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Transients which can power the UHECRSs

from Baerwald,

« Required energy per transient event to power UHECRSs: Bustamante, Winter,
Astropart. Phys. 62 (2015) 66;
. [1010 ,1012] Gpc3 vrl Fit energetics: Jiang, Zhang,
E[1010,1012] _ 1053 ero - Ecr pe-y Murase, arXiv:2012.03122;
CR B S 1044 eroc M C_3 r—1 7 early args: Waxman, Bahcall, ...
gMpcy GRB|,_g |
Required energy Liang, Zhang,
output per source Fit to UHECR data Source density Virgili, Dai, 2007;
s:;e also: Sun, Zhang,
_ _ 10 112 Li, 2015
« Connection with gamma-rays: E([jlg 1071 2 0.2 feTE, S . |
if all UHECRSs can escape, and 20% of the CR energy is in = 1000 = — - .
UHECRSs (typical for E-2 spectrum). 10 ; '

f-1: baryonic loading (Ler/Ly)in

10° k
« Examples in this talk: can all sustain this energy (roughly) —
* HL-GRBs: E, ~10%erg s"x 10 s ~ 10% erg, rate ~ 1 Gpc= yr
w Ok for f,1> 10. Seems widely accepted mainstream ...
* LL-GRBs: L,~10% erg s™, rate ~ 300 Gpc™ yr 10°
== Ok for Duration [s] x f,! > 10°;
duration disputed (closer to typical GRBs, rather than 10% s?) =
 Jetted TDEs: E, ~10*" erg s™" x 10° s ~ 10% erg (Sw J1644+57), rate 10 ol sl sl s sl sl s

01 Lo vt vl N
5 1 1 . 10*10° 10% 10" 10° 10" 10® 10° 10* 1E-3  0.01 0.1 1 10
0.1 Gpc yr' = Ok for f! >~ 100; /ocal rate + L, disputed L [10%ergs’
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GRB 210503 . GRB 910711 i f;' Several popUI C

trig #143 trig #512

* Long-dura v .
<« (~10—100s) * Neutrino staeking searches:

from collapse . L <~1% of diffuse neutrino flux

GRB 920221 GRB 921003A
trig #1425 1 trig #1974

I\ | NEERNCKIERYs HL-GRBs A

\
|' \;( l\.

\

Hl Global Fit (2015)
e Short-duration burst : North v, (2016)

= Combined Analysis =—— North v, GRB
~0.1—1 el = Mo O
2 5 S ) )
GRB 930131A GRB 231008C

trig #2151 ’ trig #2571 from neutron S\tar merg

Low total energy output! ' J I e . — L
3, |« Low-luminosity GRBs - ' [
crepmaio] from intrinsically weaker & I e e S
W /\ N! : N engines, or shock e LT
- Ui o JCEleNivdlL L-GRBs 0 10 10“( 1>07
°; ) v Energy (GeV

Potentially high rate, longer
duration (but only locally
observed)

-

Source: NASA



HL-GRBs



The vanilla one-zone prompt model
UHECR fit IceCube 2017

excluded; arXiv:
1702.06868

e (Can describe UHECR

S —~ C
data, roughly Tl e [
. . o »_ = Z
« Scenario is constrained £ ¢ T 9.5
by neutrino non- 3 r —
observatons W > gk
- o r
- Point A o 5:
Recipe: I o
) 1036:_ |
« Fit UHECR data, then - B
compute predicted S P W N N W W 81
neutrino fluxes log, (E/eV)
e Here On|y one example; qu:zé EPOS-LHC o g 70F - 75:— ---------
extensive parameter =jaoof- N
space studies have been =™ 7t
b 49 49.
performed 6s0E
s00E l L . oF-t , . , |Og (L /erg/S)
« Conclusion relatively | A P e ey 10° 7
robust for parameters Log fs (baryonic loading)

typically expected for HL-

GRBs Biehl, Boncioli, Fedynitch, Winter, arXiv:1705.08909

Astron. Astrophys. 611 (2018) A101;
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Back to the roots:

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

M u Iti -Co I I i S i o n m o d e I S Rudolph, Heinze, Fedynitch, Winter, ApJ 893 (2020) 72

Collision model, illustrated

» . ! v ' :
central
emitior

n plasma shells propagate at different speeds

- . » :

9 two shells colide

. . LN |
AN

0 the shells merge and porticles are emitted

Bustamante, Baerwald, Murase, Winter, Nature Commun. 6, 6783 (2015)
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see also Globus et al, 2014+2015;
earlier works e.g. Guetta, Spada, Waxman, 2001 x 2

Multi-messenger emission Observations
T Ay e I The neutrino emission is lower
10525 foammeeas o2ct UHECRs (comes from a few collisions

;=3 Neutribos close to the photosphere)

510 : |
10 : : +» UHECRSs and y-rays are
5 501 i produced further out, where the
T 10 1 radiation densities are lower
] 10495 E > Releases tension with
X B neutrino data
1048, % E .+ The engine properties
P 2 g ‘ determine the nature of the
1047 B Bt ] (multi-messenger) light curves
108 109 1010 1011 1012 |
R [km] * Many aspects studied, such as

impact of collision dynamics,
interplay engine properties and
light curves, dissipation
efficiency etc.
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A new (unified) model with free injection compositions

Model description Description of UHECR data

» Lorentz factor ramp-up from 'y, SR-05 SR-LS
L] L] L '_’-‘—1 FIT
to I'max, Stochasticity (Ar) on top Describes [ wgersory | F e pager 2017
' 107 4 I, 102
SR-0S SR-LS UHECR data ! ~ f
Strong (engine) ramp-up, Strong (engine) ramp-up, over a I arg e “E wl - %ﬁ
no stochasticity low stochasticity = = 2 i = =
- R 5 — nezs
range of oo Loz . . oo Lo . .
o o 10° 10%° 101 10° 101 10t
g i t | E [GeV] E [GeV]
5 5 parameters:
o 108 o 10° — 900 H & H — 900 E & H
° 2 N‘E 800 - N I§ T rIVE 800 A N g T
N iy o Fe 5 a0 e o Fe 3 401 He
& o = = N 2 = N
[} (9] — > — >
512 51 1 § 7007 £ 201 ==Fe § 7007 £ 201 +=Fe
s (systematically Ul L e I
= Bx.o = Bk.o . 10° 10%° 101 10° 1010 101 10° 1010 101 10° 1010 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 H:“ - 1 teeenn, Auger 2017 ;ﬁ . [oeeeenn, Auger 2017
Weak (engine) ramp-up, Weak (engine) ramp-up, w: 7;
medium stochasticity high stochasticity - / -
104 104 ‘LE 7 z—1 é ] %—1 9=7=20
3 3 'a _Z;Z — 21=7=28 'a Z;Z —21_52_528
Ig Ig 100 - ?:ZSB '10 '11 100 - 3‘:258 ‘10 o‘ll
° * ° 10 10 10 10 10 1
g 107 g 1074 Heinze, Biehl, Fedynitch, E [Gev] -
N N
2 2 Boncioli, Rudolph, T /Se T oo e T /;* oo e H
= =N . 1 N g i N €
. S Winter, MNRAS 498 § oo % O e % Sl P
E Br.o E Br.o (2020) 4’ 5990, ;é 700 35 204 “+—IFe ;é 700 éu 204 e
10* T T T T T 10! T T T T T . 600 T 0 T 600 T 0 T
I P CHPC N MR PR arXiv:2006.14301 0 on ot e 0w on w0 Gon ot e 0w on
Initial Radius Ry, o [cm] Initial Radius Ry, o [cm]
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Inferred neutrino fluxes from the parameter space scan

10~7 '
= SR-0S
o —~ = SR-LS
o — - WR-MS
% s WR-HS
q__l 10_ 3 range from 30 region
| -
8_ IceCube GRB ‘
e (1172 bursts) GRB-UHECR
-—I'u_' 102 paradigm compatible
= with current data
T
n — IceCube-Gen2 GRB
~ 10719 i (5000 bursts)
= : T ] 1. |
v 1 R -
> 1 '.':/ ________ ~ ‘k-
U 1n-11 ﬁ.il—" S 3
O 10 4 AN \:
‘\T e - \¢
L

