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UHECRSs and astrophysical neutrinos
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Combined fit of UHECR spectrum and composition

10° 5
« Continuous distribution of identical sources = lees, A 5017
- I uger
| 102 -
« Spectrum at the sources: 2 ;
|
L e s £
Power law with rigidity-dependent cut-off o
>
dN _ v 10% 5
Tl x E™"exp(-E/ZR_ ) S, :
« Emitted particles: p, He, N, Si, Fe H -
100 L | T LA L L L T L L LR L |
« a<1.3, hard spectral index 10° 1010 101!
E [GeV]
* R, <7EV, low max. rigidity
900 H
- Composition at the sources: I NG ooTe "
| 5 800 Fe O, He
Intermediate to heavy (Z > 5) o = N
-~ x
N B} § 700 7 g 20 _ Fe
* No protons at highest E .: X
=~ o}
600 +————r————— 0 v
See also: Taylor et al. (2015), Auger (2017), Romero- 10° 1010 1011 10° 1010 1011
Wolf and Ave (2018), Alves-Batista et al. (2019), etc. E [GeV] E [GeV]

J. Heinze, A. Fedynitch, D. Boncioli and W. Winter,

Astrophys. J. 873 (2019) 88
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Combined fit of UHECR spectrum and composition

1077 5
19

* Continuous distribution of identical sources
« Spectrum at the sources:

Power law with rigidity-dependent cut-off

dN

—x E%exp(-E / ZR

T p( )
 a< 1.3, hard spectral index

* R.,. <7EV, low max. rigidity

» Composition at the sources:

E? ] [GeV cm~2 s~ 1 sr71]

Intermediate to heavy (Z > 5)

1 (1+2)™
[ flat injection

 No protons at highest E
3 no injection

« Very low cosmogenic neutrino flux 10711 4 . ———er
ry g 10° 106 107 108 109 1010

E [GeV]

J. Heinze, A. Fedynitch, D. Boncioli and W. Winter,
Astrophys. J. 873 (2019) 88
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Combined fit of UHECR spectrum and composition

1077 -

Continuous distribution of identical sources

=7 1078

%

T

n
 a< 1.3, hard spectral index IE 10-9
.+ R_. <7EV, low max. rigidity >

v
» Composition at the sources: %

Tu 10—10

Intermediate to heavy (Z > 5)

1 (1+2)™
[ flat injection

 No protons at highest E
3 no injection

« Very low cosmogenic neutrino flux 10711 4 . ———er
ry g 10° 106 107 108 109 1010

« Additional proton component can improve fit E [GeV]

Muzio et al. (2019), Das et al. (2021) J. Heinze, A. Fedynitch, D. Boncioli and W. Winter,
Astrophys. J. 873 (2019) 88
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Neutrinos at ~1 EeV

« Cosmogenic neutrino flux depends on:

« Sweet spot at ~1 EeV, only depends on:

SE =

Spectral index a
Max. rigidity R
EBL model

Composition (proton fraction at Earth, f)

max

Source evolution

Composition (proton fraction)

Source evolution (z,,,, = 4)

((1+z)" form<0
(1+z) form>0and z< 1.5

2.5m form>0andz=1.5

|

DESY. AvV - UHECRSs and neutrinos

E*dN/dE [GeV cm~? 57! sr ]

E*dN/dE [GeV cm~?s7!sr]

AvV, J. R. Horandel and R. Alves Batista,
PRD 100 (2019) 021302(R)

