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High-energy messengers of the non-thermal Universe

gravitational waves radio/microwave Infrared/optical X-rays gamma-rays neutrinos cosmic-rays
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The cosmic-ray spectrum
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High-energy messengers of the non-thermal Universe
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High-energy messengers of the non-thermal Universe
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lceCube Neutrino Observatory

IceTop
__— 80 Stations, each with
- 2 IceTop Cherenkov detector tanks
2 optical sensors per tank
320 optical sensors

2010: 79 strings in operation
2011: Project completion, 86 strings

IceCube Arr
86 strings inc 6 DeepCore strings
60 optical sensors on each string
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Discovery of astrophysical neutrinos
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Discovery of astrophysical neutrinos

10_4_51 | g aaal . R R A | A ettt | - e
s Conv. atmospheric v, + 7, (best-fit)
B Prompt atmospheric v, + 7, (flux limit)

—
3
ot
gl

>
*
.
.
-
-
w
-

Astrophysical v, 4+ v, (best-fit)
N . +*t+ HESE unfolding: PoS(ICRC2015)1081 :

Power-law spectrum

dN B
—~ 7

dE
=24+x0.1

= T ythroughgoing muons

Energy Flux
. ®,.,/GeV tem 25 tsr!
p—t
=
\]
T FT'H'H'I

'—l
o=
|
Qo
ul
™ Inl'l

/

‘ , Maximum energy ~ 6.3 PeV
10° 101 10° 106 107 7



9 5 o171 ' 1 ] 4 3 ’
19 e © ° L 1 ot o ! 3 4 Y ® ? ?
(3 1 s s Iy Iy sl 3 )
14 < 1l ¢ J\ ¢+ ¢l q L 4 | 9 & 34 - '8 6 B G20 ) s 3
g 4 w9l I 1 19 g : | " Lo . '3 i sl
¢l ¢ ¢ & ¢ - o0 b L Ll & Uee 11 & 4 1Al | 10884l 8 'S J i (ot 7 [444 2ef 52 57
te ¢ ¢ Y £ 9 Ty & % 19 ¢ 411 & Mo 1T 97 1 %6146 6 ¢760111 n 87 s 141 idr ] 4174 sl 'Y
I oS et 1 9l ¢ Motl 7¢ & Lot 1 1tde[id ] \ @ tled 4 [9 ' I3 2]
¢ ¢ L I & sl T4 1 48 % ¢ .} it 2 s P 274 ) 3
) T TS G T X ¢ | | | ¢ o[ ¢l 1 [ o) »» J
¢ o ¢ & ! 7 o9t & 4 : 1 | ol )] 4 b ? 244 3 1 45
P o ¢ ¢ IR \ ° ¢ 4 ! i 49 0 1 ¢ L P t P 4 I 17 2?3 It I
19 ¢ ¢ O G p J: 18 $ i [ ¢ td¢ i 11
® * ¢ P % ? 0 . 1 10 I8 14 5 n ) 4 L] ] 2
¢ ¢ 0 8 0 s 4 5 1 S | i 5 g 4 ) 4 3 3
1l s T o | I 4 el 4 fs 111 177914 i 1 It [ telt 744 ]! e of
A% 1ae: 7 ! o1 d ! | & { ] ! 18 1 1 2 44 s ¢ 29 Il
¢ ool 1 | N [ 17 5 51 $ 3 3
bi 7 d [o] i3 ? oAl g 3 5 >
| - I 5 | )
ofe et 4 tetdlilis el { . !
| ¢ T 14 g 3
» 5 ! | §% ] h
? ?
2
! 1 ? > 3 1
A

lceCube Coll. PoS(ICRC2017)981

Latest Catalogue: IceCat| arXiv: 2304.01 | 74 ~300 neutrinos
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Discovery of astrophysical neutrinos

|0 year map IceCube Coll, PRL 2020

Power-law spectrum

}/throughgoing muons — 24x0.1

| Maximum energy ~ 6.3 PeV
~ 100000 neutrinos / year

~200 astrophysical
~30 high energy (E> 60 TeV)/year



What are the sources of > 1017 eV cosmic rays?

