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Ultra-high-energy cosmic rays...

> are the highest energetic > are charged and > interact with the atmosphere
particles we know therefore deflected and produce air showers
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Measuring extensive air showers at the Pierre Auger Observatory

2 & @ © Pierre Auger Observatory:
% -  close to Malargtie, Argentina

* 1660 surface detector stations,
4 fluorescence detector sites

3000 km? - largest Observatory
in the world

* reconstruction of:

> energy
> arrival direction
> depth - mass / charge




Cosmic ray energy spectrum
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Cosmic ray energy spectrum
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Ultra-high-energy cosmic rays
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What does the spectrum, in combination
with the mass composition, tell us about
the sources?
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Ultra-high-energy cosmic ray data

(InA)

transition from light
composition at the ankle to
heavy composition at the
suppression

EPOS-IHC
v HEAT
« FD Hyb
« SDDNN

4| Qosietros
v HEAT

« FD Hybrid

« SDDNN

Sibyll 2.3d
v HEAT
« FD Hybrid
« SDDNN

E [eV]

composition becomes
purer with energy

pLM++++ | f’*iu:: L ‘

(R
i i

—

@)
w0
4

1037

J(E) x E° [km™ yr!sr!eV?]

pronounced features
in the energy spectrum

instep

v

<1 particle km2 yr+

Pierlre IAugelr (Ilglllqboratioq 202|0 L

suppression

1019
E [eV]




What we know about the sources

spectrum & composition data can be described by:

> population of extragalactic sources dominating above ankle

> acceleration « Z . mass composition gets heavier

> hard injection spectrum & almost identical sources
to describe pronounced spectrum features and small
composition variance (enier, oikonomou, Unger 2023]
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What we know about the sources

spectrum & composition data can be described by:
> population of extragalactic sources dominating above ankle

> acceleration « Z . mass composition gets heavier

> hard injection spectrum & almost identical sources
to describe pronounced spectrum features and small
composition variance (ener. okonomou, Unger 2023]
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What can we learn from the arrival directions?




The UHECR sky >8 EeV

* > 8 EeV, the sky is dominated by a dipole
> points ~125° away from Galactic center
> extragalactic! Auger, science 2017 (e
* no higher multipoles present

 at these energies, propagation length =1000 Mpc

> dipole is likely an imprint of anisotropic extragalactic
matter.distribution (large-scale structure)

Arrowhead
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The UHECR sky >8 EeV

The large-scale structure
- use as proxy for UHECR source distribution

Galactic 0.08
coordinates

0.06

........ - 0.04

0.02

1 s
(deg) |180 120 -180,

from Cosmic Flows, Hoffman et al. Nature Astronomy 2018
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-0.08

Galactic
coordinates

Perseus-

\ Bister, Farrar, ApJ 966 71 (2024)
0.6 1.0 1.4
model flux at the edge of the Galaxy

Residual intensity (N, -Nex,)/N ey,
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Di pole direction > 8 Eev

=3 ' R Galactlc coord/nates .
/ M’ \ 60° ' all models predict
‘(\ 4 <V IFI2- full -y dipole direction
{\ JF12-reg “\without GMIE close to measured

& JF12-PI * one v

00 O UF23-base-PI
O UF23-crel0-Pl uncertainty
UF23-expX-Pl | -90° estimate of GMF
¢ UF23-nebCor-Pl | ;e ] model v
UF23-neCL-PI
&  UF23-spur-Pl Note: cannot get

predicted dipole
UF23-twistX-Pl direction to match
UF23-asymT-Pl measurements with
O KST24-Pl | Auger+TA 2024 prOton'o_n_Iy
composition or no
lots of new GMF deflections x
Galactic magnetic field Ding, Globus, Farrar ApJL 913 (2021)

models became available
in recent years!