107> ‘
a=2.0, Ema. =100 EeV
6 a=2.0, E,..=10% EeV
107"} a=2.0, By, —10° EeV
a=2.9, En.. =100 EeV
- a=2.9, E,..=10% EeV
10 7 F o mrm e, 5
= ) . a=2.9, Epn.. =10° EeV
10-8 T ~ .
o] 1 00% protons
Auger ICRC2017
E E TA ICRC2015
-10 || — a=2.5, Ep. =100 EeV ~
10 L [e% ’ max — 3 ‘a
a=2.5, By =103 EeV m — oS
- = a=2.5, Epn..=10° EeV S
101! ‘ ‘ ‘ N
108 10° 101° 10*t
FE [GeV]
107 : : : : :
— =2.0, Epax = 100 EeV —— a=2.5, Ep. =100 EeV
a=2.0, Fn.x =10° EeV a=2.5, En.x =10 EeV
10} -- @=20, By =10° EeV - = a=2.5, Ep..=10° EeV
—_ a=2.9, E,.. =100 EeV lceCube EHE 9 year
a=2.9, Fp.x=10° EeV - - Auger ICRC2017 _
107} -- @=29 Eu.=10°Eev ° © IceCube HESE 6 year | - g
N P
N -
o © S~ =T
108}
10°¢
10—10 |

Page 7



Neutrinos from subdominant

proton component

Cosmogenic neutrino flux for:
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EBL model: Franceschini ’08
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Proton fraction vs. source evolution

1 AvV, J. R. Horandel and R. Alves Batista
2 _10-8 2 -1 qp-1 : ,
B F/dN/dE,=10"" GeV.cm™ s~ sr | ppp 100 (2019) 021302(R)

- Single-flavour neutrino flux at ~1 EeV B E2AN/dE, =107 GeVem 2 s st [T o a0 6 < log( B /eV) < 23

B F}dAN/dE,=10"" GeVcm 2 s™'sr! |l 2<a<3; 20 <log(En./eV) <23

« Auger and IceCube are both close to

1.0
~10® GeV cm2 s1 srt
« Top-right part of parameter space 0.8
already constrained : |
(@] s
« Combination of a large proton fraction 43 0.6
and strong source evolution ruled out © '
Y
See also: Pierre Auger Collaboration, JCAP 10 (2019) 022 § O 4 |
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Proton fraction vs. source evolution

« Single-flavour neutrino flux at ~1 EeV
« Auger and IceCube are both close to
~108 GeV cm=2 s sr'

« Top-right part of parameter space
already constrained

« Combination of a large proton fraction
and strong source evolution ruled out

See also: Pierre Auger Collaboration, JCAP 10 (2019) 022
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UHECRs and neutrinos from AGN

3 AGN subpopulations

* Low-luminosity BL Lacs
* High-luminosity BL Lacs
« FSRQs

 Simulation of interactions inside the sources

* Predictions for both source neutrinos and cosmogenic
neutrinos

« Evolution model consistent with diffuse y-ray background
* Photon spectrum in the sources determined by L,

« BL Lacs: one-zone model where UHECR interact with non-
thermal radiation produced in the AGN jet

« FSRQs: additional target photons from the broad line region
and the dust torus

DESY. AvV - UHECRSs and neutrinos

X. Rodrigues, J. Heinze, A. Palladino, AvV and W. Winter,
arXiv:2003.08392, accepted for publication in PRL
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UHECRs and neutrinos from AGN

Low-luminosity BL Lacs vs. FSRQs 5 DR\

Proton
synchrotron

 Low-luminosity BL Lacs:

Hadronic

* Low photon density
« Efficient UHECR emitters

» |nefficient neutrino emitters

A

X. Rodrigues, J. Heinze, A. Palladino, AvV and W. Winter,
arXiv:2003.08392, accepted for publication in PRL

Bethe—HeutIer
pair production

l l
Photoplon Photopion Photopion
(I7* component) (1~ component) (1r1° component)
7 \o W Ve

e

 Rigidity-dependent maximal energy

 FSRQs (and high-luminosity BL Lacs):
* High photon density

» Efficient photohadronic interactions
« Abundant neutrino production
« Light UHECR composition emitted

Leptonic
@
W

Electron
synchrotron

\?%\

Inverse Compton

scattering

N
AN

Electron—positron
annihilation

Photon—photon
pair production

DESY. AvV - UHECRSs and neutrinos
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U H E C RS a n d n e Utri n OS from AG N X. Rodrigues, J. Heinze, A. Palladino, AvV and W. Winter,

arXiv:2003.08392, accepted for publication in PRL
50

Low-lum BL Lacs
« Mass composition fixed to Galactic CR composition 494 - High-lum BL Lacs

