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Lecture I:
Introduction/overview



Where do the neutrinos come from?

Everywhere

Neutrino number flux E¢p [cm s ]

DESY. | NBIA 2023 | Winter Walter
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Vitagliano, Tamborra, Raffelt, 2020
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Observations of TeV-PeV
neutrinos (overview)



L ]
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Better energy info

IceCube http://icecube.wisc.edu/

—

Eiffeltornet
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ceernane

Better directional info

Observing TeV-PeV neutrinos with IceCube
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ANTARES The ANTARES Neutrino Telescope

ENIM A 656 (2011) 11-38

‘ L]
2500 m depth , « 25 storeys / line

8 : * 3 PMTs / storey

A. Kouchner

DESY. | NBIA 2023 | Winter Walter

- 885 PMTs

Deployed

X in 2001 *
14.5m \

Junction
box
(since 2002)

Completed in 2008 | = Interlink cables



A flux of high-energy cosmic neutrinos

it
i
. S , |
+180° The Earth  +20 :
w3 . Isintransparent
. for 3
E >> 10 TeV
Galactic TR ) A0
coordinates i iand Ol c i

+ Cascades

I .
X Muon tracks 0.0 TS =2 In! L,LO; 12.6

IceCube: Science 342 (2013) 1242856; Phys. Rev. Lett. 113, 101101 (2014); update from Kopper at ICRC 2017
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Backgrounds: Neutrinos and muons from the atmosphere

DESY

- TR Cosmic-ray
“~/_  shower
/B 5
A e
+ /0
Ty \
/ V] A
ey
/ /////
~30 kilometers wr iy

Atmospheric neutrino source

7E+—>p,++VH
e++Ve+\7H
n‘—>u7+vp
s_+Ve+Vu

Underground

Muon lifetime: 2 10% s (~ 600 m) x E/mq,.

In addition: muons lose energy.

Consequence: Atmospheric neutrino
and muon backgrounds at Earth

Northern
hemisphere
upgoing

Vua (V‘E)
(oscillations)

e

M Yy
Southern
hemisphere
downgoing

For transport computations, see Gaisser, Engel, Resconi:
Cosmic rays and particle physics, Cambridge, 2016

— —
S o,
» (2]

E2 @, (GeV cm? s sr)
oI

10-10

= o
= A ’71,0 e V, (unfolding)
- : 7
B N o, v, (forward folding)
E_ “ W, a1;‘2211&3": & .
= & A Vv, (DeepCore 2013)
- o N R
L %’y A v, (2019)
= /)’. K E%%
- 1 S -4
B 7, \ &,
= Ié %;;
- Pr
_ Mot ,
= us v
= e
= Honda v (HKKMS2007)
. Honda v_(HKKMS2007)
=~ —— modified Honda v,
- -.-.- Bartol v,
| I | 1 | | | | 1 1 | | | | | 1 | | | | | | | | ““l I
1 2 3 4 5 6

Iog10 (EV/Ge\n

IceCube, Phys. Rev.D 91 (2015) 122004
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Diffuse neutrino flux — observed in different event samples

DESY. | NBIA 2023 | Winter Walter

EZ-®,,; [GeVem2s~1sr1]

11 o _ _n —
O /10718 GeVlem 25 lor!

V47, per—
@100TeV

2

work in progress

1077}

Astrophysical Flux
(on top of atmospheric)

e Differential
o Best-fit (E—2.87 + 0.3) E
me v, Best Fit (E219%0.1)

- IceCube/Taboadalat Neutrino 201

10° 108
85 = — i
5% ApJ 928(2022) 1, 50.
o, C ,
S | 68 % —— // o \
- N T i
251 77 . "
/' T \§;\~ '\< \~ / /
P gl- \"/\‘ N “' /' )
2.0 1 /’/’ '{ /\Q \\\ \‘ /' ///
AN B IVEgP
151 PR AT W e _
U -/ \ ‘(/ P2 y ’///
1.0 // - ,‘Z‘_’_‘_’: ”””” ’T
l\ —“,f '}
0.5-_____' __________________ B
0'0 I ' ! 1 1 1 1
2.0 2.9 24 26 28 3.0 32 B

Spectral Index yspr.

HESE (7.5y Full-sky)
Phys. Rev. D 104, 022002 (2021)

Inelasticity Study (5y, Full-sky)
Phys. Rev. D 99, 032004

Cascades (6y, Full-sky)
Phys. Rev. Lett. 125, 121104 (2020)

This work: Through-going Tracks
(9.5y, Northern-Hemisphere)

ANTARES Cascades+Tracks
(best-fit: 9y, Full-sky) PoS(ICRC2019)891

What drives this
discrepancy between
datasets?
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New event classes

Glashow resonance Double bang (v.) candidates
T
I-- Single, no brights == Double, no brights === Double, with brights = Exp. Datal
2 bright DOM
£
- - > % ey /—\ .
- e -:_- T . ;‘E‘ | :' X
% é ; : é ;,/‘/'IL_T: E‘T\.}""'\' ."[':' 'i'T ,.k H ..}M
o ' ‘ WA 1 i AL N, .
° o . § ¢ ; it +Jr ) AT A
-
i . z 5 5 s | 0N ey AL bright DOM
(®) = - ’ [¢)
© - - o Y .
: ¥ : s : o
3 = - 5 oo (R
’ = = - c . Ry
° R — .. A % *
L - - - o : : \ég_/ +
. (» ‘ % | bright DOM
g : & o; -.
Ve . .‘
’ - o 5
¢ 4 AL
W boson resonance , nuebar 6.3 PeV g d 4 o fA *\% -
IceCube, 2021 o e

€

IceCube, Nature 591 (2021) 7849, 220 IceCube, arXiv:2011.03561 and PRL 125 (2020) 12, 121104
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Time-integrated 10 year point source searches

* Most significant:
NGC 1068 (3o post-trial)
Active galaxy, Seyfert 2, starburst

ANTARES E~2 Sensit. === 90% Sensit. E~3
- ANTARES E_3 Sensit. | e— 50 Disc. Pot. E_3

90% Sensit. E 2

-

=
\]

I

[

T: 10== 50 Disc. Pot. E—2
D) ) 90% Upper Limits £~2
'_‘QE) 107 90% Upper Limits £~3
L f f‘?_6_§__._.-—‘6i361|542+6|29
-10 4 e ——— =/ TXS 0506+056
g 19 L ‘(' PKS 1424+240 /
Credits: NASA, ESA & A. van der Hoeve < vy v Vﬁ'; T/
li >c, 1 vY Vv CAAS vy ‘ v vy
NS 10777 5 =Wy X e
* The other three are S s gl B
AGN blazars ~12 |
. 10~12 R 2 - Sy _vﬂ.";’,"
« TXS 0506+056 is prominent ‘;w;,‘lp'..vﬂd
because it was found earlier 10-13 , | |
through a multi-messenger —1.0 -0.5 0.0 0.5 1.C
follow-u s
P Down-going bm(d) Up-going
IceCube, PRL 124 (2020) 5, 051103; — Exercises

DESY. | NBIA 2023 | Winter Walter from G. Illuminati @ Paris 2020 Page 13



Neutrinos from NGC 1068 — Talk Salvatore

« Excess of 79 (+22 -20) events, leading to 4.2c significance
« Strongest point source, soft spectrum, z=0.004

« Obscured in very-high energy gamma-rays; kind-of expected if neutrino
production is efficient, e.g. Murase, Guetta, Ahlers, PRL 116 (2016) 071101

Credits: NASA, ESA & A. van der Hoeve

' Astro. v
Murase et al v, + 7, B IceCube vy, + 7 t  Archival data W NGC 1068 H
Inoue et al v, + 7, + 4FGL-DR2 MAGIC TXS 05064056 + Astro. v, v,
_9 .
10 .. 10_9 i
.$ o ‘_4'_‘ ﬁ*
¢ o | #
—10 - *°, 0
Tﬁ " . A C\Il _+_
75} \ e
\ ~ I
(.\ll — o.o \ E by N\\
g 10 1 41 N\ S 10711 - ~\\:\\~ I T
; F t % \\\\ - T
510712 4 &, «
g .T-.-Q- - s = s
107 5 o < 10713 - |
4‘!.“" C\]m: ~~~~~~~~~~~~
079 x| = +r .-
- * °
].0 14 4 1 1 1 1 1 1 1 1 T 1 1
p=* W= 1@ e wE 10" 103 iy
10° 10 10° 106 107
Energy [GeV]

DESY. | NBIA 2023 | Winter Walter IceCube, Science 378 (2022) 6619, 538 Page 14



Galactic plane seen in neutrinos at 4.5¢

15°

v, Optical

Latitude [b]
(@ ]

A

-15°
_15° 2.0 =
Q Yy Gamma Ray;, £
g 3
S o S
=] B E
© (@)
= 15° 0.5=

15° 4

Predicted m° ' \ Northern Sky

\\
Southern Sky\

Latitude [b]
(@)

-15°

co
(9
_1]

v Analysisi Expectation

Typical Event Uncertainty

Latitude [b]

Weight [sr

~O

N -
Significance ©
(o]

Galactic Coord.

Latitude [b]

B A _N] |
Weight
[sr~1]

o

-120° -180°

Galactic Longitude [/]

IceCube, Science 380 (2023) 1338;
see also ANTARES, Phys. Lett. B 841 (2023) 137951 Page 13
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Stacking limits ...

Gamma-Ray Bursts (GRBs)
« Transients, time variability

Active Galactic Nuclei (AGN) blazars
(Source: NASA) o Steady emission with flares

* High luminosity over short time * Lower luminosity, longer duration

107"

2LAC Blazar Upper Limit - éequal We:iighting

Bl Global Fit (2015) South v, GRB (5 yr) |3 .
~ 10-6 North v, (2016) —— Cascade GRB (3 yr) [] T 1070 Ta= =255, > 10 TeV |--tonnns. -weighting -
' | —  Combined Analysis — North v, GRB (7 yr) |3 7 — Ts=-225,>10TV| | : :
in T B T B T ] . . I : : :
5 Coincidence! = 107
| |m
< 10°%)
O,
:1
¢ 1077
10710 ---- -_-- " -_. """""" """"" - m = B3 :Astro h ;ical Difhzlse Flux T
- -- SEmEwEE i -t ; h ]_0_10 —".".'.".i.'.i]““.".“E).‘.“.}‘./.‘I“”.“.“.'.'.'..'.I"'."fﬂ'.i..i"".".'.'.'.'.'..'i"'."i'.'.'.'.7.1:'".".".'.'.I._
100 10*  10° 105 107 108 10° 102 10* 10t 10 10° 107 10°  10°
v Energy (GeV) Neutrino Energy [GeV]
) » Less than ~25% of observed v flux?

 Less than ~1% of observed v flux

IceCube, Nature 484 (2012) 351; IceCube, Astrophys. J. 835 (2017) 45

Newer version: arXiv:1702.06868
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Multiple contributions to diffuse flux? A possible scenario.

HESE tracks + TGM

. e TN e Atmospheric (tracks)
Sky map (Galactic coordinates, examples): | | N 2 ___ Galactic
circles: cascades — 10'75 _____
triangles: tracks 'y,
W
e 1078
o i
>
(]
S,
S8 100
“".u i
10—10 /’,‘ ] . . \\\\ 1 \\ \\\“\
100 1000 104 10°

Neutrino energy [TeV]

m Description/examples Neutrino prod.

Atmosph. Residual atmospheric backgrounds (atmospheric muons or neutrinos) p, K decay,
passing the veto systems charmed mesons

Neutrinos from Milky Way, e.g. from cosmic ray int. with gas or point sources pp interactions
Xop EXtragalactic neutrinos, e.g. starburst galaxies, ~E-2 spectrum (Fermi acc.!)  pp interactions
Xoy EXtragalactic v with hard (~ E-') spectrum; highest E; UHECR connection? py interactions

DESY. | NBIA 2023 | Winter Walter Palladino, Winter, A&A 615 (2018) A168 Page 17



Conclusions for different event samples

Through-going muons are most promising sample for extragalactic origin, HESE cascades for Galactic vs

Science 380 (2023) 1338: )
HESE cascades  uses cascades! HESE tracks Through-going muons

