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Lessons from UHECR transport model (Peters cycle model)

Parameters:

« v: Eis the injection spectrum from sources

Rimax: Sources have E,5x=Z X R,ax (Peters cycle)

* m: Sources evolve (1+
(SFR evolution: m ~ 3.4 for z

z)m
< 1)

(NB: UHECRSs do not travel farther than z~1)

* Free injection fractions for five mass groups:

103 ]
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E3) [GeVZ cm™2 s~ 1sr 1]
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100 L0
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SFR sources,

peaky spectrum: 3D, fit
6 GRB,AGN? — Heinze et al,
Astrophys.J. 873 (2019)
4 SFR evol. 1, 88; see also
Batista et al, JCAP 01
(2019) 002

ﬂat evol.

g€ 0
-2 4 Closer to typical
acceleration spectrum,
—4 - negative source
evolution.
_g 1 s TDEs? LL-BL Lacs?
-1 0 1 2
Y

Conclusions for sources:

» Peters cycle describes UHECR data well; limits:

« Disintegration in source
« Addl. light component (— cosmogenic neutrinos)

» Need hard escape spectra for SFR evolution;
negative source evolution helps

¢ Xmax-0(Xmax) interplay requires relatively pure
composition (from light to heavy) Page 3



The grand challenges Note that 1) and 4)
are also UHECR

challenges!

. The UHECR escape mechanism challenge
How do UHECRSs escape from their sources? Are the in-source spectra and escape spectra different?

How do we obtain hard escape spectra?

. The maximal neutrino energy challenge
The maximal neutrino energy follows the primary energy. But: neutrinos are observed in the TeV-PeV range!
How can we connect UHECRs and the IceCube neutrinos then?

. The efficient neutrino production — nuclear cascade challenge
High target photon densities (required for neutrino production) will trigger nuclear cascade in source
(... but: that destroys the Peters cycle needed to describe UHECR data!)

. The energy budget challenge
Typically relatively high escaping UHECR energies per source needed.

Requires sufficient kinetic energy at first place!
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1. The escape mechanism challenge Bacrwald, Bustamante, Winter,

« Non-trivial question, depends on acceleration
mechanism and source environment

« Cosmic ray can (depending on parameters) escape
through different mechanisms, such as

» As neutrons (if efficiently produced)
« By diffusion, depending on the turbulent spectrum
« At the highest energies (if R, > Region) directly; hard!

« Example: GRBs. Neutron and direct escape —
compete depending on the py timescale.

(direct esape also works for an expanding shell,
depending on the adiabatic index)

« Other discussions include e.g. interplay
disintegration/escape in environment of source
Unger, Farrar, Anchordoqui, PRD 92 (2015) 12, 123001,

escape from shocks may act as high-pass filter
Globus, Allard, Mochkovitch, Parizot, MNRAS 451 (2015) 1,

751; see also Sec. IlIB for a summary of escape
mechanisms Zhang et al, PRD 96 (2017) 6, 063007
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Astrophys. J. 768 (2013) 186

GRB080916C 74=0.044, '
1073t Tyy,30Mev=2-10"

E*FMGeV-cm™
=

10 107 18" 10° 10® 16° 16° 10° 107 1o
E/GeV

Most source models require/imply

assumption for hard escape mechanism! page 5



2. The neutrino peak energy challenge

« Neutrinos observed in TeV-PeV range

| I I I | I
F $ Diffuse ~ (Fermi LAT)
107" 3 ¢ Cosmic rays (Auger)

e § Cosmic rays (TA)

g 1079

) 3
DS i
S ('
o 1078 ]
~, E
e N

x 10771
'N, -

10-10 [ Similar energies in gamma-rays, neutrinos
t & cosmic rays injected into our Universe!

E [GeV
Mohrmann, Kowalski (GeV]

« The maximal or peak neutrino energy will follow the

primary energy

« Consequence: neutrinos should be observed up to

EeV energies!