Neutron stars
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Neutron stars and Galactic sources
Fermi-LAT |0 year sky-map
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Neutron stars and Galactic sources -~
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Neutron stars and Galactic sources
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https://arxiv.org/abs/2212.11876v1

G dimimna— I‘ay b LI I‘StS Fermi-LAT 2nd GRB Catalogue, 2019
Fermi-LAT 10 year GRB mag DU
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g’ ' oot poverfu | S - >2000 GRBs with Fermi-GBM

- ~200 with Fermi-LAT
Universe




Neutrino production in gamma-ray bursts

Meszaros & Rees, 2014 Several shocks - - also Extemal Shock
possible cross-shock IC
Flow decelerating into
IIlt emal Sh 0 Ck the surrounding medium

Collisions betw. diff. Reverse 1
parts of the flow shock<

Photospheric \ \ \
th. radiationy/ | |
\ of

~ Jet -

't

eutrinos

3 )
~10"cm >10"°cm

GRB photon fields are excellent > |00 publications on theoretical expectations:
neutrino production sites ~ targets” see e.g. review “Neutrinos from GRBs" (Kimura 2022)



GRB contribution to the cosmic—neutrino flux

Stacked search for
neutrinos coincident with
prompt GRB emission.

2091 GRBs

lceCube Coll, ApJ 843 (2017) |12

*
;\ !)‘_ L
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X OKX

2000 GBM GRBs
266 Swift GRBs
121 LAT GRBs

lceCube Coll, Fermi GBM Coll, Apj 939 (2022) 2
+strong limits from GRB2Z1009A (the ~"BOAT")

lceCube Coll ApJL 946 26 (2023)
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Prompt (ATprome ~1-100s): < 1% diffuse neutrino flux

Precursorﬂé\fterglow (ATaftersow T 14d): < 24% diffuse neutrino flux



TDEs coincident with high-energy neutrinos

- Stein et al 202 |
; Reutsch et al 2022

AT20193alc Van Velzen et al 202 |

(2=0.036) @ IC191119A Albert et al 2021 (Antares)

: : +148days
|C200530A @+393days

AT2019fdr
(z=0.267)

AT2019dsg €F) 1C191001A

(2 _0'051) +150days

-

combined significance: 3.70




see also Hayasaki et al 2019
" " " Winter, Lunardini 2020
Neutrino production in TDEs Winter Linerdni 2022

Banik & Bharda 2022

Jet? (only in ~few%
of TDEs)

ind \| debris

dissipatig

Corona
photons

7 —

Disk sipatic;

/ /7 D | photons A’

No jet for AT2019dsg,
AT20191dr, AT2019aalc
(Cendes et al 2021, Matsumoto et al 2021)

Example neutrino spectra (AT2019dsg)

Murase, Zhang, Kimura, FO, Petropoulou 2020

Core (Corona) observed
Core (RIAF)

Hidden Wind
Hidden Jet flux

neutrino

various
model
neutrtno
fluxes

E?¢[GeV /cm?]

14 E |GeV]



Tidal disruption events

TDE contribution to the cosmic—neutrino flux

lceCube Point-Source Events
75
60 -

3 jetted TDEs
40 non-jetted TDEs (mixture
of X-ray / UV / optical TDEs)

Updated search in 2022 ZTF
TDEs with neoWISE flare
(" "dust echo™) Y. Necker TeVPA

2022 - No excess

lceCube Coll PoS ICRC 2019
Stein et al 2022 (ZTF Coll)

Non-jetted < 26%

15


https://indico.cern.ch/event/1082486/contributions/4878587/attachments/2490304/4276548/accretion_flare_stacking_tevpa2022.pdf
https://indico.cern.ch/event/1082486/contributions/4878587/attachments/2490304/4276548/accretion_flare_stacking_tevpa2022.pdf

Active Galactic Nuclel

Blazar, point-like appearance
Black Hole

Accretion disk \ ,\

Non-jetted AGN (90%)