1 [476 53 56,26 167,57 806 0,0 186 08 3 |787 205 5,18 107,74 72,1 00 244 38 L 5680|1551 |
2 |17 129 -12,76 7,86 257 53,9 18,7 17 5 |714 267 7,22 -142,78 74,3 0,0 22,7 3,0 2 |20 9360 838 5093 242 00 S5 202
o 3 (340 1272,9 -32,60 93,04 21,4 0,0 52,7 25,9
4 | 1654 183 8,88 71,20 43,6 56 46,2 46 8 (326 122 40,47 -69,10 88,4 0,0 10,8 0,7 - i —
4 |260 973,4 45,74 171,42 23,8 0,0 55,3 20,9
6 |284 31 1,77 -107,66 89,2 0,0 10,4 04 13 | 252,7 946 -4,84 162,19 423 0,0 41,0 16,7
5 [230 861,1 10,46 63,41 25,1 0,0 56,1 18,8
7 _ - -
34,3 38 72,10 64,71 86,6 0,0 12,9 05 18 (31,5 118 65,97 33,14 88,9 0,0 10,4 0,7 6 770 28828 3,5268748 33,63 160 00 0 e
9 |632 70 54,41 -167,29 74,1 0,0 24,7 1,2 23 | 82,2 308 46,38 -33,45 71,0 0,0 25,1 38 7 | 160 17202 2013 38,05 188 00 48,9 223
10| 97,2 107 -83,32 13,88 62,1 0,0 35,5 23 28 | 46,1 173 -10,74 -65,56 83,1 0,0 15,5 14 8 |660 2471.0 34.56 7133 161 0.0 432 40.8
11|88,4 98 39,03 -106,87 64,9 0,0 33,0 2,0 37 (30,8 115 66,30 -136,03 89,2 0,0 10,2 0,6 9 |950 3556,7 -11,55 -153,66 13,6 0,0 36,5 49,9
12 [ 104,1 115 -29,67 -14,50 54,7 8,9 34,0 2,4 38 | 200,5 751 -1,30 -163,52 48,2 0,0 38,9 12,9 10 | 520 1946,8 -1,83 37,50 9,4 41,4 25,4 23,8
14 [ 1040,7 1151 0,54 0,86 6,1 51,7 25,5 16,7 43 465 174 38,69 -39,88 82,9 0,0 15,7 14 11| 240 898,5 -21,92 46,32 246 0,0 55,9 19,5
15 (57,5 64 -23,67 -12,29 61,8 19,1 18,3 0,9 44 | 84,6 317 -46,25 65,78 70,4 0,0 25,6 4,0 12300 1123,2 50,34 32,26 22,5 0,0 54,0 235
16 30,6 34 40,00 -57,18 87,6 07 13 04 45 [ 4299 1610 24,08 65,18 30,5 00 49 215 i3] 210 7862 216 6287 260 00 567 |74
17 [199,7 221 37,33 30,67 39,8 2,7 514 60 a7 | 743 278 48,67 113,12 734 0,0 284 82 i 210 786.2 2638 54,90 26,0 00 567 174
19 (71,5 79 -36,09 91,35 70,9 0,0 27,6 15 53 | 276 103 1153 2007 00,5 0.0 00 05 15| 300 11232 51,14 2,78 22,5 0,0 54,0 235
16 | 660 24710 -37,84 152,62 16,1 0,0 43,2 40,8
20 | 1140,8 1261 -47,17 -71,50 123 0,0 53,3 34,4 58 | 52,6 197 -14,39 -117,65 80,7 0,0 17,6 1,8
17 | 200 748,8 82,75 73,54 26,5 0,0 56,9 16,6
21 (30,2 33 -85,51 81,54 88,4 0,0 11,2 04 61 (53,8 201 -48,57 -152,96 80,2 0,0 17,9 1,9
| T 18 | 260 973,4 -40,19 61,58 23,8 0,0 55,3 20,9
22 (2195 243 -19,66 17,64 27,4 28,2 39,2 53 K
! ! f 62 (758 284 75,33 73,94 72,9 0,0 23,7 33 = 210 786.2 57.74 32,38 26,0 00 56,7 174
241305 34 -6,84 19,51 19,1 78,3 25 0,1 63 | 97,4 365 52,95 -118,64 66,9 0,0 28,1 5,0 Bl -0 28079 59.98 15413 152 00 109 13.9
25335 37 -9,87 21,69 30,3 65,1 44 0,2 71 (735 275 27,92 -136,75 73,6 0,0 232 32 21670 2508.4 .01 163,88 16.0 0,0 42,9 41,1
26 (210 232 45,77 -152,20 39,6 0,0 53,8 6,6 76 | 126,3 473 36,26 10,05 60,3 0,0 32,5 7,2 22 | 400 1497,6 45,21 7,24 20,0 0,0 50,8 29,2
27 | 60,2 67 10,84 -126,55 75,3 0,0 23,5 1,1 78 (56,7 212 -53,26 103,10 79,2 0,0 18,8 2,0 23 (390 1460,1 -47,39 153,90 20,2 0,0 51,1 28,7
29 (32,7 36 6,83 76,01 84,6 3,0 11,9 0,4 82 [159,3 506 40,83 21,18 54,2 0,0 36,0 9,8 24 |850 3182,3 6,12 66,95 14,3 0,0 38,6 471

[

]
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PeV neutrinos

ino telescopes

Future neutr

BAIKAL-GVD

GENZ2

1
E
=)

oratory

Page 19

n
Credit: DESY & SciComLab
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1000 m
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Physics of neutrino production



Example: Fermi shock acceleration
— Talk Peretti

 Energy gain percycle: E> nE

« Escape probability per cycle: Pggc
* Yields a power law spectrum ~ s -1
* InPgs/In M ~ -1

(from compression ratio of a strong shock),
and E-2 is the typical “textbook*
spectrum

DESY. | NBIA 2023 | Winter Walter

Lorentz force
= centrifugal force
2> E..x~ZcBR

" Enmax ~ 300,000,000 TeV.
A B~ 1mlad.T

» Theory of acceleration challenging,
but we do observe power law (= non-
thermal) spectra in Nature

o
”-f 0™
« For multi- 3107
messenger 20| zormtr]
perspective: Y
adopt pragmatic =~ =.° .
pOint of view! 10 7— E;,gw 51 /km/ e
(we know that it 107 g &
works, somehow ...) ©” Tt T s

s 9 10 1l 12
loglO(EP/GeV)



Secondary production: Particle physics 101?

« Beam dump picture (particle physics)

Beam of p, A, ... -
S ——— )

* Interactionrate TI' ~c N[cm3] o [cm?]

Target density (e.g. N,) = Key challenge:

critical for production! Need volume
1000 S—
[ total ]
—_ direct ------ 1
- multi-pion -------- ]
© diffraction ------ ]
-Qé resonances -

total cross section

100 : =
(py from Miicke, Rachen, Engel, ]
rotheroe, Stanev, 2008/ SOPHIA; |
for pp seg e.g. Kelner, Aharonian,.

PPl Bugayov, 2006)
0.1 1' ) ‘\.““;IO ‘. 1(I)O I‘ 1000
g (GeV)

(Photon energy in nucleon rest frame)

DESY. | NBIA 2023 | Winter Walter

« Astrophysical challenges:

« Feedback between beam and target (e.g.
photons from n° decays)

» Need self-consistent description called
radiation model

« Density in source, in general, not what you
get from the source

Here: typically a spherical blob in
relativistically moving frame Page 22



Qv,out

Global radiation models (theory) /Q
p,out
« Time-dependent PDE system, one PDE per particle species i —
ON; O N;(E)
= — (—b(E)N;(E)) — + QL
5 = a5 CUEIN(E)) = ==+ Q(E) byn
Cooling (continuous) Escape Injection
b(E)=-E t)0ss “radiation processes”
Q(E,t) [GeVT cm3 5]
N(E,t) [GeV-T cm-3] particle spectrum including spectral effects
* Injection: species i from acceleration zone, and from other species j: Strong!y ll‘orward.peaked
spectra in interaction frame
QE)=Q:(E)+Q;i(E) (e.g. blob frame)
dntt e :
(EN= | dE: N:(E )T (E. R sl E. E. — Re-distribution function
Qji(Ei) / 5 DR T5™ (Bs) —7 dE; (Ej, i) narrow + peaked
Density Inter- Re-distribution
other  action function E.g.E,~025E;
species rate +secondary ~0.25x0.2xE;=0.05E,

multiplicity

DESY. | NBIA 2023 | Winter Walter Page 23



Radiation processes | ° '™ A | | |

Proton Bethe—Heitler Photopion Photopion Photopion
synchrotron pair production (IT* component) (I~ component) (11° component)

Th lead t o ¥ X} Y Nf
 These processes lead to p g
cooling, escape (— leave / y »e/l b / X"“ /ﬁ 5

species), and re-injection terms 4

e = ‘_'
v v
e K ‘e

Hadronic
®
<m+\
14 .

» Other processes relevant for
neutrinos: synchroton cooling of
muons, pions

(News & Views)

_ ‘ gj“ ,ﬁ eﬁ
v 7N RN

Electron Inverse Compton Photon—photon Electron—positron
synchrotron scattering pair production annihilation

Leptonic
W
o
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Photo-pion production in the multi-messenger context

Neutrino peak determined by maximal cosmic ray energy —

[conditions apply: for target photons steeper (softer) than & (and low enough gin)] AGN neutrino Spec"um (example)

Interaction with target photons —— From p decay | I
(A-resonance approximation for C.O.M. energy): --- From 7 decay

From K decay Ev,peak ~0.05 Ep,max
p+y— AT — {

[—

S
[
[\

n+at -y — Combined

g
|
»+ moy ) E 103 — SOPHIA
E, [keV] ~ 0.01 I'?/E, [PeV] ) E e
keV energies interesting! Proton = 7 orneutron > 7T = 10-14
(computed for A-res, yellow) —» ol il Pitch-angle averaged . E-o ' otons,
50 ¢ X-sec x multlpI|C|ty: § E'?,vtarget photons
_ S i
E 100} iy 107"
« Photons from pion decay: = Multi-
9
0 5(); -16 '
T — v+ , 107"~ ‘ ‘ ‘ ‘ J o
T _ ; 10° 10* 10° 10° 10" 10° 10° 10"
\\\\\\\\\\\\\\\\\\\ ’ E,/GeV
Injected at E ~ O 1 E OO.() 05 10 15 20 V/Ge
v.peak p,max : Y=(E, &m, [GeV] From: Hiimmer et al, Astrophys. J. 721 (2010) 630;
TeV-PeV energlesllnterestlng. _ for a more complete view of possible cases, see
(but: electromagnetic cascade in source — next slide!) Fiorillo et al, JCAP 07 (2021) 028
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Fate of the very-high-energy gammarays =° — v+~

py/yy optical depth correspondence

4 | | | | | |
Fermi-LAT. " power law (0=2.5) =r==1=
Efﬂqept .neutrlno production implies yy- 3 L !{/ power law (0=2/3) —— _
annihilation !:,/, gray body e
« Other electromagnetic products are 2 I T / y
affected by these processes as well, e.g. " & T e - y
N | /]
Photopion 8" 1 ’v & CR bouml ....... -, /4/'//,/
(I~ component) . 0 pn 7y annihilation ., ) Y 4
O A\ '/I.
IV \ =y N /,/,'/
=5 e Y 4
e qF Y’ -
However, the 24 f ,
e\ EM cascade — oL ) s
4 i;/ ' energy shows '
up somewhere!
i 5 (more in lecture 2...) 3 :f’/ B
\;'_‘“'v\‘ -4 . | | | | | |
Inverse Compton H‘w\ /.H_H -3 1 2 3 4 5 6 7 8
scatteringp |Og(8 [GeV])
7 t: optical thickness (=R/An¢,)
Photon—photon Murase, Guetta, Ahlers, PRL 116 (2016) 071101
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pp versus py interactions

* pp interactions

pP+p— <

(7t + anything
7 4+ anything

Y.

Spectrum: E-* non-rel.

\ 7V 4 anything
E-o

1/3 of all cases
1/3 of all cases
1/3 of all cases

(Branchings actually
not exactly 1/3;
see JCAP 1701 (2017) 033)

Examples: starburst galaxies, environments with gas/dust

* py interactions with power-law larget: more sophisticated since relativistic target

e ar |

E-a

E-P
E-> only if B=1!

Examples: GRBs (B~1), AGN blazars (>1)

* pyinteractions with thermal target:

Peaked (example: CMB). But: multi-pion prod.
dominates if C.O.M. energy high enough.

Examples: TDEs, AGN cores P
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E-oc

n+7" 1/3 of all cases
p+ " 2/3 of all cases

E-o+p-1

rn)

(uba

Y
T

total cross se

Fiorillo et al, JCAP 07 (2021) 028

—Neutrino
--Neutrino —only A .-~

1072

10° 102 10* 10° 10% 1010
E' [GeV]

E?,N,[au]




Application for pp interactions: Starburst galaxies

Gamma-ray diffuse flux

_|_
T }V
pP+p—> T

* Neutrinos and gamma-rays
follow primary E-? spectrum

» Diffuse gamma-ray background
dominated by AGN; non-AGN
contributions sub-leading

» Constrains spectral index for
non-AGN contributions
(starburst galaxies, ...)

Bechtol et al, 2017;
Palladino et al, arXiv:1812.04685;
Peretti et al, 2020; ...
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E2 O [GeV cm'2 s'1 sr'l]

=

S
O
|

1=
-

f " Fermi 2010 +—+

Fermi 2012 —+—— 1

IceCube 2013
Vi N
N
AN
T

[

Q
=
o

10° 10! 102 10° 10%

10° 10° 10" 108
E [GeV]
Murase, Ahlers, Lacki, 2013
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Decouple the maximal cosmic ray and neutrino energies?

Example: GRB

‘NeuCosmA 2011 (No losses) |

—

« Synchrotron cooling of secondaries (u, =, K) in 10-22
neutrino production chain:

)
- Ev,max

T = Wt v,

+ + - 107}
o — e+ v+, 5

« Spectra (u, 7, K) energy loss-steepend above
critical energy

(synchrotron cooling faster than decay) 107>}
o OmegmPe’ |
¢\ metB? 107

20, (E,)/NC', C', GeVem™ s71)

Depends on particle physics
only (m, 7o of secondary), and B¢

* Points towards sources with strong enough B’
if UHECR connection:

Gamma-Ray Bursts, (jetted) — Talk Rudolph E,' /GeV
Tidal Disruption Events, ... Kashti, Waxman, 2005; Lipari et al, 2007; ...

