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e Introduction

" Birth place of ultra-high energy cosmic rays (UHECRs) in the Universe is a long
standing mystery.

" The observed distribution of the arrival directions of UHECRs in the sky favor
predominantly extragalactic origin.

" Among the numerous candidates (AGN, GRBs, starburst galaxies etc.) most
promising are active galactic nuclei (AGN) which eject powerful relativistic jets
and high energy particles can be accelerated in it.

" Interaction of these UHECRs with background protons or photons produce
charged and neutral pions which subsequently produce neutrinos and gamma-
rays.

" Apart from solar and supernova neutrinos we are able to see neutrinos from
other cosmological source(s) for the first time.
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(dIn 2016 reported a PeV neutrino event (IC35) from the Blazar PKS B1424-418,
detected by IceCube. A shower event (angular error 16°)
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Previous Observations:

(12017 Lucareli et al. Reported a gamma-ray precursor flare with AGILE,
coincidence with IceCube tarck-like neutrino event but the significance was very
marginal (AGILE (Astro-Rivelatore Gamma a Immagini Leggero) is an X-
ray and Gamma ray astronomical satellite of the Italian Space Agency (ASI) 30

MeV-50 GeV).

AGILE Detection of a Candidate Gamma-Ray Precursor to the ICECUBE-
160731 Neutrino Event
F. Lucarellil2, C. Pittoril2, F. Verrecchial?, . Donnarummas3, M. Tavani4~:6, A.
Bulgarelli’, A. Giuliani8, L. A. Antonelli2, P. Caraveo?, P. W. Cattaneo’Show full

author list
Published 2017 September 8 ¢ © 2017. The American Astronomical Society.

All rights reserved.
The Astrophysical Journal, Volume 846, Number 2
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 Recent Observation

On 22" of September 2017, IceCube neutrino telescope in South Pole
detected a track-like neutrino event with energy ~ 290 TeV (lceCube-
170922A). It observed a upward-going muon E =23.7+2.8 TeV

For the first time

**This neutrino event is spatially and temporally associated with a Blazar TXS 056+056
(z=0.3365) which was in a flaring state in gamma-rays at that vary moment.

s Extensive follow-up observation from Radio to TeV = Enhanced emission in all these
energy bands.

s Fermi-LAT (satellite) observed high state in GeV energy.
**Major Atmospheric Gamma Imaging Telescope (MAGIC) observed > 100 GeV.

**High-Energy Stereoscopic System (HESS) & Very Energetic Radiation Imaging Telescope
Array System (VERITAS) did not observe any event.
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Association of IceCube-170922A with blazar TXS
0506+056 provides direct evidence that AGN can
accelerate high energy CR and produce neutrinos
from pp and/or py interactions.



lceCube Lab

81 Stations, each with

S, esTop IceCube Neutrino Telescope

50m 2 |ceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors

125 m apart

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

1450 m

DeepCore
/8 strings-spacing optimized for lower energies
¢ 480 optical sensors

Eiffel Tower
324 m

2450 m
2820 m




Neutrino Telescope

86 Strings

160 IceTop tanks

5480 Digital Optical Modules

1 km3 of instrumented volume
completed on December 18th, 2010
took approximately 7 years to complete
Cost Approx. 279 million USD
Collaboration:> 300 members, 48
Institutions, 12 countries
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How does IceCube work?

When a neutrino interacts with the Antarctic ice, it creates other particles. In
this event graphic, a muon was created that traveled through the detector
almost at the speed of light. The pattern and the amount of light recorded
by the IceCube sensors indicate the particle’s direction and energy.
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AGN

e AGN emits EM radiation and its
spectrum span from radio to gamma-
rays

* A super massive BH is believed to sit
at the center of the AGN surrounded
by an accretion disk.

e Oppositely directed Jets _| to
accretion disk .

e Unification scheme of AGN: Blazars
and Radio galaxies are same objects
viewed at different angles w.r.t. jet
axis.

