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The Universe through multiple messengers
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The Universe through multiple messengers

dN
Comparable energy flux:



The Universe through multiple messengers

dN
Comparable energy flux:



The Universe through multiple messengers
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Binary neutron star mergers: GW1/70817/
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Binary neutron star mergers: GW1/70817/
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Binary neutron star mergers: GW1/70817/
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Binary neutron star mergers: GW1/70817/
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Dipole amplitude

Arrival directions
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Source number density of UHECRSs
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Source number density of high—energy neutrinos
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Source number density of high—energy neutrinos
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Source number density of high—energy neutrinos
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Joint origin of neutrinos and UHECRSs?
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Redshift evolution of astrophysical sources
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UHE CR-neutrino joint horizon
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UHE CR-neutrino joint horizon
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Can neutrino arrival directions trace the origin of UHECRs?
Palladino, Van Vliet, Winter, Franckowiak, 20| 9

Negative evolution, steady sources
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A common origin?
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Blazars
Fermi-LAT 5 year map




Blazars
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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

Huber for IceCube Coll PoS (ICRC 2019) 916. Limits also apply to infrared selected blazars, s2/% with spectral templates: IceCube Coll PoS (ICRC2017) 994
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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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Blazars coincident with high-energy neutrinos
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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 (202 1)
Plavin et al Ap] 908 (2021)

de Menezes et al ICRC 202 |
Buson et al ApJL (2022)

O

, TX50506+056 lceCube, Fermi-LAT. MAGIC. AGILE. ASAS-SN

HAWC, H.E.S.S, INTEGRAL, Kanata, Kiso,
Kapteyn, Liverpool telescope, Subaru, Swift/
NuSTAR VERITAS, and VLA/l 7B-403 teams.
Science 361, 2018,

} 290 TeV muon neutrino coincident with 6-month long

gamma-ray flare of TXS 0506+056 (30)
signalness of neutrino 56.5%

MAGIC Coll. Astrophys.]. 8§63 (2018) L10

lceCube Collaboration: M.G. Aartsen et al.
50 Science 361, 147-151 (2018)



TXS 0506+056 + 1C1/70922A

p+y—=>X+aN_o:N-=1:1) N, < 0.05/6 months
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but requires atypically high proton luminosity
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MAGIC Coll 2018,Ap), 863, L10
Gao et al, 2019, Nat. Astron., 3, 88
Keivani et al. 201 8,Ap/, 864, 54
Cerruti et al 2018 MNRAS, 483, |
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See also:

hadro-nuclear interactions: Liu+/9
stellar disruption: Wang+ /9
multiple zones: Xue+(inc FO) 9
neutron beam: Zhang+(inc FO) |9

; ; ; ; curved/double jet: Britzen+ 19, Ros+ 9
10~ 10~ 10* 104 107 1010 10%° 101° inefficient accretion flow: Righi+ [ 9

2014 flare: Reimer+19, Rodrigues+ 19,

E [GV] Halzen+ 19, Petropoulou+20,
and more...!
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TXS 0506+056 + 1C1/70922A
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MAGIC Coll 2018,Ap), 863, L10
Gao et al, 2019, Nat. Astron., 3, 88
Keivani et al. 201 8,Ap/, 864, 54
Cerruti et al 2018 MNRAS, 483, |
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Y cascade ] o multiple zones: Xue+(inc FO) | 9
- o N neutron beam: Zhang+(inc FO) |9

. . = . - curved/double jet: Britzen+ 19, Ros+ 9

10~ 102 101 10* 107 10" 1013 1016 inefficient accretion flow: Righi+ |9
2014 flare: Reimer+19, Rodrigues+ 19,

£ [eV] Halzen+ 19, Petropoulou+20,
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See also:

hadro-nuclear interactions: Liu+/9
stellar disruption: Wang+ /9
Y cascade ] o multiple zones: Xue+(inc FO) | 9
- o N neutron beam: Zhang+(inc FO) |9
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Blazars coincident with high-energy neutrinos

~ PKS 1502+106
Q) 3HSP J095507.9+355101

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 ICRC 202 |
TXS 0506+056 O Buson et al ApJL (2022)

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 24 arXiv:2204.05060v |



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

Blazars coincident with high-energy neutrinos

Vodels consistent (statistically) with the detection of the neutrinos

but generally require high proton content
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G dimimna— I‘ay b LI I‘StS Fermi-LAT 2nd GRB Catalogue, 2019
Fermi-LAT 10 year GRB map