DESY. | Paris Saclay 2021 | Winter Walter
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AGN neutrino spectrum (example)

From pu decayv
--- From 7 decay ]
From K decay E_ peak ~ 0.05 Ep max
— Combined , : |
— SOPHIA

[E—

<
—
S}

[E—

<
—
W

~ E-OL+B-1
E->: protons,
E-B: target photons

E; 0,/(N, N, GeV cm™s7 )
5 3
s =

[E—

<
—
N

10° 10* 10° 10° 107 10® 10° 10'
E,/GeV

From: Hiimmer et al, Astrophys. J.721 (2010) 630;
for a more complete view of possible cases, see
Fiorillo et al, JCAP 07 (2021) 028
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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:

)
T Ev,max

T — @+ v,

=23 |

W= et+ v+, 10

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

(synchrotron cooling faster than decay) 107
o Imegmdc’ -
© \| 7e'B”? 1072

%00 (B JEYy, € GeViem'™ 57 1)

Depends on particle physics
only (m, 7o of secondary), and B¢ 10-26

« Points towards sources with strong enough B’
if UHECR connection:
Gamma-Ray Bursts, (jetted)
Tidal Disruption Events, ...

By [GeV
Kashti, Waxman, 2005; Lipari et al, 2007; ...
Fig. from Baerwald et al, Astropart. Phys. 35 (2012) 508
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3. The neutrino production — nuclear cascade challenge

Efficient neutrino production requires high
enough target densities
— trigger disintegration as well

The maximal energy is constrained by
interactions

— the Peters cycle model breaks

— UHECRSs interact cannot efficiently escape

Conclusions:

« UHECRs may not come from the same
sources or regions where the neutrinos are
produced

* However: there are interesting cases where
the disintegration products can improve the
ankle description (— LL-GRBSs)
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Example: Gamma-Ray Burst with nuclear cascade in-source;
from Biehl, Boncioli, Fedynitch, Winter, A&A 611 (2018) A101 Page 8



4. The energetics challenge — example: transients

* Required energy per transient event to power UHECRSs: Bustamante, Winter,
Astropart. Phys. 62 (2015) 66;

from Baerwald,

GeV 10 12 Fit energetics: Jiang, Zhang, Murase,
FE CR ’ — 10 erg - PP 3 - early args: Waxman, Bahcall, ...
—— _1 ~
10** erg Mpc ° yr NGRB }z:O |
Required energy Liang, Zhang,
output per source Fit to UHECR data Source density Virgili, Dai, 2007;
see also: Sun, Zhang,
_ | 10101017 o Li2015
 Connection with gamma-rays: E.p ~0.2f"E, o . |
if UHECRs can escape efficiently, and 20% of the CR energy is = 1000 = — 3
transferred to UHECRSs (typical for E-2 spectrum). - ; :

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

01 L 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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Test case: AGN



Ingredients: Neutrino production and population models

« Geometry determined by
disk luminosity:

BL Lac/ FSRQ
relativistic jet

CR acceleration\

broad-line region
dust torus

~/\ accretion disc

relativistic jet

broad-line region

dust torus

CR acceleration

 For HL-FSRQs, the blob is
exposed to boosted external fields
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« SED follows “blazar sequence”:

- SED (jet frame)

1046 =
1045
1044
1043
1042
1041
1040
1039
1038 -

1037 1 1 1 1 1 1 1 1
1071070107 10"7107 1072 107t 10! 10® 10°

log[T* LY, (erg/s)]

BL Lacs
E'dL'/dE'" erg/s]

1047
1046
1045
1044
1043
1042
1041
1040
1039

1038
1037 1 1 1 1
107 °10-40- 111072 10~ 10710210~ 10!
E! [GeV]

FSRQs
E'dL'JdE" [erg/s)

b )

10® 10°

Rodrigues, Fedynitch, Gao, Boncioli, Winter,

ApJ 854 (2018) 54; Murase, Inoue, Dermer, PRD 90 (2014) 023007;

logiolLy(erg/s)]

Source density (PDF)

Population model:

LL-BL Lacs, HL-BL Lacs, FSRQs

50

Low-lum BL Lacs
High-lum BL Lacs
FSRQs

Redshift,z

=
o
-

Ly
o
1

©
(O]
1

o©
o

—— Low-lum BL Lacs
—— High-lum BL Lacs
—— FSRQs

o
o

Palladino, Rodrigues, Gao, Winter, ApJ 871 (2019) 41;

