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Vlultimessenger astronomy

GRAVITATIONAL WAVES GAMMA RAYS
Point to their sources,
\ but can be absorbed and
] created by multiple emission

mechanisms

»

air shower
CosmIC RAYS QYRS iu
Charged particles, P~ Weak, neutral particles,

deflected by L point to their sources,
magnetic fields - X Not deflected, not absorbed
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The lceCube Neutrino

Observatory
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Neutrino detection principle
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Neutrino event signature
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Good angular resolution 0.1-1 deg Fully active calorimeter
Neutrino astronomy Good energy resolution ~15%
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Neutrino event signature

Cascades

Tracks
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Neutrino event signature

Cascades

Tracks
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Astropnysical diffuse [eV-PeV neutrinos

In the multimessenger picture
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Similar energies in y-rays, neutrinos and CRs injected into our Universe!
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How to search of neutrino sources”?
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How to search of neutrino sources”?

CLUSTERING 4
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How to search of neutrino sources”?

CLUSTERING ¥—i—% REALTIME
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Realtime searches

Follow-up of astrophysical neutrino events

* Single high-energy muon track events with St Tolescopes,
high probability of being astrophysical Magio, Veritas, HESS >, Pan-STARSS, ASAS-SN)
(E 2 100 TeV) " o :

* Since 2016, alerts are distributed through Racio Tolescopes | - vy Sateiite
GCN network to ground and space-based B g T

observatories for rapid follow-ups

* Average alerts rate of ~2/month

* Median latency ~30 sec ceCube

Federica Bradascio Search for high-energy neutrinos from Active Galactic Nuclei with lceCube 13



Clustering searches

SINGLE SOURCE SEARCH /

STACKING SEARCH
CATALOGUE SEARCH

[\ POINT SOURCE SINGLE BACKGROUND
| » SIGNAL J
SOURCE b
SIGNALS ~.f|
£ | BACKGROUND | E
location in sky location in sky
Search N sources individually Search for combined signal from N sources
= ldentify hotspots in the neutrino sky from catalogues = Each source is weighted
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Status of neutrino astronomy

Extragalactic origin favoured by quasi-isotropic distribution

Most energetic neutrino events HESE 6yr (magenta) & v, + Dﬂ 8yr (red)

Earth
absorption

Galactic Plane

Galactic

No significant steady or transient emission from known Galactic or extragalactic
high-energy sources, but several interesting candidates (e.g. AGN)
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AGN as Neutrino Sources
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AGN as Neutrino Sources
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AGN as Neutrino Sources
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TXS 0506+056: realtime MM coincidence

|C-170922A observed in coincidence with flaring gamma-ray blazar

Neutrino alerts (HESE & EHE (red) / GFU Gold (gold) / GFU-Bronze (brown))

TXS 0506+056

original GCN Notice Fri 22 Sep 17 20:55:13 UT
6 60 » refined best-fit direction IC170922A
3 = 1C170922A 50% - area: 0.15 square degrees
= |C170922A 90% - area: 0.97 square degrees
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Chance correlation can be rejected at the 3o-level
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Fermi-LAT blazar stacking
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Combined contribution of 862 Fermi-LAT balzars (2LAC)
below 27% of the isotropic TeV-PeV neutrino flux
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Neutrinos from hidden sources”?

v flux compared to low y-ray diffuse flux point to y-ray dark sources
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lceCube 10 years (2011-2020) neutrino map

Northern-sky point source cluster search (6.7 x 10° events)
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lceCube 10 years (2011-2020) neutrino map

Northern-sky point source cluster search (6.7 x 10° events)
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lceCube 10 years (2011-2020) neutrino map

Northern-sky point source cluster search (6.7 x 10° events)
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Excess from NGC 1068 (M77)

By looking only at 110 gamma-ray selected sources

+75

- 10glO (ploca,l)

Declination

Right Ascension

1 5 5! 4
= lOglo (plocal )

Hottest spot is 0.11° away from center of NGC 1068

41.2 41.0 40.8 40.6 404 40.2

Northern hotspot in the vicinity of Seyfert Il galaxy o e
NGC 1068 with significance of 4.20 (trial-corrected for 110 sources)
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AGN corona model