Fig. from Baerwald et al, Astropart. Phys. 35 (2012) 508

10—26
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Flavor composition in terms of flavor triangles — Talk Telalovic

Theoretical expectations Physics potential
« Standard model expectation for flavor mixing
(averaged neutrino oscillations): Std. mixing = (fe:fuif)s
3 , ) 0;,0¢cp: BF,16,3¢ 0.1 all free
Pag = >~ |Uail*|Ugi| NH 1:2:0)
i=1

» Flavor compositons at source (fe:f,:f;)s:
» Pion decay chain: (1:2:0)
* Muon damped source: (0:1:0) — previous slide fro _

-------
---------

» Neutron decays: (1:0:0) 0.7

.....
% ™ iy - -
S

« Charmed meson decays or muon pile-up: (1:1:0) 0.8

for a comprehensive pictur.e.of 0 yﬁe Cube’2015
energy-dependent flavor compositions, see
Hummer et al, Astropart. Phys. 34 (2010) 205 1 0
[7TTT77 JTTTT T TTT T 7T 77T T A
. ) i 0O 01 02 03 04 05 06 07 08 09 1
« Small region of flavor triangle occupied by SM  — f o
. . e,
physics, but BSM may cause deviations! IeeCube measurement

Astrophys. J. 809 (2015) 1, 98;
update: Eur. Phys. J. C 82 (2022) 11, 1031
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Bustamante,
Beacom,

Winter,

PRL 115 (2015)
16, 161302;
Arguelles, Katori,
Salvado, PRL
115 (2015)
161303;

dates back to:
Barenboim,
Quigg, 2003

(shaded regions:
current 3c range

0.1 for mixing params)
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Beyond the Standard o
Model tests PP\

with astrophysical neutrinos

DM deca

(Act&at deteckjon)

‘u .

Argiielles, Bustamante, Kheirandish,
Palomares-Ruiz, Salvado, Vincent,
ICRC 2019

DESY. | NBIA 2023 | Winter Walter
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= How far can neutrinos versus gamma-rays travel?
E nerg etICS Often: f, % (n* only) x V4 (4 leptons) o' ——
gical max of star formation opagque to photons;

{_A_\ 10° F transparent to neutrinos

https://icecube
science/research

107 I nearest blazar

« E,~emx Ep x min(0.21,, 1) x 1/8 <<0.01 E,, (typically)
T,,. Optical thickness (=R/Ang) to py interactions
en: fraction of proton luminosity beyond py threshold

Distance [Mpc]

nearest galaxy

galactic center

* For E, ~ 1/fe X E, (1/f : baryonic loading):
E, << 0.01 1/f, E, T |
. _ vs. How much energy do | have to emit from
» Consequence: Need baryonic loading 1/f >> 100 for the source into neutrinos of all flavors to

energy in neutrinos comparable to gamma-rays observe one event?

 Qualitative consequences: - %ggszTlp g
- Justifying PeV neutrinos from AGN blazars (distant!) require extremely 1022? """ Nputrin Radio Afmay 8
high 1/f, >> 100 for the models ' | acture 2 _ %853; g
* GRBs are expected to have 1/fg ~ 10-100 from UHECR connection/ ? 1052 ]
Since there are few nearby, they are not seenin vs ... — Talk Rudolph, = 102(1); : é’
« TDEs can be quite nearby and luminous ' — Lecture 2 — . %849/ B UK somptin &
» Other sources (e.g. NGC 1068, Milky Way) detected if very nearby %813 % 2 § i g
» Although neutrinos can travel through the whole universe, 1()46§ z é § ? &

it is only realistically possible to see nearby or bright sources ... 10 102 10-' 100

z

Fiorillo, van Vliet, Morisi, Winter, JCAP 07 (2021) 028
DESY. | NBIA 2023 | Winter Walter Page 32



Summary and outlook — lecture |

Evidence for multiple individual neutrino source
populations emerging

* AGN blazars

« TDE

* AGN cores?

» Galactic

» Other

Neutrino production

* The neutrinos spectrum typically
peaks at the primary energy E, peax ~ 0.05 Ep max-
Exception: strong B (secondary cooling)

» The neutrino spectrum follows the primary
spectrum for pp interactions and thermal targets
with high C.O.M. energies

2
: 2o
» Neutrinos can be only seen from very nearby or Q

very luminous individual sources
Bartos et al, arXiv:2105.03792
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Lecture II:
Multi-messenger follow-ups

https://multimessenger.desy.de/
https://www.desy.de/e409/e116959/e119238/media/9170/TDE_DESY SciComLab sound 080p.mp4



https://multimessenger.desy.de/
https://www.desy.de/e409/e116959/e119238/media/9170/TDE_DESY_SciComLab_sound_080p.mp4

Multi-messenger follow-ups

» Global alerts initiated by neutrino events

« Especially tracks with good directional information,
high enough energy

« Other instruments triggered, who search for counterparts

* Prominent examples: TXS 0506+056 (AGN blazar),
AT2019dsg, AT2019fdr (Tidal Disruption Events), but several
other associations as well

https://www.desy.de/e409/e116959/e119238/media/9170/TDE_DESY SciComLab_sound 080p.mp4
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https://multimessenger.desy.de/
https://www.desy.de/e409/e116959/e119238/media/9170/TDE_DESY_SciComLab_sound_080p.mp4

Neutrinos f

Overview A
‘[}‘}"”’&,
h
— Talks Zathul,
Azzollini,

Barbano

side view

B 0@ e

- : oo
L9 a0 000000000000 : O
¢ OOOC000VV0000
‘ T )
XX 10 0000 96w
< -0 6000000000 B0IS000
0000000000000 5
[ ]
0 cO000000000000000 -0

c@Q

00
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What is an AGN blazar?
(AGN = Active Galactic Nucleus)

Theory basics:

Estimate for accretion
power:
Eddington luminosity
Legg ~ 1047 erg s

X IVIBH/(']O9 IVlsun)

DESY. | NBIA 2023 | Winter Walter
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Electromagnetic picture of blazars

« Exhibit a typical two-hump structure 9

* Measured over extremely large
range of electromagnetic spectrum

» Often observation “campaigns” at
same time, or follow-up searches of
neutrinos

—10 A

» Simplest explanation: first peak from
electron synchroton, second from
inverse Compton up-scattering of
these synchrotron photons off the

same electrons
B e H\

—11 -

loY, o[ E°dN/JE (erg cm™ s7')]

(= SSC - “synchrotron
self-Compton model”)

Optical

Inverse Compton
TeV-y scattering

-13

Electron 10

synchrotron

DESY. | NBIA 2023 | Winter Walter

15 20 25 30
log,[Frequency (Hz)]

Credits: VLA, ASAS-SN, Swift, Fermi, MAGIC, DESY science comm. lab., Pian 2019, Gao et al, 2019



Radiation processes

DESY. | NBIA 2023 | Winter Walter

Hadronic

3N Vi

Bethe—Heitler
pair production

Proton
synchrotron

l
Photopion
(IT* component)

4

l |
Photopion Photopion

(I~ component) (11° component)

" 7 \p 7\
S

(News & Views)

Leptonic

Electron
synchrotron

Inverse Compton
scattering

\f o
7\

Photon—photon
pair production

/
PN

Electron—positron
annihilation




Typical SED models (qualitatively) _‘

« Synchrotron self-Compton (SSC) or « Pion cascade models
external Compton (EC) models

Photoplon
11° component)
1 / p
Electron Inverse Compton Electron
synchrotron scattering synchrotron

* Proton synchrotron models (requwe large B’) » More exotic hadronic models, for example:

B
Bethe—HeltIer
Proton palr productlon Proton
synchrotron
synchrotron

DESY. | NBIA 2023 | Winter Walter u Page 40
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A neutrino from the flaring AGN blazar TXS 0506+056

Sept. 22, 2017: SED from a multi-wavelength campaign

A neutrino in coincidence with a blazar flare
e i log(Frequency [Hz])

8 10 12 14 16 18 20 22
I

s

side view

26 28 30

10-10 _— Lw‘} T '

srsrpreTretliiIBB00:0ss

v
; —_ 10~ T -
N — - 1 ]
! R oo ray flare: ’
/o ’ - . i
) > [bind M
iR £ R temporary H
g4 s B \ ) 0 500 1000 1500 2000 2500 3000 m - %o =
P ._top view nanoseconds 125 %D 10—12 3 %Ticp fl ux Increase + 3 E
w i ]
O
=
A original GCN'No‘tice lFri 22 Sep 17 20:55:13 UT 10 O bse rved by ©
refined best-fit direction IC170922A TU

= |C170922A 50% - area: 0.15 square degrees
= |C170922A 90% - area: 0.97 square degrees

Fermi-LAT 1073 g :
and MAGIC : d

Archival SARA/UA —— INTEGRAL (UL) VERITAS (UL) ]

* —
i o = VLA s Swift UVOT - Fermi-LAT —— HAWC (UL)
< (b|azar ﬂare) - ] e OVRO §  ASASSN ¥ AGILE —— Neutrino - 0.5yr |
E - 10-14- m e  Kanata/HONIR ¢ Swift XRT = MAGIC === Neutrino - 7.5yr |
S TXS 05064056 i v Kiso/KWFC & NuSTAR H.E.S.S. (UL) ]
a [ 1 . L 1 L L 1 . . 1 . . 1 . . 1 . . 1 . . 1
. e 10-° 103 100 103 100 109 1012 101
Significance for Energy [eV]

correlation; 3c

PKS 0502+04p

o - nN w > [$] [} ~ [e2] ©
Fermi-LAT Counts/Pixel

Color: coincident with neutrino; gray: archival data

78.4° 78.0° Rig7;t.6A°30en7s7i(.)2r: 76.8° 76.4° Z - 0.3365 i 0.001 O
Paiano et al, 2018
DESY. | NBIA 2023 | Winter Walter Science 361 (2018) no. 6398, eaat1378 Page 41



Analysis of archival neutrino (lceCube)

A (orphan) neutrino flare (2014-15) found from the same object in archival neutrino data

1C40 1C59 1C79 1C86a 1C86b 1C86¢
5 | | | | 1 |
+ TceCube-170922A A fdo
47 Gaussian Analysis \
Q‘O 3 - Box-shaped Analysis ] \ o R
b‘E .
2 94 3 £ 5 events excess.
| Science 361 (2018) no. 6398, eaat2890 Significance: 3.5 T
1 = _——-,J_J_;_' lo
0 i

2010 2011

During that historical flare:

« Coincident data sparse (since no
dedicated follow-up campaign)

* No significant gamma-ray activity

Fermi-LAT data; Padovani et al, MNRAS 480 (2018) 192
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2013

10

1072 ph cm™2 s 1
Ot

-

T — F r T

2014 2015 2016 2017
2009 2011 2013 2015 2017
Neutrino Flare ]l
i TceCube-170922A ﬂH
iy yoil
T oottt oy s b p b AT
+ ++++++ ++++ +,rJrJr ++++++++++ )

At 2014-15 neutrino flare

The 2017 flare pagea2



Number of predicted neutrinos from a theoretical model?

Sept. 22, 2017:
One neutrino observed

Good reasons to expect that the predicted
model neutrino flux should be significantly lower

« Eddington bias:

2014-2015:
13 £ 5 neutrinos observed

Relatively high number, Gaussian statistics
— Model prediction of similar order needed

Trial factor for numerous faint sources (here 10* equal-lumi BL Lacs z-distributed within z<4)

0.10 YT T T T ™ T T T T T T T T T T T T T T
> ! : ! ' : : :
£ 0.08 | (flux transtates-into source-distance) .y rc?eas[:tz:%r{evvl ----------------- 1 1levent [
o 0.06F A S T S S0Urces 1GON OULE L .
© | Far-away, many sourcds contribute  _ _ter. 1 H L1 2events ]
o 0.04 | : - E p : 1 3 events
© 0.02f e b a0 EE | ]
0.00 k== e e raire 'L
107 1073 1072 101! 10 101 1072

flux (expected # of detected events)

Strotjohann, Kowalski, Frankowiack, A&A 622 (2019) L9;
see also Palladino, Rodrigues, Gao, Winter, ApJ 871 (2019) 41

DESY. | NBIA 2023 | Winter Walter
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Multi-messenger interpretation
of TXS 0506+056



One zone model results (2017 flare)

Leptonic models

log,[E*dN/AE (erg cm™2s7™")]

eV keV MeV GeV TeV PeV

-9
Leptonic
_10 4
Optical
TeV-
11 1 evy
—12 1
No neutrinos
-13 T T T .
10 15 20 25 30

log,o[Frequency (Hz)]

No neutrinos

DESY. | NBIA 2023 | Winter Walter

Hadronic (r cascade) models

b

log,[E?dN/IE (erg cm™? s7")]

Gao, Fedynitch, Winter, Pohl, Nature Astronomy 3 (2019) 88;
see also Cerutti et al, 2018; Sahakyan, 2018; Gokus et at, 2018; Keivani et al, 2018

One spherical radiation zone
Fewest assumptions

Hybrid or p synchrotron models
eV kgV MeV GeV TgV PgV EeV

eV keV MeV  GeV  TeV PeV
-9 } . t ; . } -9
Leptonic —— Photons Photons, Low Ep Hadronic, Low Ep === Muon Neutrinos, Low Ep
Hadronic Muon neutrinos ====Photons, High Ep ==== Hadronic, High Ep ==== Muon Neutrinos, High Ep
- T GeV-
~10 - GeV-y & -10+ Y
1 Optical
=
o \
9 \
e | eV-
11 i — 1 A ey
o \
= \
Z
© Earth
N\U:I, ard "“‘ absorption
~12 | 212 a i
e i
p'y - p'e* ! i
pair production [
[ |
-13 . T T T T -13 I I | 1 1 i I
10 15 20 25 30 10 15 20 25 30 35

log,o[Frequency (Hz)]