UF23-synCG-PI

T. Bister, Universe 2025

Bister, Farrar, Unger ApJL 975 L21 (2024)
+ KST24 model from Korochkin et al. A&A 693 (2025) . .
+ UF23-asymT model from Unger & Farrar UHECR (2024) Teresa Bister | slide 13




Source number density

smaller density
- larger multipole moments
(on average)

larger density
- smoother, smaller multipole
moments (on average)

100 i

dipole amplitude
=

-2

10° -

quadrupole amplitude
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-2

Bister, Unger, Farrar, ApJL 2024
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Source number density

smaller density
- larger multipole moments
(on average)

densities of ~(10-3 - 10**) Mpc3
work best for most GMF models

for comparison:
starburst galaxies ~10~° Mpc
active galactic nuclei ~10° Mpc

- UHECR sources quite
common at <8 EeV!

(if there is no very strong extragalactic magnetic field)

larger density
- smoother, smaller multipole
moments (on average)

100 4

@® UF23-base-Pl
1 © KST24-P1

dipole amplitude
=

Bister, Unger, Farrar, ApJL 2024

< JFI12-PI

d'@:.p

dipole amplitude

® ;=107 Mpc™
© n,=10"*Mpc™
® n,=1073Mpc™

(8—16)EeV  >8EeV (16—32)EeV >32EeV

quadrupole amplitude
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The U H ECR 8ky >40 Eev i E Instep . suppression
* =40 EeV, the UHECR sky is dominated by F
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=4
« at these energies, propagation length =200 Mpc T 107F
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The UHECR sky >40 EeV

* =40 EeV, the UHECR sky is dominated by
smaller-scale warmspots

« at these energies, propagation length =200 Mpc
> imprints of nearby sources?

* none of the warmspots significant when penalizing for scan
> most significant one: ,,Centaurus region excess*

J(E) x E* [km™ yr!sr!eV?]

1038

10%

instep suppression

Pierre Auger Cqllaboration 2020, |

107 10%
E [eV]

| 270°  240° 210°

5

Galactic
coordinates

L. Caccianiga, ICRG#20
-75° glon

map shows significance T

of flux excess

4

-2 0 2 4
Li & Ma significance [o]
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The UHECR sky >40 EeV

« =40 EeV, the UHECR sky is dominated by T. Bister 2025, https://arxiv.org/abs/2509.06594
smaller-scale warmspots submitted to Astroparticle Physics

 at these energies, propagation length =200 Mpc | .

v weaker AGN, ~9 Mpc
* none of the warmspots significant when penalizing for scan /
> most significant one: ,,Centaurus region excess* _ b i

60°

> imprints of nearby sources?

starburst, ~4 Mpc

F
3]

B 270° “240° 210488

M83 - o
TR e L ¥ o

> several source candidates have been proposed

L)

[]

> But which one is compatible with
newest Galactic magnetic field models?

30°
94

| " B starb‘u‘rst' +AGN, ~4-Mpc |

> What charge do the particles need to have? e
-30° .

Str_ongjes_t nearby -

> How large is the extragalactic magnetic field? ase g JBER

> How large is the source contribution? T _‘ R | ,>"N-G_C,4945'

y | ficance [o] 18


https://arxiv.org/abs/2509.06594

UHECRS from Cen A & magnetic field deflections
z=1 Z=2 Z=6 2=12

Cen A, Emin=40.0 EeV, Z=1, <R> =53.1 EV Cen A, Enin=40.0 EeV, Z=2, <R> =266 EV - Cez] A, Enin=40.0 EeV, Z=6, <R> =88 EV

JF12-Pl PrL T

',' . \\ ® UTI23-basc-Pl ,.’ N\ " %
I \ 1 \
|l Q B UF23-crel0-Pl l m 1
o \ J UF23-expX-Pl o YRS g 0
| \\\\ | 7 ¢  UF23-nebCor-Pl ?\\\f,} la ,/, |
N i UF23-neCL-PI | ‘
#  UF23-spur-Pl / /
/] UF23-synCG-Pl
_ UF23-twistX-Pl _ .
T Y S UF23-asymT-Pl ~ T 7 7= -
: Tt ~ e KST2M-PI N ot P =
agrees well with agrees well with still fits for some deflections too
excess direction v/ excess direction v/ GMF models v/ large x

e charge needs to be Z =<6 to be compatible with excess direction for Cen A

e for KST24 GMF model, only Z=1 compatible

 figures are for extragalactic magnetic field zero - clearly does not reproduce angular scale!

> add 2d Gaussian distribution to mimic turbulent EGMF: 4 _ 5g° EV (B VdL.