Rodrigues, Heinze, Palladino, van Vliet, Winter, PRL 126 (2021) 191101

0.5

1.0

1.5
Redshift,z

2.0

angoeyed HV'IE S,IULID] WOIJ SIIINOS
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Conseq uences for AGN 1. UHECR description driven by LL-BL Lacs because of

 Low luminosity — rigidity-dependent max. energy

From y decay
o~ 107 Froma decay | — Challenge 2: « Negative source evolution = — Challenge 1
o — Combined neutrinos have to
E 10-13 — SOPHIA peak at high E -~ 10 IEURS — Auger 2017
3 TL . IC 9 year,
= 107 ! ] - 1 b o i\:E-J::I_‘P}_/ TN g
- o T, I sioging e NG \
5 . Evpeak ~ 0.05 Ep max — Challenge 3: g w0 g7 .
o 107 a neutrinos and £ ) E100) 7 T =N
/ \\ ' UHECRSs from different S 100/ \ - ae §lo_u_ p—— T < \ N
16 ' : 2, :T:tz?-ss = ource . 3 S
07000 100 105 105 107 10° 10° 10% populations O A W (A 1T T |yl ] \\ \‘
E,/GeV 10° 1(;:_10[(36\” 10%! 10° 10° }:'OFGEW 108 10° 1010
Postulate that: _
_ o _ 2. Source neutrinos mostly come from FSRQs, peak at
1. AGN jets (can be misaligned!) describe high energies, and may even outshine the
Auger data across the ankle cosmogenic flux there
(spectrum very well, composition observables roughly) o 1074 4 e
e : : , , , 5 o0 +
2. The injection compositon is roughly Rodrigues, Heinze, Palladino, 7 T-l_-l_-r iy
Galactic van Vliet, Winter, ‘TE 1079 —
PRL 126 (2021) 191101 g 10710
3. Different classes S on
(LL'BL LaCS, HL'BL LaCS, FSRQS) :%10—12 B Source neutrinos
can have a different baryonic loading - 7= Cosmogenicpeutinos
10° 108 107 108 10° 1010

E [GeV]
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Test case: LL-GRBs



LL-GRBs: Systematic parameter space studies

Nuclear cascade and E, .«

12
10 05 0 N11 3
10" Empty 0
Cascade \0gseEm
— 10 }
g 1010 ’Z o‘b&o -
o Q‘bc" i
66 - —
X~ H S
Q&‘b’ B ”””””
10° C Ax 0% . 3
o Optically Thick
e Case
8 9_8 8.5 =" :
10 75 s T Py
10 10 10
Ly [erg/ s]
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UHECR and neutrino fits

UHECR fit

107 108
Ly [erg/ s]

&a: Baryonic loading (log+o Lcr/L,)
(here: Tgp = 2 10° s fixed; energetics!)

50

40

30

20

10

810C “’Ie 19 sueyy :.Z,, 1uiod 30Ud13Jay
SISPL0O SOST ATXIB “IUIAA ‘[Y1( ‘T[o1DuU0g
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One alternative: a population of LL-GRBs

— . =107
| crragal comp. —m ot I — Challenge 2
. 10°°E ~ 10°8E Secondary cooling
n - N‘” E decouples neutrinos
o I : 9l and UHECRs
€. a7l 510
~x 10 = > :
S 107" — Challenge 3:
Q. i G, - neutrino production
o 10 N—no-“ a.nd.ankle |
Ll - LLl - description require
[ C MR .\ 120, . Vi imi
18 185 19 195 20 205 1034 56 7 8 9 10 11 S'"‘('i'r?tre‘r’:;f}?ﬁ;ers
log, (E/eV) log, (E/GeV) g
I E
' 70
£ Tt a4t
o) 60
: - Boncioli, Biehl, Winter,
g SO0 ApJ 872 (2019) 110;
X 406 arXiv:1808.07481
I:
30t Injection composition and
E escape from Zhang et al., PRD
20F 97 (2018) 083010
1 - | 1 1 1 1

Iog10(E/eV) Page 15



Test case: HL-GRBs

Neutrino stacking searches:
<~1% of diffuse neutrino flux

LN LLLL BN L BN LLL 3
B Clobal Fit (2015) South v, GRB (5 yr)
o North v, (2016) —— Cascade GRB (3 yr)

— Combined Analysis = North v, GRB (7 yr)

106 107
v Energy (GeV)




— Challenges 2/3:
TeV-PeV neutrinos

HL-GRBs: The vanilla one-zone prompt model el

production efficient!