081102B +
* : ‘ 130427A -

160623A

080916C

Fe

090510

>7000 GRBs with Fermi-GBM
~200 with Fermi-LAT




Neutrino production in gamma-ray bursts

Meszaros & Rees, 2014 Several shocks - - also Extel‘nal Shock

possible cross-shock IC

Flow decelerating into
Internal ShO Ck the surrounding medium
Collisions betw. diff. Reverse Forward
parts of the flow shock<= shock

Photospheric ‘ ‘ \
th. radiation

- Jet —

collapse

13 16
=10!! cm ~10"cm >10"°cm
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Neutrino production in gamma-ray bursts

1077
Meszaros & Rees, 2014 Several shocks - - also External Shock - Zhang & Kumar 2013
possible cross-shock IC I
Flow deoelerqting into |
Internal Shock the surroundmg medium 103} | i
T internal shock :
Collisions betw. diff. o R — I
pa - 5 .. ~ . larger radius
4 Photospheric ~ 10 4 ' E
‘ | '%'r'ad;:tion 8 .
E %\ r "
| | = 107 ’
3
- P
collapse o - N.O‘
. 8V=PeV neutrinos ) 10-6
~10!! cm ~10"cm
10 7| s /’
10° 10° 10" 10” 10° 10’
E [GeV]
> [ 00 publications on theoretical expectations:
possible neutrino production sites see e.g. review “Neutrinos from GRBs” (Kimura 2022)
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GRB contribution to the cosmic neutrino flux

\_

A stacked search for neutrinos i,‘, P T
coincident with prompt GRB w;?;ri fol o
emission by lceCube {igg*’* e

(now a total of 2091 GRBs) has %, o %% sy *

led to limits on the neutrino B *f,‘*i v
production in GRBs T e -

2000 GBM GRBs
266 Swift GRBs
121 LAT GRBs

lceCube Coll, Ap| 843 (2017) 112
lceCube Coll., Fermi GBM Coll. 2022 Ap| in press

Prompt (AT prome ~1-100s): < 1% diffuse neutrino flux
Precursor/Afterglow (ATastergow £ 14d): < 24% diffuse neutrino flux

28

lceCube Coll, PRL 2020



Pulsars and Galactic cosmic rays
Fermi-LAT |10 year GRB mag o
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Pulsars ana Galactic cosmic rays

lceCube Coll. PoS(ICRC2017)981

O
PSR J1312+00

©

PSR J1231-1411

* PSR J1836+5925 0O

o) ; PSR J1302-32 o) .
‘ PSR J1614-2230 O] PSR J0751+1807
CTA1 ¢ PSR J1810+17 (0) _ PSR J1124-36
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O ATPLUD i : ' - ' '
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. : A . s : \ " L3 7
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O] © 0]
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PSR J0357+3205 Ehr PR 1223445000 PSR J1902-5105 b J0§?4—3329 : " R .
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0]
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PSR JO030+0451 2 PSR J22O4‘|_5236 ~ S . RN . ‘ e '\ )
e : e AEREE R, SRR ISR . : ARRRRAASERT.
o - ' O e RS TR e Galactic

PSR J0034-0534

] B
0.0 TS = 2In(L/Ly) 12.6

O
Galactic CRs < 14% ) lceCube Coll Ap| 849 (2017)
Galactic TeV emitting pulsars < 4% Antares Coll, IceCube Coll, ApJL. 868 (2018)
Galactic X-ray binaries < % lceCube Coll, Ap] 898 (2020)

Galactic microquasars < 7% lceCube Coll, ApJL 930 (2022)
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Fermi-LAT Fourth AGN Catalogue, 2019

Non- Jetted AGN

\———b-\ —r.'\'A———
%fwﬁ e
% eA&'

' [ | A.-A "'oA"

* other AGN

A = LT Y 70 (2%) “other” AGN
3 ~10 non-jetted AGN




N O n _j ette d A G N SWift-BAT | 05-month hard-X-ray catalogue 2018

o
°0 4 ®
. o . ) =)
o Unidentified S LoV B DS RRR SPIRY A e
e LINER o, - e % ° e e K :°.°o“'. e Seyfert Galaxies
o °* .~ - ® ~ - 3
¢ Unknown AGN * 905 o , ::‘0’.’..”._;‘/0/‘ Beamed AGN
e Galaxv Clusters — - e CVs/Stars
e Pulsars/SNR

