermi-LAT > 300 MeV
6.2° 2 O Garrappa et al Ap| 880 (2019)
17 &£ QQ 2.0
c I ~
o 6 5 o 1.5f
© 5.8° 3 o) —
S 5 O — 1.0
O TXS 0506+056 — < &
) < 5
a 4 i 0.5"
5.4° g -
3 =
P 0.0
2
>0 PKS 0502+04@ 1
1C40 I1C59 I1C79 IC86a IC86b IC86¢
O 5 [ | [ | [ | [ | [ | ;_
4.6° = JceCube-170922A A T 4o
78.4°  78.0° 77.6° 77.2° 76.8°  76.4° 4 - Gaussian Analysis _‘1 :
nght Ascension % 3 Box-shaped Analysis L
3
—_ )
lceCube, Fermi-LAT MAGIC, AGILE, ASAS-SN, | [ 20
HAWC, H.E.S.S, INTEGRAL, Kanata, Kiso, "1 l ___,,—J— 1o
| . 0 ¥ 1 R 1 ‘-f- — T 1 — r— 1 T :'

Kapteyn, Liverpool telescope, Subaru, Swift/
/\/USTAR, VER/TAS, and VLA/ | 7B-403 teams. 2009 2010 2011 2012 2013 2014 2015 2016 2017
Science 361, 2018,

290 TeV muon neutrino coincident with bright flare of TXS 0506+056 (30)
signalness of neutrino 56.5%

| 345 more neutrinos from direction of TXS 0506+056 seen in 2014-15 (3.50)

MAGIC Coll. Astrophys.|. 863 (2018) L10

NEIITRINO%

\ / FROM ABLAZ

lceCube Collaboration: M.G. Aartsen et al.
Science 361, 14/-151 (2018)
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TXS 0506+056 + 1C1/70922A

MAGIC Coll 2018 Ap| 863, L10
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Other more exotic options find
increased neutrino flux:
hadro-nuclear interactions: Liu+ /9
stellar disruption: Wang+ 19
multiple zones: Xue+(inc FO) |9
neutron beam: Zhang+(inc FO) |9
curved/double jet: Britzen+ 19,
Ros+ 19

inefficient accretion flow: Righi+ 19
2014 flare: Reimer+ |9,

Rodrigues+ 19,

Halzen+ 19, Petropoulou+20,

and more...! _13
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Statistically consistent with the

detection of one event

lceCube et al 2018, Strotjohann et al A&A
622(2019)

A misclassified FSRO

Padovani, FO, Petropoulou et al MNRAS 484
(2019)

Requires atypically large proton
luminosity and photon fields to have
produced 0.05 neutrinos/6 months



TXS 0506+056 + 1C1/70922A

Modelling implications
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TXS 0506+056 + 1C1/70922A

p+/y—>X+\7t(Nﬂo N -~ 1:1)
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TXS 0506+056 + 1C1/70922A

p+/y—>X+\7r(Nﬂo N -~ 1:1)

mf  [C-170922A 7.5yT —&— IC-170922A 6 month . / \
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TXS 05064056 2014-15 neutrino flare

Rodrigues, Gao, Fedynitch, Palladino, Winter, ApJL 8/ (2019)
Reimer, Béttcher, Buson, Ap| 869 (2019)

Zhang, Petropoulou, Murase, FO,Ap| 889 (2020)

Xue et al (inc FO),Ap] 886 (2020)

Petropoulou et al Ap| 891 (2020)

Model constrained by other epochs Model unconstrained by other epochs Overshoots SED