Measured neutrino flux exceeds eV gamma-ray upper limits

[lceCube, Science 378, 538-543 (2022)]
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Why searching neutrinos from AGN cores?
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Astrophysical First source TXS Neutrinos Second source
Nneutrinos 0506+056 oroduced In y-ray NGC 1068
discovered identified opague sources identified
v v
y-ray blazars Production of
responsible for a v in AGN
small fraction of v corona
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Neutrinos from Cores of Luminous AGN
AGN with Shakura-Sunyaev accretion disk

V

X -rays X -rays

V|S|b|Ie VISIblle

—-Q-i_

Optically thick
geometrically thin
accretion disk

Corona

Neutrino luminosity approximated by X-ray luminosity
[Stecker et al. (2013), Kalashev et al. (2014)]
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Neutrinos from Cores of Low-Luminosity AGN
AGN with Radiative Inefficient Accretion Flows (RIAFS)

Thin disk

Transition
radius

Neutrino luminosity approximated by X-ray luminosity
[Kimura et al. (2015)]
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Which AGN?

Luminous AGN Low-Luminosity AGN (LLAGN)
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How to select AGN?

Usmg various bands of the electromagnetic spectrum

Radlo s\ o Infrared

Uﬂaﬁected oy Produced in the

Federica Bradascio

INUS LADIEESS b\ | the accretion disk
wrt orientation " 4

ACCRETION DISK

X-ray

Excellent probe
of accretion In
AGN

Credit: NASA/JPL-Caltech
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Creation of the AGN samples

X-Ray
(2RXS + XMMSL2)

Positional Positional
cross-match cross-match

8 I
Radio-selected " : IR-selected AGN

AGN . .
LLAGN RIAF model

3LAC Fermi-LAT blazars are removed in all samples
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Radio
(NVSS)

Shakura-Sunyaev model
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AGN final samples
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Radio-selected AGN

AGN final samples

Equatorial

J. : ":,.. ‘ 3 .T 3 P -. A ler oJ--t » -gag ". - : \
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IR-selected AGN T s TR
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LLAGN

Equatorial

e

Equatorial
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Northern- lracks dataset
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log VF, [relative]

How many neutrinos from each AGN?

X-ray flux as neutrino flux proxy
Padovani et al. 2017

I
NJ
| |

I
1N

Radio IR Optical-UV X-Ray Y
\
L —— Accretion disk
— == Dusty torus
B —-= Hot corona
= —— Total SED
10 12 14 16 18 20

Soft

logv [HZ]

Accretion disk emission peaks

NEUTRINO LUMINOSITY ==»

Federica Bradascio

at UV wavelength

ACCRETION DisK
LUMINOSITY

logLokey [€rg S HZ71]

—>

N
oo

25

E. Lusso & Risaliti 2016

—— logLakev = Y l09L25004 + B

Y =0.63820031
B=7.07415:335

29 30 31 32
logLos004 [€rg s™* Hz 1]

Tight relationship between
X-ray and UV-optical emission

Uuv
LUMINOSITY

== X-RAY LUMINOSITY
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How 1o search for correlation?

Stacking Analysis: test the combined emission of all sources
to Identify neutrinos from a population

Nr. neutrino events \ / Nr. signal events

Al nS nS
AOWEDY [ﬁsm, 7+ (1 N) B(x»]
1 B 1

Unbinned likelihood Signal PDF Background PDF
Signal PDF assumes each source is point-like Signal PDF of all M AGN sources stacked together,
and follows a power law spectrum: weighted by wk:
X-RAY FLUX
dN MAGN r
—x E77 S(-xia }/) — Z@ Sk(xia }/)
dE —
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Results: ns and vy

300

14

Test Statistic 250 12
\ ZL(n. = 0) 200 10

A =—2log - <

2, )

Nr. signal events = / T

=
o
o

Number of neutrinos (ng)
o1
o

strength of the signal Spectral index 4
* of the signal E-v >0 5
Neutrino flux ®100 Tev spectrum
1.0 1.5 2.0 0
Spectral index (y)
Radio-selected AGN IR-selected AGN LLAGN
'} 2.03 1.94 1.90
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Results: p-values

Probabllity that results are due to background alone

101;- I

E —— ¥ fit (dof=0.79+0.02)
100;- | — TS =7.56

: 1 TS<=0
101} [ TS>0

Pvalue = Z g(/I’HO)

Fraction of trials
=
o
.

