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Why UHECRSs from transients? See e.qg. talks Bister, Farrar, Unger

Summary: Source candidates & keg constraints
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UHECR energetics and the Waxman-Bahcall paradigm

« Required ejected UHECR energy per transient event to power UHECRSs:

But: Required (in source) injection luminosity depends on:

Gpce yr!

[ GV 12 é[1010’1012]
100,10 053 CR
R 5 1044 erg Mpc ™2 yr—1

Injection spectrum, Ej, min
Cosmic ray composition
UHECR escape mechanism
UHECR fit range

Electron cooling efficiency

Local GRB rate

Peak of GRB luminosity function

DESY.

fers|. g

Waxman, Bahecall, ...;
formula from Baerwald,
Bustamante, Winter,
Astropart. Phys. 62 (2015) 66;
Fit energetics: Jiang, Zhang,
Murase, arXiv:2012.03122

“Fudge” factor:
Baryonic loading 1/f,

(energy injected into non-
thermal CRs vs. electrons)
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Neutrino stacking bounds

Gamma-ray
observations ; ;;\ Y
(e.g. Fermi, Swift, m\ﬁ Vo “ ‘
etc)

Cannot power observed diffuse flux!
But: 1% contribution pOSSIble

L e i s s e s s s———_r
BN Global Fit (2015) South v, GRB (5 yr) |3
10-6 North v, (2016) —— (Cascade GRB (3 yr) !
— Combined Analysis === North v, GRB (7 yr) |3

E?®, (GeV em™2 sr7! s71)

DESY

104 105 106 107 108 107
v Energy (GeV)

IceCube, Nature 484 (2012) 351;
Fig. from update: ApJ 843 (2017) 112

Coincidence?

Are GRBs
the sources
of the
UHECRs?

Use timing,
directional
and energy
information
to reduce
backgrounds
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Murase, Mukhopadhyay, Kheirandish, Kimura, Fang,
2022; see also Ai, Gao, 2022 Page 6



The vanilla one-zone prompt model

UHECR fit IceCube 2017
excluded; arXiv:
1702.06868

e (Can describe UHECR
data, but:

 Scenario is constrained
by neutrino non-
observatons

- This example:
__fit range beyond ankle!
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* Possible caveats: § oo B
» Low-luminosity o _ 74%9 i
GRBs i l
. I SIS e 7 Iog (L /erg/s)
« Large R (magnetic T T e e e _ 10 v
reconnection?) Log f,* (baryonic loading)

Biehl, Boncioli, Fedynitch, Winter, A&A 611 (2018) A101;
Baerwald, Bustamante, Winter, Astropart. Phys. 62 (2015) 66
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Back to the roots:

Multi-collision models

neutrinos

E*F,, 1 GeV-cm™
=

" . subphotospheric
" . . optthickton's ]
direct p escape

10—13
Rc / km

Bustamante, Baerwald, Murase, Winter,
Nature Commun. 6 (2015) 6783;
Bustamante, Heinze, Murase, Winter,
Apd 837 (2017) 33;

Rudolph, Heinze, Fedynitch, Winter,
ApJd 893 (2020) 72
see also Globus et al, 2014+2015;
earlier works
e.g. Guetta, Spada, Waxman, 2001 x 2
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Observations

» The collision radius can vary over
orders of magnitude

» Different messengers prefer
different production regions

 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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One zone approximation:
Outflow models t, ~ I./c (variability timescale)
Rc ~ I'2 d (distance to catch up)
Often:d~1 - R, ~cI?t,
Continuous outflow: t’y;,,.=R./(c T Discrete outflow: t’y,,=I" I/c
y y
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A unified engine model with free injection compositions

Model description Description of UHECR data
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Inferred neutrino fluxes from the parameter space scan
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Interpretation of the results and open issues

« Light curves may be used as engine discriminator

» The required injection compositon is derived:

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

(here: non-thermal energy fractions)
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« Self-consistent energy budget requires kinetic
energies larger than 105 erg —

perhaps biggest challenge for UHECR paradigm?

SR-0S

SR-LS

WR-MS

WR-HS

By
Efircr (escape)
EZ% (in-source)

E¥fpcr (in-source, UHECR)

v

Eyin init(isOtropic-equivalent)

6.67-10°% erg
2.01-10°3 erg
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3.70-1053 erg
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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 €gjss
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Hadronic signatures in the prompt electromagnetic spectrum

Contribution from different components

GBM LAT
1/f, = 30

104 109
Eops [eV]

photons total

v total

primary e = (SY)
primary e~ (IC)
BHe=* (SY + IC)

yy ann. e* (SY)

vy ann. e = (IC)

rm decay e * (SY + IC)
proton (SY + IC)

° decay

— Neutrino production dominated by low photon energies
— Hadronic contributions enhance neutrino production

— High peak neutrino energies

Rudolph, Petropoulou, Bosnjak, WW, ApJ 950 (2023) 1, 28.