FSRQs
* p, He, N, Fe =[1.00, 0.46, 0.30, 0.14]

S
(00]
1

- FE__ determined by energy losses and acceleration timescales

« UHECR injection spectrum:

dNv ., :
—x E7exp(-E£/ E'
dE p( rnax)

logio[Ly(erg/s)]
I
~

. 45 - L
* AGN properties: oy
- Baryonic loading (different for Low-lum. BL Lacs vs. High-lum. AGN) 441 - r R —
1072 101 101
« UHECR acceleration efficiency (the same for all sources) Redshift,z
1.5

» Size of the radiation zone (fixed, r= 0.1 pc) —— Low-lum BL Lacs

—— High-lum BL Lacs
—— FSRQs

» Escape mechanism (fixed, Bohm-like diffusion)

 Different acceleration mechanisms in different AGN
populations?

Source density (PDF)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

, Redshift,z
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UHECRs and neutrinos from AGN

X. Rodrigues, J. Heinze, A. Palladino, AvV and W. Winter,
arXiv:2003.08392, accepted for publication in PRL

* Low-lum. BL Lacs 10° . —
; ] - 107 —HESE uger
dominate the UHECR = . T o year
; 102_: I_|| 10_8 P >
. ? £ 1079 - -
» Light UHECRs from E 10! S Rl
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FSRQs improve > ] . . G 10704 » PR /'(S‘{;F;ﬁ’g&’&
agn 9. 100_: "~.“ A=2-4 oN} . "/"" " . \
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) w ] TTAZ?;ZOU N — Cosmogenic \-\ \
« FSRAQ source neutrinos o | R R sl B P et N S
. . 10° 1010 1011 10° 108 10’ 108 10° 1010
dominate neutrino flux E [GeV] E [GeV]
900
 Source neutrinos can T gso | T Auger2017 " 460 T Auger2017 |
. . ¢ E
outshine cosmogenic 5 s00- NGO X +
. e 240- == | | He
neutrinos : 3 \+I
g l N
) ‘>'<’20' \L Fe
10° 100 ou
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UHECRs and neutrinos from AGN

Possible ranges for source neutrinos and cosmogenic neutrinos
X. Rodrigues, J. Heinze, A. Palladino, AvV and W. Winter,
arXiv:2003.08392, accepted for publication in PRL

1077 ; —-—+-HESE Auger 2017
5 L
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« Allowing for different acceleration
efficiencies of FSRQs

« Source neutrinos can outshine
cosmogenic neutrinos
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« Source neutrinos possibly identified and
disentangled with different techniques
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« Stacking searches

[
o
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* Flare analyses

» Multi-messenger follow-up

BN Source neutrinos
= Cosmogenic neutrinos
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to EeV energies
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Looking for correlations between UHECRSs and neutrinos

« Searches by lceCube +
ANTARES + Auger + TA

Search for correlations of high-energy neutrinos and ultrahigh- energy cosmic rays
ANTARES and IceCube and Telescope Array Collaborations (Lisa Schumacher (Aachen, Tech. Hochsch.) for the collaboration)

May 24, 2019 - 4 pages
EPJ Web Conf. 207 (2019) 02010

. " gen . (2019)
DOI: 10.1051/epjconf/201920702010
¢ No Slg n Iflcant COrr9|atIOnS Conference: C18-10-02.1 (EPJ Web Conf., 207 (2019) 02010)

found yet

Proceedings
e-Print: arXiv:1905.10111 [astro-ph.HE] | PDF
Experiment: ANTARES, ICECUBE, AUGER, TELESCOPE-ARRAY

Search for a correlation between the UHECRs measured by the Pierre Auger Observatory and the
Telescope Array and the neutrino candidate events from IceCube and ANTARES

ANTARES and IceCube and Pierre Auger and Telescope Array Collaborations (J. Aublin (APC, Paris) et al.) Show all 14 authors

May 10, 2019 - 5 pages

EPJ Web Conf. 210 (2019) 03003

(2019)

