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Why AGN Became So Interesting For Neutrino Studies:

Neutrino Alert: IC-170922A (Red dashed line); AGN: TXS 0506+056
Coincident detection with a Fermi-LAT Flare.
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Blazars or Seylerts?
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+ TXS0506+056: Archival analysis L 2l

detected neutrino emission also in
2014-2015 but no flaring activity | |
reported by Fermi-LAT. : JRIE RN i}f

|
> ° \K dusty absorber
> _ -~ - A accretion disc
o \* electron plasma
\ black hole
broad line region
narrow line region
Seyfert 1 | b

\

Credit: Beckmann & Shrader (2012).

FR-II

radio-loud (RL) AGN

+ Additionally, a Seyfert (and
starburst) galaxy NGC 1068 was
found to be a significant neutrino
source using a 10 year time
integrated analysis
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X-ray Bright Seyferts:

107 1010 10710

ara power-law fit (4 = 3.3) faa power-law fit (4 = 2.7) =0 power-law fit (4 = 2.8)
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https:/ /arxiv.org/abs/2406.07601
spectral model  Mexp TS s 0 Dlocal /\ Dglobal NnuUL

Stacking Searches / \
Stacking (excl.) disk-corona 154.0 0.1 5 — 2.4 x 10_1!(0.7 0)\ 2.4 x 1071 (0.70) 51.1
Stacking (incl.) ) disk-corona 1990 112 77 - 1.1x107f@3.70) | — 128.0
Catalog Search 1
CGCG 420-015 disk-corona 32 110 31 - 24x 101 (350) | 65x107%(2.50)  46.4
NGC 4151 disk-corona 131 9.0 23 - 6.4x 1071 (3.20) | — 39.5
NGC 1068 %) disk-corona, 446 234 48 — 3.0x 10| (5.00) | — 61.4
Catalog Search 2
NGC 4151 power-law - 74 30 27 64x107Y(38.20)] 1.7x107%(2.10) 61.4
CGCG 420-015 power-law - 92 35 28 3.0x1074(2.70)] - 62.1
NGC 1068 ) power-law — 295 94 33 80X 10—8\5.20 — 94.9
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One more intersting Blazar:

Blazar PKS1502+106 was found to have a possible correlation with an IceCube alert
(IC190730A: ATel #12967) .

At the time of the alert, the radio observations of the FSRQ were seen reaching an all
time peak flux of 4 Jy (S. Kiehlmann et al. ATel #12996)
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Theory behind neutrino production:

A theory to explain: > Narrow Line
.‘ s o / Region
+ Radio-neutrino . |
. | | | Broad Line
correlation . Region

# X-ray - neutrino

correlation SR Accretion
over )
* Gamma-ray - Obscuring
neutrino
correlation

Credit: C.M. Urry and P. Padovani
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Theory behind neutrino production:

# Synchrotron radiation for

Narrow Line

radio Photon Creation « o /Region
p © ® / Broad Line

Region

Accretion
Disk

Obscuring
Torus

Credit: C.M. Urry and P. Padovani
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Theory behind neutrino production:

# Synchrotron radiation for

radio Photon Creation < _ gggi%vr: Sk

+ They undergo Inverse . e e / Broad Line
Comption Scattering to form . Region
higher energy photons.

Accretion

Disk

Obscuring
Torus

Credit: C.M. Urry and P. Padovani
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Theory behind neutrino production:

# Synchrotron radiation for

radio Photon Creation < I 'F\;'Sgi%ﬁ Hine
+ They undergo Inverse | Broad Line
Comption Scattering to form . Region
higher energy photons.
* In case of a py interation ,
. Accretion
close to the center of the - Disk

AGN:

* These X-ray photons

interact with protons Obscuring
Torus

* Resultant pions decay to
give gamma-rays and
neutrinos.

NePeP
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Theory behind neutrino production:

# Case 1 (Non-jetted or obscured
AGN): The resultant gamma-ray
photons cascade down to lower
energies

+ Lower possibility of Gamma-
ray and neutrino correlation.