106 107 108
E [GeV]

o 1o

E2) [GeV cm~2 s~ sr71] (all-flavor)

1077 ; .
] —— SR-0S
] == SRS IceCube cosmogenic
] —- wWRr-mMs
J]eeee WR-HS
Heinze et al. (2019)
10—8 i GRB evolution )
this work, 30 region Sub-leadlng ~
protons ¥
N4
10_92
10—10 i
10_11 T ""'{{ " LR | M ML | T LA | r LRI | ' l'?\""I ‘\"“‘""'
104 10> 10® 107 10® 10° 1010

E [GeV]

Heinze, Biehl, Fedynitch, Boncioli, Rudolph, Winter, MNRAS 498 (2020) 4, 5990, arXiv:2006.14301
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p.3

Interpretation of the results

» The required injection compositon is derived:

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

90%

95%

heavy mass fraction

99%

mass fraction

o
)
!

°
>

o
[N]

90% 95%

99%

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

probably 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

« Light curves may be used as engine discriminator

SR-0S
gamma rays
,T’T‘ 400 1
1S
]
~ 2004
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2 o —~
o - -
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X \
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01l
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5 ol
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o -
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bt
n
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» 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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LL-GRBs



Describing UHECRs and neutrinos with LL-GRBs

Galactic comp.
extragal. comp.

¢ Auger, ICRC2015

— total

et

195 20

Iogm(E/eV)

20.5

=107’
L

? 8
o 10

TTTIT

TT

“ 9
510

> 0%
-

T llllllll T IIIII|T]

~20 205
Iogm(E/eV)

Can be
simultaneously
described

The radiation density
controls the neutrino
production and sub-
ankle production of
nucleons

Subankle fit and
neutrino flux require
similar parameters

Boncioli, Biehl, Winter,
ApJ 872 (2019) 110;
arXiv:1808.07481

Injection composition and
escape from Zhang et al.,
PRD 97 (2018) 083010;
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Systematic parameter space studies

Nuclear cascade and E, .«

12
10 o s T 1S
10" Empty .
Cascad V)4
ascade 109 1E™
gy 10 g
glom of oy 3
o~ P ]
D :
. ]
Q"\ =
10° C A Q%% 3
. Optically Thick
e Case
3 9 & 85 .
10776 v T 49
10 10 10 10
Ly [erg/ s]
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UHECR and neutrino fits

1

UHECR fit

g

o

"'1'648 ' ""1'649

Ly [erg/ s]

&a: Baryonic loading (logyg Lcr/L,)

(here: Tgy = 2 10° s fixed)
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810C “’Ie 19 sueyy :.Z,, 1uiod 30Ud13Jay
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Open issues for LL-GRBs

10-°

1077

10—84

10-°

vF, [erg cm~2]

10—10 _

— gg=10"1

—— £ =102

BAT-XRT range

|IC peak?

Lo

—\

Rudolph, Bosnjak, Palladino, Sadeh, Winter, to appear;

103 106 10°

Eobs [keV]

« Can the necessary maximal energies be reached?

1011 Y .%Wh
R AL: o Ny .
> ‘. ‘,".“.”. ..:0“-‘0..
— 35 2
> R
8 1010
£ — Fe
w g 48 : — si
109 %+ o)
—— Ni
He
PRELIMINARY p
108 1015 1016

Distance to source [cm]

Conclusion: yes, because in multi-collision models
the X-rays and UHECRs come from different regions

« What can we learn about the typical parameters?
* Tgo <~ 10° s (from EGB contribution). Still too large?

* Necessary baryonic loading >~ 10

« OKin that ballpark, but unclear how large it can be
from hadronic feedback in radiation modeling

see also discussions in Samuelsson et al, 2019+2020 for one zone model
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Tidal Disruption Events



How to disrupt a star 101

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

oL\ /3 . M 13 p g oo\ -1/3
Ty = (7) R ~88 x 10°“cm (106 M@) R—® (M—Q)

« Has to be beyond Schwarzschild radius
(otherwise swallowed as a whole ...)