. Jetted AGN (10%) - rare and extremely powerful



Blazars: High- energy accelerators
Fermi-LAT 5 year map . B TSRS
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TXS 0506+056 observations:

lceCube, Fermi-LAT, MAGIC, AGILE, ASAS-
SN, HAWC, H.E.S.S, INTEGRAL, Kanata,
Kiso, Kapteyn, Liverpool telescope, Subaru,

N e Utr| NoO P 'O d LI Ct' onin b | aZarls Swift/NUSTAR, VERITAS, and VLA/ | 7B-403
teams. Science 361, 2018,

MAGIC Coll. Astrophys.]. 863 (2018) L10
lceCube Collaboration: M.G. Aartsen et al.
Science 361, 14/-151 (2018)

TXS 0506+056 modelling:
MAGIC Coll 2018,ApJ, 863, L10
Gao et al 2019, Nat. Astron., 3, 88
Keivani et al. 2018,Ap/, 864, 54
Cerruti et al 2018 MNRAS, 483, |
FO et al 2019, MNRAS, 489, 3

&t o

Dust hadro-nuclear interactions: Liu+ /9

Torus stellar disruption: Wang+ /9

(IR photons) multiple zones: Xue+(inc FO) |9

Broad neutron beam: Zhang+(inc FO) | 9
line curved/double jet: Britzen+ 19, Ros+ 19
region inefficient accretion flow: Righi+/9
V BhEiEE) gamma-suppressed states: Kun+2 |

2014 flare: Reimer+19, Rodrigues+ 19,

Halzen+ 19, Petropoulou+20,
and more...!

Neutrino production in blazars :
hotons) e.g. Mannheim 1991, 1993,
Halzen & Zas 1997, Micke 2001, 2003, Atoyan & Dermer 2001, 2004,
Neronov, Semikoz 2002, Dermer et al 2006, Kachelriess et al 2009,
Neronov et al 2009, Bottcher 201 3, Dermer, Cerruti 201 3,

Cerruti et al 2013, Tcherin et al 201 3, Murase et al. 2012, 2014,
‘ Dermer et al 2014, Tavecchio et al 2014, 2015, Petropoulou et al 2014, 2015,2016,

Jacobsen 2015, Padovani 2015, Gao et al 2017/, Rodrigues et al 201/, 2020,
. ‘ 9 Palladino et al. 2019, FO etal 2019, 2021, Righi et al 2020, Rodrigues et al 2021

(UV/X-r




Blazars coincident with high-energy neutrinos

PKS 1502+106 . 3HSP J095507.9+355101 " W
£300 TeV vu(Gold) @ 300 TeV v,

Radio high ; / 30 day x-ray flare (30)

20 w.r.t. y-ray flux PKS 0735+178

+170 TeV (Bronze) ~
20 day y-ray flare Q
(slightly outside the 90% error circle )

ﬂg.. .* ?f & %
: : s

¥ '5"
TXS 0506+056 ,
+300 TeV (Gold) '©

6 month y-ray flare
30

Bronze events >30% “signalness”

Gold events >50% “signalness”
lceCube Coll 2019

3HSP J095507.9+355101: Petropoulou, FO et al. 2021, Paliya et al 202 PKS B1424-418+IC35 Kadler, Nat Phys 2016, Gao, Pohl, Winter, Ap| 843 2017/,

PKS 1502+106: Rodrigues et al 2021, Britzen et al 2021, FO et al 2021, Kun et al ApJL 2021
Wang & Xue 2021, Kun et al ApJL 202 o PKS0735+178 + 211208A Sahakyan et al MNRAS 2022



The power of multimessenger modelling
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Radiation processes | _
+ particle interactions 0. IR/optical x-rays ~ y-rays n eutrlnos
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Blazars coincident with high-energy neutrinos

QhotonD
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Blazars coincident with high—energy neutrinos

QhotonD

FO etal 2019

Petropoulou, FO et al 202
FO et al 2021

Sahakyan et al 2022
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Blazar contribution to the cosmic—-neutrino flux m]

