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Blazars: AGN with jets viewed face-on
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Blazar Jets: Multi-wavelength Variable Photon Emitters
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Blazar Spectral Subclasses
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Blazar Jet Emission Models

« Jet plasma: relativistic e*e” + cold e,p
* HE emission: ICS from rel. e*e’

1[]-1-':5 N I I O B I
10”F .
i S ]
oL ’ + i
=10 r4 \ SO
vl / *{' %
%u 10 ct E
= ; \
=0 E
10" .
I, Abdo et al. 2011
1[}-14 H| |”| | |14| | |”| | ',,"' | |ﬂ| | |¢ﬁ| | lw
10 10 10 10 10° 10 10 10
v [Hz]
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Blazar Jet Emission Models

Hadronic Synchrotron Models

« Jet plasma: relativistic e'ep + cold e,p
e HE emission: SYN from rel. p
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Blazar Jet Emission Models

Hadronic Cascade Models

« Jet plasma: relativistic e'e'p + cold e,p
« HE emission: ICS/SYN from secondary e*e
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Blazar Jet Emission: A Challenging Problem

All models describe equally well the photon spectra

1) Many free parameters for each zone (13 - 20)

2) Non-contemporaneous multi-wavelength data
besides exceptional periods (e.g. flares)

3) Not full coverage of the electromagnetic spectrum
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How can we tell which scenario is true?

{@5\\

[ 1) High-energy neutrino observations ]

2) Multi-frequency temporal information

3) MeV monitoring observations (flux & polarization)



> TXS 0506+056 / IceCube-170922A (IceCube Collaboration 2018a)
* ISP blazar with weak BLR emission (Padovani et al. 2019)
* Neutrino detected during a multi-wavelength flare in 2017

> TXS 0506+056 | 2014-15 Neutrino Excess (IceCube Collaboration 2018b)
* Neutrino excess detected during a period of low activity in y-rays

> 3HSP J095507.9+35510 / IceCube-200107 (Giommi + 2020; Paliya + 2020)
* Extreme HSP blazar without detectable BLR emission
* Neutrino detected 1 day prior to a hard X-ray flare in 2020

> PKS 1502+106 / IceCube-190730A (Franckowiak+2020)

* LSP blazar with strong BLR emission
* Among the 15 brightest sources in the Fourth Fermi-LAT AGN catalog (4LAC)
* Neutrino detected during period of low activity in y-rays



The multi-messenger flare of TXS 0506+056

IC-170922A: a 290 TeV neutrino Follow-up detections of IC170922 based on public telegrams
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Implications from the 2017 Flare Modeling
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 Past studies of neutrinos from blazars predicted hadronic y-
rays. BUT modeling of TXS 0506+056/IC-170922A requires a
origin of y-rays.

« Maximum proton energies below EeV — TXS 0506+056 is
unlikely to be an UHECR + PeV neutrino source.

* Number of muon neutrinos per yr < 1. Still, the predictions are
statistically consistent with the detection of 1 eventin 0.5 yr
(e.qg. Strotjohann et al. 2019).
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Implications from Multi-Epoch Modeling
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. origin of y-rays for all

epochs studied.

 Upper limit of ~ 0.4 - 2 on the muon

neutrino number in 10 years of
IceCube observations.

* Consistent with the IceCube-

170922A detection, which can be
explained as an upper fluctuation
from the average neutrino rate
expected from the source.
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The Neutrino Excess from TXS 0506+056

TXS 0506+056
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« 13 +/- 5 neutrinos above atmospheric background over ~6 months (~3.5 o)
 Neutrino luminosity (averaged in ~6 months) 4 times larger than average y-ray luminosity!

* No y-ray flaring activity in 2014-15. No evidence for flares at other energies either.
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Moving Beyond One-zone Scenarios ...
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3HSP J095507.9+35510 / IceCube-200107
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X-ray Flaring vs. Non-Flaring State
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* Predicted number of muon neutrinos during high X-ray flux state << 1.

e ~0.1 muon neutrinos in 10 yr — comparable to the expectation from multi-epoch modeling of

TXS 0506+056.
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PKS 1502+106 / IceCube-190730A
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Location of y-ray flares

Flares beyond the BLR
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from PKS 1502+106

Location of y-ray flaring region @ 1 -5 pc!

Lower neutrino expectation from y-ray flares.

Time of ejection of knot C3 from core coincides with onset of 2008 y-ray flare.

Neutrino emission likely dominated by quiescent states — Consistent with the detection of 1 event
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Putting everything together ...

Results from leptonic models (upper limits) and cascade models (symbols) for y-ray non-flaring emission for
different types of blazars: PKS 1502+106 (LSP; hexagon), TXS 0506+056 (ISP; circles), (HSPs; squares),

and 3HSP J095507.9+35510 (extreme HSP; other symbols).

