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The Universe through multiple messengers
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A common origin?

y — rays UHECRSs
10_5 Waxman 2013
lceCube HESE, Vi 6yr —+— FermiEGB KASCADE Ahlers & Halzen PPNP 20/ 8
10—6 _ — |ceCube EHE 9yr A A Auger Murase & Fukugita 2018
| — Auger2017 2 TA

=
D g

10_7'5 ++

H

't

j—
3
00

E2d[GeVcm2s 1sr 1]
-
<

10—10
10—11
Batista et al MIAPP UHECR Review, 2019, FrASS, 6, 23
10_12 | | | | |
101 103 10° 10/ 10° 1011

EB[GeV]



A common origin?

y — rays UHECRSs
10_5 Waxman 2013
lceCube HESE, Vi 6yr —+— FermiEGB KASCADE Ahlers & Halzen PPNP 20/ 8
10—6 _ — |ceCube EHE 9yr A A Auger Murase & Fukugita 2018
| — Auger2017 2 TA

=
D g

10_7'5 ++

H

't

j—
3
00

E2d[GeVcm2s 1sr 1]
-
<

10—10
10—11
Batista et al MIAPP UHECR Review, 2019, FrASS, 6, 23
10_12 | | | | |
101 103 10° 10/ 10° 1011

EB[GeV]



A common origin?
y — rays UHECRSs

W 2013
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Blazars
Fermi-LAT 5 year map




Blazars
Fermi-LAT 5 year map
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Neutrino production in blazars
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Blazar contribution to the diffuse neutrino flux
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Blazar contribution to the diffuse neutrino flux
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Blazar contribution to the diffuse neutrino flux
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Blazar contribution to the diffuse neutrino flux
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Joint origin disfavoured
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Blazars coincident with high-energy neutrinos

Several dozen associations so far = 30

3.30 IceCube Coll 10yr
Point-Source Analysis (3 blazars)
Franckowiak et al Ap) 893 (2020)
Glommi et al MNRAS 49/ (2020)
Hovatta et al A&A 650 (202 1)
Plavin et al Ap] 908 (2021)

de Menezes et al ICRC 202 |
Buson et al ApJL (2022)
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Science 361, 2018,

} 290 TeV muon neutrino coincident with 6-month long
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TXS 0506+056 + 1C1/70922A
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Blazars coincident with high-energy neutrinos

PKS 1502+106
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Several dozen associations so far = 30

3.30 IceCube Coll 10yr
Point-Source Analysis (3 blazars)
Franckowiak et al Ap) 893 (2020)
Glommi et al MNRAS 49/ (2020)
Hovatta et al A&A 650 (2021)
Plavin et al Ap] 908 (202 1)

de Menezes et al [CRC 202 |

O Buson et al ApJL (2022)

TXS 0506+056

as well as
 PKS B1424-418+IC35 Kadler, Nat Phys |2 (2016),

Gao, Pohl, Winter, Ap| 843 (2017)
3HSP J095507.9+355101: Petropoulou, FO et al. 2021, Paliya et al 202 | « PKS 0735+178 + 211208A Sahakyan et al 2022

PKS 1502+106: Rodrigues et al 2021, Britzen et al 2021, FO et al 2021, Wang & Xue 2021 10 arXiv:2204.05060v |



https://arxiv.org/abs/2204.05060v1

Blazars coincident with high-energy neutrinos

* Models consistent (statistically) with neutrino detection for > month long flares but require

atypically high proton content

* High-luminosity FSRQs ok with more conservative parameters
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Gamma-ray bursts

Fermi-LAT 10 year GRB map __ s - - i e =  Fermi-LAT 2nd GRB Catalogue, 2019
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Neutrino production in gamma-ray bursts

Meszaros & Rees, 2014 Several shocks - - also External ShOCk
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Neutrino production in gamma-ray bursts
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GRB contribution to the cosmic neutrino flux
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Binary neutron star mergers: GW1/70817/

ANTARES, AUGER, ICECUBE, LIGO & VIRGO Coll,Ap| 850 (2017) 2, L35
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Could be sources of CRs up to the ankle

Rodrigues, Biehl, Boncioli, Taylor 2018, Kimura, Murase, Meszaros 2018



GalaCt|C tl‘anSIQI‘ltS LHAASO Coll 2021 Nature 594 6
LHAASO sky > 100 TeV

HAWC & H.E.S.S. Collaborations 2021 Ap/ 91T 6

Galactic latitude

H.E.S.S.

240

Crab Nebula

HAWC
Galactic latitud

Microquasars: Photopion (synchrotron photons. e.g. Levinson & Waxman 200 [|; Distefano et al. 2002; Romero & Vila 2008)

or hadronic (jet/cloud interactions) neutrino production e.g. Aharonian & Atoyan 199 |; Romero et al. 2003; Bednarek 2005.