Violate X-ray data

log,o(Frequency/Hertz)

* Violate energetics (L.qq) by a
factor of a few hundred or
significantly exceed v energy
Baryonic loading 1/f, > 104
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More freedom through multiple radiation zones

Formation of a compact core

Large blob, persistent emission, quiet state

T / Compact core, ignited during flare state
~0.05 pc
L2
|

Observer at earth

|
| 10 pe I 1.35 Gpe —>|

eV keV MeV GeV TeV PeV
-9 t t t + t t
Leptonic Photons
Hadronic Muon neutrinos
GeV-y
-104 evy
= Optical
T(I)
«
£
o
=
K TeV-y
w -11
3
2
c\"O 5, mmmam
=X % Absorbed
87 ........ % during
= - % propagation
-12 4 /-_
-13 T T T —
10 15 20 25 30

log,o[Frequency (Hz)]

Gao et al, Nature Astronomy 3 (2019) 88
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107

E2F(E) [erg cm 2 s 1]

External radiation fields

Jet-cloud interactions/
several emission zones

_-'4 —
””” = = C Sdroniecrel ¢V — Leptonic =~V VVVVw
S @ et _emisong | VWWw emission X M7 *
2 e Xy %)w
'
Sikora et al, 2016 ® B"i“"e Reg;‘
Frequency [Hz]
D e D (i S VA (S VS S (S i

b——7—————7— 17— 3

T T T T T T T T T T T T T T T T T T il T T T T 10 E — sum of photon f|ux (Xgo' - 1 .60) S_1 6
i 10-9;_ — hadronic (r%cas.) - - - U, B i
! —— blob pri.e (SYN+SSC) —— BLR pri.e (EC)
. e 10mF 4
| L - o, gk ! E

@) F
Epmex =107 S e ]
— e-sync. jet = 3 3
L === e-sync. sheath .

= - S5C 10"k >
= = EC 10-14 %g "’ 1

----- yn cascade —— —— bt —!
. ) 10° 10° 10° 10" 10"

MAGIC collaboration, 2018; e energy (eV)
see also Keivani et al, 2018 = total EM
o Liu et et al, 2018;
M

see also Xue et al, 2019



The archival (2014-15) neutrino flare of TXS 0506+056

1 Theo Glauch @ TeVPA 2018, N n+ 7t = v  Comparable
107104 | | | | p+v— AT — 0 amounts of
‘_l('_‘ ] “L EEEEEEEEEN p —1_ 7-(- » y energy
T 1071 St S
o N
L1012 - v
/S ] 0.' ‘c'.-: .
= - - :
0134 4 Photon Spectrum, MJD: 56949-57059
.J v flare, MJD: 56949-57059
] f- I  HAWC 95% Upper Limits
10—+ . .

10713 107° 107° 101 103 107
E [GeV]

» Electromagnetic data during
neutrino flare sparse (colored)

« Hardening in gamma-rays? (red shaded region)
Padovani et al, 2018; Garrappa et al, arXiv:1901.10806
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One zone description of spectral energy distribution

SED components

—— primary e~ (syn+IC)

eV meV eV keV MeV GeV TeV Pev — Bethe-Heitlere® (syn+IC)
9 1 1 | 1 1 ] 9 p,n+y-n~ -e*(syn+IC)
— N(Vu"‘Vu) . —— y+y-ete~ (syn+IC)
. « = historical data + 14/15 flare data From PhD thesis Srotons (syn+10)
0.0 2.0 - Rodrigues
(TE -10T IceCube 2018 (TE -107 2 SED total p.n+y->n’-yy
@) O
2 11t \\ T 11
° AN g X
L / o m
§ -12+ "",‘ - -12] SR
S ! ) B
L ) ' 3
— -13F & 1 — |
E 7 W 813
(@) Y. 1 -
ke) | ; |
196710 12 14 16 18 20 22 24 26 28 30 32 -14 - - - - - - -

ueV meV eV keV MeV GeV TeV PeV

logiolfrequency, Hz] log10[E]

Energy deposited in MeV range and absorbed in EBL Primary electron processes (synchrotron and inverse
(here about 80% absorbed, 20% re-processed for E, > TeV) Compton) dominate nowhere in this model!

From: Rodrigues, Gao, Fedynitch, Palladino, Winter, ApJL 874 (2019) L29;
. see also Halzen, et al, ApJL 874 (2019) 1, L9; Petropoulou et al, ApJ 891 (2020) 115
DESY. | NBIA 2023 | Winter Walter
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External radiation field example

« TXS 0506+056 may be actually an FSRQ
Padovani et al, MNRAS 484 (2019) L104

Rodrigues et al,
ApJ 854 (2018) 54

* Results for TXS 0506+056:

\ relativistic jet

CR acceleration

\

PN

broad-line region [

dust torus [

Vol
accretion disc\

|
I

« These can be back-scattered into the jet frame. peV. meV eV  keV MeV GeV TeV PeV
. — -9 1 1 1 1 1 1 1
Example' T == SED (a) === Thermal (b) === Neutrinos (a)
Lo Emission spectra ‘T‘V’ Lo -—— SED (b) == Thermal (b) === Neutrinos (b)
) ,’ External field ® - - IceCube 2018
A jet equivalent = v
10-10| SED total E (@)] 1 1 n
'y o !
@ I
o N W I
E 1071} o B 12+ I
T = % ,'
o o ~ I
,% 10-12 g'.' .u_,; -13 B I :
s 7 5 I I
Observed g 8’ I I 1
10_13_ EXternaI 177 — _14 | 1 1. 1 1 1 1 1 1 a
field 8 10 12 14 16 18 20 22 24 26 28 30 32
logiplfrequency, Hz]
10_14 =5 l—2 ‘1 I4 l7 ‘10 I13 16 . . . .
T e e L e e e - Maximally five events; may be consistent with

DESY. | NBIA 2023 | Winter Walter

Rodrigues, et al, ApJL 874 (2019) L29; see also Reimer et al, 1812.05654

lceCube result if different spectral shape is assumed
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Diffuse neutrino flux
from AGN?



Ingredients: Neutrino production and population models

« Geometry determined by « SED follows “blazar sequence”: » Population model:
disk luminosity: LL-BL Lacs, HL-BL Lacs, FSRQs

SED (jet frame)

SPI0T+T10T ‘Te 39 ofplV Aq [9powr uonendod

BL Lac/ FSRQ 1047 50
relativistic jet 10%6 | logy[T*LY, (erg/s)] . Low-lum BL Lacs
45 .
\ = 10 49 - High-lum BL Lacs ) .
CR acceleration 80 10 FSRQs 4 )
n 8 1043 3 =
Q —~ 10
(3] < — -
\. ) &y 1042 = 48 A 8
dust torus ‘ broad-line region E| § 101 § @»
= 104 L 47 =
o Mg g =
~/_accretion disc 10 = E
z \ 38
. \ 10%® F o 46 - o)
II \ 1037 1 1 1 1 1 1 1 1 2 (¢°)
' 107107 ¥07*107°107" 107" 107210~ 10* 10*® 10° E
HL-FSRQ o 45 - , ;.:
relativistic jet 10 98]
\ broad-line region 10 44 - E
. Fod
dust t = 44
CR acceleration ustiong o0 1043 1072 -1 . 0 10! @)
Cg \,2, 10 Redshift,z ()
P T 15 =4
N U a —— Low-lum BL Lacs %
:ES 1040 21.0- —— High-lum BL Lacs i)
10 [ —— FSRQs =
1038 Q
1037 1 1 1 1 1 1 1 1 \ -8 05 -1
1071071071077 1077 107°107* 107" 10" 10* 10° O
E’ [GeV] 2
i & 0.0 : : ;

05 1.0 15 2.0 25 3.0
Redshift,z

o
o

 For HL-FSRQs, the blob is

exposed to boosted external fields Rodrigues, Fedynitch, Gao, Boncioli, WW,
ApJ 854 (2018) 54; Murase, Inoue, Dermer, PRD 90 (2014) 023007;

Palladino, Rodrigues, Gao, WW, ApJ 871 (2019) 41;
DESY. | NBIA 2023 | Winter Walter Rodrigues, Heinze, Palladino, van Vliet, WW, PRL 126 (2021) 191101




Recap: AGN neutrino spectrum ...and two hypotheses
Ev,peak ~0.05 Ep,max

Epmax ~1-10 PeV e From i decy
< From K decay
R '?h — Combined
Moderately efficient E 10~ — SOPHIA
>
CR acclerators 8
= 107
Z
1) AGN blazars N:» 1015
describe neutrino data
10_16103 10* 10° 10% 107 10% 169 10'°
E,/GeV
Postulate that:
1. The diffuse neutrino flux is dominated _
by AGN blazars (such as the e B T
extragalactic y-ray flux!) R NN SN M SR S

_J.
= 1078

2. The blazar stacking limit is obeyed — 2 | ™Ry,
lceCube, Astrophys. J. 835 (2017) 45 §|:f 1070L b Er R T

i 10-10 [- Astrophysical Diffuse l-']ux! \" :
100 100 10 100 10° 100 108 107
Neutrino Energy [GeV]

3. The baryonic loading evolves
over the blazar sequence (depends on L,); the one of TXS
0506+056 is in the ball park of self-consistent SED models
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Conclusions for different hypotheses

1) AGN blazars describe neutrino data

1. Unresolved BL Lacs must dominate the diffuse
neutrino flux

2. The baryonic loading must evolve, as otherwise
efficient neutrino emitters (esp. FSRQs) stick out

mmmmm Multi-component model
107 T BLLacefota) - lesCubeTGM x3 L e .
== == BL Lacs (resolved) + IceCube HESE Q/Q\ @\ @ Q,Q('b Q,Q' \\'b@
[ FSRQs (total) — Stacking limit Q Q <\
== == FSRQs (resolved) & <& ‘19
\ —==~ Other components - 1 07 T
‘77’ — AR 5 —— Palladino et al. 2019 ]
‘,'m 1078 10 3 3
o~
D F
5
§ 0% y
2 2 4
[S) \ o 4L i
sjw100| 7 L + 1%
° | % /’ . ‘\ we N
o~ V4 3
w - J 10°F E
i T = S N 3 E E
Pis g S N [N [
-~ \ R [ 102 4
” E 3
b \ \ E
1070 s YN i ]
| 10’ : ‘
10° 166 16-, 108 10 10% 10% 11047 10%® 10%
E [GeV] Lylergs7]

Palladino, Rodrigues, Gao, Winter, ApJ 871 (2019) 41;
Right Fig. from Petropoulou et al, arXiv:1911.04010: same behavior also
found in multi-epoch description of TXS 0506+056
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Recap: AGN neutrino spectrum ...and two hypotheses

E, max ~1-10 PeV

Moderately efficient
CR acclerators

1) AGN blazars

describe neutrino data

Postulate that:

1.

The diffuse neutrino flux is dominated

by AGN blazars (such as the 0
extragalactic y-ray flux!) &

K
% 1078

The blazar stacking limit is obeyed —> =
IceCube, Astrophys. J. 835 (2017) 45 E,

o
=~

10-10

The baryonic loading evolves

over the blazar sequence (depends on L,);

10—12

E2 Q,/(N, N, GeV cm s
=
=

10—16

_s; {1z IO PR .-, A e, o SO

Ev,peak ~0.05 Ep,max

From p decay
--- From 7 decay
From K decay
— Combined
— SOPHIA

10° 10* 10° 10° 107 10® 10°
E,/GeV

[- Astrophysical Diffuse I-']ux‘ Y\‘;" :
10° 1{)” 1()’ 11')-" 1(')" 16" 1(')“ 10°
Neutrino Energy [GeV]
the one of TXS

0506+056 is in the ball park of self-consistent SED models

DESY. | NBIA 2023 | Winter Walter

1010

E,max ~ 1-10 EeV
(Rmax ~ 1-10 EV)
Very efficiency CR
accelerators

2) AGN jets describe

UHECR data

Postulate that:

1. AGN jets (can be misaligned!) describe

Auger data across the ankle
(spectrum very well, composition observables roughly)

2. The injection compositon is roughly
Galactic

3. Different classes
(LL-BL Lacs, HL-BL Lacs, FSRQSs)
can have a different baryonic loading
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Conclusions for different hypotheses

1) AGN blazars describe neutrino data 2) AGN jets describe UHECR data

1. Unresolved BL Lacs must dominate the diffuse 1. UHECR description driven by LL-BL Lacs because of
neutrino flux « Low luminosity — rigidity-dependent max. energy
2. The baryonic loading must evolve, as otherwise « Negative source evolution

efficient neutrino emitters (esp. FSRQs) stick out

3
_ 10 = 1077 4 _|_+HESE Auger 2017
Th . cee, y oo P . ICi9lyea
s Multi-component model 5 107 \&(\’ — @ n 107 GRAND
107 T BLLacs (otal) | leeCube TGM x3 —- o By X + T e Jﬂgm
o remmen ™ sacareion & o5 oY @ @ ) L R U s B \
= FSRQs (resolved) < <@ q,Q\ N Gy 4 '\ O 0], e \Loc“é,:frr.\?)sg?;ac
~~= Other components - 107 3 3 % N = E, 10 *'/ /‘/ e .(!\smcg N
‘Th - E —— Palladino etal. 2019 % 103 ; ;igs E 11 | ~ -~ N, \ [}
< 108 & 108} E L — e | = 10 = = = = Source \.\ :
o g 3 -, "o Waoar 2017 Y ==« ==+~ CoSmogenic AR
) F Bl -1 i3 a -12 . > . Pt
§ 10° E 1o 169 1610 10I11 1o 165 1(')6 167 1(')8 169 1610
2 ’ 4 F ETGeVI E [GeVl
(.2. // . \ :"- 104_— =
gy N o f
LI e e 10° 2. Neutrinos mostly come from FSRQs, peak at high
-~ N (3N i ]
f’ N\ 1N 2 ] " . .
h \ 10° energies, and may even outshine the cosmogenic
1070| Sy N W ] !
\ 10 | .
‘ ‘ - " 10% 10 10® 107 10°  10¥ flux there — 10771
105 108 107 10 L, lerg s T -+
E [GeV] B 10-8
TU)
T 107°
£
Palladino, Rodrigues, Gao, Winter, ApJ 871 (2019) 41; Rodrigues, Heinze, Palladino, % 10-10
Right Fig. from Petropoulou et al, arXiv:1911.04010: same behavior also van Vliet, Winter, 2 Jo1n
. . . . ke
found in multi-epoch description of TXS 0506+056 PRL 126 (2021) 191101 2 o0 BN Source Neltrinos
W Cosmogenic neutrinos
10—13
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Neutrinos from AGN cores

» Large AGN (core) samples tested in stacking search; « 2.60 evidence for correlation mit IR-selected sample

IR-selected largest sample (in comb. with X-rays) largest
Astrophysical Diffuse Flux (95% C.L.)