DOI: 10.1051/epjconf/201921003003

Conference: C18-10-08.1

Proceedings

e-Print: arXiv:1905.03997 [astro-ph.HE] | PDF
Experiment: ANTARES, ICECUBE, AUGER, TELESCOPE-ARRAY

DESY. AvV - UHECRSs and neutrinos

Search for correlations between the arrival directions of IceCube neutrino events and ultrahigh-
energy cosmic rays detected by the Pierre Auger Observatory and the Telescope Array

IceCube and Pierre Auger and Telescope Array Collaborations (M.G. Aartsen (Adelaide U.) et al.) Show all 870 authors
Nov 30, 2015 - 40 pages

JCAP 1601 (2016) 037
(2016-01-20)

DOI: 10.1088/1475-7516/2016/01/037
FERMILAB-PUB-15-520-AD-AE-CD-TD
e-Print: arXiv:1511.09408 [astro-ph.HE] | PDE
Experiment: AUGER, IceCube, TELESCOPE-ARRAY

Page 16
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How many correlations do we expect?  _.om#mess...  0=01Gpcoyr

A. Palladino, AvV, W. Winter and A. Franckowiak, MNRAS 494 (2020) 4255 T

 Depends on

* Energy-losses of UHECRs

« Source evolution with redshift
» Deflections in extragalactic magnetic field
» Deflections in Galactic magnetic field

* Density of the sources

*  Test most positive scenario: all UHECRs
and HE neutrinos are produced by the same
source class

* Neutrinos: through-going muon sample of I
lceCube (36 neutrinos with £ > 200 TeV

lceCube Collaboration ICRC 2017

« UHECRSs: 135k with E > 1085 eV (~ number
of UHECRs measured by Auger + TA

Po= 100 Gpc3yr!

DESY. AvV - UHECRs and neutrinos Page 17



Source evolution with redshift

A. Palladino, AvV, W. Winter and A. Franckowiak, MNRAS 494 (2020) 4255

1
- Test 3 different scenarios 1075 ~—_
 Negative evolution: _ :
L -
e Low-luminosity BL Lacs < 100 -
1\
* TDEs 2 1 N ——=- Negative evolution
e Flat evolution % \\\ Flat evolution
O S —— SFR evolution
. -1 S
- Star Formation Rate g 10 S
evolution: 3 \\
n \\\
« Normal galaxies , ' SSeo
- Starburst galaxies 10775 TS ~eL
* GRBS I I I I
o) 1 2 3 4 5
Z
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Adiabatic energy losses of neutrinos

A. Palladino, AvV, W. Winter and A. Franckowiak, MNRAS 494 (2020) 4255

Test 3 different scenarios

Negative evolution:

* Low-luminosity BL Lacs
« TDEs

Flat evolution

Star Formation Rate
evolution:

* Normal galaxies
« Starburst galaxies
« GRBs

DESY. AvV - UHECRSs and neutrinos

A.U.]
-
<

[

o
o
I

-

o
&
I

Contribution to the neutrino flux [
|_I
<

- - == Negative evolution
: ‘\ Flat evolution

\ —— SFR evolution
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Energy losses of UHECRs

A. Palladino, AvV, W. Winter and A. Franckowiak, MNRAS 494 (2020) 4255

* 1D simulation with CRPropa, including
all relevant interactions

* For scenarios that fit Auger spectrum

and composition

p(z) v  Bumax/V [ fHe fN fsi
Neg. 1.42 10'%%5  0.07 0.34 0.53 0.06
Flat —1.0 10'%2 0.6726 0.3135 0.0133 0.0006
SFR —1.3 10'%2 0.1628 0.8046 0.0309 0.0018

Auger, JCAP 04 (2017) 038
R. Alves Batista et al., JCAP 01 (2019) 002

DESY. AvV - UHECRSs and neutrinos

Contribution to the cosmic-ray flux [A.U.]