H 1]l

A>Agps T 10_3%_ I"H h
Normalized TS 10-4;— |
distribution = |IR- selected AGN |

0 2 8

Test statlstlc A

Radio-selected AGN IR-selected AGN LLAGN
TS 2.39 /.56 0.51
Pre-trial p-value 2.84x102 (1.90) 1.59%x10-¢ (2.90) 0.08 (1.40)
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Results: trial correction

“Look elsewhere” effect: have our results arisen by chance”

100 | :
= —— Radio-selected AGN
LLAGN (15887) _S _ R-selected AGN
-_g 10—1 = e _LAGN
1
O
1731 5425 2593 13294 Q
> 1072
©
=
&
Radio-selected 8 1073 3
AGN (9749) 10937
10 102 10! 100
Lowest pre-trial p-values
Radio-selected AGN IR-selected AGN LLAGN
Post-trial p-value | 5.85x102 (1.60) 4.64x10-3 (2.60) 0.16 (1.00)
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Neutrino spectrum

LUMINOUS AGN SAMPLES LOw-LUMINOSITY AGN SAMPLE
! Astrophysical Diffuse Flux (20) ! —— Radio-selected AGN (10)
— 10_6;‘ [ Ap) 908, 2015 [ PoS(ICRC2019)1017 |F R-selected AGN (10)
'T'_ - - —— LLAGN (90% C.L. Upper Limits)
n
N 10~/ k _
V)
N i I
-8 | +5 B

é 10 10—4% :
%) - - { < 6%
S 1079 — -
2 T ———
S

10—10 | _

~10*  10° 10 107  10*  10° 108 107

E, [GeV] E, [GeV]

Minimum contribution to the lceCube diffuse flux @100TeV Is of
~10% from Luminous AGN and <6% from LLAGN
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From AGN samples to AGN population

Through the completeness factor

100000 (Qm, Qp) =(0.3,0.7)
ALL AGN
e T IN THE UNIVERSE
1000 |- N
('I\I N
O AGN
= 10 -
— - Ebrero et al. 2008 IN THE SAMPLES
A - == Miyaji et al. 2000
Z 0.1 Eaa Hasinger et al. 2005
+ |R-selected AGN
0.001 +~ -+ Radio-selected AGN
-+ LLAGN
. . . | . . . I . . | I . . : - |
—20 —18 —16 —14 —12 —10

10910S(0.5 -2 kev) [€IT cm~2 s71]

AGN 1n samples
Completeness =
All AGN
COMPLETENESS
RADIO- o
SELECTED AGN %
|IR-SELECTED o
AGN 11%
LLAGN ~6%
44
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Neutrino spectrum for AGN population

LumiNOUS AGN Low-LumINOSITY AGN
- Astrophysical Diffuse Flux (20) ! — Radio-selected AGN (10)
— 107™F [ Apj908,2015 [ PoS(ICRC2019)1017 |F R-selected AGN (10)
T_ - f ——  LLAGN (90% C.L. Upper Limits)
|—lm 10_75— 27% - 100% =
IU) - -
N
& 107 8F -
O
>
Q
O 109t . f
e : : < 100 %
10—10__ __
~ 10 10° 108 107  10*  10° 108 100
E, [GeV] E, [GeV]

Cores of Luminous AGN can explain 27% —100% of diffuse neutrino flux @100 TeV
Cores of LLAGN can explain <100% of the diffuse neutrino flux @100 TeV
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Summary

* [ceCube has been investigating a diffuse flux of
astrophysical neutrinos > TeV for almost a decade

e EXiting results related to Active Galactic Nuclei:

e Evidence for neutrinos from flaring blazar TXS
0506+056 (30)

e Evidence for neutrinos from nearby Seyfert galaxy
NGC 1068 (4.30)

e Hint at cores of X-ray selected AGN as sources of
lceCube neutrinos at energies > TeV (2.60)
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