1 Apj 809, 2015 [—1 PoS(ICRC2019)1017
LLAGN (15887) i
: Kalashev et al. 2014 — |R-selected AGN
Stecker et al. 2013
T 1077
w0
1731 5425 2593 13294 Tm
7
£ |
> 1078 - I
Q i
Radio-selected =
AGN (9749) 10937 A
Wi
1079 a2
T T e A
E, [GeV]
IceCube, Phys. Rev.D 106 (2022) 2, 022005
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https://www.desy.de/e409/e116959/e119238/media/9170/TDE_DESY_SciComLab_sound_080p.mp4

SY Science Communication Lab

How to disrupt a star 101

Gravity

» Force on a mass element in the star (by gravitation) ~
force exerted by the SMBH at distance (tidal radius)

oM\ /3 M 1/3 R m \ ~1/3
= _ ~ & 1 12 e T - -
T ( — ) R ~88x 10" cm (106 M@) R, (M®> The accretion disk

» Has to be beyond Schwarzschild radius for TDE

2MG M
R, = ~ 3 x 10!
o Toraem (106 MQ)

* From the comparison (r; > Rg) and
demographics, one obtains (theory) M <~ 2 10”7 Mg
(lower limit less certain ...)

Hills, 1975; Kochanek, 2016; van Velzen 2017

Energetics

-l » Measure for the luminosity which can be re-processed
‘*-.! from accretion through the SMBH: Eddington luminosity

Lpaa ~ 1.3 10* erg/s (M/(10° My))

: « Energy to be re-processed: about half of a star’s mass
; infalling stream E ~ 105 erg (half a solar mass)

» Super-Eddington mass fallback rate expected at peak
to process that amount of energy
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TDE observations (general)

=

o
'S
IS

Luminosity (erg/s)
=
o

1040 4

Luminosity (erg/s)

1042 .

1041 .

e Blackbody luminosity
® X-ray luminosity

’ '~ ‘-,

P .

/

0 o u-..,.uu. ol '

v
$ vv'v L ﬂ‘ﬂv vv'

AT2019ehz / Ga|a19bpt/ Brienne: TDE-H

20 0 20 40 60 80 100 120
Rest-frame days since peak

e Blackbody luminosity
@ X-ray luminosity

" 1
v "

VvgywyY ¥
”*V vy w Vv

E AT2019dsg/Bran TDE-Bowen

25 0 25 50 75 100 125 150

Rest-frame days since peak

Luminosity (erg/s)

fury

o
>
ey

Jury

o
>
o

Luminosity (erg/s)

1043 4

e Blackbody luminosity
@ X-ray luminosity

| UL )
[ J
v 00':!.0..

1 AT2019azh /ASASSN 19dj /Jalme TDE-Bowen

0 50 100 150 200 250
Rest-frame days since peak

e Blackbody luminosity
® X-ray luminosity

E AT2018hyz/ASASSN 1821 /Gendry TDE-H

0O 20 40 60 80 100 120 140 160
Rest-frame days since peak

van Velzen et al, Astrophys. J. 908 (2021) 1, 4;
Alexander, van Velzen, Horesh, Zauderer, Space Sci. Rev. 216 (2020) 5, 81
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Radio Luminosity (erg/s)

Optical-UV (blackbody):

Mass fallback rate typically
exhibits a peak and then a ~ t-%/3
dropoff over a few hundred days

X-rays:
Only observed in rare cases
(here about 4 out of 17).

X-ray properties very different

Radio:
Interesting signals in about 1/3 of
all cases. Evolving radio signals

interpreted as outflow or jet

1042 [

=

o
IS
purt

1040 |

=

o
w
©o

1038 |

=

o
w
~

=

o
w
o

Sw J2058+05

Sw J1644+57

Sw J1112-82 |
12V

\% v
15 V

AT2019dsg VV 3
f ot ss 10019+(

Time since Disruption/Discovery (years)

V
207 2y, M .-q. @1;%3
16—V GASASSN-14li go
o Y1
v v % v2
23V v v
22V XMMSL1 J07v40-85
v 5 v
L.V17
1072 10? 10° 10!

Relat.
jets?

Non-
relat.
outflows?
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- g X-rays seen early-
A TDE unified model on: probably look

close to/into funnel!

« Supported by MHD simulations;
here MSMBH =5106 Mo

* Ajetis optional in that model, depending on
the SMBH spin

* Observations from model:
« Average mass accretion rate M ~ 102LEdd
« ~20% of that into jet
* ~ 3% into bolometric luminosity
» ~ 20% into outflow

» Outflow with
v ~ 0.1 c (towards disk) to
v ~ 0.5 c (towards jet)

Dai, McKinney, Roth, Ramirez-Ruiz, Coleman Miller, 2018
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A neutrino from AT2019dsg

a Optical/UV :
A TDE! > UVW2 (193 nm) U (346 nm)
$ UVM2 (225 nm) t g (464 nm)
— N # UVW1 (260 nm) $ r(658 nm) | 10*
! 107" A * . C
v "Il :
=4 : “ geiw :
s t o, e 4 0 L 109
W 10—12 _| ¢ ¢ 9] .:* ¥ . ' ! " ’ ¥ L F
. 1. ! Yo Mgt ot : i
14 K AT : 'I' :
L |
T T T I . | - 10
0 50 100 150 200
b Observed in X-rays!
* Rapid decay — Obscuration or Ty drop? I
— 12 | i’ :’ A/ V E = 10%
10712 : :
& E t 5@;&‘ 4 e
|E ] ii ; H
o 1 ; ; : ; i
o i i . L 10%2
= 107 - . -
W ] Neutrino ¥
$ 0.3-10 keV (XRT) signal -
1o * 03-10keV (xmMm) Ty ~0.06 keV : - 10
E T T T T i
0 50 100 150 200
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Time since discovery (d)

Stein et al, Nature Astronomy 5 (2021) 510

Evolving
2 radio signal
— Central
engine,

3 Outflow, jet?
P 10°
D
a
2

=

£

:

i
I
0 i
«
“

I T
10° 10
Frequency (GHz)
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Another neutrino from the TDE candidate AT2019fdr

WISE W2 B P200Ks ¢ P200J A ZTFr ¢ SwiftUu ¢ Swift UvM2 9 SRG/eROSITA
® WISEWI ¢ P200H ZTF i ® ZIFg P Swift UVW1 ¥  Swift UVW2
Frequency (Hz)
14 15 14 15 14 15
10 10 10 10 10 10
1[Losuv =14e+45 ergs™! | [ 1(Zosuv =33e+44 erg s | [ 1(Zo+vv=15e+44 erg s |
107 4 , ] Blackbody
] ] spectra!
1 67 N TOUV T F 1044
- \ c:
/N S 12e
1 Tr "’.X
—-13 01 5 e'\/\
10 "~ 1 S
~ i
q 1072 : __’____._E ______ >
g o e = IR "‘f ____________ e
:’ H .- "“W ------- E 100 »n
b -7 i tm ~~~~~~~ - e
50 |13 ] 4 . ,/ Dust echo Neutrino ¥ $ p’+. “ )
O 3 / ——1 2
~ { / Coincidence? f t Lo® —
a . H 10 A
— / % ;
A ! | Y ] Late-time — —
58600 58800 59000 59200 X-rays 59400
Date (MJD -
\ Y ate (MID) (Ty ~ 56 eV)
Dust echo

“convolved” over 2 At Reusch, WW et al, PRL 128 (2022) 22;

DESY. | NBIA 2023 | Winter Walter see Pitik et al, 2022 for SN interpretation

Dust echo (IR): Median time delay
At ~ 150 days ~ 4 1077 cm ~ Ryyst

</ observer
|
|

8ESTI'SOTT:AIX AR woy “S1

{ infalling stream
/ { /

|

/
/
J
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AT2019aalc

Analysis

» Selected a sample of 1732 accretion

flares with properties similar to
AT2019dsg and AT2019fdr (dust
echo)

 Found another TDE candidate:

AT2019aalc with a similar neutrino

time delay

» Opverall significance: 3.7c
van Velzen et al, arXiv:2111.09391

Caveats

« AT2019aalc also exhibited a late-time

X-ray signal

« AT2019fdr and AT2019aalc not
uniquely identified as TDEs;

e.g. Pitik et al, Astrophys. J. 929 (2022) 2, 163

happened in pre-existing AGN;
no evolving radio signals

DESY. | NBIA 2023 | Winter Walter
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¢ ZTF: g-band
¢ ZTF:r-band
i @ neoWISE: W1
@® neoWISE: W2

AT2019fdr

¢ ZTF: g-band
¢ ZTF: r-band
@ neoWISE: W1

iC200530A

© 00005 8¢e 80 ©
AT2019aalc .
4 ZTF gband Dust echo/ N
¢ ZTF: r-band neutrino
@ neoWISE: W1 ° &
@ neoWISE: W2 S 9
10
o !
Ay
8 ® ‘ N .‘}3' ®
{0 e © 8 o
e & o :
-1500 -1000 500 0 500

Rest-frame days since peak

van Velzen et al, arXiv:2111.09391

¢ AT2019dsg ¢  AT2019fdr ¢ AT2019aalc
----- IC191001A  =+=++ IC200530A  =++=+ IC191119A
° °
0‘\ ‘ L
¢ * T e ;
o . SR TR LW o
SRTc) R L L ¢ A
3) ° ‘-,.‘: B 2 :
T . P MW
0 Wy iy Mﬁ. ¢t
e b M A
2 N }e
< Y ¢ ¢
10751 f B

58500 58600 58700 58800 58900 59000 59100 59200
Date (MJD)

Simeon Reusch @ ECRS 2022

Common features of these three
“TDEs”:

» Detected in X-rays (but X-ray signals
qualitatively different)

« Large BB luminosities
« Strong dust echoes in IR

* Neutrinos all delayed wrt peak by order
100 days (close to dust echo peak)
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</ observer

Possible particle acceleration sites

(@ Jets (on-axis, off-axis, choked)
Wang et al, 2011; Wang&Liu 2016;
Dai&Fang, 2016; Lunardini&Winter, 2017;
Senno et al 2017; Winter, Lunardini, 2020;
Liu, Xi, Wang, 2020; Zheng, Liu, Wang, 2022

@ Disk
Hayasaki& Yamazaki, 2019

® Corona
Murase et al, 2020

@ Winds, outflow, stream-stream collisions
Murase et al, 2020; Fang et al, 2020; Wu et al, 2021

Fig: Winter, Lunardini, ApJ 948 (2023) 1, 42
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Possible target photons and required proton energies

temperature (py):

AT2019dsg AT2019fdr AT2019aalc
Overall parameters
Redshift z 0.051 (1) 0.267 (2 0.036 (3)
tpeak (MJID) 58603 (4) 58675 (2)* 58658 (3)
SMBH mass M [Mg] 5.010° (3) 1.3107 (3) 1.6107 (3)

E,
T:SOeV(

Neutrino observations

Translates into:

Name (includes t,)
ty — tpeak [days]

E, [TeV]

N, (expected, GFU)

IC191001A (5)
154
217 (5)
0.008-0.76 (1)

1C200530A (6)
324
82 (6)
0.007-0.13 (2)

IC191119A (7)
148
176 (7)
not available

Black body (OUYV)

Ty [eV] at tpeak 3.4 (1) 1.2 (2) 0.9 [Sec. 2.5]
L33 (min.) [22] at tpeak 2.810* (Sec. 2.5) 1.410"% (Sec. 2.5) 2.710* (Sec. 2.5)
BB evolution from (1) (2) (3)
X-rays (X)

Tx [eV] 72 (1) 56 (2,3) 172 (3)

6.210% @ 17d (1)

6.410** @ 609d (2)

1.610** @ 495d (3)

h Epmax> 2 PeV

Dust echo (IR)

Tir [eV]
Time delay At [d]
Lig [25] @ ¢ — tpens

0.16 (Sec. 2.5)
239 (Sec. 2.5)
2.810** @ 431d (Sec. 2.5)

0.15 (2)
155 (Sec. 2.5)
5.210* @ 277d (Sec. 2.5)

0.16 (Sec. 2.5)
78 (Sec. 2.5)
1.110** @ 123d (Sec. 2.5)

DESY. | NBIA 2023 | Winter Walter

Winter, Lunardini, arXiv:2205.11538

100 TeV

> Epmax > 100 PeV

Required target photon

g

Ep.max controls the
available photon targets!