=

o
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1
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&
|

- == Negative evolution
Flat evolution
— SFR evolution
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Deflections in extragalactic magnetic fields

A. Palladino, AvV, W. Winter and A. Franckowiak, MNRAS 494 (2020) 4255

« 3D simulation with CRPropa
« For E.g>10"8> eV

(00)
o
1

(@)
o
1

* For the same scenarios that fit Auger
spectrum and composition

 |nthe EGMF model with the smallest
deflections of Hackstein et al. 2018

IS
o
1

N
o
I

- == Negative evolution
Flat evolution
— SFR evolution

Average deflection, degrees

I I I I I

0 1 2 3 4
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Deflections in the Galactic magnetic field

A. Palladino, AvV, W. Winter and A. Franckowiak, MNRAS 494 (2020) 4255

Lcoh - 100 pC
0.016
---- Negative evolution
° . ¢ X |
GMF model: Jansson and Farrar ‘12 5 0.014 Flat evolution
. . . a'd / N . .
 Deflection parameterised as function  © 0.0124 , * SFR evolution
of rigidity in Farrar and Sutherland ‘19 5 010 -
)
] ] ] ] ] ] ] ] -C
« Combine with rigidity distribution +0.008 -
obtained from 1D simulation with S 0.006 -
5
CRPropa 2 0.004-
c
S 0.002 -
0.000 |

0 50 100 150
GMF deflection, degrees
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Calculation of expected correlations e  0=016pcyr

A. Palladino, AvV, W. Winter and A. Franckowiak, MNRAS 494 (2020) 4255

» Create sky maps from a list of random
sources with a specific source density p,,
with 36 neutrinos and 135k cosmic rays

* Determine optimal angular window and
significance with parameter scan

« Repeat 102 times for each combination
of p, and source evolution

« Determine which fraction of maps give a
significant expected correlation

Po= 100 Gpc3yr!

DESY. AvV - UHECRs and neutrinos Page 23



Neutrino multiplets

A. Palladino, AvV, W. Winter and A. Franckowiak, MNRAS 494 (2020) 4255

* No HE neutrino multiplets (2 or more
neutrinos from the same source)
observed so far

« Use the same method as for neutrino-
UHECR correlation to determine the
probability to observer neutrino multiplets

 Depends on local source density, source
evolution and neutrino luminosity

« Strongly constrains local density, if
source class powers diffuse neutrino flux

Po= 100 Gpc3yr!

DESY. AvV - UHECRs and neutrinos Page 24



Results as a function of the source density

A. Palladino, AvV, W. Winter and A. Franckowiak, MNRAS 494 (2020) 4255

« 90% region for presence of at least
one neutrino multiplet in lceCube
through-going muon flux

« Agrees with IceCube ‘19 analyses

« Region for at least 50% chance of
observing 50 excess in neutrino-
UHECR correlations

« assuming the IceCube TGM flux is
reproduced

DESY. AvV - UHECRSs and neutrinos

Local density [Gpc 3]

10~4

108 _

106 .

104 .

102 _

Flat evolution, steady sources

~ lceCube TGM flux
B Neutrino multiplets

1 CR-v correlations (EGMF only)

- | CR-v correlations (EGMF + GMF)

100 .

Excluded by

multiplet constraint

1037 1039 1041 1043 1045 1047 1049

Lvu + [erg/s]
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Results as a function of the source density

Negative evolution, steady sources

Local density [Gpc™3]

-1

Local density [Gpc~3 yr

DESY. AvV - UHECRSs and neutrinos
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I Neutrino multiplets
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100 -
Excluded by
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10~
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Flat evolution, transient sources
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Muon neutrinos energy [erg]
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108 i
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[uny

o
IS
1

=

o
o
1

1072

1074
1037 1039 1041 1043 1045 1047 1049

Ly, +v, [erg/s]

SFR evolution, transient sources
10°

103 .

Low-luminosit

101 .