UHECR fit

e (Can describe UHECR
data, roughly

—_

%

T IIIUII|
i

 Scenario is constrained
by neutrino non-
observatons

E% [eVZ km?Z sryr]

_.
A
Q

T IIIIIII|

Point A

Recipe:
 Fit UHECR data, then

compute predicted R SRRV R
neutrino fluxes

1 036

IIIIII|

. @ .
IIIIII|IIII|IIII|IIII

& 900F = /. Brrsnnnnss

EPOS-LHC H g 70F . o

* Here only one example; E oook
extensive parameter =jooof-
space studies have been =S

700F

performed + energy cuts esok

E 1 1 1 1 E 1 1 1 1
600—~g 185 19 195 20 0™ 85 19 195 20

49 49. 7
Iog (L /erg/s)
« Conclusion relatively log. (E/eV) log, (E/eV) . 10 -Y
robust for parameters Log4q fs (baryonic loading)

typically expected for HL-
(%IEB s y exp Biehl, Boncioli, Fedynitch, Winter, arXiv:1705.08909
Astron. Astrophys. 611 (2018) A101;
DESY. | Paris Saclay 2021 | Winter Walter Baerwald, Bustamante, Winter, Astropart. Phys. 62 (2015) 66 Page 17




Back to the roots:

Multi-collision models

Collision model, illustrated

» . 5 b 5 ’
centra

emitior

o plasma shells propagate at different speeds

. ’ » : :

9 two shells colide

e the shells merge and parficles are emitted

Bustamante, Baerwald, Murase, Winter, Nature Commun. 6, 6783 (2015);

Bustamante, Heinze, Murase, Winter, ApJ 837 (2017) 33;
Rudolph, Heinze, Fedynitch, Winter, ApJ 893 (2020) 72

see also Globus et al, 2014+2015;
earlier works e.g. Guetta, Spada, Waxman, 2001 x 2

Multi-messenger emission

" T """"' T T ""'1] L 2 L I'V"lr T T ""V"
" Gamma rays

CI0¢ UHECRS

1051, E
1050, §
Lo 5
[ [ ‘9

1049? w ‘.,E*,

2 3

1048 3 i E

E O ' t)
= 1 —
L a O 1

1047 . e A L W

108 109 101 1011 1012
Re [km]

Bustamante, Baerwald, Murase, Winter, Nature Commun. 6, 6783 (2015)
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- [ Neutridos

Observations

* The neutrino emission is lower
(comes from a few collisions
close to the photosphere)

« UHECRSs and y-rays are
produced further out, where the
radiation densities are lower

* The engine properties
determine the nature of the
(multi-messenger) light curves

« Many aspects studied, such as
impact of collision dynamics,
interplay engine properties and
light curves, dissipation
efficiency etc.