10%% e Y

- * 90% CL UL

~ 10—1 AL L L L It ": """ Aartsen et al. (2016)
1 E ()

—~ _2: + Model A (this work)
7 107°¢ _
' £+ Model B (this work)
= 1 0‘3 ;E ¢ Model C (this work)
- vV Model D (this work)

1 0_4 E .
E Palladino et al. 2019 (BL Lacs)
10°°L - . 4

B T T T
10 \‘i’ BL Lacs (PDP+15)

L \ ® TXS 0506+056 archival (PM+20)

6
1 0 B ® TX50506+056 2017 flare (KM+18)

,-; l.a.
b L .

- = Palladino et al. 2019

10° . .
104 10%° 10% 104 10%8 10%
i
L, [er9 8™ 116 oikonomou+2020

 The v-to-y luminosity ratio
decreases in more y-ray
luminous blazars. Why??

 The baryon loading factor ¢
strongly depends on the
source conditions (e.g.,
Doppler factor, size,
magnetic field).

 The baryon loading factor
>> 1. How ??

18



What have we learned so far ?

y-rays may have a leptonic origin, while hadronic processes have sub-dominant
contributions to X-rays (e.g., TXS 0506+056, PKS 1502+106).
Still, hadronic emission can dominate in y-rays in extreme HSPSs.

Neutrino production during quiescent periods of EM blazar
emission may be responsible for the detection of 1 neutrino.

While neutrino production is enhanced during flares, a high duty cycle
of flares and/or long-duration flares are still needed to explain the detection of 1
neutrino (not always true).

Likely more than 1 neutrino production sites in blazar jets:

« an optically thick to py interactions that is dark in GeV y-rays but bright
iIn MeV y-rays — likely in the inner jet close to black hole and transient.

« an optically thin where the broadband EM emission comes from — likely in
(sub-)pc scale jet and persistent.
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Looking into the future: theoretical perspective

 Connect plasma physics (particle acceleration) with magnetized fluid physics (jet dynamics and

acceleration) with to create a physical model for multi-messenger emission in jets.
. Chatterjee+2020
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https://ui.adsabs.harvard.edu/#search/q=author:%22Chatterjee%2C+K.%22&sort=date%20desc,%20bibcode%20desc

Looking into the future: observational perspective

of blazars with
(i) determine X-ray flare duty cycle (ii)
differentiate between Compton and synchrotron
scenarios for the y-ray emission.

Sensitive MeV monitoring of the sky with polarization
capabilities — (i) fill in the “gap” between the 2
components of the blazar SED (i) discover neutrino
sources that are otherwise “dark” in y-rays.

Sensitive VHE y-ray observatories — search for
hadronic spectral signatures

() increase of
neutrino statistics (i) provide almost uniform coverage
of the Sky in neutrinos

Synergy of multi-messenger observatories in the time
domain is a MUST!

LSST

TAP
SVOM
STROBE-X
IXPE
NuSTAR
INTEGRAL
Swift

Gradients indicate uncertainties in
possible start/end of missions.

HESS/MAGIC/VERITAS
CTA

AMEGO*

HAWC

IceCube
IceCube-Upgrade IceCube-Gen2

KM3NeT-Phase1 KM3NeT-2 (ARCA)

23 24 25 26 27 28 29 30 31

2019 20 21 22
Buson et al. 2019 for Astro2020 (arXiv:1903.04447)

Thank you
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Exploring Alternative Scenarios

corona
Model State A‘fup v, (> 100 TeV)
(x10~* yr 1)
Alert (PS)
HEP transient high 50 (190)
PS transient high 2.1 (7.3)
‘ BC persistent average 33 (370)
IGC  persistent average 3.6 (10)

MP, Oikonomou+2020

core model (B = 10 kG)
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Blazar Core (BC): compact region of jet
embedded in a dense X-ray coronal field -
Persistent emission

Hidden External Photons (HEP): region lying
within a weak BLR emission (not detectable) -
Transient emission

Proton Synchrotron (PS): UHECR protons —

Transient emission
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What sets the maximum neutrino flux?

Murase, Oikonomou, MP 2018
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What sets the maximum neutrino flux?

logie(Frequency [Hz])
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|. Optical depth for absorption of 10-100 GeV y-rays must be low: 7,,(10 —100GeV) 51

Note: main source of opacity for PeV y-rays: co-spatial synchrotron photons
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ll. Synchrotron emission from Bethe-Heitler pairs must not overshoot X-ray data:

sny'l'l PeV &L, |£BH g[[)’]ﬁ;},s L,<3X 10* erg/s

egm ~ 6 keVB 5 g(g,/6 PeV)2(20f5)



What sets the maximum neutrino flux?

logio(Frequency [Hz])
10 12 14 16 19 21 23 25 28 30 32
1

X-SHOOTER
uvoT
XRT/NuStar
LAT

O MaGic
== IC-170922A 7.5yr - 1le-10
—— 1C-170922A 6 month

1047 4

10% 1
L L 1e-11
o
g
o
1045 m
L le-12
1044 -
L 1e-13

10-3 1072 10! 104 107 10%° 10%? 10%® 10%°
E [eV]

Maximum all-flavor neutrino flux:  E,L; < 10% erg s-!

EZ2dN/dE[ergs—tcm™?]
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