Accretion
disk

Jet of high-speed
particles

Magnetic fleld
lines




Active Galactic Nuclei

identified
15 fermi

sSourees

Active Galactic Nuclei

(A few % of all galaxies)
|

[ I
Radio—quiet Radio-loud
(85% I 95%)

|
Spirals
The most common
class of AGN

\_l

(5% -I 15%)

‘ Blazars ’
GNs)

I
QSOs- - - - o Ellipticals
Quasi-Stellar \/’/

Objects

A

Fanaroff-Riley
et 2 anaro. cy

Galaxies » FSRQs BL Lacs
Show only Flat Feature—
ad lines  narrow li , Spectrum less
FR2 . .
Radlo optical
? High
lines) and I | spectrum
narrow lines uminosity ummomly
of ionized | | | [ | [
metals LSP#&p=Hsp LBL IBL HBL
Low, intermedhate & high
synchrotron peaked
r—

———

CLASSIF

ST nverse ”l‘
Synhcrotron Compton \
40 peak l peak N ‘

47

p=
=

Log vl [erg s-']
>

I

A\ ' I l A A I} | l A A I} 1 l |
10

10 20 eh
Log v [Hz]




"Blazar”
Nonthermal spectra, \ '1,
Rapu.j variability across the entire em spectrum | /""Quasa.'.' Soyfet 1
(Radlo to Y-Ray) | / Jiewng al an angle 1o the el ¢
Highly relativistic plasma jet pointing along the / | '::
line of sight to the observer. ,/]

‘Radio Galaxy / Seyfert 2

N :
om the (et

Small viewing angle of the jet, strong relativistic
effects =
Boosting of the emitted power

Shortening of the time scale (minutes)

Reason to Study these Objects:

» Energy extraction mechanisms from the central
supermassive Black Hole
» Physical properties of the Astrophysical Jets
» Accleration of the charged particles in the Jet
» Production of UHECRs, VHE Neutrinos, multi-TeV
gamma-rays etc.
Constraint the Extragalactic Background Light T




Spectral Energy Distribution (SED) of blazars

TWO nonthermal bumps S.:, e LEPTONIC MODEL
1st peak = :
Near infra-Red/optical (Low energy peaked ug; § st 2nd
blazars LBL) i
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Observations

Neutrino in IceCube-170922A
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Canonical Name:
TeVCat Name:

Other Names:

Source Type:
RA.

Dec.:

Gal Long:

Gal Lat
Distance:

Flux:

o Energy Threshold:
Spectral Index;
Extended:
Discovery Date:
Discovered By:
TeVCat SubCat:
Source Notes:

&6

-~

TXS 0606+056

TeV J0509+056
EHE 170922A
3FGL J0509.4+0541
3FHL J0509.4+0542
VER J0509+057

Blazar

0509 25 (hh mm )
+05 42 09 (dd mm ss)
195.39 (deg)

-19.63 (deg)
2=0.3365

0.016 (Crab Units)
110 GeV
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No

201710

MAGIC

Defautt Catalog

3 ."Try\'fe\vCatQ-O Beta!

““““““

)
Observation Date (UT)
7-5-2019

Observation Lat

ARGO-YBJ (30.11)

‘Vis-Plot this Source!

RA 77.35829, Dec. +5.69314°

‘Vis-Plot Full Year

-« >




high energy
gamma ray photon

iNnteraction
Sy (pair production)

g = I~ shower of secondary
RSN T - particles

“pool” of
Cerenkov light
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Extragalactic Background Light (EBL)
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0.1-100 um wavelength range emitted by stars, galaxies, from nucleosynthesis in AGN, reprocessed by dust.
This diffuse background is called EBL
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Photohadronic Model

The Fermi accelerated high
energy protons interact
with the background

photons to produce A-
Resonance.




Photohadronic scenario
To produce pions through A-resonance

[ fraction 2/3

pr’—pyy

+ + —
nit —ne VevMVM ,  fraction 1/3.

p+y—= A" —-

\

In comoving frame each mt carries ~0.2 (20%) of the
proton energy.

o, =5.10%cm’
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Outer jet

Inner jet

Accretion disk

Central BH



Kinematical Condition i
Sogf o\, - v -

E =032T0(1+2)"GeV* o9 :
$0.4 -

E, =0016T'0(1+2) " GeV* %, ‘ _
o_ T R Y N ol oo ol 11

10 10% 10° 10* 10° 10° 10" 10° 10°10"°10"

E, £,=0.032T § (14 2)~* GeV’ (5o

Fig. 5 The shadowing factor Py, as a function of neutrino energy for
a zenith angle 6 = 180°.

* Each 1T carries ~0.2 of the proton energy
» Each vV carries % of pion energy
« Each y carries %2 of pion energy.
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What do we assume & Propose ?