Page 18



A new (unified) model with free injection compositions

Model description Description of UHECR data

» Lorentz factor ramp-up from 'y, SR-05 SR-LS

103
hasticity (A Describ ¢ ] -1
to I'max, Stochasticity (Ar) on top escripes gz | ¢ S Asger 2017
SR-0S SR-LS UHECR data 1 - :
Strong (engine) ramp-up, Strong (engine) ramp-up, over a |al’ge %‘5 wy NE Wi
no stochasticity low stochasticity = ]—z= 8220 = 2=1
W Z=2 — 21=Zs<28 U Z=2 — 21s2Zs28
range of 10 Rz . . oy = . .
o ° 10° 1010 101 10° 1010 101
iy iy r m t r ' E [GeV] E [GeV]
5. 5. parameters: _ a00 - o0 -
e & T i o "1 e T o R ;
. ~ £ 8004 Fe S 40l He £ 800 Fe S 40l He
: : LS 3 =
[ o . = 700 4 3 +—Fe X 700 4 B Fe
O 10? o 10? 2 £ 20 g £ 201
° ° (systematically
= ) =) 600 T T 600 T 0 T
c B0 c B0 . 10° 10%° 10% 10° 1010 101 10° 10 101 10° 100 101
L L StUdled) E [GeV] E [GeV] E [GeV] E [GeV]
Q a0 " a0 " a0 " o0 20 o0 Q ' 20 20 a0 " a0 ' a0 o0
S S N P P ADT 40T 40T A0 A0 A0
2 ' .A 6I 2 0Ty 2 . IA e. e oY WR-MS WR-HS
Initial Radius Rg, o [cm] Initial Radius Ry, o [cm] 103 10°
WR-MS WR-HS j o 29000040, Auger 2017 7 102_"' teenn., Auger 2017
Weak (engine) ramp-up, Weak (engine) ramp-up, T T
medium stochasticity high stochasticity - / -
104 10* g 10 5§ ’ / § 10! 4 ’
—_ —Z=1 _ Z=1 9=7Z=20
3 3 'ﬂ_l §=§ . — 21=7Z=28 (ﬂJ §=; . — 21=Z=28
= = N N
S s S . . . . B 10% 101 I 100 101
g g Heinze, Biehl, Fedynitch, - E fasi
N N : .
8 £ Boncioli, Rudolph, £ 199 H & oo 1B o 0% B T oo B "
o < lE /N IE ey IE /N é ey
O 10? O 102 ; 800 A 800 o H
S S Winter, MNRAS 498 E % Sl b % S sl R
= B = 7001 3 +—lFe "% 700 3 =+—Fe
s g 20 T £ 20 A
2 | b £ | b (2020) 4, 5990 1 1 ]
1o j 0 ' 0 j 0 j 0 ' Al A i Q " 0 ' 0 j 0 " 0 ' A AS 600109 10‘10 1011 0109 10‘10 1011 600109 10‘10 1011 0109 10‘10 1011
0 N o N N o 0 o o M o o o
P S PR P @A,Q \:LA“ P S S S @A“ \,7-‘\’0 E el & [Eeii B [ E eV
Initial Radius Ry, o [cm] Initial Radius Ry, o [cm]
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Inferred neutrino fluxes from the parameter space scan

1077 '
= SR-0S
. - = SR-LS
o — - WR-MS
% . WR-HS
q__l 10_ 3 range from 30 region
| -
8_ IceCube GRB ‘
- (1172 bursts) GRB-UHECR
.—I'u_' 10-94 paradigm compatible
= with current data
T
0 s IceCube-Gen2 GRB
o 10-10 et ety \\ (5000 bursts)
= : T ] ] |
v 1 S AW
> | .":/ ________ ~ ‘i.
U 1n0-11 ﬁ_é—‘ S ",
o 107" == . A
(\T b ChER B
L

106 107 108

o 1o

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

1077 3
1 — SR-0S
] == SRS IceCube cosmogenic
]l =- WR-MS
| AERERE WR-HS
Heinze et al. (2019)
10—8 i GRB evolution )
~1 this work, 30 region Sub-leadlng x
protons s
Q
10_9;
10—10 i
104 10> 10%® 107 10® 10° 1010

E [GeV]

E [GeV]

Heinze, Biehl, Fedynitch, Boncioli, Rudolph, Winter, MNRAS 498 (2020) 4, 5990
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Interpretation of the results (GRB multi-collision model)

« The required (in source) injection compositon is

derived by free parameters:
more that 70% heavy (N+Si+Fe) at the 95% CL

1.0 1 90% 95% 99% 0 90.% 95.% 99.%
_5 0.8 1 0.8 1
E 0.6 1 'é 0.6
g £ H
£ 0.4 %041
2 IS
202 0.2

0.0 T T T 1 0.0 -

0 2 4 6 8
X2 = Xin X2 = Xanin

Self-consistent energy budget requires
kinetic energies larger than 105 erg —
probably biggest challenge for UHECR paradigm

— Challenge 4!

SR-0S

SR-LS

WR-MS

WR-HS

Ey

Effipcr (escape)

EZ5 (in-source)

Er¢ o og (in-source, UHECR)

E,

Eyin init(isOtropic-equivalent)

6.67-10°% erg
2.01-10°3 erg
5.11-10%% erg
3.70-10%3 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
3.97-103 erg
1.28:10%1 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
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« Light curves may be used as engine discriminator