Petropoulou et al 2020 Petr OPO“ ou et al 2020

Epoch 4 (|v| 1D 56938t 57096) _ Rodrigues et al 2019 Epoch 4 (MJD 56935 57096)
— _ | | | | | | | _10_ n
107°L E 7 2 —— SED (a) Thermal (b) = Neutrinos (a) 10 :
i . n — — SED (b) Thermal (b) == Neutrinos (b)
— Ié -10 -~ lceCube 2018 1_|-;- ) a
® -t o 107E .
« 107 E .11 F IE :
5 ¢ S
N (@)
% ™ 5 -12 2, i
LCI::J 10—12_ :, “l | N% L:; 10 = =
i M -13F
i = I
- i o
10731 L 2 14 10731 i}
: ,[ i i 8 10 12 14 16 18 20 22 24 26 28 30 32 - i | | o |
s 100 105 100 10 loguolfrequency, Hzl 108 10° 10° 1010 1015
e [eV] e [eV]
N, <0.05/6 months N, <£4.9/6 months N, = 13.2/6 months
u p p
Lproton ~ 10 LEddington Lproton ~ 100 LEddington Lproton ~ 1000 LEddington
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3HSP JO95507.9+355101 + |C 20010/7A

An extreme blazar at z = 0.557 coincident with a 300 TeV neutrino

Giommi, Padovani, FO, Glauch, Paiano, Resconi, A&A 640 (2020)
Paliva et al. Ap| 893 (2020)

Dec. (degrees)

37

36

35

34

-
-

arcmin

- =100 0 100
arcmin | | |
| | | ' | l | | |
' , I
| - :
_.._,_! _________ B ‘r._ -~
"021‘9 | ' | '
' I v
T e T . . @&
. ' | @ : i
| . A ‘, 2 :
......... 1,_?,,;_,_,1‘_...8._
| f Q. T
' | ‘ 97
N R
i I : :
- 71 3HSPU09SS0714355101 I . -
' . I [
I : | :
| I | .
N PR 1 | | |
151 150 149 148 147 146

R.A. (degrees)

100

HBL candidate
IBL candidate
® LBL candidate
® Unknown type
SHSP source
SBZCat source
CRATES source
® Radio source
/A Gamma—ray source
> QSO
® Pulsar
T GRB

Cluster

—100

EFg [erg cm™? s}

19

1 1 1 1 t t t t
— &L 2.0-10.0 keV band _
Ty X
o (o]
v |
o 9]
> 1 ” +
S 2T u + -
y 3 4 +
g +
T o
I ol + -
oERVE LR LR EEEE LY Average flux in 2012-2013 ==========ccccc===-
~ | 2 2 2 | 2 2 2 2 | 2 2 | 2
58860 58870 58880 58890 58900
Modified Julian Day
10—12 + *
] ¢ 7
é
10—13 .
- ] IIIIII IIIIII ] ] IIIIIII ] IIIIII ] ] IIIIIII -
1010 10— 108 107 10~ 10~°

Energy [GeV]

104

| 10%

ELg at z=0.557 [erg s !]



3HSP JO95507.9+355101 + |C 20010/7A

An extreme blazar at z = 0.557 coincident with a 300 TeV neutrino
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Petropoulou, FO, Mastichiadis et al, ApJ, 889 (2020)
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Neutrino production in interactions with jet photons

Scaling the neutrino flux with the X-ray flux of the source we obtained:




DEC

PKS 1502+106 + 1C190/730A

A powerful flat spectrum radio quasar at z = 1.835 coincident with a 300 TeV neutrino

Second brightest extragalactic gamma-ray source

Franckowiak et al. 2020, Abl 893(2):162

13- | =1 1C-190730A 90% containment | SIN
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o PKS 1502+106

10°

N
I

Photon Ind

N
o

-_.-__-._-_F_.-T_E_-._-_-_.-__-._F_'F_.-__-._-._-_-_.-__-._-_-

N
oo




PKS 15024106 + 1C190/730A

Dust

‘ torus (IR)

e region (UV)

Broa

Emitting region
inside the BLR

see also Kun et al 2021 Ap/L 911 (2021)
Britzen et al MNRAS 501 (2021)

22

VFv [erg s™! cm™?]