T —1
Epmax 2 20 B, ~ 160 PeV (—V>

e

> Epmax > 1 EeV. UHECRSs?
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Origin of neutrino time delay?

1. Target builds up over time (e.g. through evolution of outflow, dust echo).
Apparently related to size of (newly formed) system

ffl-\ 107" mm ——————— _'_’__._._4;._.;.5'_\ ....... / -
ﬁé S i e P *J \'i ~~~~~~~~ + _____ _ f1* = From: Reusch et al,
o 10 usteno S T e - PRL128(2022)22
AR . ¢ Lo
o / : F10Y A
N i g ’ :
58&00 58;%00 59(I)00 59500 594;00
Date (MJD) »
|R 1T tdyn
Magnetically —_— fi' £ ese
2. Accelerator appears delayed (transition in accretion confined protons oy S ——
disk state, circularization time, ...) interact over tyn, : 6t
, _ _ _ /' but not t; LA
3. Protons are magnetically confined (calorimeter), i.e., 107 108 10° 100
do not interact immediately. E [GeV] AT2019fdr,
model M-IR
Displacement over dynamical timescale (Bohm-like diffusion assumed): 1047 ot

AT2019fdr

B \Y2 s\ /2 ” 1/2
R~ +\/Dt, sig = 310 P — _ Ydyn
BasE - (PeV) (G) (1000days>

DESY. | NBIA 2023 | Winter Walter Winter, Lunardini, ApJ 948 (2023) 1, 42 Page 66



An example with high proton energies — dust echo as target

« Gamma-ray and predicted neutrino signals tend to be correlated; here calorimetric system

AT2019fdr: M-IR (t,)

Too compact production regions excluded; limits predicted neutrino event rate to 0.01-0.1 events per TDE

AT2019fdr: cascade lightcurves (M-IR)

1078 5
-------- BB wwe BH-SY/IC == all cas. 1 :
1078 1 -== pplpy-SYIC —— n®decay —— Vu 1/ T ——ee :
-SY/IC ] N ™
Yy-sy/ 1079 FermiUL. = . "=~ _
= 1079 4 - 1 | LT3 | | TT1---l
L Comparable amounts of energy L
(\Il EEEEEERER E N EEEEEEEEEER | B | | | ‘\I‘ 10_10-
g 10—10 i LE)
3 3 !
: 10_11 B 7 | 7 /AR DAL e _
~ 1 [ | | T oy Louv/4nd;
& W 0.3-2 keV
12 | 0.3-10 keV
1072 ; 0.1-800 GeV -
] / 3 - | - L,/4nd?
] J 7 ;“ I b
0-13 7 B ) LIS gt e b & eROSITA (0.3-2 keV)
— I' : 5 : : d ; ; ; 10_13 T 1 T T = 1 T T 1 T T
10~ 10* 10® 10° 107 10° 10' 10% 10% 10'7 10%° 0 100 200 300 400 500 600 700 800 900
E [eV] t— tox [d]
Yuan, Winter, 2023; based upon model in Winter, Lunardini, ApJ 948 (2023) 1, 42
Page 67
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Summary Blazars coincident with high—energy neutrinos
lecture I |

IceCube sends public alerts since 2016
Fermi-LAT follow up: 6 blazars in 23
follow-ups (S. Garrappa #812)

Telamon (M. Sadler #1320)

IceCube flares - X-rays (Sharma #299)
Antares flares - radio (llluminati #1 137)
radio blazars + Antares (Aublin #1240
IACTs: (Satalecka #907)

PKS 1502+106
; (0] . 3HSP J095507.9+355101 N

4FGL J0658.6+0636+IC201 | 14A:
(de Menezes #296, Rosales de Leon
#308)

3.30 IceCube Coll |0yr
Point-Source Analysis (3 blazars)
Franckowiak et al Ap) 893 (2020)

TXS 0506+056

Giommi et al MNRAS 497 (2020)
¢ AT2019dsg ¢ AT2019fdr ¢  AT2019aalc Hovatta et al A&A 650 (2021)
""" IC191001A === JC200530A === JC191119A PlaVin et al APJ 908 (202 |)
;‘K E * Evaluating the significance of
¢ o ‘ -~ coincidences: Capel #1346
&0 L4 ‘ See L X °
g 10-12. F "g : oo .: Y 11 PKS B1424-418+IC35 Kadler; Nat Phys 12 (2016), Gao, Pohl, Winter, Ap) 843 (2017)
o e : | o™ ¢ *
— AN e
- . N F. Oikonomou @ ICRC 2021
5 b a N‘in
o A ERed
N $: ¢
107134 + : i w
. = '

58500 58600 58700 58800 53900 59000 59100 59200
Date (MJD)

Simeon Reusch @ ECRS 2022

DESY. | NBIA 2023 | Winter Walter Page 68



Lecture lll: Neutrinos and the
origin of the UHECRs



Energetics: The Waxman-Bahcall argument

| | | | | | | | |

| |
¢ Diffuse ~ (Fermi LAT) IceCube (ApJ 2015)
¢ Cosmic rays (Auger)

E'u,. @ Cosmic rays (TA)

106 e,

E . 3
%Q;i CR
C Ce, ]
Yo
- | e, .
10~° :
z 1y 9% 5

* Neutrino flux matches UHECR injection

Waxman, Bahcall, 10-° L
Phys. Rev. D59 (1999) 023002 :

... and diffuse y-rays
see Fermi-LAT, Astrophys. J. 799 (2015) 86

E?x ® [GeVslsrlem™?

e (Caveats: .........% .................
- Extrapolation over many order of E 10-8 L t 1
- Energy imbalance Pair 5
if softer than E-2 10-9 L production i
f on CMB §
10-10 [ Similar energies in gamma-rays, neutrinos ‘

& cosmic rays injected into our Universe!

10 10! 102 10° 10* 10° 105 107 10% 107 10'Y 10!
E [GeV]

Mohrmann, Kowalski
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UHECRSs: Spectrum and composition

: . , Lorentz force =
« Charged particles, proton or heavier nuclei centrifugal force

» Spectrum with breaks (knee, 2"d knee, ankle) > E,.x~ZcBR~Z

- Composition non-trivial function of energy (Peters cycle)

LI ||||||| LI ||||||| LI ||||||| LI ||||||| I |||||||| LI ||||||l LI :
4 —Le0009yw - --E—----- FETTTEEREr- . — ~
10° e AR —Galgctie- - T 5_Galac:tm%q ices Pe ers”
= i Cened : 3 g
e ;e vagalactc 1 7 eyl Eyjy g = A7
= L H : - TR S O .4 NN
2 nee “ignsition? e gy .
o = ' : o = C / Lo\ O\ y 5
L s Casa-lia ’)nd : ! S 2_5__ .................. e g ,;o ,,,,,,,,,,,, ............................... .................. D
© = Tibet Ill 2008 T ; * - AN L e j
> b | —— Kescade2oos khee 1 T 4---- on. extra g I c ic 151
G402 .| —— Kascade-Grande 2012 | v A ;
w - —k— lceTop-26 ’? = C tra P |t O H .
g - GAMMA 2008 . 1_5____ .................. ....... _:_:(034::;4: .................. :
T [ | —e— Tunka-133 2011 . C . e Tunka-133 | 1
5| ackes . | AV
N|_|_| 10 — —&—— HiRes1 b ---------------------------------------- — C +A:..gii (/ :
E | —— HiRes2 : | = r tm N
F | T energy CoSMEC , - 0.5 IE:;:.,.H ---- { yele?
— :uger : ' rays. UHEC %1 B l —Gltl)bal Fit with Piopulailonll l l |
11 ||||||i 11 ||||||i 11 ||||||i 11 ||||||i 11 ||||||i 11 1111 i L1 0_ LU Ll LU — — L LU L
1 10° 107 10 10" 10° 107 10°  10° 10 10"

I 10 y
Primary Energy, E}&eV] Primary Energy, E [GeV]

Gaisser, Staneyv, Tilav, 2013
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UHECR observatories

= L]
6 (e 3 A 3 Auger Observables:
B, < E ; f 1) Spectrum

gomenc Eein 2) Composition: <Xma>
A 3) Composition: o(Xnax)
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60

Description of observables
(a typical example) T w
)
J‘:‘ ~ = Galactic comp. ¢ Auger, ICRC2015 ::’é 30 -
> . A38 - extragal. comp. == total wE
= IO 25
L 5 20
(7)) |
25 107 —— Sibyll 2.3
0- — Epos-LHC
ol —— QGSjet04-Il
10 *Fe Si —— Auger ICRC 2017
305 20 0 20 40 60 80 100 120
Iogm(E/eV) (Xmax) — (XF,) [g/cm?]
e 79
S T
o 60_
":‘5505
e F
< 40f
© F
30¢
2 E
e e I T E

log, (E/eV) log, (E/eV)

Biehl, Boncioli, Lunardini, WW, Sci. Rep. 8 (2018) 1; Upper right plot from
DESY. | NBIA 2023 | Winter Walter PhD thesis Jonas Heinze, https://edoc.hu-berlin.de/handle/18452/22177 Page 73



UHECR transport



J 7

Typlcal ingredients:
Power law injection (ejection?)
spectrum from sources vy
Maximal energy E,,..

Source distribution, e.g. (1+z)™
Composition (if nuclei);
rigidity-dep. Enax (“Peters cycle”)?

CRPropa,
SimProp,
HERMES,

CMB/CIB

*

Cosmogenic
neutrinos
n+ 7t 1/3 of all cases

+
1+ v — AT — Y e o ¢
! ’ p+a 2 /3 of all cases




Transport of UHECRSs

Transport equation similar to radiation models (solved in co-moving density Y), for species /:

0,Y; = —0p(baaY;) — Op (be+o- i) —T0Yi + ) Qji(Yj) + J;

Adiabatic losses Pair production Interactions  J Injection Injection
(expansion of Universe) losses (escape term) (interactions) (sources)

Nuclei subject to disintegration. A nuclear cascade develops!

wavelength A [nm]
107 108 105 104 103 102 : Nitrogen (14N) (example)
L oa— k !“"' e L  —— . . —— . b L L lo A A Sai®
104 4 microwave infrared visible UV - FEPY .
: P 3708 ] ' Neutrino
10° 4 g . production:
4 = E .
o 1075 o sz ~1 photohadronic
. 3 Cosmic: B 165 ] _ :
G 10'{ Microwave 2=2 S N~ interactions
2| i Background i 2 102
¢ 100 4 P Extragalactic : < 10 n+ ot
w .. Background : = + m
107! z=1 Light 2 100 adiabatic py— AT { p+
4 —— pair-prod.
1072 10° 4 photo-hadr.
—— photo-disint. z=0...2 NB: UHECRs
103 ——rrr———— by —rrry —rrry - S 101 ————
104 1073 10-2 10-1 10° 10t 10° 10° 1010 Toi B To13 cannot travel
photon energy ¢ [eV] energy [GeV] further than z ~ 1
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The proton only case

1

(observationally disfavored now!)

E
24.8 T T T T >
S
24.6 Pair - 2
g 24.4 . =
5 )
N n . ~
E 242 GZK 4 o
E o4 |- cutoff i i
(TT) (P *+ Ycms)
- 23.8
n
w
ig 23.6
23.4 -
Uniform
23.2 1 1 1 - 8
18.5 19 19.5 20 20.5
- Jui @ ICRC 2015; talk by D. Ivanov B
2.
2
5=
|
1l
~

Berezinsky, Gazizov,
Grigorieva, 2005
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10710
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10712
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IceCube 2010-2012 £
S
Y
z
dip model,y =2.5, SFR, CIB1
Epmax= 10707 eV
'\.‘ interactions
with CIB
¥ neutron decay "._
4 6 8 10 12

1065-
105;
104;
103;
102;‘\ ,
101; -

g o ndecay :
R S [ NN T T

E [GeV]
From: arXiv:1401.1820

E,o [eV] ~0.01 (1+2)%E,, [EeV]

107° T -
g
IceCube 2010-2012 P
o
-7 =
- 10 z
'
0 e
“ K ™,
DI U] I B
g ipmodel,y =2.5,GRB, CIB1
o B 1005y o
[
O
= 10—9
2
2
=
]
-
<
= 10710
E ...... 00=<z<60
~ — z<05
Ny " 05<z<l15
107 g 15<2<25
25=<z<40
10712
4 6 8 10 12
(0]
E\Gev
10°° T r . . -
IceCube 2010-2012 z
107 E
- z
Ih
v
T
NV) 10-8 S,
IE dip model, SFR, CIB1
g Epmax=102%eV oo
(3
O
= 10—9
>
-
=
o
>
<
&= 10710
)
<~ AP
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ol o LSS
/
/
10—12 !
4 6 8 10 12
(0]
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... and M. Bustamante Page 77



How about the proton dip model?

