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Blazars: Extreme and rare sources

Jetted AGN

Accretion disk

2

Brightest persistent sources in the sky
* Up to 108 erg/s
e Outtoz~ 75

Very rare objects
* | in 100 galaxies hosts an AGN

* 10% of AGN have a jet
* small fraction oriented towards us

Blazar, point-like appearance

ﬁ?\.

Image Credit: Sophia Dagnello, NRAO/AUI/NSFE, SDSS, EGRET, VLBA
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Neutrino production in blazars

-
- s

IR photons |
Dusty .
‘ obscuring.
Broad structure',"\\\. v v’_,o'
ine e Lo T

region (UV photons).”

[ ~ 15 =50

‘ Need:

Accretion High Proton Luminosity 7
disk ‘ Photon fields 4/

‘ Long timex

In BL Lacs: Internal radiation, sheath or ADAF
4

e.g. Mannheim 1991, 1993, Mlcke 2001, 2003,
Atoyan, Dermer 2001, Neronoy, Semikoz
2002, Dermer et al 2006, Kachelriess et al
2009, 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, 20153,b, 2016, Gao et
al 2017, Rodrigues et al 2017,2020 Palladino
et al. 2019, Righi et al 2020.. ..



BL Lac objects

Slow moving outer layer? “sheath”

MB

Inefficient
accretion
flow (ADAF)

[~ 15-20

dust?

Less powerful jets (plumes at large distances)
Radiatively inefficient accretion flow

Lower Eddington ratio

Sheath (Ghisellini, Tavecchio, Chiaberge 2005
Tavecchio & Ghisellini 2014)

Ghisellini et al. 2
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BL Lac objects
Tavecchio, FO, Righi MNRAS, 2019, 488, 3
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Flat Spectrum Radio Quasars

& & FSRQ

IR photons
Dusty
‘ obscuring
Broad structure
line ‘

region (UV photons)
SMBH

Accretion
disk ‘
&

Very powerful collimated jets

[ ~ 15 =50

Radiatively efficient accretion disk

Luminosity close to Eddington limit

3C 454.3 Romero et al 2012

3C 454.3
z=0.859
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Neutrino production in blazars

’
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Peak should be at > PeV |

Of proton energy lost:
3/8ths - neutrinos
5/8ths - photons (gamma-rays/X-rays)

The spectral energy distribution gives an
upper limit to the neutrino luminosity
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Constraints on the contribution of blazars to the diffuse neutrino

flux
y —rays UHECRSs
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Constraints on the contribution of blazars to the diffuse neutrino

flux
y — rays UHECRSs
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Constraints on the contribution of blazars to the diffuse neutrino

flux
y — rays UHECRSs
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Constraints on the contribution of blazars to the diffuse neutrino
flux

see also lceCube EHE PRL 2016, PRD 2018

K Murase, Neutrino Astronomy Review 2015
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Blazar proton content is (on average) low!



Constraints on the contribution of blazars to the diffuse neutrino
flux: Stacking

y — rays UHECRSs
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*limits apply to infrared selected blazars as well, 27% with Zspectral templates: lceCube Coll PoS (ICRC2017) 994



Constraints on the contribution of blazars to the diffuse neutrino
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Constraints on the contribution of blazars to the diffuse neutrino
flux: Stacking

y — rays UHECRSs
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Constraints on the contribution of blazars to the diffuse neutrino

flux: Clustering Lipori 2008
Ahlers & Halzen 2014,

Murase & Waxman 2016,
Neronov & Semikoz 2018,
Ackermann, Ahlers et al. 2019,
Yuan et al 2019,

Capel, Mortlock, Finley 2020,
Palladino, Van Viiet et al 2020

Large number of sources Nearby or very luminous source

Sources - Neutrinos

No significant clustering in the lceCube data — Low density (nearest source far) or low luminosity

3



Constraints on the contribution of blazars to the diffuse neutrino

) . Lipari 2008,
flux: Clusteri ng Ahlers & Halzen 2014,

Neronov & Semikoz 2018,
Ackermann, Ahlers et al. 2019,
Yuan et al 2019,

Capel, Mortlock, Finley 2020,
Murase & Waxman 16, PRD 94 (2016) 103006 Palladino, Van Vliet et al 2020

lceCube Line

-5 Starburst galaxies §

log(Number density [Mpc-3])

-6 'Galaxy Clusters -
Non-jetted AGN
7 k- _
sl Jetted AGN Low luminosity |
Blazars (BL Lacs)

9 _

10 | .
11 Muon Neutrino Constraints High luminosity Blazars
_1 2 | | | | | | | | | | (FSRQS)

36 37 38 39 40 41 42 43 44 45 46 47 48

log(Neutrino Luminosity[erg/s])

|4



Constraints on the contribution of blazars to the diffuse neutrino

flux: Clustering

Murase & Waxman 16, PRD 94 (2016) 103006

Starburst galaxies §
Non-jetted AGN \

Jetted AGN N

log(Number density [Mpc-3])