1071t

1073

1073
1047 1049 1051 1053 1055

Muon neutrinos energy [erg]

A. Palladino, AvV, W. Winter and A. Franckowiak, MNRAS 494 (2020) 4255
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Neutrino-UHECR correlations, conclusions

A. Palladino, AvV, W. Winter and A. Franckowiak, MNRAS 494 (2020) 4255

« Expected neutrino-UHECR correlations limited by non-observation of
neutrino multiplets

» Best chance of finding neutrino-UHECR correlations for sources with
negative source evolution

* In this case p,<10 Gpc™

 If IceCube does not observe any neutrino multiplets in the next few
years it is very unlikely that a correlation between neutrinos and
UHECRSs will be found
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UHECR correlations with star-forming galaxies

Indication of anisotropy in arrival directions found by the Pierre Auger Collaboration
Pierre Auger Collaboration, Astrophys. J. Lett. 853 (2018) 2

Largest post-trial significance

for correlation with starburst/
star-forming galaxies

Most important sources:

« NGC 253, NGC 4945, Circinus

and M83
4 nearest sources in the

catalogue within the field of view

of Auger
Catalog | E 0 Faniso TS | Post-trial
Starburst | 38EeV | 15+5° | 1155% | 295 | 456
y-AGNs | 39EeV | 1478° | 6%4% (118 |3lo
Swift-Bat | 38EeV | 15%%° | 8tiw | 222 | 3]s
2MRS 40EeV | 15%7° | 19720% | 220 | 310

DESY. AvV - UHECRSs and neutrinos

Most contributing source to
2MRS, y-AGNs and Swift-BAT

NGC 4945

Most contributing source to
starburst

Pierre Auger Collaboration, PoS ICRC2019 206

= 180 (-

NGC 253

2"d_most contributing
source to starburst

5.6

o
o
(0) adurdyIUSIG [0

-5.6

ICRC 2019 presentation by L. Caccianiga
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UHECR correlations with star-forming galaxies

Constraints on extragalactic magnetic fields and local source density

AvV, A. Palladino, A. Taylor and W. Winter, arXiv:2104.05732

Galactic and extragalactic magnetic fields (GMF and EGMF)

deflect UHECRSs, reducing the expected level of anisotropy

A larger local source density means more contributing
sources, reducing the expected level of anisotropy

Auger results can be used to constrain magnetic fields and
local source density

0: optimal angular width around sources, measure for the
deflection of UHECRSs from those sources

f o fraction of UHECRSs from the catalogue sources,

aniso-

directly related to the source density

DESY. AvV - UHECRSs and neutrinos

Catalog
Starburst

Post-trial

v-AGNs | 39EeV | 14%5° | 6*%% |118 |3lo
Swift-Bat | 38EeV | 15%S° | 8*iy | 222 | 3o
2MRS 40EeV | 15%7° | 19%1%% | 220 | 3]0
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UHECR correlations with star-forming galaxies

AvV, A. Palladino, A. Taylor and W. Winter, arXiv:2104.05732

« Simulate UHECR sky maps for specific EGMF
and GMF setups and local source densities p,

* Check if these sky maps give 8 and ., values
compatible with what the Pierre Auger
Collaboration found

 Focus on 4 most important sources

« Combine catalogue sources with a diffuse
contribution

« Simulate deflections from catalogue sources in
EGMF

« random Kolmogorov fields; 0.1 < Bgyg < 10 nG,
0.2 <, < 10 Mpc; B = Bgys * Vo,

 Add deflections from GMF, JF12 model

DESY. AvV - UHECRSs and neutrinos
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UHECR correlations with star-forming galaxies

P P

AvV, A. Palladino, A. Taylor and W. Winter, arXiv:2104.05732 50

« Simulate UHECR sky maps for specific EGMF
and GMF setups and local source densities p,

NS
o

* Check if these sky maps give 6 and f_;,, values
compatible with what the Pierre Auger
Collaboration found

W
o

 Focus on 4 most important sources

N
o

« Combine catalogue sources with a diffuse
contribution

« Simulate deflections from catalogue sources in
EGMF

—— Auger catalogue sources
Spiral galaxies, diffuse contribution
« random Kolmogorov fields; 0.1 < Bgyg < 10 nG, —— Star-forming galaxies, diffuse contribution
0.2 </, <10 Mpc; B = Brys X Vg 0 +—== . .

en= 10 . 0 10 20 30 40 50
«  Add deflections from GMF, JF12 model Distance [Mpc]

Cumulative number of sources

=
o
o
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UHECR correlations with star-forming galaxies

Example sky maps
Without GMF, pg = 10719 Mpc—3

ANo

e No GMF, EGMF: B = 0.5nG Mpcl/2

O 10°around NGC 4945 .

