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State-of-the-art of the latest UHECR measurements - worms s s 0 ws w0
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The extremely energetic cosmic ray observed by Telescope Array

The Telescope Array Collab. Science 2023
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My main take-home messages in this talk

® Nowadays we can describe UHECR data (energy spectrum and - o Berezinskyetal PRD2006
mass composition) in terms of a basic and well accepted i *
astrophysical scenario; this basic scenario is less basic than the dip y
model .
‘=10
® Understanding the information coming from the interpretation 3
of the mass composition observables (and not only the energy Ej;
spectrum) is crucial ool
® |n addition, experimental findings in the last 20 years, as well as L 1,727}, =10%%V 4=60 402010
the modelling capacity, push the basic model towards N Tt Ta—
refinements = eV

® The UHECR astrophysical picture is usually derived from the study of diffuse fluxes
® A multimessenger approach can be pursued

® Example: cosmogenic neutrinos might uncover some characteristics of UHECR sources .
OCus on

neutrinos
® Astrophysical neutrinos can reveal acceleration sites for cosmic rays

® No indications for UHE up to now

® Experimental findings and modelling show new insights
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BELIEVES FROM THE PAST AND CURRENT EVIDENCES

ONE EXAMPLE:THE UHECR MASS COMPOSITION The Porra Auger Collb.ICRC23
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BELIEVES FROM THE PAST AND CURRENT EVIDENCES

ONE EXAMPLE:THE UHECR MASS COMPOSITION The Porra Auger Collb.ICRC23
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LEARNING FROM THE MASS COMPOSITION

Focusing on the second moment: it contains = Xmaxp + f :A<025h> + 2

® the shower-to-shower fluctuations (first term) AND

® the dispersion of the masses as they hit the Earth atmosphere:
® spread of nuclear masses at the sources

® modifications that occur during their propagation to the Earth

® Example for two components: H and Fe masses, fraction of H decreasing linearly with energy

The Pierre Auger Collab. JCAP 2013
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THE UHECR ASTROPHYSICAL PICTURE FROM THE
STUDY OF DIFFUSE FLUXES



® Dip model: UHECR spectrum features can be explained with energy losses of
protons travelling through the extragalactic space

J(E) x E° [km™ yrlsr!eV?]

ASTROPHYSICAL INTERPRETATION(S)

® Suppression of the flux due to photo-pion production (GZK effect)

The Pierre Auger Collab. PRD2020
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ASTROPHYSICAL INTERPRETATION(S)

® Pure-proton scenario

® Same spectral parameters as in
Berezinsky et al. PRD 2006

® | atest UHECR spectrum data

® No good fit with pure protons at

source, due to:

® Sharpness of ankle feature, and
presence of new feature (instep)

® Heavier nuclear species needed

QA (E ) X ]64 L _}/fcut(E ’ ZARcut)

® Exercise:

® consider Iron at sources

® Reproduce energy spectrum &
composition, above the ankle

E%J [eVZ km2 sriyrl])
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® Different nuclear species must be considered
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ASTROPHYSICAL INTERPRETATION(S)

The Pierre Auger Collab. JCAP 2017
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® See also Heinze, Fedynitch, DB & Winter ApJ 2019; Alves Batista

et al, JCAP 2019 for similar results .



ASTROPHYSICAL INTERPRETATION(S)

Different populations of sources

contributing at LE and HE
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ASTROPHYSICAL INTERPRETATION(S)

Different populations of sources

contributing at LE and HE
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One population of sources, softer
spectrum of protons due to in-source
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ASTROPHYSICAL INTERPRETATION(S)
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WHAL IS5 THE ORIGIN OF THE SPECTRUM (AND COMPOSITION) FEATURES ¢

The Pierre Auger Collab. JCAP 2023 10* -

10°7 |

J(E) x E° [km? yrlsr!leV?]

\ ® |[ndependently of the scenario,

decreasing fluctuations of Xmax can
100 P be found corresponding to limited

E [eV] mixing of spectra of different nuclear
species at HE, meaning

® HE: hard spectra + low rigidity
cutoff

® |E: soft spectra + less
constrainable rigidity

In terms of interpretation the
suppression,

® Propagation effect

® |ndication of source power
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The Pierre Auger Collab. JCAP 2023

Ankle: interplay between (soft) LE and

(hard) HE components

® Different populations of UHECR

sources

® |n-source interactions

J(E) x E° [km™? yrlsr!eV?]

Instep: interplay between the flux
contributions of the He and CNO
components injected at the source with
their distinct cut-off energies, shaped by
photodisintegration during the

propagation
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® |ndependently of the scenario,
decreasing fluctuations of Xmax can
be found corresponding to limited
mixing of spectra of different nuclear
species at HE, meaning

® HE: hard spectra + low rigidity
cutoff

® |E: soft spectra + less
constrainable rigidity

In terms of interpretation the
suppression,

® Propagation effect

® |ndication of source power



REFINING THE BASIC PICTURE

® |[nvestigating the source distribution

® Including the effects of the propagation in magnetic fields

® Taking into account the (possible) transient nature of UHECR sources

® |[nvestigating the UHECR spectrum shape at the escape from UHECR sources
® Relaxing the assumption of identical sources
® |[nvestigating the validity of the Peters cycle

® Including additional information from other messengers
® Other messengers produced in extragalactic propagation

® Other messengers produced in the same sources where CRs are accelerated



THE UHECR ASTROPHYSICAL PICTURE FROM THE
STUDY OF DIFFUSE FLUXES

HOW TO REFINE THE BASIC PICTURE



REFINING [HE BASIC PICTURE

SBG, m =34
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SBG, m =3.4

Investigating the
source distribution

® Signal fraction and uncertainty in
arrival direction included in the
analysis

® Best improvement with respect to

spectrum + composition fit found for
starburst sources

® gamma-AGN sources disfavoured
® See also Eichmann et al. JCAP 2022



REFINING [HE BASIC PICTURE

® Correlation with SBGs established

Investigating the
source distribution

® Can the correlation of UHECR with local structure be ascribed to the deflection of UHECRs, initially released by Cen A, on nearby galaxy systems?