Composition fixed to protons, fit beyond ankle

3D fit with fully marginalized parameters: TA 7-year meets IceCube 2014
Heinze, Boncioli, Bustamante, Winter, Astrophysical Journal 825 (2016) 122

3 _
10 S —— = 10 4:
reaien ” 1075_ IceCube 2014
‘—:_' Iq) E
& 5 107°
(7)) -
o TA 7-yr > 107"
£, 5 B 18 o
S 10 . <~ 10 TA fit min
BN ] —
© ] - D 49
2 Best fit ] S 10
— BestTl L — Best fit
«?Q == 68.3% C.L. = 10_105 = 68.3% C.L.
- w= 95.4% C.L. T _11 4.9 events = 95.4% C.L.
99.7% C.L — 107" 95% CL 99.7% C.L.
70 U.L. P ) C
1 NLLI 10_12ﬁxq|qq.gq\ Lol el il
1008 08 100 0™ 1072 106 107 10° 10° 10 10"
E [GeV] E [GeV]

« Baseline interpretation: The proton contribution must be constrained by cosmogenic neutrino flux!

DESY. | NBIA 2023 | Winter Walter Page 78



The future: Radio detection of cosmogenic neutrinos

shower shower
axis . axis .
®Bgeo .E
E ®
Rl ., .
1 —> ¢ Q
~_ __— showerfront _© ¢® @ 2
\\ Geomagnetic emission Askaryan emission
* \
/ g . Schroder, Nucl. & Part. Phys. Proc. (2017) 1

Extensive air shower

i

Sci. China Phys. Mech. Astron. 63 (2020) 1, 219501
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Another example: RNO-G

STATION DEPLOYMENT

Warm deployment sled movable by snowmobile Deep channels lowered by hand

Shallow antennas deployed in trenches

...or people! : - — : g o : Fat dipoles

Hpol:
Wide quad-
slots

A. Vieregg @ TeVPA 2022

DESY. | NBIA 2023 | Winter Walter
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Baseline UHECR transport model (Peters cycle model)

Parameters: 1 0 1 2
. v: Eis the injection spectrum from sources - 10 3D fit
1011 - Heinze et al,
Rimax: Sources have E,5x=Z X R,ax (Peters cycle) ] 8 Astrophys.J. 873 (2019)
] 1, 88; see also
* m: Sources evolve (1+z)m 3 - ~E  Batista et al, JCAP 01
(SFR evolution: m ~ 3.4 for z < 1) ~ 107 5 1 (2019) 002
(Recap: UHECRs do not travel farther than z~1) o ' -
C L : , TALYS
* Free injection fractions for five mass groups: )
— 3 SFR sources, SIBYLL 2.3
T peaky spectrum:
T, 107 6 GRB, AGN? 6
Best-fit I§ ] 4 SFR evol. SFR evol.l 4
o 101
spectrum g1 5 ,
w 1 flat evol flat evol.
w - S Y € O 0 €&
10° 100 1011
E [GeV] ) —
900 H H
5 He 9 60 wtay, _ L _4
: £ 800 1 Fe S . He 4
Best-fit 2 [3 2 407 N 6 I
compositon "] £ 207 e -1 0 1 R 10° 100 10™
"~ 600 +———rrr—— ° o H——— Y Rmax [GV]
10° 1010 101! 10° 1010 1011
E [Gev E [GeV] More typical acceleration spectrum,

DESY. | NBIA 2023 | Winter Walter negative source evolution. TDEs? Page 81



E2) [GeVcm 25 1sr 1]

Cosmogenic neutrino flux post-diction from UHECR fit

10—7 -

« Cosmogenic neutrino prediction from fit to UHECR flux

« Depends on extrapolation for z>1 (UHECRSs not sensitive there!) = 1072
« Conclusion: No cosmogenic neutrinos in baseline model! m
‘T‘E 10—9_
>
(]
1077 5 Q
510—10_
— = 20
Fl:_ 10—8_ - lo
v 10711 - : ; o .
0 10° 106 107 108 10° 1020
~ E [GeV]
£ 1071
>
source evol. .
) S souree eve! However:
1079 5 ~ 107104
e v — - UHECR data allow for a sub-
+z)™
at injection 3 flat i i
= ftinectr e dominant light component
—11 | —11 .
e TTos 107 108 100 1o® O e 107 1or 100 10w « That potentially produces
E [GeV] E [GeV] . .
cosmogenic neutrinos
Heinze et al, Astrophys. J. 873 (2019) 1, 88 efficiently

van Vliet et al, Phys. Rev. D 100 (2019) 2
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Cosmogenic neutrinos in two-component models

Here: Sub-leading “proton dip” model, which dominates the cosmogenic neutrino flux

2| ey il 107
- /,/”,[2.’4] >
,,///’, i [.1',\ ;I_] :\ [5/, /141[ 1 5\’\ 28] ~~~~~~~
/ ’ VA 10—8 ——————

14 15 16 17 18 19
10g10(E/eV)

Ehlert, van Vliet, Oikonomou, Winter, arXiv:2304.07321;
see also: Muzio et al. 2019+2023; Das et al. 2021
Page 83
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Source neutrinos from
UHECR sources



ource-propagation models e

Luminosity per source

| Q(?: g;b\; Size of region
: oSl Doppler factor

Bt iy o e Pag., . Magnetic field
7 AT - n Source distr. e.g. (1+2)
Acceleration efficiency
Injection spectra

CMB/CIB

*

Cosmogenic
Source 9

neutrinos

neutrinos



GRB - different regions . =
9 (Source: SWIFT) T ~ 200—1000 Ktiar glow gi
Engine Burst e
— Talk Rudolph - et |
511 n5d Pre- Burst S0
B E~10°1"10 ergs - O
£ - sl
o - - X
= |
| e (70 e
e ; = . e
= T~102s - -
Afterglow R ~3%1 012 cm T~ 3x1 03 " Fatg '
~ 1014 T~1.li-.‘
- I A G R~10 cmR3)§m
J i GRB 190114C, Nature 575 (2019) 4551 °
€ B ; £ _3
S : —=10% ° ?-1 Cm
= i ! 3 2
X 10 b— ' MAGIC observed (>300 GeV) n x
O - ] 3 ] =
(2 s B : ‘ 1 3 " @
= 100 ¥ slgl ¢ -
= 2 of &l ! 7
- EE =
I 1 R :
o= o0 10 _ 200

T- TO [S] Page 86



Pion production efficiency in GRBs oo

for simplicity!
. . . . . Primed quantities:
« Pion production efficiency f, (~ 0.2 t,,) from photon energy density: shock rest frame)
/ /
/ NI / Y ¢ tdyn / u’y
U, = g N, (g)de = fr X ~ Clyoy Opy ——
Y f Y 2 P2 T / dyn ¥ PV 2
drcl =R Antp e]:y /T
/ Typical photon energy
f - dyn L’Y L’y tv L’y L’y (where photon number
~N —— Y ~ :
TC A 2 A 2 N 2 A A density peaks):
€y R=T €y R €y RI €y I tv €, ~ € by for spectra ¢!
SN—— N—— N—— or harder below break
téiyn ~T t'v té[yn :R/F ROCF2 tv g;ro]itszci::rlle.\{?)ble for synchrotron
f f f
Internal shock model Internal
(multi-zone, discrete outflow). shock model Internal
Magnetic reconnection models (cont. outflow). shock model
(two different scales) Photospheric (BB
models?

* Production radius R and luminosity L, are the main control parameters for the particle interactions
[for fixed t,] — Neutrino production, EM cascade from secondaries, nuclear disintegration, etc.

e.g. Guetta et al, 2003; He et al, 2012; Zhang, Kumar, 2013; Biehl et al, arXiv:1705.08909 (Sec. 2.5); Pitik et al, 2021
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Multimessenger stacking bounds B

Gamma-ray Uimmiii U_se ti.ming,
observations , 1 oy “ F i directional
(e.g. Fermi, Swift, m\ﬁ - ‘ Coincidence? - ODseIvallo _ar]ld en(?t.rgy
otc) (e.g. information
AN to reduce
Cannot power observed diffuse flux! ~ BT A~ backgrounds
But: 1% contribution possible
o oo o R o | e
—~ [ North v, (2016) = (Cascade GRB (3 yr) [] 0 - gg Zlinown 1 50
Lw | — Cpmbined Analysis - Nofth Vi GRB (7 yr) 3 = Ztsa;:o;rlf;);cal Neutrino production
l?;':‘ : - - : Tj 0 uncertainties 20| Ev i Ey X 1 /fe X fn
i) (?g ———————i-lo
3 & S‘K Baryonic loading:
o ' Ad hoc assumption
3

(estimate from
UHECRS)

2
v

E

107 3
- ,,, —_— 7 —————— "\ \\
/ 1IC86, 10y (extrapolated)

AY

<—— Uncertainty from

: ! ; , y | .
T T T T A T T, 0 100 10 100 1 geometry estimators
v Energy (GeV) E, [GeV] (— pion prod. efficiency f)
IceCube, Nature 484 (2012) 351; Hiimmer et al PRL 108 (2012) 231101;

DEsY Fig. from update: ApJ 843 (2017) 112  Waxman, Bahcall, 1997; Guetta et al, 2003; He et al, 2012  Page8s



The Waxman-Bahcall paradigm and possible interpretations
* Required ejected UHECR energy per transient event to power UHECRS:

Waxman, Baheall, ...;

10 1012
[101(();‘31/012] 53 5%% ,1077] GPC'3 yrl formula from Baerwald,
ECR / = 10 erg - —3 < Bustamante, Winter,
104 erg Mpc™ " yr=!  NgrB }z:O Astropart. Phys. 62 (2015) 66;
Fit energetics: Jiang, Zhang,
Required energy Murase, arXiv:2012.03122
output per source Fit to UHECR data Source density

Baryonic loading ~10 if E, ~10°3 erg and about 10% in UHECR range + efficient escape?

Possible interpretation of non-observation of neutrinos:
« The one zone model is an over-simplification. Different messengers come from different regions.

« The parameters of the UHECR-emitting GRBs are very different.
Do only very energetic GRBs accelerate UHECRs? How about low-luminosity GRBs?

« The UHECR acceleration takes place in very different zones, e.g. in magnetic reconnection areas (large R), in
the afterglow etc, where the neutrino production is less efficient

« The baryonic loading is wrong. What do we expect from/need for UHECR data?
What is allowed from hadronic signatures in the electromagnetic spectrum?

DESY Page 89



Multi-zone models for the
prompt phase emission



One zone approximation:
t, ~ IW/c (variability timescale)
Rc ~ I'2 d (distance to catch up)
Often:d~1 - R.~cI?t,

Outflow models

Continuous outflow: t’y,,=R./(c I") Discrete outflow: t'yyn=I" I,/C

500 FrrmrT T T T T 10457 U o1 b & T . T
- 7 From: _ [|GRB1
w0 b _ Bosnjak, E‘ R Aot
g N\ ] Daigne, 8 103h T
300 [ ] Dubus, £ DY,
= E1.ax105s \\ ] A&A 498 :,Cj LY
200 - 5a2x10¢s N g (2009) 3 5 100b S
oF T e T
- . <
I W a a a o
0 0= ‘if/ M°6 06 1 Initial shell radius 7, [x 10° km]
10 E—l L IGBIM 8|—2%O l|<eV|_£ gggg_Gar'nma'raYS' o]
8 =3 E i 288: i From: Bustamante, Heinze, Murase,
2 3 E £ 300 | Winter, ApJ 837 (2017) 33;
= z_ _z = %88 i Bustamante, Baerwald, Murase,
0 E I O "ol | — Winter, Nature Commun. 6 (2015)
10 0O 10 20 30 40 50 60 70 80 6783
0 Tobs [S] Tops [S]
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A unified engine model with free injection compositions

Model description Description of UHECR data

» Lorentz factor ramp-up from 'y, SR-05 SR-LS
iCi ib i T
to I'mayx, Stochasticity (Ar) on top Describes perzonr | £ [, A
SR-0S SR-LS UHECR data ! !
Strong (engine) ramp-up, Strong (engine) ramp-up, over a I arg e %‘5 0] NE
no stochasticity low stochasticity = = T = = 2
= 1T Tk T =
—3%Z% - =8
range of T o T e e
& g | E [GeV] E [GeV]
. . parameters! ) )
g C 10°4 & He % 60 pavs Ho& He T 60 favs; H
S S 0l : % 7001 % 204 e 700 % 20 ="
& (systematically S 5
= Bx.o E Bk.o . 10° 10 101 10° 100 101 10° 1000 101 10° 100 101
= —_ = L - StUdled) E [GeV] E [GeV] E [GeV] E [GeV]
AR S S xq-x"@xl»\““ RS \,O'X(l\uxi'@ﬂ WR-MS WR-HS
Initial Radius Rg, o [cm] Initial Radius Ry, o [cm] 103 10°
WR-MS WR-HS T“ - PP, Auger 2017 f & [oeeeent, Auger 2017
Weak (engine) ramp-up, Weak (engine) ramp-up, w: 7;
medium stochasticity high stochasticity - //~ s
v 10' 5§ 2 10! 4
a0t = % — 7 g z=1 9=7=<20
3 3 'ﬂJ §j§<5 — 21=7Z=28 IBJ ;:;(8 — 21=Z=28
— — 9 ilckasanlonl V.
5 5. . . . R o Ton R o o
o 0% 8 0% Helnze, Blehl, Fedynltch, E [GeV] E [GeV]
N N ioli - 900
: < Boncioli, Rudolph, e E 7 oo [ WoE E 7 oo [ H
O 10? O 107 Winter MNRAS 498 § 800 -%Fe > 401 He § 800 '%Fe & 401 He
© o 9 2 = — 4 ¢l N 2 = — 44l NN
= = 7% 700 1 3 ] C— [ "% 700 1 3 ] i Fe
Sl s IRELY (2020) 4, 5990, K L : 7
10* T T T T T 10! T T T T T . 600 T 0 T 600 T 0 T
T o o g T o o g arXiv:2006.14301 T S e M m Se m
Initial Radius Ry, o [cm] Initial Radius Ry, o [cm]
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Inferred neutrino fluxes from the parameter space scan

Source neutrinos Cosmogenic neutrinos
-7 -7
10 —— SR-0S 10 ] — sr-0s
’g ; == SR-LS - ] == SRLs IceCube cosmogenic
_ — - WR-MS o {1 — WR-MS

% ----- WR-HS r>o | ETETY WR-HS

— 10_8 3 range from 30 region = Heinze et al. (2019)

. ‘ r 10—8 ] GRB evolution _

8_ 1 IceCub; GRB) © ] this work, 30 region SUb-leadlng ~
2 | (1172 bursts GRB-UHECR = rotons Y
-—I'u_' 10-9 - paradigm compatible n P

— ' with current data T . Y
n 10724

0 n : s
e~ o Rigidity-dep.