O 10° around Circinus \ . . il
10° around M83 SEEATS TR X .

10° around NGC 253

ano
With GMF, EGMF: B = 0.5nG Mpc!/2 .

30° around NGC 4945 -
30° around Circinus )

o O

30° around M83 . ;ﬂ.‘-\ Te s 2

30° around NGC 253 ( ___‘}‘\
120° ‘ 0°; /\'

OO

AvV, A. Palladino, A. Taylor and W. Winter, arXiv:2104.05732

Without GMF, pg=10"1 Mpc—3

AN°
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e With GMF, EGMF: B=0. 5nG Mpcll2 v

O 30°around NGC 4945 o

O 30° around Circinus _: .. DAL
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UHECR correlations with star-forming galaxies

EGMF only

EGMF + full GMF

EGMF + regular GMF

1071 75 1071 5 1071 5
iy i iy 4 iy 4
o o o
Z o 6 = S
s _ : 3 & 35§ X
> 10-2/3Piral galaxies™8 g 2107 g 210 o
25§ ?5 3§ 2
= |Starforming galaxies = I |Starforming galaN = 2 |starforming galad -
8 1 S 50 limit 1 S 1
- - -l

1073+ , . 0 1073+ - 0 1073+ . 0

107! 100 10! 1071 10° 10! 107! 10° 10!
EGMF strength B [nG Mpcl/2] EGMF strength B [nG Mpc'/2] EGMF strength B [nG Mpcl/2]
EGMF only EGMF + full GMF EGMF + regular GMF

2;‘ fv‘;efrll(l)llgtl\?;cB_gor B > 5.5 nG Mpcl/? B > 0.64 nG Mpcl/? B > 2.4 nG Mpecl/?
Best-fit boint B = 3.2 nG Mpc'/?; B = 1.0 nG Mpc!/?: B = 0.25 nG Mpc'/?;

S POTE po=3.2-10"2% Mpc—* po=1.3-10"2% Mpc—* po =2.0-10"% Mpc—*
90% C.L. region 0.89 < B < 24 nG Mpc!/?: B < 22 nG Mpcl/?; B < 12 nG Mpct/?;

0 %L 168 1.9-1072% < pg < 9.0-1072 Mpc™2 po < 6.3-1072 Mpc™—? 5.1-107% < pg < 7.4-1072 Mpc™3
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UHECR correlations with star-forming galaxies

« Main assumption: overdensities in UHECR sky maps by Auger are
produced by local star-forming galaxies

« If true, and the background UHECRs come from the same source class, a
50 lower limit on the EGMF is obtained: B > 0.64 nG Mpc'/2

« Allowing for the full range of p,:

» Anti-correlation between source density and EGMF: isotropization by strong
magnetic fields or large source densities

» Too strong isotropization destroys observed correlations: 90% C.L. upper limits:
B < 24 nG Mpc'?; p, < 0.09 Mpc-3

« Best-fit point for a source density close to, or even denser than, that of spiral
galaxies

DESY. AvV - UHECRSs and neutrinos
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Summary

* Neutrino limits at ~1 EeV are able to constrain the proton fraction and source evolution of UHECR sources
« The combination of a large proton fraction and a strong source evolution is already ruled out

« Strong potential for upcoming experiments, to detect cosmogenic neutrinos and source neutrinos in the UHE
range

« Source neutrinos could even outshine cosmogenic neutrinos, allowing for additional techniques to identify
the sources