Bell & Matthews MNRAS 2022:
Taylor et al MNRAS 2023
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® UHECR nuclei provide a signature of the propagation scenario
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REFINING [HE BASIC PICTURE ncluding magnetic

field eftects

® Hypothesis: the UHECR source distribution follows the large-scale structure

® Dipole anisotropy and its evolution can be explained as a signature of the local LSS, if the diffusion in the extragalactic magnetic fields and the
deflections by Galactic magnetic field (ordered + turbulent component) are taken into account: Jansson&Farrar2012 model

Ding et al ApJL 2021

® observation, Auger exposure /pax =1
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® Composition affects anisotropy:

® GMF deflections are rigidity dependent and increase as rigidity drops




REFINING [HE BASIC PICTURE

® At energies below the ankle:
® EGMF reduce the flux of low-rigidity particles that reach the Earth

® increase of B -> soft spectrum at sources
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® Magnetic fields affect the spectrum and
composition:

® Softer spectra are allowed at the source it

magnetic fields are considered -> acceleration
theories can be reconciled with UHECR
Interpretations

® |arge inter-source distance and strong
magnetic fields required between Earth and
the closest source




REFINING THE BASIC PICTURE ersistentversus

transient sources

® Emission rate = the ejection rate of UHECRs x the number of particles per energy unit (shape of Flux Map, ®(logus(E/eV) > 19.6) — W= 20°
Injection spectrum)

® Transient scenario: sources are visible for a finite time, which depends also on the magnetic field on
the line of sight (the magnetic field imprints deflections and delays in the UHECR propagation)

J-ocal Void

® Average number of bursts contributing to the spectrum

A= kMAt
® Scan overk —
. . LA. | | ]
® | ow k -> closeby sources are filtered out, sources above 10 Mpc contribute 000 0010 0015 0020 0633

Flux [km=2yr-1sr 1]

® |arge k -> the resulting rate of bursts is large enough to indicate contributions from

extremely close sources, particularly Andromeda. Increasing the value of k would even Flux Map, @(logio(E/eV) > 19.6) — ¥ = 20°
allow the Milky Way to dominate the total intensity °

® The flux map is reproduced for values of k which allows the contribution from the
Council of Giants

e e
Total energy emitted per burst, &€ [erg] Condorelli et al. ICRC2023
23
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’TO 10—12 3 . . . .

= = 7 CC-SN ® The constraint from the arrival directions

o 107 O CC-3Nlbe (horizontal band) has to be merged with the

g 4 LL-IGRB . o

E jo-1 “  HL-IGRB one from the energy (diagonal band), to —— |
i | 2 match the observed UHECR spectrum 0.02 0.04 006 0.08 010 0.12
g 10—15-5 Flux [km™=2yr~tsr-1]
n ]

g 10-16,;

" f ® See also Globus etal. ApJ 2023
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REFINING THE BASIC PICTURE 9 e m==omer o

of identical sources

® Relax the assumption of identical maximum energy at the sources

® Because of different candidate sources of UHECRs: maximum rigidity can be connected to Lorentz factor of relativistic jets, to the observed

source luminosity, etc... Ehlert et al PRD 2023; Mollerach & Roulet PRD 2020;

Kachelriess & Semikoz PLB 2006

Source Population
I
| 0 dN dN B
ig - OC R ySI‘C 1OO—W _______ =T (x Rmaiop
10 =TT oo .. dR T TS \\\ . h dRmaX
i I '
o DAY Qi R %< 1if R<R
S Source Cutoft AN Z10-1- Source Cutoff Ppop 1 0
é 10 1 —— Heaviside \\ \8‘ | —— Heaviside —y.—f. +1 -
| ===- exp AN < }o===- exp ¢p0p o R P 1t R > Ry
1 weeeee broken — exp \ ------ broken — exp
| —— super —exp, w. A =2 \\‘ — " super — exp, w. A =2
10-2 S S R, W S 10~ 2+—————
102 10! 10° 10! 10~
R/Rmax R/RO
Hydrogen —— Nitrogen —— Iron
Helium Silicon _____ Total cosmic ray
L0 spectrum
- /& ® To minimize the superposition of nuclear species, the
| _— population spectrum must be steep after the cutoff
. ® Combined with the finding on the source spectrum, data 20
1" favour the hypothesis of identical sources 0
4) ® Examples rated already (for GRB variability) in Globus et 5
10%°
LRI al MNRAS 2015; Heinze, Biehl, Fedynitch, DB, Rudolph &
S ' ’ Winter MNRAS 2020
—2 0 2 107! 10" 10! 10°
Plot from talk by F. Oikonomou @ICRC23 Ry [EV]
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. . Performing in-source
The benetits from source-propagation models 7

10° w e s W W | INteractions
Interaction pe injected " Density in the source - Par’ude
' 10 =10% 55 .. :
rates in the 104E- Ly =107 ergfs Lel0Tews = densities in
source o the source
environment 102 ".’E
(case of GRB) = S
l&. % 109
T 10° §2
.
- ™ 107
102 10 Fluxes at
Farth