2MG M
R, = ~ 3 x 10!
o Torem (106 M@)

* From the comparison (r; > Rg) and TDE

demographics, one obtains M <~ 2 x 107 Mg
Hills, 1975; Kochanek, 2016; van Velzen 2017

« Schwarzschild time indicator for time variability?

- 'T_h'e super-massive hlack hole.

7y ~ 2mR, /¢ = 63 (106 M@) 3

— Fastest time variability ~ 100s (assumption)
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Observation of a neutrino from a Tidal Disruption Event

(=)
|

[y

=

[

9
=
N

VF, [erg cm~2 s71]

(=)

9
[y
w

Fx [erg cm™2 s71]

107144,

* First association of a neutrino with a TDE

10—12 ]

i e o

nm nm . . . .
g b UYWL (260nm) | 1 r(658nm) B * The radio emission of the TDE showed sustained

[ LN ] : — . . . .
" i ; n engine activity over that long time
oi? 5 : .
oo e * Faty N R  Quickly decaying X-rays have been observed.
¢+ ¢ + = . .
; e ey, : Possibly effect of obscuration
¢t ;
t i
| | | | tf | 0% Questions:
0 50 100 150 200
» Where was the neutrino produced? In a jet? In the
' Spectrum: thermal, T ~ 60 eV core? In a hidden wind? P J
r *3 L1043 : !
+ﬁ J T * Why did the neutrino come 150 days after the peak?
! [@)]
f AN . 10% 5 * Is there a connection to the X-ray emission?
~
\
$ 0.3-10 keV (XRT) \
¥ 0.3-10 keV (XMM) \\ IC'191001A L1041

0 50 100 150 200

Days since discovery

Stein et al, arXiv:2005.05340

Fig. from Murase et al, arXiv:2005.08937; __
see also Hayasaki, Yamazaki, 2019

DESY. | CRPHYS2020 | Winter Walter, Dec. 8, 2020, Kyoto, Japan
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= g X-rays seen early-

close to/into funnel!

« Matches several aspects of AT2019dsg very
well (Lyo, Reg, X-rays/obscuration)

« Supported by MHD simulations; M =5 106 M,
used; we use conservatively M =106 M,

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

« Observations from model:
« Mass accretion rate at peak M ~ 102Lggq
« ~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 jetted concordance model

» Neutrino production peaks at ~ 150 days because of
competition between decreasing production radius

and proton luminosity (L, ~ Rc?)
* Prediction for future observations:

Neutrinos come significantly after t,.. (target needs
to isotropize, which leads to delay)

« Same effect which causes X-ray
obscuration leads to isotropized —*
X-rays backscattered into jet frame

(\IIE
o
> 46 - .
S,
L“g Dai et al, 2018 =
I = Jet ceases
-8 === t-theak=100 days 88’
R I e SR A AN Ga R
Logio E, [GeV] Neutrinos
* Number of events: 0.05-0.26, depending 7 |
on effective area e 0 s0 N 100 150 200 250 300
. . . . . ~‘pea d
« Multi-pion production dominated neutrino oeau 2]
. Winter, Lunardini, arXiv:2005.06097;
flux (A-resonance: gray) : :
see also Liu et al, arXiv:2011.03773
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Is that the end of the story? WINTER IS HERE
From: van Velzen et al, 2001.01409

} UVW2 (193 nm) | U346 0m) |
— 10-11 ::::0. ¥ UVM2 (225 nm) | g (464 nm)
'T'm ""ﬁi:.;. . # UVW1 (260 nm) $ r(658nm) _
~ ' : T
. b oovC 191001A. - "
AT2019dsg 5 ) i, .}. : .
aka Bran Stark 2 v bt H 1S
2107% 0! MU " o i ! 3
> L L/ "l- +
E ' et by Neuirln{l
Stein et al; arXiv:2005.05340 ~150/day Lo
0 50 100 15 After peak; o