* Arrival-direction correlations between HE neutrinos and UHECRSs not expected

« Arrival-direction correlations of UHECRs with star-forming galaxies suggest the presence of strong local
extragalactic magnetic fields (B > 0.64 nG Mpc'2) or very numerous UHECR sources (p, > 3 X 10-3 Mpc3)
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UHECR sources also produce high-energy neutrinos

N W l 1

Photopion

° N eu tr| NOS p rOd uce d | N Proton Bethe—Heitler Photopion Photopion
- synchrotron pair production (r1* component) (i1~ component)  (17° component)
N YN V\ v
‘ 4 ‘;‘J}f
\11 /1
f ‘i ; Y . [lv
Vo 'v \p Va +u

Hadronic

* Photopion production
* pp interactions
* 3-decay

A A ' + —
S N— _ N'+e +v /v

e Correlation between

! Shockwave
A

UHECRs and HE '
™ e\ ﬁ
neutrinos? ) bid
: v 7N PN
-~
Electron Inverse Compton Photon—photon Electron—positron
synchrotron scattering pair production annihilation
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Calculation of expected correlations

A. Palladino, AvV, W. Winter and A. Franckowiak, MNRAS 494 (2020) 4255

« Monte Carlo simulation following:

I. create source list for specific source density p, randomly, distributed isotropically in the sky, distances following
source evolutions with redshift (figure on slide 4)

ii. assign probabilities to observe a neutrino from the source to each source, following figure on slide 6
iii. assign probabilities to observe a cosmic ray from the source to each source, following figure on slide 8
iv. randomly extract 36 observed neutrinos from source list (through-going muon sample from IceCube ‘17)

v. randomly extract 200k observed cosmic rays from source list (roughly number of cosmic rays measured by Auger +
TA with E>10"85 V), with deflections following figures on slides 9 and 10

vi. count number of ‘signal’ cosmic rays within certain angular distance from the neutrino positions
vii. determine expected number of ‘background’ cosmic rays assuming a purely isotropic distribution
viii. determine optimal angular window (order of 20° - 30°) with parameter scan

ix. determine significance as number of o, No=5 cases are considered to be significant

x. repeat 103 times for each combination of p, and source evolution

xi. determine which fraction of maps give a significant expected correlation
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Cosmogenic neutrinos; protons vs. iron

 Continuous distribution of identical sources

« Spectrum at the sources: o104 — 100% Protons IceCube HESE 6 year
. == 10% Protons IceCube EHE 9 year
Power law with rigidity-dependent cut-off ¢ = Iron: Total ——-- Auger ICRC2017
dN | 10—6 | == Iron: Protons
- x ¢ exp(—E/ZR ) n Iron: Neutrons »
dE e T —= Iron: Heavy nuclei ~_ ~  ___=%7
¢ a - 2.5 LE) 10_8 ________
+ R =200EV >
iy O -
« Composition at the sources: = 10710
L
. = p
Pure proton vs. pure iron S 012
. Comoving source evolution (:,:j 10% p
- EBL: Gilmore et al. 2012 10-14

* Protons especially important for cosmogenic

neutrino production
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Current sensitivity

« Single-flavour neutrino flux at ~1 EeV
« Auger and IceCube are both close to
~108 GeV cm=2 s sr'

« Top-right part of parameter space already
constrained

« Combination of a large proton fraction and
strong source evolution ruled out

DESY. AvV - UHECRSs and neutrinos
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Current sensitivity

» Single-flavour neutrino flux at ~1 EeV

1.0 E,=1EeV; E;AN/dE,=10"° GeV cm~* s~ sr”!
* Auger and IceCube are both close to | ‘
~10-% GeV cm? s sr 0.81
« Top-right part of parameter space already ™ I
trained S r
cons £ 06! m
 Combination of a large proton fraction and g w >
strong source evolution ruled out S 04l 0o G)
5 <
(a
0.2 L 1<a<3
1.5 <a<
2<a<3; 0<]log(Fnax/€V) <23 | Tl TS
0.0 ' ' ' '
3 4 5 6 7

Source evolution parameter m

AvV, J. R. Horandel and R. Alves Batista, PoS(ICRC2019)125
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