1074}

Injection in

W

103 105 107 109 1011 10'3 100 10° 10° 10° 10! 10'3 extragalactlc
R e 1073 fluences at
Nuclear 251 L, =10" ergs i - EJeftfg“gosmlc rays escape
i ) Ly = erg/s
cascade - | - 107
20f Hanun o . .
- 1 — 1077 ® Test of UHECR spectra at escape; for different nuclear species:
i |
15} | B - = P ® Maximum energy: Peters cycle valid only if interactions are
N > 10 not efficient in the source environment (see also Muzio et al
1ok EEEEEEEEEE E = gl PRD 2023)
i - L loglo Eiso! Eiso,tot i N .
EEE 0 _ - ® Slope: affected by escape mechanisms (see also Baerwald
st HHD -1 10713 \ et al ApJ 2013)
Slinnnn 3 "
: ' -3 § ® !
e T 10-15 || Can motivate the ankle feature
AT AT AT AR AT N ST ETEETN AT AT AT O , ‘e ™ .
0 5 10 15 20 25 30 T T N R T T Connect UHECRs to messengers produced in the same source

E [GeV] environment and to the source characteristics

N
Biehl, DB et al Astron. Astrophys. 2018 o



The benetits from source-propagation models

e Giacinti, Kachelriess, Kalashev, Neronov & Semikoz, PRD 2015 Some works developing source-propagation models

 Baerwald, Bustamante & Winter, ApJ 2015 including multimessenger approaches;

e Globus, Allard, Mochkovitch & Parizot, MNRAS 2015 Summary conclusion: opposite conditions for
e Globus, Allard & Parizot, PRD 2015 emission of UHECRs and high-energy neutrinos

e Unger, Farrar & Anchordoqui, PRD 2015

* Biehl, DB, Fedynitch & Winter, A&A 2018

e Biehl, DB, Lunardini & Winter, Sci.Rep. 2018

* Fang & Murase, Nature Phys. 2018

® Supanitsky Cobos & Echtegoyen, PRD 2018

 Zhang, Murase, Kimura, Horiuchi & Meszaros, PRD 2018

* DB, Biehl & Winter, ApJ 2019
® Muzio, Unger & Farrar, PRD 2019
e Zhang & Murase, PRD 2019

® Heinze, Biehl, Fedynitch, DB, Rudolph & Winter, MNRAS 2020 Investigates the mixed composition at acceleration

e Rodrigues, Heinze, Palladino, van Vliet & Winter, PRL 2021 iZSJ\C/\r/?niLﬁerent contributions from subgroups of blazars to UHECRs and
® Muzio, Unger & Farrar, PRD 2022

e Condorelli, DB, Peretti & Petrera, PRD 2023 Includes the treatment of hadronic and photo-hadronic interactions in

the nucleus of starburst galaxies
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MULTIMESSENGER ASPECTS

Focus on neutrinos




State-of-the-art

Measured ditfuse flux

Diffuse Flux, 1:1:1 Flavor Ratio

L B ] ‘
| — iﬁﬁﬁ‘gfis . \ A\RTANNA
—5 | w— = POEMMA30 (5 years) .
10 ] == == = GRAND 200k s S,
| ===« = BEACON 1k \
| mmsswms PUEO (3 flights, 100 d ’
® Measurement of | =72 RNog B e N
o o we wwwe s RET-N 10 x 100 kW Preliminary .
astrophysical neutrino = = = = IceCube-Gen2 UHE
. —6
flux with energy s 107 :
spectrum consistent with L ANITA L1y
a single power law ‘T‘E .
spectrum with best-fit S 107 : /
. > { | 5 .
index 2.87 v z
O o
c'\‘le‘ ~ ‘f T(P ~ube
o 107 BN N =
) -
o > N
® Upper limit for = ol N -2
; : — F S
cosmogenic neutrino 2 109 53 N
flux and expected
e e e e ”
sensitivities from future ———— \
. Cosmogenic: UHECR constraints, van Vliet et al
experlments 10 i Cosmogenic: UHECR + pure proton, Muzio et al I
10~ ' Astrophysical: MMA constraints, clusters, TDEs e e e e e e e e SRRl

— .ia” - 'i'dIS

lceCube ICRC2023; Ackermann et al. JHEA 2022

1016 1017 B 'ibw 1019 1020 102!

Neutrino Energy [eV]
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State-of-the-art

Findings from multimessenger alerts

® The detection of a single HE neutrino is promptly communicated to the astronomical community so that targeted
observations can be collected to identity, for instance, an EM counterpart

Neutrinos from blazars

® Sep. 2017: IceCube Neutrino Observatory recorded a 300 TeV neutrino in directional coincidence with a blazar in a bright gamma-

ray state, TXS0506+056 IceCube, Fermi, MAGIC ...,

=
O R A R S O T A N AR e
w
A=
&O) """ "@ -------------------- '--'.‘-----' ------ R T i
O st e ¥ ; f , TXS 0506~[—05®6 NGC 1068
0 A0 T ............ ............. ................ @
24h 12h Oh
Right Ascension
[ T
1 3 5 7

- loglo(plocal)

® Nov. 2022: IceCube Neutrino Observatory

published an archival search for neutrinos, finding
/9 events associated to NGC1068

1

5

2® [TeV cm™ 2

E

Science 2018

py —
S 3
s 4

() o ()
| | |

— — —

w N -

A

o

|
N
AN

B IceCube (this work) i
Theoretical v model (52,55)
Theoretical v model (53)

lceCube, Science 2022

Electromagnetic observations (26)
<+ 0.1 to 100 GeV gamma-rays (40,41)
> 200 GeV gamma-rays (42)
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State-of-the-art Findings from multimessenger alerts

® The detection of a single HE neutrino is promptly communicated to the astronomical community so that targetec

observations can be collected to identify, for instance, an EM counterpart
Neutrinos from tidal disruption events

¢ AT2019dsg ¢ AT2019fdr ¢ AT2019aalc
----- [C191001A  ===== IC200530A  ===== IC191119A

“ : N .
e : " ?
”
' p
] v 4 ¢t
’, . Al
R .
» "
’
.

