Modeling neutrinos

In coincidence with
~ blazar TXS0506+056
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Animation by DESY

Based on papers:
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https://www.nature.com/natastron/volumes/3/issues/1
https://arxiv.org/abs/1812.05939

Outline

Introduction : AGN as cosmic accelerator

Multi-messenger observation of TXS0506+056 (neutrino + E.M.)

Modeling (within SM scope) of TXS: successes and failures
* The 2017 activity

* The 2014-15 activity

Summary and implications
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https://multimessenger.desy.de/

Blazars . | .
Subclass of AGN, relativistic jet along Ilne of S|ght
Doppler boost greatly enhances apparent luminosity
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https://multimessenger.desy.de/

to pair production with CMB and star-light,

Q. = ,
_ Animation by DE§Y' ~

: thot'ons and netrinos travel directly to earth. :
~ Universe is opaque to TeV-PeV photons due .,
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Animation by DESY
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Neutrino detection in IceCube
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A cascade event - good energy measurement,
poor angular info. (10-15 deg uncertainty)

A muon-track event - good angular info. (~ 1 deg) Animation and figure by lceCube
poor energy measurement (orders of magnitude)
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Blazar population and IceCube neutrinos
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Fermi Gamma-ray sky (~1500 blazars) lceCube neutrinos E > 30TeV, 2010-2016
Figures from: ICRC 2017

Stacking analysis : looking for spatial correlations
blazar contribution = 20%
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Neutrinos coincided with TXS 0506+056

In 2017, one 80-TeV muon track

A

Declination

78.4°

lceCube et al, Science, 361,146 (2018)
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original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A
IC170922A 50% - area: 0.15 square degrees
IC170922A 90% - area: 0.97 square degrees

]
TXS 0506+056

PKS 0502+04§
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RESEARCH FOR
GRAND CHALLENGES

76.4°

Fermi-LAT Counts/Pixel

In 2014-15, ~ 13 muon tracks (1-20TeV)
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Multi-wavelength data of TXS 0506+056

E,> 2 GeV MJD 56637.56 2013-12-11 13:19:31
Neutrino IC170922!
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Video by Paolo Giommi et al. 2018, youtube link
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https://www.youtube.com/watch?v=gal6mPdjpAQ

The 2017 flare
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Neutrino detected during flare, not quiet state

Figures: IceCube et al, Science, 361,146 (2018)
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The 2014-2015 flare
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Physics behind the Spectral Energy Distribution (SED) ?

| | GeV-y
Optical
% TR {
, , TeV-y
r?
X-ra . }
hard
P R
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Particle interactions (SM) and blazar emission models

N W +
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Elena Pian, Nat.Astron. 2019
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Naming of models according to origin of 2nd hump
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Time-dependent hadro-leptonic code (AM3)*

875”(77 t) — _8’7{7(77 t)n(77 t) o 6’7 [D(,-% t)n(f% t)]/Q} o a(77 t)n(77 t) T Q(77 t)

injection | escape | synchrotron inverse Compton Yy & et Bethe-Heitler Py

e Qe,inj Qeesc | Ye,syns Desyn | Yeic, Deic, qeic, Qe1c | Qepa; Qe,pp QB Qe,py

et - Qeyesc | Ye,syns Desyn | Ye,ic, Deic, Qeic, Qeic | Qe,pa; Qe,pp QBH Qe,py

¥ - o, Ot ssa; Qf,syn at1c, Dt ic ot pp, Qf,pa ot BH ot pys Qt,py

p Qp,inj Qe esc Yp,syn, Dp,syn | Yp,a1c Dpic, apic, Qpic - Yp,BH, DpBH | Qppy, Qppy

n - o, - - - - On,py, Qn,py

v - o, - - - - Qv.py

Gao,Pohl,Winter, APJ 843 (2017)

«  Numerically solves a set of coupled transport equations for all relevant particles.

* Energy “bandwidth” ~20 orders of magnitude (Radio-EeV)

«  Very efficient: < 2 min per time-dependent simulation; necessary due to large number

of parameters.

HELMHOLTZ Grivo hiactences
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Modeling the 2017 flare
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Figures: IceCube et al, Science, 361,146 (2018)
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Geometry (1-zone, spherical cow)

Accretion disk

® Accelerated et/e-

Relativistic jet, Doppler factor = 20-30 ® Accelerated protons

’'y n~, Radio
~0.05 pc N\/\s Optical

X-ray . ..
W X P>
\§ Neutrino

Observer at earth

Emission region
Supermassive black hole

|< 10 pc >|< 1.35 Gpc >|
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Leptonic model (1-zone)
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Remarkably simple assumptions:

R~1016 cm, B~0.16G and electrons with a
E-35injection pectrum between 104 <y < 6x105
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Hadronic model (1-zone)

eV keV MeV GeV TeV PeV
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SG,Fedynitch,Winter & Pohl, Nat.Astron 2019
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Proton synchrotron (1-zone)

2.0 ~
558 « Needs high magnetic field and proton energy,
© 50 ¢
5§85 B>102G and E,>1010GeV protons
1.5 ¢ § . expected neutring
— —> events N>0.001
= « Can explain spectrum, but not neutrino
o' A 100 GeV photon
b able to escape sourceT
> 1.0 _
§) » Extensive parameter scan : no solution to fit both
magnetic field SED and neutrino
0.5+ B<10% G
0.0 ' ' |
7 8 9 10 11 Also excluded

I—Og 1 O[Ep,max]
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Hybrid (1-zone)
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RESEARCH FOR
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 vy-rays via leptonic emission (inverse Compton)
« Subdominant hadronic emission in X-ray
* Reproduces neutrino energy 100TeV~PeV

