Precess ariability & neutrinos
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The IceCube facility sits at the South Pole above an array of photc def
IceCube captures neutrinos so energetic, that they must have orib'l'h

oufside our solar system. —
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Neutrinos and gamma rays, a partnership to explore the extreme
universe

A\

AGNs, SNRs, GRBs... S

Gamma rays

They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

Neutrinos

They are weak, neutral

particles that point to their

sources and carry information

from deep within their origins.
i

They are charged particles and
are deflected by magnetic fields.

Image: Juan Antonio Aguilar and Jamie Yang. IceCube/WIPAC https://icecube.wisc.edu/news/view/45!



l[ceCube/NASA

From the 2863 blazars monitored by
Fermi (Ajello et al. 2020) -

why could only a few AGN be
identified as Neutrino emitters so farg

What is special about these AGN?




If Active Galactic Nuclei are the origin of neutrinos,
how and where exactly are the neutrinos produced

Cutr; : ‘
Clogg - iSs; The jet is the best bet —
lo th Sion Fr :
€ b5 h "om but how tan neutrinos be
Ole? *.generated?

In case jets produce neutrinos, jets
must at least be partially hadronic

Neutrinos as excellent
probes of AGN physics

W. Steffen (UNAM)



TXS 0506+056




TXS 0506+056

z=0.336540.0010 (Paiano et al. 2018)
Type ofAGN: BL Lac Object
enhanced neutrino activity in 2014-15 and

an extremely high-energy (EHE) neutrino
IceCube—170922

IceCube Collab. (2018), Ansoldi et al. (2018), Kun et al. (2019),
Halzen et al. (2919), Rodrigues et al. (2019),
Reimer et al. (2019) Ros et al. (2020),
1¢ta (2020) Li et al. (2020),
202 0 umida et al. (2022), etc.

Multimessenger observations
of an astrophysical neutrino
source pp. 115,146, & 147




Cosmic Collider:
lceCube neutrino generated in a precessing
jet-iet interaction in TXS 0506+0567

Jet |l

Jet |
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ritzen et al., 2019, A&A, 630, A103



The inner part of the jet -
evidence for jet precession
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1. P055|b|e explanatlon for the precessmg Jet

SXS collaboration uses the Spectral Einstein Code (SpEC) to simulate compact object

mergers, be it with black holes or neutron stars (Taylor et al. 2013)
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Disk (blue and green), magnetic field lines in the jets are shown with
yellow-red lines. The disc-jet system precesses as a whole around the

BH spin vector, which is vertical in the figure. Liska et al. 2018



Precessing jets are game changers

 Jet precession has been found and modeled:
* e.g., 3C 279 ,3C 273
PKS 0735+178 , 2200+420 (BL Lac, ),
PG 1553+113 , 3C 345 ),
3C 120 1308+326

3C 84 , TXS 0506+056
PKS 1502+106 , and many more.
* and OJ 287
a Binary black hole model o Lense—Thirring effect on a viscous disk
N e S
Line of sight e A

Secondary ‘ ‘Warped disk’

black hole

a, The orbital motion of a supermassive black hole binary leads to the precession of the jet on the surface of a cone with

Orbit of binary
system

Accretion disk

Primary black hole

opening angle 0, at an angle 0 from the observer’s line of sight. b, A misalignment of the supermassive black hole spin
(orange arrow) with the accretion disk angular momentum (grey arrow) leads to the Lense-Thirring effect and the
precession of the relativistic jet (green line).



1Jet or 2]Jet-scenario ?
In any case: jet collision !!