® Zwicky Transient Facility identitied AT2019dsg (Stein et al. Nature Astron.
2021) and AT2019tdr (Reusch et al. PRL 2021) as optical counterparts of

two lceCube neutrinos 58500 58600 58700 58800 58000 59000 59100 59200
Date (MJD)

® TDEs can be accompanied by an echo due to reprocessing of BB and X-ray .
radiation into the IR by surrounding dust -> identification of a third TDE, Simeon Reusch @ ECRS 2022

AT2019%aalc, as counterpart of another IceCube neutrino event (van Veltzen
et al. MNRAS 2021)



State-of-the-art

® Searches for cross-correlation with gamma-ray sources

AMON Team ApdJ 2020

® Searches for correlation of high-energy neutrino
arrival directions with known high-energy gamma-ray
sources (blazars, ultra-luminous infrared sources, radio

galaxies) lceCube Coll. ApJ 2022

® Time-domain searches performed for neutrino
emission from blazars, gamma-ray bursts, fast radio

bursts, tidal disruption events, supernovae IceCube
Coll. ApJ 2015, IceCube Coll. ApJ 2015, IceCube Coll.
ApJd 2015, Fermi-LAT, ASAS-SN and IceCube Coll. ApJ
2019, IceCube Coll. ApJ 2020, Stein et al. Nature
Astron. 2021

® Searches for coincidences with gravitational wave
events (lceCube Coll. ApJL 2020) and cosmic rays
(lceCube, TA, Auger and Antares Coll. ApJ 2022)

3|

Directional and time-dependent searches

(a) Extended TW (c)
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~"\~ Light curve data
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To' Prompt 'To+Ti00 Time —
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Precursor ' Prompt: Afterglow Precursor . Prompt Afterglow

: I Neutrino event I Neutrino event
. Fitted search w Fitted search

| ¢ ' window Tw window Tw E

¢ : > . - e
T To  To+T1o0 Time To  To*Tioo T Time
® Detail of a time-dependent search
75°
60° 0 . Equatorial

Auger _45°
ANT tracks
IC tracks _75°
IC cascades

X O m e o

Oh

----- Galactic plane
—— Supergalactic plane

® Example of a directional search



State-of-the-art Neutrinos from the Milky Way

.o KRA? Model = KRA$ Best-Fit v Flux
. KRA;”0 Mode| == KRA$° Best-Fit v Flux
-+ 71° Model — 0 Best-Fit v Flux
~ /. lceCube All-Sky v Flux (22)
1076 -
&
= Galactic Centre
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PR Galactic cosmic-ray
% interactions
O
h‘> 1077 -
S I
N >
LLi
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: Galactic Plane
103 104 10° 10° 107
E, [GeV]

lceCube Coll. Science 2023 .
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State-of-the-art The multimessenger picture

107° . . . . :

— _ isotropic y-ray high-energy « ultra-high energy
| ; background neutrinos *  COSmic rays
7 | . proton (E7%) “a .
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Ahlers, EPJ Web Conf 2016 -



State-of-the-art Summary

LR | LR | T LR | T LR | T LAY | T LI

® The neutrino-blazar and neutrino-TDE associations are not ™ 2LAC Blazar Upper Limit | = = cqual weighting
. . . I - . L O Tgy = —25,E, > 10 TeV [. i ooeeen. eweiohting - - - __
sufficient for establishing a clear connection between R | I erghtng
7p) : SI Ly Lay
neutrino and astrophysical sources CT’E - _
B ;
® A wide range of candidate neutrino-source classes has been '§
investigated and found no evidence for neutrinos originating i 33 """"" ‘
from such sources: constraints from: (19% — 27%)
%| ................................................ <~—-/ .......... -
® Blazars (from Fermi catalog): < 10% of diffuse flux IceCube S | : : : | § s |
| B2 Astrophysical Diffuse Flux | : o ‘
AOJ 201 7 10_10 '-_".".'.".:.'.ll'"'.".'.'.'.'.'..'l"'.".".'.'.'..'.l"'.".'I'.'..'..i'"'.".'.'.'.'.'..'i'"."I'.'.'.'.I.]"".'H".'.'.I.'F
| | 10> 10 10t 10° 10% 107 10 107
® Non-blazars: indirect constraints from Fermi-LAT Neutrino Energy [GeV]
observations
Oikonomou, ICRC2021
® HlﬂtS tOwa rdS neUtran sources 100 *Caution: All limits are model dependent I
X |
that are gamma-ray opaque, £ 80 T o | w260
= ublished | excess
Murase et al PRL 201 6: deﬂse gaS "é 60 - pubplpzrd: interpreted as
. - limits signal
cloud near the cosmic-ray S 10 |
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State-of-the-art Summary

® By measuring the diffuse flux, the 5
density of sources multiplied by the 3
luminosity can be constrained, as “
done in Murase & Waxmann PRD -
2016; similar study in Palladino et al. g ™ SBG, GLGCITR
MNRAS 2020 = -6
5,71
g8
-9 +
-10 +
-1 Muon Neutrino Constraints N
192 ! ! | | ! ! | | >SN
36 37 38 39 40 41 42 43 44 45 46 47 48
Open questions log(E, LEvueﬁ lerg s'])

® \Which source class(es) power the astrophysical neutrino flux?

® \What is the cosmogenic neutrino flux expected at Earth?
® How can we investigate the mechanisms at work in the possible sources and in the extragalactic space?

® |s there any advantage from a multi messenger approach, towards the understanding of UHECR
characteristics? .