E/Z@M c
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Constraints on the signal fraction

> can reproduce strength, size, direction & 1.0
energy dependency of excess with Cen A 0.85- $
as the source with Z<6 0.7 &
> extragalactic magnetic field of zero 0.5 0&’0
not allowed s 07 &
> best current constraints for field 0.1- ,\;°° »
between Earth and nearby source ' L =
0.05- -~
0.03 1 allowed parameter space

0 100 20 30 40 50 60 70 80 90
B/mG+y/ L./Mpc

/t
SR

* Jocal LiMa significat 0(220 opt)
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Constraints on the signal fraction

A

allowed parameter space

> can reproduce strength, size, direction & 1.0
energy dependency of excess with Cen A 0.85-
as the source with Z<6 0.7
> extragalactic magnetic field of zero 0.5

not allowed b 09
> best current constraints for field 0.1 |
between Earth and nearby source . 0'5
> signal fraction of Cen A up to 100%! 0'03 |
> very attractive: would explain 0
,Similarity“ of sources
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J-BE3eVikm=2 st~ yr )

Conditions on signal fraction and EGMF: Cen A

Cen A as only source above the ankle also 1.0
fits well with spectrum and mass 0.85 1
composition for B/nG sqrt(LJ/Mpc) ~5-15 0.7

G-NE-4Mpc(CO), A= 2, ct;=50rs, lcon =100 kpc
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Cen A dominates sky - highest energy events?

measured distribution of events, E>100 EeV
60°

* unexpectedly isotropic, do not correlate well
with any source candidates after correcting
for Galactic magnetic field

- [M. Bianciotto for Auger, ICRC 2025]

> transient sources? ultra-heavy elements?
BSM physics? ...

AugerApdS,”
“26422023) |
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Cen A dominates sky - highest energy events?

measured distribution of events, E>100 EeV
60°

* unexpectedly isotropic, do not correlate well
with any source candidates after correcting
for Galactic magnetic field

- [M. Bianciotto for Auger, ICRC 2025]
> transient sources? ultra-heavy elements?
BSM physics? ...

e Or just one source and very strong local EGMF!

AugerApdS,”
“26422023) |

100 120 140 160 180
E/EeV
60" T - .
" = > simulated
: TS R N D \ distributions of
| o [ [ 3Lk Lo events with
\ ] / E>100 EeV v/
-30°
e = P : : P , ' (3 simulations with
0 I — e ssss————— UF23-base, Becur=26,
120 140 160 T 120 140 160 180 120 140 160 150 mixed composition)
E/EeV E/EeV E/EeV

24



Cen A dominates sky - lower energies and dipole?

___SGP.

Galactic

> dipole direction not well reproduced by only Cen A
as single source

> need other sources to explain data <30 EeV

> e.g. individual sources in the south (e.g. Fornax A),
or following large-scale structure? [sister & Farrar ApJ 2024]

60°

2 simulations, Beevr=26, mixed composition: m——
JF12-reg
JF12-P1
UF23-base-P1
UF23-crel10-P1
UF23-expX-Pl
UF23-nebCor-P1
UF23-neCL-P1
UF23-spur-P1
UF23-synCG-P1 . )
UF23-twistX-Pl -~~~
UF23-asymT-Pl i
KST24-P1

<>onQo

0

opoOu =

e =

| .
-20.71 0.00 20.71
local LiMa significance in ¢ (50.0° opt.)

[ .
-19.7 0.0 19.7
local LiMa significance in ¢ (50.0° opt.)

with large-scale-structure based model:
- dipole direction way better described
25



What we have learnt about UHECR sources:

1. they are extragalactic

2- they emit (possibly after in-source interactions / magnetic confinement)
a hard spectrum & mixed composition
that does not differ much between sources

3. at=40 EeV nearby sources like Cen A, M83, Sombrero galaxy

can explain the Centaurus excess

> need large local extragalactic magnetic field between
source and Milky Way to explain excess size

> Cen A could even have 100% signal fraction =30 EeV

&. at =8 EeV they probably follow the large-scale structure
& have relatively large density = 10° Mpc?