jet |

f jet I

a strongly curved jet, 2 jets on a collision-course
very special viewing angle



Photo-hadronic interactions in the jet(s) of TXS
0506+056

jet |
synchrotron photon field

(X-rays) of jet | acts as
target photon field for

pY pion production

jet Il

relativistic protons in the
100 TeV-10 PeV range
accelerated in jet Il

large velocity difference between both jets requirec

o explain 2014/15 neutrino flare



A cosmic laboratory: PKS
1502+106




~~~~~~~~~~~~~~~~~
t 1502+106, Epoch: 2009—12—-10, 15.4 GHz 1
o -MOJAVE Program

_ MOJAVE

(

A spatial coincidence:
lceCube190730A with PKS 1502+106

Relative R.A. (mas)

* [ceCube-190730 has an estimated neutrino energy of 300 TeV

* the 15th brightest gamma-ray source at > 100 MeV in terms of energy flux
(among 2863 sources in the fourth catalog of AGN detected by Fermi-LAT,
Ajello et al. 2019)

* large redshift: 1.84 => extremely high intrinsic luminosity
* highly variable in the gamma-ray band (e.g., Abdo et al. 2010)
* broad emission line, flat-spectrum radio quasar, highly polarized

* has been studied across the electromagnetic spectrum (e.g., Zensus et al.
2002, An et al. 2004, Pian et al. 2011, Karamanavis et al. 2016, Ding et al.
2019)

 We had a closer look ...



Observer

Phase 1 and 2
R<3kpc
n~10*7/cm”™3

Narrow Line Region and Phase 3 ‘
R<100pc¢ .
n<10"9/cm™3

Broad Line Region
R<0.01pc
n>10"10/cm~3

Accretion Disk
Typical spectra include bo!

broad lines and narrow lines

Blck Hole



Observer

Phase 1 and 2
R<3kpc
n~10*7/cm~3

Narrow Line Region and Phase 3
R<100pc
n<1l0™9/cm~™3

Broad Line Region
R<0.01pc
n>10"10/cm~"3

very not-to-scale, just a sketch



VLBI: Jet kinematics (re-analysis of MOJAVE data)
jet evolution: 1997 - 2020
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accretion disc
ustration of different components gypermassive black hole nearly face-on view)

A
' LIL BLR clouds
shocked NLR clouds (o, A 3ir _ )
emitting synchrotron emission =ik #4 ke~ @ outflowing HIL BLR clouds
forming the ring-like structure e (CIV)

during the precession period
Narrow Line Region

'S,‘&}-— precession cone
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ionized outflow

LR i
g‘.l'

ring (shocked material, formation with time)

collisional cloud model
(by Michal Zajacek)

Figure 17. Illlustration of different components of PKS 15024-106. In particular, we depict a curved jet whose axis is close to the line
of sight. The jet as a whole is precessing around a precession axis. The interaction of the curved precessing jet with the ionized outflow,
in particular the denser narrow-line region clouds, may be responsible for the formation of the ring structure with time. Closer to the
supermassive black hole or potentially a binary black-hole system, we show the narrow line region and the low- and high-ionization broad
line region clouds (LIL and HIL BLR clouds). The HIL BLR material traced by C IV broad line is blueshifted and therefore is outflowing.



Putting the pieces together

The energies are e The outflowing BLR provides
sufficient fo produce NLlEc]o(zl:?se( .d‘ ~ o NiRdows the external radiation field
neutrinos via proton- el SUEREE S8 for gamma-ray production
proton interaction. In > ,.. ﬁd via

the case of flaring 3

activities and episodic F externe!I Compton_
encounters of the jet - -~ scattering. The spine-

with dense clouds, the Nk douds e sheath scenario supports
pp-process can be radio STR precession cone this EC emission beyond the
efficient. Confirmed by BLR.

Wang & Xue 2021.

- Based on the gamma-ray variability timescale, we constrain the
gamma-ray emission zone to the BLR and within the jet
launching region.

Supported by independent SED-modeling by Rodrigues et al. (2020).

- Superposition of deterministic and stochastic processes in the
light-curves.

Supported by Bhatta et al. (2020): PKS 1502+106 is the most

deterministic source in a sample of 20 gamma-bright AGN.
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AGN physics at its best:
PKS 0735+178
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Figure 2. Multi-frequency light-curves near the time of detection of IceCube- Sa h_a kyan et al. 2022,
211208A. arXiv:2204.05060



PKS 0735

LSP BL Lac

redshift unknown
variable

variable at Gamma-rays
no TeV-detection

Flux (10718 erg/em®/s/A

H000

6000
Wavelength (A)

spectrum is also available in the database ZBLLAC [(gli{s /A= eXeX-1ele RIgt=1 1 pa o] |=Tef) B

0735+178

7000

are clearly detected (G1 is at z =0.65). Field shown is 52 arcsec and North-East is at the top-left side. Falomo and
Ulrich 2000) Right: The optical spectrum of PKS 0735+178 obtained at VLT+FORS (Landoni et al 2013) . The

SN A
7 NV

2000



May 20, 2000 August 23, 2003

Images from MOJAVE webpage.



0735+178 - Switching between apparent stationarity and apparent superluminal
motion

Two images of the same Active Galactic Nucleus (a BL Lac Object) at different times.
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And the corresponding kinematic behaviour of the jet components.
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Thus - apparent superluminal motion seems to be a state/phase of an Active Galactic
Mucleus and can change (Britzen et al., 2010, ARA, 515, 105).



Interaction (jet with something) plays an important role

TXS 0506+056
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* untypical VLBI results
* only visible in long-term VLBA
data (kinematic) analysis

Interaction of the jet with
jetted material (or another
jef)

-1

PKS 1502+106

Illustration of different components gypermassive black hole
of PKS 1502+106 bi

* untypical VLBI results

* only visible in long-term VLBA
data (kinematic) analysis

* Interaction of the jet with
outflowing BLR, dense NLR
clouds
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Evidence for precession

PKS 1502+106 PKS 0735+178

ion of different components  gypermassive black hole
bi

TXS 0506+056
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Binary black hole model
Jet b
Line of sight G s ’

Orbit of binary
system

Secondary
black hole

Accretion disk

Primary black hole

accretion disc

g (shocked ‘material, formation with tis

Lense-Thirring effect on a viscous disk

‘Warped disk’




o»nd a lot more exciting physics to explore |

- Neutrino emission acts as spotlight and allows
us to explore the astrophysics of jets!

fumi

- Those neutrino emitters analysed so far:;
special and unique (interaction, precession, binary black hole candidates,
high polarisation, spine-sheath scenario, etc.) - they might represent
extreme representatives of the blazar class.

- AGN variability & AGN kinematics can be predictable.
A superposition of deterministic and stochastic processes seems to be
linked to the neutrino emission.

- Neutrino-AGN: High potential for a better understanding of jet
and black hole physics ...

jon !
Thanks a lot for your attentio
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