COSMOGENIC NEUTRINOS

Neutrinos trace the distribution of UHECR sources



UHECR flux at Earth and the corresponding cosmogenic neutrinos

:—;' Auger 2015 total 'f
iy 10" IceCube non-atmosph. fl per-ti _>“ 10 \, ~
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14 = 1o e . '(i:‘,cv) 175 T 18.5 19 195 20 205 21
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Effect of cosmological evolution of sources (1 + 2)™ » On cosmic-ray spectra the effect is much less

relevant than for neutrinos

C dt | ~ dE, * Cosmogenic neutrinos could improve the
J(E) = A dz d_z Q(E(E, Z)’Z)d_E understanding of the distribution of UHECR
sources

27 Aloisio, DB, di Matteo, Grillo, Petrera & Salamida, JCAP 2015



UHECR flux at Earth and the corresponding cosmogenic neutrinos
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Pure proton composition for UHECRs

Heinze, DB, Bustamante & Winter, ApJ 2016
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* Parametric studies can constrain the UHECR spectral parameters and the
cosmological distribution of sources (UHECR scenarios corresponding to
neutrino fluxes higher than current limits can be excluded)

* Optimistic scenario: UHECRs are100% protons

 See also The Pierre Auger Collab. JCAP 2019; van Vliet et al. PRD
2019: Muzio et al. PRD 2023: Ehlert et al. 2304.07321 for UHECR-

protons and neutrino connections
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Constraining power with future detectors
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Constraining power depending on proton fraction

5.0 | | | 100 1.0
Pierre Auger, Jan 04 - Aug 18
4.5 Proton spectrum at injection -
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e See also The Pierre Auger Collab. JCAP 2019

Pure proton

composition for
UHECRs

C. Petrucci, PhD thesis 40



UHECR flux at Earth and the corresponding cosmogenic neutrinos
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The Pierre Auger Collab, JCAP 2023
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Constraining the cosmological evolution of sources is more challenging if a realistic UHECR composition is taken into account!

e See also Alves Batista et al. JCAP 2019; Heinze, DB et al ApJ 2041|9; The Pierre Auger Collab. ICRC2023



UHECR flux at Earth and the corresponding cosmogenic neutrinos

The Pierre Auger Collab, JCAP 2023 Mixed Composition for UHECRSs
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UHECR flux at Earth and the corresponding cosmogenic neutrinos

* Shaping the additional proton component
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Ehlert et al. JCAP 2024

19

Brown contours -> from the
UHECR fit

Blue contours -> from the UHECR
fit + penalty from multimessenger
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Mixed composition for UHECRs
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UHECR flux at Earth and the corresponding cosmogenic neutrinos

Mixed composition for UHECRs
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What do we learn from UHECRs and cosmogenic neutrinos?

® Cosmogenic neutrinos are more sensitive to the distribution of UHECR sources in redshift than UHECR themselves,
due to the UHECR horizon

® Cosmogenic neutrinos are produced in photo-meson productions -> UHECR mass composition influences the
expected neutrino flux (as well as the UHECR spectral parameters)

o S A ? GosETios | .. : : .. :
Pl g mor iy P 1y ;s | ® Determining the UHECR proton fraction at the highest energies is crucial
Cafoo LR B y 2 R | for understanding the detected UHECR mass composition, but also
% g ¥ t ¥ f d indirectly to better constrain the UHECR characteristics
F el i L ,
: T X : # j } be ! f % % J | ¢ Determination of heavy masses relevant for understanding of
T T8 10 L L AL I S E 'i L % S acceleration processes (re-acceleration?) and/or mas composition in
: o C ] . % ‘ acceleration sites
: B - g LT j - L. . . . . .
o },Eljlf,f.jlfljm ond o o1 * Indication of ordering of mass fractions in terms of increasing mass/
’ charge (even without considering any astrophysical scenario -> the
% mass fraction fit is performed at each energy)
".Ir&.rﬂxlr&lwlr&.ml@lw11.1I1\1m11.11r§1@ln..-%l..nélld
1 .mlrglrmlrg.wlr;lr:glw.mlr;.mlm.m1,&.1“%.q;l..;Zl‘
1o @ 4 : Oo $ v @ .
%::10*2 v o0 °0 0 : Voo

-4 'l kS kv AR | - S . . ko A . - kol TL ko S . - Y kA
10 v v v v v v v v v v v

98 1gE
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One of the science cases of AugerPrime...

® Determining the UHECR proton fraction at the highest energies is crucial for understanding the detected
UHECR mass composition, but also indirectly to better constrain the UHECR characteristics

® Upgrade of the Pierre Auger Observatory (AugerPrime)

e Auger Phase 2 -> 10 years (foreseen)

e Deployment and installation of
scintillators on top of water Cerenkov

detectors -> completed

e complementary response of the
detectors to muon and
electromagnetic part of the shower

Plot from talk by F. Salamida @ICRC23
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ASTROPHYSICAL NEUTRINOS

Neutrinos are the smoking-gun signature for hadronic acceleration




Particle acceleration

* Observing neutrinos from a source would reveal that
hadronic processes are at work

* Example: observed neutrino with energy 1015 eV ->
produced at the source by a proton of 2x10%¢ eV ->
in order to trigger the photo-pion production, in the

source | need: ,
e~ el

* IR or optical photons

* High-energy protons

* Acceleration of particles -> repeated interactions of a particle with the magnetic structures embedded
in a shock may lead to energy gain and to (power-law) universal spectra; Fermi and DSA acceleration,
for a review see Matthews et al. New Astron. Rev. 2020; Caprioli, Varenna Lecture notes arxiv:2307.00284

Can be tested thanks to

| . observations of astrophysical
e Other evidences from recent observations NeUtrinos

* Astrophysical jets are ideal sites for acceleration
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Gamma Ray Bursts

* Internal shock model (one zone) e Energy to power UHECR flux and efficiently produce

« Geometry — all collisions happen at neutrinos, see for example Murase & Fukugita, PRD
the same radius, R (connected to the 2019
Lorentz tfactor and to the variability e Nuclear composition, see for example Zhang et al, PRD
time) 2018; Woosley et al, RevModPhys 2002