5.G.P

Galactic 60—

—

vy )

Virgo

/ Arrowhead

‘""/‘: h\ @ . R
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Outlook

e understanding the mass composition on an event-by-event
level soon possible e.g. through:
» detector upgrade AugerPrime (completed last year!) ;
* neural networks [auger PRL 134 2025]
* radio interferometry |through ERC of Harm Schoorlemmer, see Pim’s talk earlier] ~

> will allow to study charge distribution in interesting
regions like Centaurus excess

> will enable search for orderingsin Z/ E ®
of individual events to directly reconstruct e

: : .
source direction rdereq eygpys

1.0
0.85 1 &
0.7 @Qog
0.5 R
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The Centaurus excess

Properties of the excess: |auger icrc 2023

* local significance: 5.10 for Emin= 40 EeV

« angular size: 27° for Enin= 40 EeV 7s* Galactic

 direction: I=305°, b=16°

* energy dependency: [Auger ApJ 984 2025]
> excess extends to Enmin= 20 EeV 15° £

> direction only varies by ~3° 0 |

latitude

> angular size was kept fixed in scan -15°

Simulation parameters:

> Galactic magnetic field ' 750 longitude
> charge ﬁ
> extragalactic magnetic field Li & Ma significance [o]

> signal fraction



Conditions on signal fraction and EGMF
Cen A, Helium (Z=2

* for a specific source candidate 1.0 i a -
& charge assumption: 1\ HITFETS (PR (O3
g P ] ] 0.85 - HH E= max sign. ouopev too large
> produce 10 random simulations per 0.74 \ E==] max sign. ospev too small
Galactic magnetic field model : | [0 radius yoeey too large
. . - IO radius y« too small
> vary signal fraction f and EGMF “ 0.5 Moo/ Y =
parameter Becwr 0.2
- rd ---” . (\
* apply same analysis as on data and see 0.1 o @8
which ones reproduce excess properties 0.05 6\\\*
0.03
0 20 30 40 50 60 704 80 90 100 110
+— BnG
‘\ \ h : (, k&\\‘}‘ ;
Sl . N gl
-75° glon .
— 5 N _— e
=1 Li E(ZMB siggificanc: (o] 3 ol MaigriRemsie (L0 g - local Li;vzla signific(z)mce ino(22.0" opt.) )
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Sombrero galaxy as the source of the Centaurus excess

1.0
0.851 o example simulations for Enin=40 EeV, UF23-base, Z=6, Becwr=3
: & .
0.7 1 I
OQJ
w 051 4 &

0.2 ; _&b& : . s o e /
i & \ 30
006; i 7’% (:(an,b‘nd\%ﬁ*'NG‘CWN5 22 K \
X 7 176 el ) =
I ]

003 ] o o0 R/EV . mmi signiﬁca[)nce ina(Zé.O“opl.)_4

0O 10 20 30 40 50 60 70 80 90 '
B/nG+/ L./Mpc =Becme

> It is possible to reproduce the Centaurus excess
with the Sombrero galaxy for Z~6, f~5-50% v

R/EV local LiMa significance in ¢ (25.0° opt.)

> but, the EGMF has to be bigger than predicted
by [He et al. 2025] to reproduce angular size L pmestit
> Beowmr ~1-10 » 103 AT

> could improve multiplet method to also capture events _,_.}\;f_j*:-.,“
further away from the major axis? '
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Source of the Centaurus region excess

1.0 : :
summarized constraints
0.85 1 §
weaker AGN, ~9 Mpc 0 7 i VB
direction does not y - ’ Oq?
work well for any Z 0.5 -
~ § 4o
02 7 Z‘-‘s b\' AD
g P S Vai
0.1 & S CA9AD
0.051 flyzﬂ e
0.03 1

0 10 20 30 40 50 60 70 80 90
B/mG+/ L./Mpc

mg;;g;ﬁyhﬂm_,;, T T always Becwr > 1: realistic between Milky Way and candidates
* (Beswr below ~1 in voids, can be » 100 in clusters)

-75° longitude
—4 -2 0 2 4 « sources with very different signal fractions and
Li & Ma significance [o] mass compositions can explain excess

> composition analyses in Centaurus region could differentiate
[e.g. L. Apollonio (Auger), ICRC 2025]
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