1
A
A

[ Muon Neutrino Constraints

12 ! ! l ! l ! ! ! !
36 37 38 39 40 41

log(Neutrino Luminosity[erg/s]) )
other diagnostics: cross-correlations (Padovani et al 2016, Palladino 2017, Giommi et al, 2020, Plavin et al 2020)

Lipari 2008,

Ahlers & Halzen 2014,
Neronov & Semikoz 2018,
Ackermann, Ahlers et al. 2019,
Yuan et al 2019,

Capel, Mortlock, Finley 2020,
Palladino, Van Vliet et al 2020

High luminosity Blazars

(FSRQs)

42 43 44 45 46 47 48

autocorrelations (lceCube Coll 2015,17,Ando et al 2017/, Dekker & Ando 2019), EHE Limits (IceCube Coll 2016,17)...
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Blazar flares: Interesting as neutrino point sources

BeppoSAX97 CATO7

\ 16/4/97
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During flares, L, o
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TXS 0506+056 + IC170922A

logo(E?dN/dE / erg cm™2s7")
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0 - - - - - - e Cerruti et al, 2019 MNRAS, 483, L1 2 .
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o 15 20 25 30 R 5 A misclassified FSRQ
logo(Frequency/Hertz) [ 710" (Padovani, FO, Petropoulou et al 2019)
Other more exotic options find increased neutrino flux: =}
hadro-nuclear interactions: Liu et al, PRD 2019 : . . i
stellar disruption: Wang, Liu et al, arXiv:1809.0060 | 710" Still requires at)’PIC'cl”)’ |a"ge

multiple zones: Xue, et al (inc FO) et al. Ap| 2019
neutron beam: Zhang, Petropoulou, Murase, FO, Ap| 2019
curved/double jet: Britzen, Fendt, Béttcher et a, A&A 2019

Inefficient accretion flow: Righi et al, MNRAS 483, L12/ and more...!

2014 flare: Reimer+ 19, Reimer+ 19, Petropoulou+19...

18

proton luminosity or photon
fields even with Eddington bias



High-energy neutrinos from other blazar flares!?

FO, Murase, Padovani, Resconi, Mészaros, MINRAS, 23, 2019
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FAVA light curves

FO. Murase, Padovani, Resconi, Mészaros, MNRAS, 23, 2019
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Optimistic scenario based on 2017 flare of TXS 0506+056

FO, Murase, Padovani, Resconi, Mészaros, MINRAS, 23, 2019
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Expected neutrino signal in optimistic case

Single flare

Bl [C86

10 2efm = = =

22



Expected neutrino signal in optimistic case

Sum over all flares (~10 years)




Expected neutrino signal with next generation detectors

Sum over all flares (~10 years)

B Genll + GVD + KM3Net + ONC
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3HSP J095507.9+355101 - IC 200107A

Giommi, Padovani, FO, Glauch, Paiano, Resconi, A&A Letters (arXiv.2003.06405)
[see also Paliya, Bottcher et al. Apj, arXiv:2003.06012]

Extreme HSP with luminosity similar to TXS 0506+056
coincident with ~0.3 PeV track

107"

107"

1072

107"

e F. (ergcm™s™)

107

107"

107'°

Log vL, [erg s7!]

Petropoulou, FO et al,Ap, 889 (2020) arXiv:2005.07218 "/;'
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PKS 1502+106 - IC 190730A

& 2 A powerful FSRQ at z = 1.835

Emitting region
inside the BLR

A

Model Leptohadronic
State Quiescent  Hard Flare  Soft Flare
Total duration [yr] 6.8 3.8 0.7
Nevents per year 0.4712%2 3.191190 1.2715°35
Nevents (total) 3.167347  10.85%%%8  0.8919:55

But this is a monitored source and |C Point Source
data show no archival events -IC 8yr PS limits

Franckowiak et al. 2020,Ap| 893(2):162
Rodrigues, Garrappa et al, arXiV: 2009.04026v |
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see also Kun, Bartos et al arXiv:2009.09/92



The location of the emitting region in PKS 1502+106
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Sketch by V. Karamanavis
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core

Gamma-rays at ~ 2pc during 2008 flare (Furhmann
et al 2014, Max-Moerbeck, Hovatta et al, MNRAS,
2014, Karamanavis et al 2015,2016)

Optical and gamma rays ~ .2 pc from jet-base
|0 year analysis (Shao et al. 2019 Ap))
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The location of the emitting region in FSRQs Abdo et al. 2010,

Costamante et al 2010, 2018,
see also Plavin, Kovalev, Petrov, 2018
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PKS 1502+106: Neutrino production in the dust torus

RBLR,PKS ~ 0.1 pc

Ms ~ 2.5 pe

Emitting region 7
& inside the dust &
‘ torus g
From quiescent SED: ]‘
N, (E > 100 TeV)/10 years ~ 0.01 GFU %
~ (0.1 IC Point Source =
with Lcr ~ Ly
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Summary

Blazars: Natural candidates for HE/UHE
acceleration

Not the sources of IceCube neutrinos/may be
dominant at higher energies

Some bright blazars are very interesting point
sources for next generation neutrino detectors

Very precise astronomical measurements needed
for modelling!
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adapted from Buson et al. 2019 for Astro2020 (arXiv:1903.04447)
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