Impact of baryonic loading:

GBM LAT —-— neutrinos
1074 7y
o
s ./. ./, \\_\
! 1 /'\\-‘\
AT
1076 Fofofi
./ ./.
X\ /
10—7 . ’
------ leptonic ~ —— fpe =30
" — fye=10 — foe =100 ; ‘||
10-1 10 107 10! 10 10%°
Eops [€V]

Baryonic loadings 3-10 do not modify
electromagnetic spectrum at peak!

See also Rudolph et al, ApJL 944 (2023) 2, L.34 for the application to GRB 221009
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and Asano, Inoue, Meszaros, ApJ 699 (2009) 953 (earlier work)

/N

(KD
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EFe [erg/(cm?s)]

EFe [erg/(cm?2s)]

Hadronic signatures in the afterglows?
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photoel.

SSC-scenario
vy (EBL,CMB)

107>
10-°
107

10 10° 103 10° 10° 1012 1015 1018 102!

E [eV]
= 1000 s, z=0.1, Eyin, iso = 4 X 10°%erg

GV X-ray
photoel.

py-cascade-scenario
vy (EBL,CMB)

: neutrinos
PY casc. e*

1076

primary e

1021

103 109 103 10° 10° 1012 1015 1018

E [eV]

== O

106
0 68-110s GRB 190114C
g 1077
g -—4
9 _g V. B EEE
l_l-l'.l 110-180s
LL —
L 1079
— GRB 190829A
‘s‘n 10 10
c 15.4-28.4ks v
T B am st N S
Sl pTU =
2' 10_12 | I I N A A — _______
w
['N .9- |
W 97.9-114.8ks
10—13
o] R 0.34-0.4ks GRB 221009A
0.34-0.35ks
*é’ 10-7 0.91-0.96ks
O
~
S 100 o e
k) 3.9-4.5ks a6kl
Q1004 P ﬂ ..................... '
W 21.6-22.1ks ' .......................
10719 ; 21.1-23.4ks ]

102 10% 104 105 10° 107 108 10° 101 10! 10%2 1013
E [eV]
From: Klinger, Yuan, Taylor, WW, ApJ
accepted, arXiv:2403.13902

Page 14



Neutrinc
from TL

Tidal Disruption Eve

uUHECRs

-
-

https://www.desy.de/e409 011 /e119238/media/9170/TDE_DESY_Sc.iCBmLab_sound_O80p.mp4 4

-



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

8Y/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

DESY. | MM Paris 2024 | Walter Winter Luminosity into non-thermal CRs related to that? Page 16



A neutrino from AT2019dsg
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Stein et al, Nature Astronomy 5 (2021) 510
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Evolving
radio signal

— Central
engine,
Outflow, jet?

Frequency (GHz)

10!
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Another neutrino from the TDE candidate AT2019fdr
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see Pitik et al, 2022 for SN interpretation

Reusch, Murase, WW et al, PRL 128 (2022) 22;

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

</ observer
‘
|

8ESTI'SOTT:AIX AR woy “S1

| infalling stream

)
/ vav,
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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

« OQOverall significance: 3.7c
van Velzen et al, arXiv:2111.09391

Further possible associations

« Two obscured TDEs? Jiang et al,
2023. One with a strong X-ray
flare Li et al, 2024. One

(AT20211Iwx) outside 90% CL
Yuan et al, 2024. One (AT2021loi)

associated with BFF Milan Veres

et al, 2024

DESY. | MM Paris 2024 | Walter Winter
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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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Possible particle acceleration sites R clsaresr
(probably incomplete list...)

() 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;
Winter, Lunardini, 2023

Fig: Winter, Lunardini, ApJ 948 (2023) 1, 42
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Direct connection with dust echo?

* Neutrino arrival seems to be correlated with dust echo

« What if ... the dust echo itself (IR) is the target?

« Consequence (from py interactions): E, > 1.6 EeV (Tg/0.1 eV)™.
(for nuclei: rigidity R > 1.6 EV)

« Compatible with UHECR fits, e.g. Ryax ~ 1.4-3.5 EV. Coincidence?
e.g. Heinze et al, ApJ 873 (2019) 1, 88

* Points towards interactions of UHECRs — UHE neutrinos

The direct connection
between
the neutrino production (incl.
time delay) and the dust echo
could be a smoking gun
signature for the
acceleration of UHECRSs in
TDEs

DESY. | MM Paris 2024 | Walter Winter
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UHECR connection and diffuse neutrino flux

« |dea: Extrapolate from a few
neutrino-associated TDEs to a
population, main params fitted

* Produces a diffuse neutrino
flux at sub-EeV energies

« Simulate time-dependent
UHECR production.
Different mass groups vs vs l
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Plotko, Winter, Lunardini, Yuan, 2024;
see also: Biehl, Boncioli, Lunardini, Winter, Sci. Rep. 8 (2018) 1, 10828; Farrar, Piran, 2014;
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Zhang et al, PRD 96 (2017) 6; Guepin et al, A&A616 (2018) A179; ...