« Stronger correlation with X-ray
(and radio) photons.

« Case 2 (Jetted AGN, specifically
blazars).

« Possibility of correlation with
X-ray, Gamma-ray and radio
photons

+ Neutrino production can also
happen in the jet (which leads
to a different model)

NePeP
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Obscuring
Torus

Narrow Line
Region

Broad Line

Accretion
Disk

Credit: C.M. Urry and P. Padovani
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Mulu-wavelength+Mult-messenger Study:

Sensitivities from simulation

Sensitivities from simulation

Proton synchrotron model

_ Leptohadronic model
10 9 P 10—9
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Flaring, hard gamma rays I Flaring, hard gamma rays
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PKS 1502+106 modeling by Rodrigues et al. 2021
(Dashed lines not part of model)
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Mula-wavelength Results:

+ Current Work using Observations:
___ PLModel: x2=142-14.
1020 L gommi3 are-s Indexi.53 + NICER + NuSTAR Data (X-ray)
— NICER
T o NUSTAR ObsA # Fermi-LAT Data (Gamma-rays)
g + Neutrino (IceCube)
g 10712 :
107+
+ Sources:
10_1140_1 100 1'01 102 103 @ NGC 1068
Energy (keV)
PKS1502+106 observed using * PRS1502+106
NICER+NuSTAR
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Light Curves

+ Using NICER:

) le—12 PKS 1502+106 LC o
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\/
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« 21(-2) Observations of PKS1502+10633

= 9(-1) for NGC 1068.

le—11 NGC 1068 LC
-+ NICER
1e;12 Fermi LAT (at 1 GeV.)
ﬁﬁ | +++Lﬁ_ﬂmﬁ

60000.0 60200.0

Time MJD
Preliminary results for Desai et al.

59800.0

3 joint observations with NuSTAR:

+ One with zero exposure from NICER

60400.0
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Mulu-wavelength Results:

1 e e e e e Rodriguez24 Model
A Oikonomou21 Model
7 A Neutrino Prediction Z
-11 : h o
~ 10 T 1~ NICER VF,
£ | i — -+ Fermi E2dN/dE
2 1012 i/ : -+ NuSTAR VF,
. }i ' ". -~ IceCube v Quiscent
= -~ lceCube v Flare
10—13_
X
10° 107* 10! 10° 10  10%
Energy (keV)
io—¢% | Rodriguez24 Model
A Oikonomou21 Model
7 . A Neutrino Prediction
~ 107 T 4 NICER VF,
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2 1 0-12 l ' -+ NuSTAR VF,
. "d’ ' -+ IceCube v Quiscent
= Y ~}- IceCube v Flare
10713
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Energy (keV)

Desai et al. (In Prep)
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Two Independent

Observations with
NICER+NuSTAR

2-year of Fermi
LAT data is added
(after accounting
for varaibility).

Models taken from
Rodriguez, et al. 24
for comparision.
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Mulu-wavelength Results:

1070y — W~ Rodriguez24 Model
Oikonomou21 Model
7 Neutrino Prediction « Importance of observing
,T”’ 107+ -+ NICER vF, L o
: CT1 |+ Fermi EXN/E the (keV to MeV band)
D 1012 ) -+ NuSTAR VF,
i’ - IceCube v Quiscent + AMEGO ShOlﬂd be able
= - lceCub Fl .
= 7 lceCube v Flare to put constraints on the
, | model.
10°° 104 10! 105 101  10%
Energy (keV)
T 1072
2 Preliminary
£
v 103
2
=
i Both plots are EA2 dN/dE
AMEGO-X % ] e 3
Mission Concept, g il E
Caputo etal 2022 § 1o AMEGO-X (AstroPi : 1 MeV = 1.6e-6 ergs
£
€ NuSTAR
= -8
@ 007 100 10° 10! 102 10° 10* 10° 106
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Importance of Future Missions:

TXS 0506+056, 2014-2015 Neutrino Flare

1071 leptonic/leptohadronic AMEGO-X simulated corona hadronic
corona hadronli:C(XUG:‘/*“LZ/:]?( o f/?MEGO-X§ir3uIa{esdg(:jptoni)dleptohadronic
2 2 . + rermi neutrino riare perioa -- days
» Advantages of missions like o
AMEGO for neutrino studies: z
* Realtime flare detection. S ey
& 107,
& 1 1 1 AMEGO-X
Stacking studies using MeV W -
. 3 102 MeV to above 10° MeV
bnght SOuUrces e T T T
Energy [MeV]
+ Model limits which become N
extremely Signiﬁcant with ~30 55000 Fer;sisng S6000 56500 57000 57500 58000 . .
g : ) - 175~
multiwavelength data. SER e ot
@ 20-{ —=- AMEGO-X (high energy band) 125;5-
= H Pe=
: y : = 15- 100 =
* Archival studies after multi-year 5| ; 15 2
. > ) 0=
observations < IR AL PN ) sl s ER
< () [ . > *‘ """""" -:"'tv}““"‘“"f’ """"""" i — 0.0 -
2008-11 201004 2011-09 2013-02 2014-07 2015-06 2017-05 2018-09
Time [Year-Month]

W P AMEGO-X Mission Concept, Caputo et al 2022
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Our Analysis Plan:

« Publish the studies (Multiwavelength and
Multimessenger seperate papers)

* Expand source sample for multimessenger study

* Study both Blazars and Seyferts

* Please feel free to contact me if you think your favourite
AGN is a neutrino emitter and needs to be studied.
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Thank You,
(Juestions?

NePeP
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Backup Shides:
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AMEGO Sensitivity:

10°8

EGRET

AMEGO-X

NuSTAR

102 10" 100 100 102 100 10t 105 108
Energy [MeV]

30 Continuum Sensitvity X F (Y ergcm?s™)
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T'he Mult-messenger Picture

3

IceCube Laboratory

Data is collected here and
sent by satellite to the data

warehouse at UW—-Madison

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

ICECUBE

SaurtH PaLE NEUTRING OBSERVATORY

50 m

2450 m

NANASAN Postdoctoral Program

86 strings of DOMs,
set 125 meters apart

i

Antarctic bedrock

— Cosmic Rays Neutrinos

Amundsen—Scott South
Pole Station, Antarctica

A National Science Found
managed research facilit

60 DOMs
on each
string

DOMs
are 17 _|:
meters

apart ‘8

Gravitational Photons

Waves
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Neutral/Charged Current neutrinos

CC Muon Neutrino

v+ N - p+ X

track (data)

factor of = 2 energy resolution
< 1°angular resolution at high
energies

NePeP
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~

Neutral Current / CC Tau Neutrino

Electron Neutrino

HET ;!ﬁ’i: '!E i

W

Ve + N e +X
Us + N — v+ X

cascade (data)

vr+ N —>174+ X

“double-bang” (z10PeV) and other

= +15% deposited energy resolution signatures (simulation)

~ 10° angular resolution (in IceCube)
(at energies = 100 TeV)

(not observed yet: T decay length is
50 m/PeV)

https:/ /icecube.wisc.edu
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lceCube Neutrino Energy

=10*
c 10 F — (Can be
= - Cosmological v <
1o | 9 detected by
v
T 101 I Solar v IceCube
D i Supernova burst (1987A)
O10®
§ \ i Reactor anti-v
= 10° | \ T
1 F Background from old supernovae

104 1

10¢ b Terrestrial anti-v

10-12 : Atmosphericv

10_16: v from AGN

10—20 -

10-24 I Cosmovgenic

10+ !

10 107 1 103 10° 10° 10™ 10% 10%
neV. meV eV keV MeV GeV TeV PeV EeV
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