Assume: S prrr T T
Standard Leptonic model which explains both low
and high energy peaks by

95 F
10 |

Synchrotron,
SSC photons as in the case of Centaurus A

We propose:
Low energy tail of the SSC photons in the

jet serves as the target for the Fermi acc.
HE protons.

105 F

A1 F

dN,
2 -2 -1
Log EY _dEY [ergecm™sT]

15
A2 F

125 F

_13:III|III|III|III|III|III|III|III|II_
10 12 14 16 18 20 22 24 26 28

Log Ey[Hz]

32



Internal—- External Jet Structure & Flaring

FlaigiingVodel :

-
:

. Accretion disk

e



_ D 2
E, €,=0.032 (117)" Gel/
. 1, non — flaring
_roE - E
dE P 5

P e £, flaring



Optical depth of the A resonance is

T, —nyfa R

Comoving photon density within the large jet is
=7 LV (I1+2)
R ) 4R,

k~(0-1) continuous / discrete. n

In the flaring region, at a given energy

The number of n°® decay photons depend on the number of
high energy protons and the background photons.

N(E,) = N(E, ),
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Within the confined volume, the injected spectrum of the Fermi-accelerated charged particles
have a power-law with an exponential cutoff.

For proton it is,

dN N E;ae—Ep/Epc
dE

pP
Photon number densities in flaring and non-flaring regions are n, f n
Vs

/
Y

/ / / /
n ,>>n = >> |
Y. Y ny,f Any’)t
Can be due to copious annihilation of e+e- pair in the confined volume.

\

Indise the photons density is unknown.

, LYSSC(1+Z)

Y D2,4TL'R'2b8

36




The y-ray flux due to pion decay will be

dN(E,) dN(E )
2 2 /
FV(EV) Ey dEyy OCEP dEpp ny,f(‘gy)

TeV photon and the HE protons are related through

Neutrino

3. F(E)
R AT AR

b, 2/3 prob. pY
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Using the relations we get

Ly’ SSC —

and

4rd?; Pgsc(€y)
(14 z)2

n'v(gy1>=q)ssc(eﬁl Ey

Finally this gives

Fy(E)/l) — q)ssc(eﬁl (
F 14 (E)/Z) (I)SSC(EVZ)

nf y(gyz) (DSSC(EVZ) E Y2

B —a+3
Ll) o~ (Ey1=Ey)/Ec
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Fy,ObS(Ey)=Fy,in(Ey)e_t)’)’(Ey,Z)

T, is the optical depth which depends on both energy and
the redshift of the object. The cut-off energy E, is an extra
parameter here which depends on NEW mechanism.

However, the optical depth is NATURAL in attenuating the
High Energy Flux from the object.

—a+3
F, (E () E _
Y( )/1) — _—ssce..) ( Yl) e Tyy(Eyl,Z)+Tyy(Ey2,Z)
Fy(Byz)  Psscee, ) \Fy2



E —a+3
TeV)

—a+3
P ( F(Eyz) )(TBV) oT(Ey2, 2)yy
' \Pssc(ey) ) \ Eyo

We can see that here a is the only parameter.

Fy m—A ¢SSC(Ey)(




Results

e On 24th Sept 2017 Magic observed TXS056+056
For 2 h under nonoptimal weather, did not obs gamma-rays.

e 28 sept-4 oct obs 13 h under good weather conditions and
observed significant excess in 80-400 GeV band.

 VERITASs, HESS, HAWC did not obs.
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75 GeV < E, < 366 GeV observed gamma-ray
750 GeV < E,, < 3.7 TeV cosmic ray proton
43 MeV< ¢, < 211 MeV background photon (S5C)

The observed spectrum is a power-law

The SSC photon is a power-law (SSC)
We assume the very high energy protons are also power-law

(290 TeV neutrino implies 6 PeV CR proton)

But



In Future observations

More events and also simultaneous observation in multiwavelength is essential
to find the correlation between the Neutrino and the high-energy gamma-ray

events.

] ] ] ] I ] ] ] ] ] L T T T LI I B
— = Model Fit (2.2e-10, 6=2.9)
— = Model Fit (2.53e-10, 6=2.6)
W+ Whipple very high state (Ahnen 2017 [new]) |
¥  Whipple very high state (Aliu etal 2016 [old])

Example: Markarian 501 - '
Observed on May 1% 2009, very high f
%\%JO_I E

flare took place for 0.5 h (Whipple
telescope)
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