* vy pair production by EBL (z=0.34) absorbs E

>100 GeV photons
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Hybrid (1-zone), time-dependent behavior
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Remarkably simple: increasing p & e- injection rate by factor 3 explains flare
Problem : proton power = 500 L _edqd (maximum output during steady accretion of AGN)
Solution ? Quiet state + radio => large emission region

Jet power limit => small region, increase particle interaction rate
HELMHOLTZ 55555eitiuees 25



Geometry : 2-zone model

3 .
~o__*(i5pc c/

|< 10 pc >|< 1.35

HELMHOLTZ &0cH e

Large blob, persistent emission, quiet state

Compact core, ignited during flare state

Observer at earth

Gpc >|
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Hybrid model (2-zone)

9 eV keV MeV GeV TeV PeV
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0.27 neutrinos / yr (flare), 0 (quiet)
~ GeV-y : leptonic
Hard X ~ TeV-y ~ Neutrino: hadronic
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SED Amplitude relative to quiescent state
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Modeling the 2014-15 flare (“historical flare”)
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logiolfrequency, Hz]
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Data are sparse.

- Only 2 photons

detected in this bin.
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Geometry: one-zone model

Observer at earth

|< 10 pc >|< 1.35 Gpc >|
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Hadronic model (1-zone)
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Undershoot neutrino flux

Energy budget problem
(large dilute blob)
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Hadronic model (1-zone)
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Hadronic model (1-zone) - anatomy of the spectrum
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IC-dominated Compact core model (2-zone)

Large blob, persistent emission, quiet state

T / Compact core, ignited during flare state
~0.05 pc (/

Observer at earth

|< 10 pc >|< 1.35 Gpc >|
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IC-dominated Compact core model (2-zone, 2014-15 flare)
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External emission model (2-zone, 2014-15 flare)

Broad line region

/v 1. Disk emission ‘Iouds

2. Broad line emission

3. Scattered disk emission
\/\/\k/’ (1-10% L_disk)
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External emission model (2014-15 flare)
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External emission model (2014-15 flare)
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External emission model
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Nv = 2, different disk temperature

and resultant neutrino energy

38



External emission model
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External emission model (2014-15 flare)

ueV. mevV eV keV MeV GeV TeV PeV

_6 | | | | | | | |
— SED (d) = Neutrinos (d) = Thermal (d)

-] F—— BL (d)

9t Nv =1.8 during flare

-10 IceCube 2018

11+ -l- Tl

l0g10[E?dN/dE, erg cm™2 s71]

| | | | | | | | l | L
8 10 12 14 16 18 20 22 24 26 28 30 32

logp[frequency, Hz]

-15

Figure: X.Rodrigues, SG, A.Fedynitch, A.Palladino & W.Winter (1812.05939)
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Comments on observations

............. R 6
el IS

« In 2017, ~ 200 TeV muon neutrino observed 5302, YA .1‘ =Xy °

B o i U SR o i ‘ 4 ‘ | .

« TXS0506+056 in gamma-ray flaring state T Vo

« Assuming correlation of v ~ y ==> i

TXS0506+056 neutrino emitter (>30) i
-Iogm(p-value)

* In 2014-15, an excess of ~ 13 muon tracks Distribution of muon tracks, Darren Grant TeVPa 2018

excess observed 1: hottest spot (cluster of muon tracks), no source behind
2: second hottest (coincides with TXS 0506+056)

* Assuming TXS0506+056 a neutrino source

==> neutrino flare (>30)

* However, no correlated y activity ?

HELMHOLTZ Grivo hiactences 41



Trilemma on modeling : only one side may be chosen

goals simple

geometry

models models

goals models goals 1-zone leptonic

1-zone hybrid

1-zone proton synchrotron

sufficient  2-zone hybrid energy

neutrinos 2-zone hadronic budget
2-zone external field

2-zone spine-shealth jzet
HELMHOLTZ &5 nces 4



Summary of modeling

2017 Flare 2014-15 Flare
ray Neutrino. F ray Neutrino, Q°F
Zonesé Model X-ray ENeutnno. . Ebudget | vy-ray ENeutrmoEtransitioné Ebudget

1 Leptonic

........................................
........................................
........................................

........................................

, External | youais ke 18
. field

HELMHOLTZ &0cH e

consistent

Q-~F : transition from quiet state to flare state

‘transition

43
partially explaining -

Leaq : EAdington limit assuming a SMBH 6x109Me

inconsistent

..........................................

...........................................

"""""""""""""""""""""""""""




Additional literature on modeling TXS0506-056

A. Keivani et al. 2018 and Murase et al. 2018 (1 zone & extern. field model; 2017 flare)

M.Cerruti et al. 2018 (1-zone & proton synch. model)

MAGIC collaboration 2018 (Tavecchio spine-shealth jet model, 2017 flare)

R. Liu et al. 2018 (star-jet, pp, 2017 flare)

K. Wang et al 2018 (star-jet, pp; 2014-15 flare)

A. Reimer et al 2018 (lepto-hadronic model, 2014-15 flare, similar results)
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Open questions

« Source (TXS0506) intriguing as neutrino source, but evidence not solid, unrefutable yet.
« 2017 and 2014-15 v are totally different. No single astro model can explain both.
 How unique is TXS0506 ?
 Modeling 2014-15 v alone is largely unsuccessful, as one requires one of following:

* Block y-rays — need very high column density — unlikely in galaxy

« Divert e*in situ — no convincing astro theory yet

» Divert e+ during propagation — source transparent — v prod. efficiency low — proton energy
budget too high for AGN

- Implications ?

 y-rays are not co-produced (v not from n* decay)

« TeV-PeV v and GeV y-rays delayed (> a few years over 4 G light years)
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