Days since discovery

O
4y g e E@ﬂ@m .
! 4 ZTFr ¢ WISE W1 i . i
I} ZTFi ¢ WISE W2 : \] V
] *  }  Swift UVM2 ¥  Swift XRT : i
& ¢ P200J . +
2 10121 -3 T
AT201 gfdr ‘_‘m Ly o ; ;'.’ o'# 't*ih IC 200530A ;D
aka Tywin Lannister 2 | i . a’ " ”’Wm SCai
= IR " "m =
e ; Reusch et al, 2021, %
| n preparatlon | | Neu: fino | [ 1588
58600 58700 58800 58900) 00 59100
Date [MJD] ~300 d)ays
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Diffuse UHECRs and neutrlnos from TDE?

= 10°¢
L E ‘\\ —|— IceCube, ICRC2017, HESE
« Can potentially describe neutrinos and >1038; g o s o L 107k o obercons
UHECRSs at the highest E Kz & 10%% L “
: = ‘
- TDEs may have negative source =107
evolution (helps UHECR fit) 3
. . - 36
* Requires very luminous (Sw T

J1644+57-like) TDEs disrupting C-O
white dwarfs or similar at high enough
local rate

« Tension with neutrino stacking

searches and multiplet limits
e.g Stein, PoS ICRC2019 (2020) 1016

» Subject may require further study in
light of recent TDE discoveries ...
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1071

| 0 .9. L
Iogm(E/GeV)
EPOS-LHC
H
He
: N
g re
98 185 '1|9' - 19I5 — 20 1 "II8' — 185 '1|9' - 19I5 — 20
Iogm(E/eV) Iog (E/eV)
Biehl, Boncioli, Lunardini, Winter,
Sci. Rep. 8 (2018) 1, 10828, arXiv:1711.03555;
see also Zhang, Murase, Oikonomou, Li, arXiv:1706.00391;
Guepin et al, arXiv:1711.11274 Page 21



Summary

Different transient classes in the light of UHECR and neutrino observations

HL-GRBs
 Well-studied source class

« Can describe UHECR spectrum
and composition X,ax

* Multi-collision models work for a
wide range of parameter sets

» Neutrino stacking limits obeyed

« Light curves may be used to
further narrow down models

e (Cannot describe diffuse neutrinos

« Composition variable ¢(Xmax)
requires some fine-tuning

« Energetics in internal shock
scenario is a challenge; more
energy in afterglows than
previously thought? VHE y—rays?

DESY. | CRPHYS2020 | Winter Walter, Dec. 8, 2020, Kyoto, Japan

LL-GRBs

Potentially more abundant than
HL-GRBs

Can describe UHECR spectrum
and composition even across the
ankle

May at the same time power the
diffuse neutrino flux

Less established/studied source
class = more speculative

Radiation modeling requires
further work

Progenitor model disputed

UHECR+neutrino energetics
point require relatively long
“standard” LL-GRBs, may be
challenged by population studies

TDEs

The only transient class from which
neutrinos have been observed from
— Must accelerate cosmic rays

Have potentially negative source
evolution, which helps UHECRs

A lot of recent activity in
astrophysics; many new discoveries

Observed TDEs are very diverse
Models have a lot of freedom

Local rate and demographics may
have to be re-evaluated

Energetic events, such as the jetted
TDE Sw J1644+57, may be rare

Potential tension with neutrino
multiplet searches if too few too
energetic events
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Final slide: Personal opinion

« What's your targeted physics in next decades?

« HL-GRBs: Scrutinize energetics; afterglows (including VHE emission) seem key issue; neutrino discoveries?
» LL-GRBs: More complete population studies/samples; neutrino stacking searches

« TDEs: More neutrino discoveries from TDEs?

Population studies, simulations, systematics WINTER IS HERE

van Velzen et al, 2001.01409

« What we need to accomplish?
» Theoretical side: connection to GW events and with jet physics, particle acceleration at relativistic shocks

» Observational side: wider/longer+deeper surveys, coverage of multiple wavelengths. Neutrino telescope
upgrades. Improved UHECR composition data.

« Take-home messages
» See previous slide
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