SR-0S SR-LS
gamma rays M gamma rays
6001 iy dL\
£ 4001 w |y
£ e 400 oo
5} s}
o 2001 T, 2001 |
3 o . 5 ol .
— “ utrin — neutrinos
‘S 034 ‘2
3 S 104 &
X X 1
x 0.2 x |
2 o 2 os{ |4
- N\ m \'\U‘\N\L n
0.0 T T T 0.0 T T T T
0 5 10 15 20 25 0 5 10 15 20 25
tobs [S] tobs [s]
WR-MS WR-HS
1500 4 gamma rays 2000 4 gamma rays
¥ 10001 | ¢ 15001
£ ‘ € 10004
< so0d [ Wi, . o
n ]«v, IR i L, 500 | | | V"u .ﬂ“‘
d Mo LA TR
E 0+ T T ——— E 0 ok T e
= neutrinos — 100 neutrinos
S 601 S
-)—(c .;(1 75 1
§ 40 é 50 4
[y w
201 L 25 4 {
0 ‘ml‘lmxl‘! . . 0 ullﬂ I Ll §
0 5 10 15 20 25 0 5 10 15 20 25
tobs [S] 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
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Test case:
TDEs

Tidal Disruption Events

([
AT2019dsg\

TeceCubo-191001A TceCube-200530A

58500 58600 58700  H8I00 58900 59000 59100 59200
Date [MJD]

From: Robert Stein & Simeon Reusch @
Cosmic Rays and Neutrinos in the Multi-Messenger Era, Paris, Dec. 7-11, 2020;
Reusch et al, in preparation



Example: jetted Tidal Disruption Events (TDE)

|

- —}— IceCube, ICRC2017, HESE
1 038 - + Auger, ICRC2015, shift -20%

- - = - other contr.
s TDE v,

m? s sr]
S o 9 o
TTT (ol L @ ~ @

CieV C
Qo
3

[

>10™

2

&
£
(@]
o H
3
x He
©
N
Fe
I I R - e L
19 19.5 20 . 19 19.5 20
Iogw(E/eV) Iogm(E/eV)

Biehl, Boncioli, Lunardini, Winter, Sci. Rep. 8 (2018) 1;
DESY. see also Guepin et al, A&A 616 (2018) A179 Page 23



Summary and conclusion

1.

DESY

The UHECR escape mechanism challenge
Typically a very hard escape spectrum from the sources is postulated.
Negative source evolution helps — LL-GRBs, TDEs

The maximal neutrino energy challenge

If the TeV-PeV neutrinos and UHECRSs need to be described simultaneously, strong magnetic fields are
required (secondary cooling) — LL-GRBs, jetted TDEs

The efficient neutrino production — nuclear cascade challenge

High target photon densities (required for neutrino production) will trigger nuclear cascade in source
Neutrinos and UHECRSs from different source populations (— AGN) or production regions (— HL-GRBs);
effect sometimes useful to describe ankle by disintegration products (— LL-GRBs)

The energy budget challenge
Typically relatively high escaping UHECR energies per source needed.

Kinetic energy in UHECR source classes previously underestimated (— HL-GRBs) or indications for super-
Eddington accretion (— AGN)?

The o(Xmax) (BONUS!) challenge
Any UHECR source model with multiple sources or production regions will likely produce mixed composition
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5. The o(X,,.,) challenge

60

IH + 56Fe

50 A

40 A

30 -

20 -

0(Xmax) — O(X.fneax) [g/cm2]

2) —— Sibyll 2.3 3)
0 - T 14p —— Epos-LHC
b s —— QGSjet04-Il
i FHe : —— Auger ICRC 2017

-20 0 20 40 60 80 100 120
(Xmax) — (X;eax) [g/cmzl

PhD thesis Jonas Heinze, https://edoc.hu-berlin.de/handle/18452/22177
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pp versus py interactions

( L .
| | T+ anytthg 1/3 of all cases (Branchings actually
* pp interactions p+p— {7 +anything 1/3 of all cases not exactly 1/3:
. , see JCAP 1701 (2017) 033)
/ X |7 +anything  1/3 of all cases

Spectrum: E non-rel. E*  Examples: starburst galaxies, environments with gas/dust

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

E?, N, [au]