What do we learn about UHECRs from TDEs?

: : , Fitted Composition Case
* Need at least two populations: AT2019aalc-like, AT2019fdr-like aalc-group fdr-group

 Interesting: AT2019aalc recently exhibited a huge rebrightening;
AT2019aalc-like TDEs special population associated with Bowen
Elements

Fluoresence Flares? Milan Veres et al, 2024

* Required local UHECR-emitting TDE rate ~ 10-100 Gpc3 yr-! — e
— Main sequence (MS) star disruptions? m== CNO
« Composition not directly compatible with any of the co-Wb ONENMg-WD . E: "

progenitor candidates '
« Possible way out: heavier elements are VS.
easier accelerated/picked up.

Enhancement factor? Define (A/Z)*
e.g. Caprioli et al. (2017), Hanusch et al. (2019)

Enhancement factor
Mass abundance with the enhancement factor for the MS star

400

aalc-group
= = fdr-group

: ees¢c

100 ——==F====S====p===g————T

Elements
mm HHe
B CNO
NaSi
. Fe

Enhancement factor, a Plotko, Winter, Lunardini, Yuan, 2024
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Predictions

for gamma rays

« Gamma-ray attenuation expected at the highest energies; gamma-rays and neutrinos correlated

« Very compact production regions excluded from gamma-ray limits

« Constrain predicted neutrino event rate to 0.01-0.1 events per TDE

AT2019fdr: M-IR (t,)

AT2019fdr: cascade lightcurves (M-IR)

1078 5
-------- BB co BH-SY/IC === all cas. 1 :
10-8 -== pplpy-SYIC —— n®decay —— Vu 17 T ——e :
-SY/I A
L s 107° -:l FermiULl = — 1====o
= 107° - 1 |~ LT | | TT1---al_
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‘\Il - EEEEEERER E N EEEEEEEEEER | B | | | ‘\I‘ 10_10-5
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Yuan, Winter, ApJ 956 (2023) 30
(based upon model M-IR in Winter, Lunardini, ApJ 948 (2023) 42)
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Summary: multi-messenger signal from GRBs and TDEs
GRBs

UHECRSs

Potentially sufficient power, but high E;,
Description of UHECR data for various
outflow scenarios (except for o(Xmax))
Heavy injection composition needed

Neutrinos

Compatible with stacking bounds in multi-
collision/outflow models
Contribution to diffuse neutrino flux <1%

Electromagnetic radiation

Peak in gamma-ray range
Large energy output (long GRBSs)

DESY. | MM Paris 2024 | Walter Winter

TDEs

UHECRSs

» Potentially sufficient power, pop. uncertain

» Local rate compatible with MS disruptions

* Heavy injection composition needed,
enhancement at injection?

Neutrinos

« Several candidates for associations

« Possible contribution to diffuse flux at
highest energies, radio detection?

Electromagnetic radiation
» Observed in optical/UV/IR
« Sometimes X-ray, radio detection

e.g. Decoene, Guepin et al, 2020; Rossoni, Boncioli, Sigl, 2024; Farrar 2024

(fraction of mass fallback luminosity accelerated)
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Example: Nuclear cascade from photo-disintegration

10 t,=0.01s
£279.5 11 2 (here fixed) Disintegration of 6Fe within
. Fe P lated a GRB shell collision
Nuclear ICMart model Sl
survival nuclear 25F L, =10°" erg/s H
cascade i y
20F .
:
N T

10 :_ 108y Eiso/ Eiso, tot _:
0 4
! -1 ]
56 [ 5

-3
-4 h

1 I R
5 10 15 20 25 30
N

1023 (middle dot in left panel)

L, [erg/s]

1050

Biehl, Boncioli, Fedynitch, WW, arXiv:1705.08909;
see also Murase et al, 2008; Anchordoqui et al, 2008; De Lia, Tamborra, 2024 Page 27



« Optical-UV (blackbody):
Radiation typically exhibits a
peak and then a ~ t-°3 dropoff

TDE observations (general)
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van Velzen et al, Astrophys. J. 908 (2921) 1, 4; A xmmsL1 jo740.85 | outflows?
Alexander, van Velzen, Horesh, Zauderer, Space Sci. Rev. 216 (2020) 5, 81 10% Lv17 v > v
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