X—ray Bilnaries 39



Non-jetted AGN i
T
on-jette
v
'E 0.25 10
lceCube Coll in press. arXiv: 211 1.10169 ¥ ~ K
. 0.20 ‘N
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_15° Astrophysical Diffuse Flux (95% C.L.)
[ Ap) 809, 2015 1 PoS(ICRC2019)1017
Equatorial ! Kalashev et al. 2014 —— IR-selected AGN
Stecker et al. 2013
2 e T 0]
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( ) N
I
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-8 |
> 10
Infrared selected (AL WISE) AGN with soft-X-ray welights %
could account for 27-100 % of neutrino flux at 100 TeV ¥
(2.60 excess wi.rt. background expectations) with ~E-2 107°
spectrum. S S T E T S
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https://arxiv.org/abs/2111.10169

NGC 1068 (M77)

\_ J

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 1Oglo(pl()ca1)

dN/dE ~ E-32, Nsource neutrinos =50.4, E > | TeV,
post-trial significance: 2.90
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Possible sites of neutrino production in non-jetted AGN

v

free-fall inflow

cascade y
lonization

cone

accretion shock

§ g g g optical/UV
accretion ; black hole ; g

disk

Inoue, Cerruti, Murase, Liu, 2022

K. Murase, F. Stecker “Neutrino Physics & Astrophysics™ 2022

a )

theory talk by Enrico Perett

this afternoon
\_ 4
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Stecker et al. 1991
Stecker 201 3
Kalashev et al. 2015
Wang & Loeb 2017
Liuetal 2018
Padovani et al 2018
Kimura et al 2019, 202 |
Y. Inoue et al 2020
Murase et al 2020
Kheirandish et al 2021
Anchordoqui et al 202 |
Eichmann, FO et al 2022
S. Inoue 20227



NGC 1068

AGN
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Stein et al 202 |
Reutsch et al 2022

Tid a | d iS ru PtiO n eve ntS Van Velzen et al 2021 arXiv:i2| 1 1.0939

Albert et al 2021 (Antares)

.

AT2019aalc

(2=0.036) @IC191119A :
|C200530A @ .

AT2019fdr
(z=0.267)

A',." .
» ' y ‘

AT2019dsg €F) 1C191001A
(z = 0.051)

-

see Simeon Rutsch’s talk

combined significance: 3.70
tomorrow




Tidal disruption events

R. Stein for IceCube Coll PoS ICRC 2019 k J
IceCube Non-jetted TDEs Jetted TDEs
B giffuse flux? Tt (8%% % 1077 Mpc~3 yr~1)» (313 x 1071 Mpc=3 yr1)c

1077 =
: Non-Jetted <26%

\

lceCube Diffuse Flux

p—

5
oo
|

Ezg—g [GeV cm~2 s~ ! sr 1]
p—
(-]
&
|

. IceCube
1 Preliminary
e 1o 10 s
- E, [GeV
Some T DEs form jets (Swift |644+57) 3JettedTDEs [GeV]
Burrows et al 201 |, Nat, 476, 42| 40 non-jetted TDEs

(up to | year before and 100 days after the TDE)
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Reutsch et al 2022

Tid a | d iS ru PtiO n eve ntS Van Velzen et al 2021 arXiv:i2| 1 1.0939

Albert et al 2021 (Antares)
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see also Hayasaki et al 2019
Winter, Lunardini 2020

Tidal disru PtiOn events Winter, Lunardini 2022

Banik & Bharda 2022
Murase, Zhang, Kimura, FO, Petropoulou 2020 k J
10° Core (Corona)
1 Core (RIAF) lceCube
. : Hidden Wind b5 | sensitivity
Hidden Jet

d debris

E?¢[GeV /cm?]

E |GeV]
Similar neutrino production mechanism
to AGN cores possible

Models consistent with the detection of

No jet for AT 2017dsg, a neutrino (statistically)

AT2019tdr, AT2019aalc

(Cendes et al 2021, Matsumoto et al 2021) but require protons with super-

40 Eddington luminosities




The current landscape: Stacking upper limits

Relative contribution %

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
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for timelines and sensitivities see e.g.

Guepin, Kotera, FO, Nature Phys. Reviews 2022
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Summary

UHE

CR and neutrino sources appear to be

NUMErous

New facilities and sensitive upgrades being

. ee

Mult

messenger monitoring+phenomenology:

Scru

Inise every alert

Waiting for the next multimessenger events!

Many thanks to [6rg and to the organising committee for the invitation!
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