+ 1072 :
n+ 7" 1/3 of all cases T Neutrino
p —|— ’y — A+ — —I_ 0 / __Neugino —onlyA -
p+n°  2/3 of all cases )
— 107" ‘
Eo E- E-ou+p-1 FR N
E'a Only |f B=1 ' -%10—6 i
Examples: GRBs (B~1), AGN blazars (3>1) ™
* pyinteractions with thermal target: | | | 10_8'/ I\ To5.3 ki
Peaked (example: CMB). But: multi-pion prod. < o e \\\
dominates if target photon T high enough. S 100 102 104 10° 108 10'0
4 E' [GeV]
Examples: TDEs, AGN cores Py ¢ Fiorillo et al, JCAP 07 (2021) 028
Ee T
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Neutrino production efficiency in GRBS (as example) Ko =
n'y Opy
* Need photon density, which can be obtained from energy density; generically: <A_d:
L Ad,/C L VoVt
U, = f g N (&)de = =% = y PPV
Y Y L T2VE Arcl2R? B
Y

VI =4x R - Ad’

Internal shock scenario: e.g. Guetta et al, 2004 1SO
Ct Cly 4
R=~2T% — Ad" =T » Jpy < Ly [Tt €y 1)
1 + Z 1 + Z !/ / !/ /
(fm x Ad /)\mfp ~ Ad amu,y/(e%br/F))

Magnetic re-connection models: est. for R from pulse timescale (larger)

Scales ~1/R? from simple geometry arguments

Photospheric emission: R corresponds to photospheric radius
Multi-zone models: R and Ad'’ individually calculated for each collision

Production radius R and luminosity Ly are the main control parameters for the neutrino production

[t, does not vary as much as L]
e.g. He et al, 2012; Zhang, Kumar, 2013; Biehl et al, arXiv:1705.08909 (Sec. 2.5) for details
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Recap: AGN neutrino spectrum ...and two hypotheses
Ev,peak ~0.05 Ep,max

E, max ~1-10 PeV

10712

Moderately efficient
CR acclerators

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

1) AGN blazars

describe neutrino data

10~16

Postulate that:
1. The diffuse neutrino flux is dominated

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

103> 10* 10° 10° 107 10® 10°

E,/GeV

by AGN blazars (such as the T
extragalactic y-ray flux!) 5 w0

&
% 1078

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

o
=

10-10

_\: {1z IO PR .-, A e, o SO

.
I- Astrophysical Diffuse I-']an \‘: ’ :
T T T

3. The baryonic loading evolves

100 100 10 100 10° 100 108 107

Neutrino Energy [GeV]

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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There is no
unified (v, y-ray,
UHECR) one
zone model!

Ep,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

More in part i

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. ener
y gidity-aep ay
2. The baryonic loading must evolve, as otherwise - Negative source evolution
efficient neutrino emitters (esp. FSRQs) stick out
— a 10774 -|—+HESE W
Boage] o2 il . 7 107
. ™ e ous I TS oo |7 T {\/
TN e @ O g° ¢ & IR S e A O VU s \
== == FSRQs (resolved) Q’Q Q/Q ‘19\ NU .......... \'\ % —10 | d N \Lzﬁig'%\&?;ac
_ ~== Other components - 107E 3 E N x ;A E’ 10 '/ '/‘/ = .(N‘Sm . !
T - ,_|'_H 10k — Palldinoetal. 2019 = 10° | ;;25 Sl S T '\.\' \ \
::"’ g E w TAH‘;' rrrrr ‘E — Cosmogenic \‘\ \ \
5 10°} R e o B e TR AT
2 ’ 0 ] EGeVI E GeV1
e(llzw 100 L7 4 \‘, ;& 0% 3
W) T e “‘\‘;‘ 10°F 2. Neutrinos mostly come from FSRQs, peak at high
-~ \\ 107 energies, and may even outshine the cosmogenic
1071} Wk i
o - \,‘ ‘ . 101044 0% 10° 10" 10° 10° flux there _ 1071
0 10 10 10 Ly lerg S"] 7
E [GeV] F 10-8 1
fr: 1074
Palladino, Rodrigues, Gao, Winter, ApJ 871 (2019) 41; Rodrigues, Heinze, Palladino, % 1010
Right Fig. from Petropoulou et al, arXiv:1911.04010: same behavior also van Vliet, Winter, 2 o1t
found in multi-epoch description of TXS 0506+056 PRL 126 (2021) 191101 % - m Source (Sl os
W Cosmogenic neutrinos
10713
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