* Luminosity

Jet collides with
ambient medium
(external shock wave)

Colliding shells emit
low-energy gamma rays
(internal shock wave)

High-energy
gamma rays

Slower - ' X-rays
Faster shell
Low-energy shell

~

N
S gamma rays VA ¥ — Visible light
VAl

* Ingredients for modelling the CR and
neutrino emission

e Photon fields

va

Black hole
engine

e Cross section of relevant interactions

Prompt
emission

Afterglow
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Gamma Ray Bursts CR interactions and escape

10° w . . . .
%Ee injected e CRinteractions in GRB photon field:
L, =10 L ]
10° ' ergs e Determination of max energy of cosmic rays that can escape the source:
balance of acceleration rate and losses
102 e Density of primary CRs in the source is depleted, while secondary nuclei
T (and nucleons) increase
T 10° 107~
- e Here also the photo- Ejected cosmic rays

L, =10°" erg/s

disintegration of nucleiis -5

1072 :
taken into account
) — 1077
- |
10 =
' ‘ * >~ 107
100 10° 107 10° 10" 10"3 E
E [Ge —
[GeV] = 101!
el

*CR escape (see also Baerwald et al ApJ 2013; Globus et al
MNRAS 2015):

*Neutral particles escape freely 10715

eCharged particles escape easily only at high energy -> 10 105 107 100 1ol qom3
hardening of the spectrum E [GeV]

- Biehl, DB, Fedynitch, Winter, A&A 2018



Gamma Ray Bursts CR interactions and nuclear cascade

FTTTTrTTrrrr T T T T T T T T T T T T T T n |  ZUN L B B B I B N B B B N B B B B N B B B S B B B S S N N | |
I 49 1L E * - ’ )
25 L, =107 erg/s T Ny 25F Ly = 10°! erg/s | i
20f NEN - 20f | oS
15F HEEEEEEER - 15F HE HE -
N - . HEN . - N

10F ENENEEE - 10F N | -
i — | l0g, Eiso/ Eiso,tot : _ 1 | 108, Eiso/ Eiso,tot -
N O o - ’ ‘ -
- [ _ I [] i
56 O ) 56 -

i HEEN -3 -

L [ [ | _4 _q‘ |
0:' | | | L 1 | l: O:l PR W T T NN TN TN NN U NN NN U NN SN ANN NN SN SN SN NN AN NN 1 | L1 1 l:
0 5 10 15 20 25 30 0 5 10 15 20 25 30
N N

*Development of nuclear cascade strongly dependent on the radiation density in the shell

*|ncrease of luminosity implies increase of production of secondary nuclei and small fragments along the
chain (helium, protons, neutrons)

) Biehl, DB, Fedynitch, Winter, A&A 2018



Gamma Ray Bursts

CR interactions and neutrinos

1077
Optically Thick Case v(*°Fe)
: : : . : : : _sELy =107 erg/s C = v(TZ)
*Increase of neutrino production together with efficiency of CR interactions in the 10 == v(np)
source i total
. . . . . s 100 _-7 TS
*Neutrinos from primary nuclei/secondary nuclei/secondary nucleons dominate = , '\
. . . . © -9 /. .
the neutrino flux in different regimes 03 z 107 \
Populated Cascade ‘:/; E/ ' \
_sf Ly =107 erg/s a 10 .
1010_ —T T S " 1 10 Sq) . )
. 11.5 107 ‘ -13 \
i Fe Empty Cascade —a _7 10 '
: . L, =10% erg/s by 10 \
10° T = -15 '
o . 10 \
Empty — = 107 ot o ok’
L ine? v 3 5 7 9
10°t Cascade 5 10 <) 10 10 10 10
_ - g LL.> 10—11 E[GeV]
E > 107 <&
3 § QL
Y 11 S 10713
= ) 4 > 10~
108:' < N 10715
’ P 10713 T T R R ETTT WS T M
S 10° 10° 10° 10”
1077 -‘ ~~a_ \‘\ E [GeV]
e L ‘ Z R W
<10 0 g 10° 10° 107 10”
107 Lt el - - .
109 10° 1050 102  10% E [GeV] Neutrino emission from CR
L, [erg/s] interactions in the GRB jet

* More refined internal model in Heinze, Biehl, Fedynitch, DB, Rudolph & Winter MNRAS 2020

o)

Biehl, DB, Fedynitch, Winter, A&A 2018



Tidal disruption events

® Stars are torn apart by a SMBH — part of the debris is accreted — a
jet can form

® |nvestigated as sources of UHECRs (Farrar & Piran,
arxiv:1411.0704) and high-energy neutrinos (Wang et al, PRD
2011) -> acceleration in the jet

® Nuclear species: depends on the type of disrupted star

® Rate of events: negative evolution with redshift =& consequences
for cosmogenic neutrinos
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Tidal disruption events

® Three associations of lceCube
neutrinos with TDEs in 2019

® | ast association, AT201%aalc,
shows neutrino emission in
coincidence with peak of dust
echo emission

® is the dust echo itself (IR) is
the target for cosmic ray
Interactions?

WISE W2 ¥ P200Ks O P200) A ZTFr ® SwiftU ¢ Swift UVM2 @ SRG/ROSITA |
® WISEWI ¢ P200H ZTF i ® ZTFg P Swift UVWI ¥  Swift UVW2
Frequency (Hz)
14 15 14 15 14 15
10 10 10 10 10 10

v F, (erg s~! cm™?)