10-3 Rodrigues, Garrappa, Gao, Paliya, Franckowiak, Winter, Ap| 912 (202 1)
I Quiescent 11
- Flaring, hard gamma rays
10_10 ¢ Flaring, soft gamma rays Muon
. Neutrinos
Multi-wavelength
emissign
10—11
10—12
10-13 AW
I %{ § Lower limit:
-14 | . ot < purely leptonic
10 ,'15: \ /(no neutrino emission)
| 11
10-15 I N T | | | | |
10-® 103 10° 10° 10° 10° 10'2 10% 10%®
E [eV]
Model Leptohadronic
State Quiescent || Hard Flare | Soft Flare
Nevents per year 0.4712:23 3.1971%7 1.2770:%,
Nevents (total) 1.777823 1| 10.94763¢ | 4.32+270

No archival events, see 8yr Point Source Limits, Aartsen et al EPJC 79 (2019)



Location of the y-ray emitting region of PKS 1502+106

A radio monitored source (GMVA, F-GAMMA, OVRO...) N
RTOI'US s 2.5 pC

2007 2008 2009 2010 2011 2012 2013 2014 2015 «— 21pc —
"_/\ 2 -l I 1 1 1 1 | 1 1 l_ 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 R _
Cor yrays | o e - BLR
£ [ 2100MeV | = &, ] m 86 GHZ
© 1 s — =
o i T - Q/ T=|
o) | im i
E 0 B L E l 1 él 1 1 l 1 ' 1 ”F::::.:;:- i I 1 1 | l‘l L l L 1 1 1 I 1 1 1 1 T
4 - F-GAMMA 86 GHz = — ‘—
g [ 86GHz | b 86 GHz VLBl core e~ - - doore = 4.120.4 pc g
' | C2 = 1
2 [ ., C2 < —
I . | ok ‘
1 B :l P T - o
» it £ 422
or, T 1 1 Ly T Gamma-rays at ~ 2pc during 2008 flare
54000 54500 55000 55500 56000 56500 57000 Fuhrmann et al MNRAS 441 (2014)
Time (MJD) Max-Moerbeck et al MNRAS 445 (2014)

| Karamanavis et al A&A 590 (2016)
Karamanavis et al A&A 586 (2016)

Karamanavis et al A&A 590 (2016) Optical and gamma rays ~ |.2 pc from jet-base

|0 year analysis Shao et al. Ap| 884 (2019)
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The location of the blazar y-ray emitting region
Beyond the BLR for the majority of FSRQs

20 GeV photons are produced by electrons in the KN regime if interacting with |0 eV BLR photons

A spectral break is expected If Rdiss < Rp(r, at energy Ey,br ~

~9

— —10

0

i

g

9]

&0

5 ~11

L-r_.;

~N

Qb

O

— 12
~13

Z:

PKS1502+106
1 | | IIIII|

1.839
| IIIII|

cutoff expected
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Loug= 2.0e+45

| | I 11 | |
Costamante et al 2018
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e.g.Abdo et alAp| 716 (2010),

Costamante et al MNRAS 477 (2018),

Meyer et al Ap| 8/7 (2019)

Acharyya et al MNRAS 500 (202 1)

optical depth
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Costamante et al 20184
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-2/3rds of 106 sources
show no cutoff

-only one in 10 Ferml
sources require large T

-the same conclusion was
reached by studying well
sampled flare spectra
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Proton luminosity (model requirements)
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Model results from
Petropoulou et al, Ap] 891 (2020)
Petropoulou, FO et al,Ap] 886 (2020)

Rodrigues et al 2021,Ap] 912 (2021)
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The baryon loading factor is > |

and larger than the Eddington
luminosity

How??



Modelling result summary

* Models consistent (statistically) with the detection of the neutrinos

*but require extreme parameters atypical of the blazar population

* [he most powerful sources are consistent with producing ~ O.1-1 neutrino/10 yrs in lceCube, peak possibly at >10 PeV

with more modest proton requirements
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Future prospects

* Monrtoring and new instruments will be crucial for assessing future associations

* [heoretical modelling efforts also ramped up (see Cerutti #905)
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Summary
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