Blazars

Stacked search for Blazar sky-map lceCube Point-Source Events

neutrinos coincident with o
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See also:

lceCube Coll | Oyr Point-Source Analysis (3 blazars),
Franckowiak et al Ap] 893 (2020),
Giommi et al MNRAS 497 (2020)

| lceCube Coll PoS (ICRC 2019) 916
Hovatta et al A&A 650 (2021), Plavin et al Ap| 908 < 17% diffuse neutrino flux e o a/{Xi\/' oy /)2675
(2021), Buson et al ApJL (2022) 2304,
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https://arxiv.org/abs/2304.12675

NGC 1068 (M77)

lceCube Coll, Science 2027

Seyfert 2 galaxy with heavily obscured nucleus

Prototypical nearby Seyfert 2 (14.4 Mpc)

T 1Oglo(pl00al)
Post — trial significance = 4.2¢ (single source test)

igh infrared luminosity: high-level of star formation e | |
Post — trial significance = 26 (Northern hemisphere scan)

N = 7922 E > 1 TeV ﬂ ~ F—3:2%02

neutrinos ~-20°
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Neutrino production in NGC 1068

Starburst + AGN corona composite (pp)

AGN corona (pp) Murase et al 2020
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Murase 2022
Halzen 2023

see also Kheirandish et al 202 |
Anchordoqui et al 202 |

102 4
| @ vLA , -—
| v o Fichmann, FO et al 2022 ,~~
1014 e MAGIC = /
= |ceCube \\ I
D A\
- t’ \
o 109 \ \ -
Tm | ‘| N & _I_ \
> 1 A e
=101 A T T \
o /3 / | /I N |
it K7 : i L
- / \\\ % |/I
1072~ 1== § g B
E ;N iy
LT N A VE
103 i v I \\‘. " 2 AL l [i: .......... L ' |
10-1° 1012 1079 106 103 100 103
E [GeV]
_7—_ [rrrrorr1 [rrrrrr1 [rrrrorr1 [rrrrrr1 T 7 l——_] T I I '_
C —— inner outerdf E
-8 - BeH cascade e B
9 5 Y ‘o H BeH 1st gen EIC 3 ]
— T e pp 0y JF -
'»_10E 9 = pp T+- pair syn _

lllllllll

lllll

H
.
H K

I N S R A B R

15 [ B

8 10

12 14 16

18

log v [Hz]

AGN internal wind (pY) S.Inoue et al 2022

20 22 24 206 282 24 26 28

log v [Hz]

11
30



COhs'isté‘nt,’-W_,
27% = 100%

Non-jetted AGN contribution to the cosmic—neutrino flux “

Non-jetted AGN v

AGN sky-map lceCube Point-Source Events
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Infrared selected (ALLVWVISE) AGN with P A T
soft-X-ray weights ~ 32,249 AGN TR

2.60 excess w.rt. background
expectations

\ dN _2
Best-fit spectral index — ~ E
dE

could account for 27-100% of diffuse lceCube Coll 2022 PRD
neutrino flux at 100 TeV
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High-energy neutrino sources are ubiquitous!
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https://arxiv.org/abs/2201.05623

Reporting on international high-energyjphysics

CERN11

Outlook

Several neutrino experiments in preparation!

GVD - Lake Baikal KM3NeT - France/ltaly
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Summary

1 pc 1kpc 1 Mpc

— B3=10
——- 3=0.01

Diffuse neutrino flux: 1044 N Gamma Ray Bursts

5 \ Neutron stars
10° N\
\

N

10°+ A,

Tidal disruption event

The main suspects (blazars & GRBs) are constrained

Neutrino sources (relatively) numerous and ordinary Starbursts

uncon!trained
NGC 253

| Jeﬁed AGN

Galactic component (~10%) emerging

Neutrino point sources:

Magnetic Field Strength [G]

N

First hints of multimessenger (+neutrino) sources paitadd non-jetted AGN }
. TV gt R consistent } Ny J e
New telescopes currently being deployed | B e with |4 | , VM

A vibrant growing field!
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