' L LA l

ll. lllll
—

] [LO+L.’V = 1.4el+45 c:ergls‘l' ]

l [LO+L‘V = 3.3el*44 ;Erg.s‘l']

lll L L L llllll

1 [Lo+ uv = 1.5e+44 erg s"]

F 10™

vL, (ergs™)

8 R "‘""—g """" .
A S e B
! i ‘Dust echo Neutrino :
b/ |
/
!
;
58600 58800 59000
Date (MJD)

o4

Reusch et al, PRL 2022



Tidal disruption events

E® F,, [GeV cm™]
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® |nteraction rates at the time of the peak (solid lines) and at the time of the

neutrino emission (dashed)
® Neutrino emission depends on the relevant photon field (or matter)
(shown as pp: dashed orange, X-rays: blue dashed-dotted, OUV: green

dotted), which is modelled as a function of the time

® sece also Biehl, DB, Lunardini & Winter Sci.Rep. 2018 for diffuse fluxes and connection

to UHECRs
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Neutrino emission from CR
interactions in the non-jetted



Binary neutron star mergers

Blue ejecta

Ny /

)

L 4

@ 1N

’ “. -
- 5 \
 J

Red ejecta

® Explored in Decoene et al JCAP
2020; Rossoni, DB & Sigl ICRC20

eNon-thermal emission

-
- - -
P o
L4

~
'

Accretion (synchrotron -> limits on B can
disk (g Mg computed) + thermal emission
d snoc

(Due to the nuclear decay of th

' -"‘
. - _0
ol . )

the ejecta by the merger)

Relativistic

- | Jets

- N .

unstable species synthesized in

Neutrino emission from CR

interactions in the non-jetted

region
1026 Spectral Energy Densities (SEDs)
T=10%K T=108% K
1024 - T=105K —— Black body (BB)
21 T=10°K -==Non-thermal (NT)
1022 T=107 K

be

e

| —~ 10° LM‘,\ Soa. Moo=
-k CT’ POEMMA
. QE) 10-2 — 10%s 10° s
. . e 3 —_— 6
e At late times after the merger, a small fraction of the 3 1o 10%s
. . . @ — 10%s total
ejecta remains marginally bound to the black hole, =
talling back to it over a range of timescale from o]
seconds to days or longer; assumption (as done in > 6
Decoene et al JCAP 2020): such an interaction results ;&CJ’; 10~
in efficient cosmic-ray acceleration in the nebula
behind the shell 10755 e e
Decoene et al. JCAP 2020; Rossoni, DB & Sigl, in prep. . E, (GeV)

1010

® As forthe other examples
where disrupted stars are
involved, the nuclear
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ACtlve G a ‘ a Ctl C N U C‘ e | Modelling of the spectral energy density of TXS0506+056

eV keV MeV GeV TeV PeV eV keV MeV GeV TeV PeV eV keV MeV GeV TeV PeV

-9 -9 -9
Leptonic Leptonic Photons
- . Hadronic Muon Neutrinos ——--- Quiescent Flare
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[ I '
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(&) (&) O
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o S 2
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Pure leptonic model reproduces the Hadronic model reproduces the _

SED of the source second bump and the neutrino Lepto-hadronic model

® No neutrinos predicted ® Overshoots the X-ray flux
Gao et al. Nature Astron. 2019 Neutrino emission from lepto-hadronic model
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lceCube, Science 2022

ACt AVAS G d ‘ d Ctl C N U C‘ Cl I IceCube (this work) t  Electromagnetic observations (26)
Theoretical v model (52,55) -+ 0.1 to 100 GeV gamma-rays (40,41)
Theoretical v model (53) > 200 GeV gamma-rays (42)

® /9 neutrino lceCube events associated to NGC1068:

_.9 _
obscured AGN (Seyfert?) 1077 5
® Gamma-ray flux smaller than neutrino flux — 10-10
I(O °
® |ceCube cannot distinguish the emission zone (as = »
well as for the other associations) £ 1077 5 g
>
=, 10712 :
Eichmann et al, ApJ 2022 ©
1) 3
Ll 13 _ .
10 _ 4.4'“'**
10-1¢ Lt e .
10—15 10—12

corona

black hole
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Energy [GeV]



Active Galactic Nuclei

® |s the neutrino emission really coming from the jet?

® From one-zone model to two zones (one zone is not sufficient), see for instance Eichmann et al ApJ 2022 (neutrinos from

corona + gamma-rays from starburst region) or Inoue et al 2022 (neutrinos from failed outflow + gamma rays from

external shock)

@ VLA
VLBA

102 1
: ALMA

(&}
\

] ® 4FGL
101 4 MAGIC

| === |ceCube

Eichmann et al, ApJ 2022

10~°

One-zone model is not sufficient to explain gamma-ray and neutrinos

.
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10°°

E [GeV]
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What do we learn from astrophysical neutrinos?

® A wide range of candidate neutrino-source classes has been investigated and

® found no evidence for neutrinos originating from several source classes; possibility to constrain the
contribution from blazars and non-blazars

® Blazar and TDE associations with neutrinos:
® not sufficient to account for the diffuse neutrino flux;:
® several hints from modelling of possible sources:

® Neutrino emission from jets (such as jets in GRBs) energetically motivated, but no evidence of
association -> are we looking at the correct GRB phase?

® Neutrino emission from non-jetted regions (such as in some TDE or blazar models) possible
® One-zone models start to be challenged
® Neutrino production sites could be gamma-ray opaque

® Modelling of source sites must be performed in time and energy

Associating photon- and neutrino-signals is not trivial as expected!
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Number of GRBs

Aﬂy hel o, to understand UHECRSs? From the TDE and blazar associations with neutrinos:

--------------
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PeV protons are necessary in the sources...

However, thanks to the observation of GRB221009A....