& & model

U u

> 3 10710 :

@) O

. \ \-
N ML | N MR | T ML | N MR | N """"I‘ ' ML | T T 10_11 i T ""4 N L | N ML | i ML | N L | N N "\""I T
104 10> 10° 107 10® 10° 10% 104 10> 10°® 107 10® 10° 10%
E [GeV] E [GeV]
Heinze, Biehl, Fedynitch, Boncioli, Rudolph, Winter, MNRAS 498 (2020) 4, 5990, arXiv:2006.14301
Page 93
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Interpretation of the results

» The required injection compositon is derived:

more that 70% heavy (N+Si+Fe) at the 95% CL

Lo- 90% 95% 99%
50817
o c
E 06 2o
@ g
© Y
E i wn
E 04 2o
: £
< 0.2

0.0

o
|

»
1

o
[N]

90% 95%

99%

« Self-consistent energy budget requires kinetic
energies larger than 10°° erg —

perhaps biggest challenge for UHECR paradigm?

SR-0S

SR-LS

WR-MS

WR-HS

Ey

Effipcr (escape)

E3% (in-source)

E¢ o (in-source, UHECR)

v

Exin,init (isOtropic-equivalent)

6.67-10°% erg
2.01-10°3 erg
5.11-10°% erg
3.70-1053 erg
7.81-10%% erg
2.90-10%% erg

8.00-10°% erg
2.10-10%3 erg
5.13-10°% erg
4.46-10%3 erg
2.18:10%0 erg
3.03-105% erg

8.21-10°% erg
1.85:10%3 erg
4.62:10°% erg
3.97-10%3 erg
1.28:10%! erg
4.50-105% erg

4.27-10°% erg
1.69:10%3 erg
4.36-10°% erg
3.57-10%3 erg
1.79-10%1 erg
7.81-10%° erg

Dissipation efficiency €qjss

Baryonic loading 1/£,
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0.28
80.1

0.22
67.1

0.13
59.5

0.14
108.4

« Light curves may be used as engine discriminator

-2]

Flux x10° [GeV s™1 cm

Flux x108 [GeV s~! cm~2]

SR-0S
gamma rays
400 1
200 4
0 —r
“ neutrinos
0.3 1
024 |
014 \
L
0.0 T T T T
0 5 10 15 20 25
tobs [S]
WR-MS
1500 gamma rays
1000 A h
it ‘ I
500 /WAL [])4
M et
J“ ! ji \4%V Wi .~
0+ T T —
neutrinos
60 1
40
201
0 JLu““ IU‘ALI) - .
0 5 10 15 20 25
tobs [S]

Flux x10° [GeV s~1 cm~2]

Flux X108 [GeV s~ cm™2]

SR-LS
A gamma rays
600 “}]MM i
il Wiy
a00{ | g,
200 A “
0 = T ——
neutrinos
1.0 4 kj
A
|
054 | u\’\,“\
0.0 h” T el *J. T T
0 5 10 15 20 25
tobs [s]
WR-HS
2000 A gamma rays
1500 1
1000 {
500 - I
m (l
o ,,“A»f'”} M'J“M.ﬂ\ u& U ALIU,\,\ - _
100 A eutl
75 A
50
0 I 'ﬂ | Ll . :
0 5 10 15 20 25
tobs [S]

» Description of 6(X,ax) IS an instrinsic problem

(because the data prefer “pure” mass groups, which are
hard to obtain in multi-zone or multi-source models)

Heinze, Biehl, Fedynitch, Boncioli, Rudolph, Winter, MNRAS 498 (2020) 4, 5990, arXiv:2006.14301
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Summary lecture lll

1077

If GRBs are the

-
—— SR-0S
~~ SR-LS
— - WR-MS
----- WR-HS

|_ I range from 30 region

10—8 i
U H EC R IceCube GRB
(1172 bursts)
sources, 10-9 ]
neutrinos should
be ultimately 10-10 ] BT

seen. Could be
also AGN, TDE

10-11 _ﬁﬁl—,"

E?) [GeV cm~2 571 sr~1] (per-flavor)

t IceCube 7.5y HESE

17 18 19
logo(E/eV)

14 15 16

DESY. | NBIA 2023 | Winter Walter

| | | | | |

$ Diffuse ~ (Fermi LAT)
¢ Cosmic rays (Auger)
§# Cosmic rays (TA)

) \ 0
10-7 L
1051 t

10771

E? x ® [GeVslsrlem™?

10-10 [

¢

Similar energies in gamma-rays, neutrinos
& cosmic rays injected into our Universe!

lceCube (ApJ 2015)

\

EEEEEEEEEgEEN

Mohrmann, Kowalski

10 10 102 10* 10* 10° 105 107 10% 10 10'° 101!
E [GeV]

The detection of cosmogenic neutrinos depends on populations
subleading in UHECRs
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Notes on TDE demographics

« SMBH evolution « Source evolution  Dependence on progenitor
-3 B I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ \_\_
- burst@3 Gyr ]
4 \ ul
i Nrp(M)
= 5 [ \ 1
g : 1
8 6 |
T i 1
7 :
10‘15 ! . ! 10‘9‘“H“““"""““““""" : IR BRI L AT \:\7
10° 10° 107 105 106 1157 108 109
e i black hole mass My, (M)
p(z, M) = Nep(M) foce (M) (2, M)
Volumetric TDE rate Occup. SMBH mass
TDE rate per SMBH factor. function.

Threshold?  Strong M, z-dep.

Shankar et al, 2009; Konchanek 2016 (Fig. r.h.s.), Stone, Metzger, 2016; Lunardini, Winter, 2017 (Figs. Lh.s)
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Jetted TDEs

« Extremely luminous
» Non-thermal spectra in X-rays

« Associated with on-axis (or
slightly off-axis) relativistic jets

« I'~fewto 90
(one model AT2022cmc)

« Typical assumptionI" ~ 10

« Conclusion: About 1% of all
TDESs have relativistic jets
(not necessarily pointed in our
directions)

Observed 0.3-10 keV isotropic equivalent luminosity (erg s)

1041

—— Swift J1644+57
—4— Swift J2058+05
—— LFBOTs

—@— AT2022cmc

107

0
Rest-frame days since discovery

Flux density (mJy)

Flux (erg s cm™)

Rest-frame time (d)
;

t—0.48

RaWw

[ ¢}
F60BW

$ uwl

4 um2

$ uw2

4 XRT (1keV)
NICER (1 keV)

L3
10’
Observer-frame time (d)

Radio

4 d15-16
+ d25-27

d 41-46

X-rays

Optical

1
I [ [ I

10" 10" 10" 10'®

Observer-frame frequency (Hz)

Andreoni et al, Nature 612 (2022) 7940, 430; Pasham et al, Nature Astron. 7 (2023) 1, 88
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Model dependence of prompt neutrino flux? (one zone models)

Similar neutrino fluxes under the assumption of similar
total jet energy and certain dissipation efficiencies.

Parameter Symbol Model
IS PH-IS 3-COMP ICMART
Total jet energy Fio 3.4 x 10°* erg
Jet opening angle 0; 3°
Lorentz boost factor r 300
Redshift z 2
Duration of the burst tdur 100 s
Variability time scale s 0.5s
Dissipation efficiency €4 eis=02 | n/a Eg = 035
Electron energy fraction €e 0.01 0.5
Proton energy fraction Ep 0.1 0.5
Electron power-law index ki 2.2 | n/a
Proton power-law index ky 22 2
Magnetization at R, o n/a 45

Model Ty (%) Efy,iso [erg] Eu,iso [erg]

IS 0.2 6.8 x 10°1 2.3 x 1048
PH-IS 20 6.9 x 10°3 7.2 x 10%
3-COMP 0.3 8.7 x 10°1 5.2 x 108

ICMART 17.5 6 x 10° 1.8 x 10°!

Pitik, Tamborra, Petropoulou, JCAP 05 (2021) 034

DESY. | NBIA 2023 | Winter Walter

ny = &4 e

1070

1077

10717 [
10

f — g ==*= JCMART = IceCube
F —* PH.IS == MAG-DISS == IceCube-Cen2
E *""" 3COMP ™™= pSYNCH

106 107 10%  10°

E, [GeV]

However:

Radiative efficiency of IS model low (E, s, does not
describe typical GRB)

Not clear if jet power is sufficient to power UHECRSs
Efficiencies and partition parameters somewhat ad hoc
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The vanilla one-zone prompt model

UHECR fit IceCube 2017
excluded; arXiv:
1702.06868

e (Can describe UHECR

E - This example: —_ -
data, roughly "5 10¢ L fit range beyond ankle! & -
. . o fo ~ I
 Scenario is constrained £ F = 9.5
by neutrino non- > | ~o I
observatons W 107 P ofF
- Point A N
Recipe: I 8.5
10% = =
« Fit UHECR data, then - B
compute predicted e 8F
neutrino fluxes log, ,(E/eV)
e Here Only one example; "gzzzé EPOS-LHC o g 70F - 75:— ---------
extensive parameter oot : .
space studies have been =™ 745 %)
performed ssol.
s00E l L . oF-t , . , |Og (L /erg/S)
« Conclusion relatively R A P e ey 10° 7
robust for parameters Log4q .- (baryonic loading)
typically expected for HL- ) o ) ] ]
GRBs Biehl, Boncioli, Fedynitch, Winter, arXiv:1705.08909

Astron. Astrophys. 611 (2018) A101;
DESY. | NBIA 2023 | Winter Walter Baerwald, Bustamante, Winter, Astropart. Phys. 62 (2015) 66 Page 100



Back to the roots:

Multi-collision models

neutrinos cosmic rays
-3_ N — 14 _
10_4§ E « subphotospheric| 10132 E
i 5% " . « opt. thick to n's | 10 i UHECR =
~ 107%¢ i, . 10"2- o
i _6f ok R o direct p escape - e
g 10° L ] 5 10"
> 107 & 10"
O 1078 ) 5 10%
= 1079 T E o108 .
(gu\ 1010 T
e 108,
10712, a = 105§ b e
10—137 L Ll HOHH\O Lo R \ﬁo%@wT 4 Lol cd il Lol
10% 10" 10%® 10° 10™ 10" 102 %05 107 10° 10° 107 101 1072
RC / km RC / km
gamma rays
1065“~‘ RALLURR Ry L e
10° _ .  CTA ]
Bustamante, Baerwald, Murase, Winter, Nature Commun. 6 1045 ;
(2015) 6783; S 10%
Bustamante, Heinze, Murase, Winter, ApJ 837 (2017) 33; 8 102k ]
Rudolph, Heinze, Fedynitch, Winter, ApJ 893 (2020) 72 ~ 10': ]
see also Globus et al, 2014+2015; £ 10°% L ]
earlier works e.g. Guetta, Spada, Waxman, 2001 x 2 W 10" i
107200s " " :
107 ¢ GBM -
107#

10° 107 10® 10° 10" 10" 10'2
DESY. | NBIA 2023 | Winter Walter RC / km

Observations

« The collision radius can vary over
orders of magnitude

« The different messengers prefer
different production regions;
one zone therefore no good
approximation

 The neutrino emission can be
significantly lower

* The engine properties determine
the nature of the (multi-messenger)
light curves, and where the
collisions take place

« Many aspects studied, such as
impact of collision dynamics,
interplay engine properties and light
curves, dissipation efficiency etc.
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Related example: Nuclear cascade (UHECR iron nuclei)

10 t,=0.01s
L (here fixed) Disintegration of %6Fe within

p lated a GRB shell collision
Nuclear opulate —
survival nuclear 25 - L, = 1051 erg/s -
cascade : i
10° 20} , ]
E Multi—Collision model 15[ ;

= N L

= ¢ Internal Shock model - ]
108 = @0 [ logy Eiso/ Eiso,tot ]

1075

10 1053 (middle dot in left panel)

10°! 10>

L, [erg/s]

1050

Biehl, Boncioli, Fedynitch, WW, arXiv:1705.08909;

DESY. see also Murase et al, 2008; Anchordoqui et al, 2008 Page 102