X-ray Binaries: Periodic/episodic, hadronic neutrino production (e.g. Gaisser & Stanev 1985, Berezynski 1985, Anchordoqui et al. 2003)
Young pulsars: Plausible CR acceleration sites, neutrinos from interactions with pulsar wind (e.g. Blasi et al. 2000, Bednarek 2003, Fang

et al 2016) .



Galactic transients
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NGC 1068 (M77)

lceCube Coll, PRL 2020

Seyfert 2 galaxy with heavily
obscured nucleus

Prototypical nearby Seyfert
2 (144 Mpc)

High infrared luminosity:
high-level of star formation

0 ] 2 3 A 5 6
T 1Og10(p100a1)

dN/dE ~ E-3-2, Nsource neutrinos =50.4, E > | TeV,
post-trial significance: 2.90
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NGC 1068

AGN corona (pp) Murase et al 2020
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AGN corona “screened” (pp) Y. Inoue et al 2019
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Starburst + AGN
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Tidal disruption events

Some TDEs form jets (Swift 1644+57)
Burrows et al 201 |, Nat, 476, 42|

/BR

1016 G cm
Farrar & Piran 2014

17
ECR, jet, max ~ 107" eV 1ﬂjet

Neutrinos from (mostly) photopion interactions (Wang et al 201 1,
2016, Senno et al 2017, Dai & Fang 2017, Lunardini & Winter 2017)
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Tidal disruption events

R. Stein for IceCube Coll PoS ICRC 2019

IceCube Non-jetted TDEs Jetted TDEs
B giffuse flux? —+ (8%% % 1077 Mpc~3 yr~1)b (374 x 107 Mpc™3 yr1)c

10=7 =
: Non-Jetted <26%

\.

lceCube Diffuse Flux

p—

9
oo
|

EZZ—’E’ [GeV cm~2 s~ ! sr 1]
p—
o
®
|

- | oo IceCube
Some TDEs form jets (Swift |644+57) i Preliminary
Burrows et al 201 [, Nat, 476, 42| ' —— — — ————
103 104 103 106
/ZBR
1017 E, [GeV]
Ecr, jet, max ~ 1077 €V 1 1016 G cm 3 jetted TDEs

Farrar & Piran 2014 40 non-jetted TDEs

(up to | year before and 100 days after the TDE)
Neutrinos from (mostly) photopion interactions (Wang et al 201 1,

2016, Senno et al 2017, Dai & Fang 2017, Lunardini & Winter 2017)
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Stein et al 202 |

N o d T D E Reutsch et al 2022
O n ] Ette S Van Velzen et al 2021 arXiv:2111.0939
N Albert et al 2021 (Antares)

.

AT2019aalc

(20.036) @IC191119A i
|C200530A @ .

AT2019fdr
(z=0.267)

AT2019dsg €F) 1C191001A
(z = 0.051)

-

combined significance: 3.70




Stein et al 202 |

N o d T D E Reutsch et al 2022
O n ] Ette S Van Velzen et al 2021 arXiv:2111.0939
N Albert et al 2021 (Antares)

.

AT2019aalc >
(220.036) @IC191119A
. . +148d
ICZOOSBOA@ +393d :

AT2019fdr
(z=0.267)

AT2019dsg €F) 1C191001A
(z = 0.051)

+150d

-

combined significance: 3.70




see also Hayasaki et al 2019

- Winter, Lunardini 2020
N Oon _] ette d T D E S Winter; Lunardini 2022

Banik & Bharda 2022

Murase, Zhang, Kimura, FO, Petropoulou 2020

Core (Corona)

Core (RIAF) |CeCU be

Hidden Wind sensitivity
Hidden Jet

/Nind\d debris

=T
><
E?¢[GeV /cm?]

issipatid

10° 10 10° 10° 10 10°
_ , B [GeV] |
Similar neutrino production mechanism to

AGN cores possible

Models consistent with the detection of a

No jet for AT20|9dsg neutrino (statistically)
AT2019fdr, AT2019aalc | |
(Cendes et al 2021, Matsumoto et al 2021) But require protons with

24 L, ~ 100 Lgy, for ~year-long timescales



The current landscape: Stacking upper limits

summary of lceCube stacking analyses results, list of references in
FO PoS ICRC2021 (2022) 030, arXiv:2201.05623
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https://arxiv.org/abs/2201.05623

Summary

Neutrino emission from rare transient and steady sources
constrained by lceCube analyses

Currently no theoretical model why TXS 0506+056,

AT2019dsg detected first

Good transients for follow up: High-luminosity, low

redshift, long-duration transien

X-ray and MeV-GeV Y-ray coL
emission)

S,

nterparts (proton cascade

20
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