® Observed photons up to 18 TeV

® Based on the distance of the GRB, we do not expect primary photons from this
GRB

® [f UHECR protons are accelerated in the GRB up to 1 EeV, cosmogenic
photons can be expected (some conditions on EGMF and time window of
observation are requested), as shown in Alves Batista, arxiv:2210.12855; Das
& Razzaque Astron. & Astrop. 2023

® Other studies explore the proton synchrotron emission, as in Zhang et al. ApJ
2023

o
® Delayed UHECRs from Galactic magnetic fields? See He et al. arxiv:2401.11566
100
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Do GRBs pass the requirements for being UHECR (and neutrino) sources?
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Do GRBs pass the requirements for being UHECR (and neutrino) sources?

Magnetic Field Strength [G]
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® The baryonic loading (and other parameters
describing the GRB model) can be constrained
with neutrinos

® The combination of experimental analyses and

theoretical modelling of different messengers
is crucial!

® As forthe photon-neutrino connection, what is
OK for neutrino production in terms of
characteristics of the source environment,
might be not optimal for CR emission...



SUMMARY



Summary

VWhat does the multimessenger era disclose to us about UHECR sources?

Cosmogenic neutrinos

® Cosmogenic neutrinos are

sensitive to the distribution of
UHECR sources in redshift

® Cosmogenic neutrinos depend
on the characteristics of the
UHECRs at the escape from
their sources

® More sensitive detectors
needed in the future!

Astrophysical neutrinos

he neutrino-blazar and neutrino-

DE associations are not sufficient

for establishing a clear connection between neutrino and

astrophysical sources

® Acceleration of cosmic rays in jets regions might be disfavoured in

SOme Cases

® One-zone models start to be challenged

® Multi-wavelength and multimessenger observations + connections

between observatories needed

® Modeling of source environment is crucial!
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UHRECRS: PRESENT AND FUTURE

e Upgrade of the Pierre Auger Observatory is expected to push forward the understanding of several issues:

Plot from talk by F. Salamida @ICRC23
e Mass composition at the highest energies _ 50 Oeplognent Mistery
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e Deployment and installation of scintillators on top of water Cerenkov detectors -> completed |

i
I

e complementary response of the detectors to muon and electromagnetic part of the shower
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UHRECRS: PRESENT AND FUTURE

e Upgrade of the Pierre Auger Observatory is expected to push forward the understanding of several issues:

e Mass composition at the highest energies
e discrimination among astrophysical scenarios depends on composition

e selection of pure protonic events at the highest energies would allow to exclude
quasi-isotropic background due to nuclei

* Improvement on muon content of the shower and particle physics in general

e Physics beyond standard model?

a7 e o s oo

{ e UHECR data start to be sensitive to finer details with respect to basic astrophysical scenarios !

i ® For a comprehensive description of UHECR data and understanding of UHECR characteristics, improvements in modelling are needed:

e UHE acceleration

e GMF and EGMF modelling

* |n-source interactions (including connections to modelling of spectral energy density of candidate sources)

e Multimessenger connections
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UHECRS: NOT ONLY STANDARD PHYSICS

e ||V effects on cosmogenic photons - _ Nhin
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UHECRS: NOT ONLY STANDARD PHYSICS

o LIV effects on UHECR protons and nuclei
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UHECRS: NOT ONLY STANDARD PHYSICS

o LIV effects on cosmogenic neutrinos: neutrinos and/or anti-neutrinos acquire superluminal velocities and subsequently become unstable
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UHECRS: NOT ONLY ASTROPARTICLE PHYSICS

Equivalent c.m. energy \s_, [TeV]
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® p-air cross section from very penetrating showers

® Conversion in pp cross section through Glauber
calculations



UHECRS: NOT ONLY ASTROPARTICLE PHYSICS

Albrecht et al. ICRC21
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® Ratio of energy in electromagnetic vs muonic
InNy —InNy p component influenced by:

Z= ,
InN Fe — InN :
HA H-P ® cross section ® clasticity

o multiplicit ® fraction of neutral mesons

® Air-shower simulations with state-of-the-art QCD models show a P
significant muon deficit with respect to measurements starting at ® Fluctuations of number of muons are less affected
TeV scale in center-of-mass frame (see Cazon et al PRL 2018; The Pierre Auger Colla.

PRL 2019)
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LIV IN EXTENSIVE AIR SHOWERS
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® Heavy primary CRs with respect to light primary CRs
with same energy

® EAS develops earlier in atmosphere (smaller Xmax)
® Position of Xmax fluctuates less
® Contain more muons

® Number of muons fluctuates less

7 - o - - T o o o e —
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'® ||V can affect kinematics

/

® Example: ,

® Pions do not decay -> neutral pions interact |
|
® More muons are produced x

|
|
!
|
® Electromagnetic vs muonic component of the |
shower are affected J
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MODIFICATIONS TO EAS DEVELOPMEN T
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| Positive eta: negligible effects

2. Negative eta: forbidden neutral pion decay if...
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MODIFICATIONS TO MASS OBSERVABLES

C. Trimarelli for the Pierre Auger Collaboration, ICRC 2021
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® |f neutral pion does not decay, it can interact

® Calorimetric energy is smaller than in the LI case
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® Predictions for Xmax decrease with energy with respect to the Ll case
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MODIFICATIONS TO MASS OBSERVABLES

C. Trimarelli for the Pierre Auger Collaboration, ICRC 2021
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® || case:

® Focus on fluctuations in the number of muons

® number of muons Iar%er (and less fluctuations) in showers

initiated by heavy nuclear species with respect to protons ® Decrease if (pure) mass becomes heavier
® ||V case: ® Increase/decrease depending on the mass mixing
® Fluctuations decrease with respect to the LI case ® Decrease it LIV strength increases
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CONSTRAINTS FROM MUON FLUCTUAT

® Procedure:

® Combine masses as a
function of energy and
LIV strength in order to
have the largest
tfluctuation for each LIV
parameter

® Compare the data to the
predictions
corresponding to LIV
parameters
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® Stronger violation

90.5% CL for 1=-5.9510"°

95.45% CL for n=-9.2-10"°
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