Interpreting the data

of the Pierre Auger Observatory

PIERRE
AUGER

OBSERVATORY

Teresa Bister

Radboud University §

MiNe <

§
Yerre®

Nik|hef



Modeling UHECRSs from sources to detection

main aim: learn more about
the sources of UHECRs

compare to data
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Modeling UHECRSs from sources to detection
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Modeling UHECRSs from sources to detection

sources emit UHECRs | 2*injection usual assumptions:

* maximum energy prop. to charge number Z:
“Peters cycle“

* shape: power-law + cutoff:

spe/c\tral index rigidity cutoff
am=<an(£) ! £< 24
A 04 )| =
R, exp(l—ZA]]E2 t), E > Z 4 Rew
element eu
18.5 19.0 19.5 20.0 20.5 21.0 . .
ogo(Eung/eV) contributions

* model 5 representative elements
(H, He, N, Si, Fe)

compare to data
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Modeling UHECRSs from sources to detection
3.

sources emit UHECRSs injection _
T propagation through
R extragalactic space
! i » g ‘ o 5 ;I T T ‘ L ‘ T T 71 ‘ T 1 ‘ LI ‘ 1T [ T T 17
E proton pai proton photopion
AN Al B
5E. =
C photon+IR N
85 190 195 200 205 210 o E .
logyo( Eui/eV) & 2 =
E 1 FesCMB+IR
A _hearest actil/e galaxy photonsradio -
S or— 1
compare to data il .
C photon+CMB ]
_, [size of Milky Wa ]
ATy 2
10 12 14 16 18 20 22 24

logi, E (eV)
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Modeling UHECRSs from sources to detection

sources emit UHECRs injection

18.5 19.0 19.5
logyo( Eini/eV)

20.0 20.5

compare to data

21.0

propagation through
extragalactic space

»:

both deflect particles
proportionally to
Z/E = 1/R (,rigidity”)

Galactic magnetic field

5 kpc
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Modeling UHECRSs from sources to detection
sources emit UHECRs injection _
TR ‘) propagation through %
| | N extragalactic space

extragalactic magnetic field

18.5 19.0 19.5 20.0 20.5 21.0
(Eij/eV

log, )
6.
10 s T S W T
B o775
compare to data 7 =750
. o - - T25 5 ) ¢ Auger —0.9 oy ]
energy SpeCtrum E ¢ Auger unfolded -~ e EOgw —
= — 4=1 = O - EPOSLHC oo
‘. 2 — A=24 - T fit result
* Mass Composmon S — =522 =
] — A=23-38
. . . \;1030 / j— A >38
e arrival directions =" — L.
/ /- -
T 160 T 500 185 19.0 195 20.0
“oOd logyo(Eaet / €V) ogio( Eier / eV)




Pierre Auger Collaboration JCAP05(2023)024

Combined fit of spectrum and composition

source distribution injection propagation through
\711)-' PeterS CyC|e \

20.0 20.5 21.0
logo(Eini/eV)

compare to data -

* energy spectrum

* mass composition

Radboud University % Teresa Bister | slide 8



E3[eVZkm™2sr~! yr~!]

.

J

Model predictions on Earth

mass composition

Pierre Auger Collaboration JCAP05(2023)024

18.0

energy spectrum
1038 L L
L] —_—
g
+ o
1
10%7 4 : - %
T | N
I"‘-.‘ 18.0 185
—— Total 5<A<22
1036 HE component 23<A<38 )
LE component A>39 "‘.‘ \
18.0 18.5 19.0 19.5 20. 18.0 18.5 19.0 9.5 20.0
log1o(E/eV) logio(EfeV)

ankle: transition between
two populations

conclusions stable
with regards to
systematic effects

transition between element groups

to describe composition getting heavier
+ small mixing + pronounced features in spectrum
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Pierre Auger Collaboration JCAP05(2023)024

Model predictions for the source evolution

test cosmological source evolution v)(z) oc (1 + 2)™

> 700
s W53 2 5.7 6110l (10125 | | [ g0
g 660
g3
E‘. 640
8
o o ffss21 Jils7s 1 o1 1 [ (10157) | i 620
F 600
S on 2 oo [l .

-3 0 3
m HE population

strong evolution of
high-energy population

disfavored . .
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Pierre Auger Collaboration JCAP05(2023)024

Model predictions for the source evolution

test cosmological source evolution v)(z) oc (1 + 2)™
lookback time (Gyr)

2 700 0246 8 10 12
5 680 I I I Madlau&Dickinslon,A&ARev2014-
8 660 =
g 3 :
g 640 5
e _
Q_' -
5 0 620 :
: 600 5
-3 584.9 575.1 601.0 1016.5 "
£D 60 O 50 :
-3 0 3. 3 2.4 C I | 1L | I e T |
m HE population " 0 1 o 39 4 5878
redshift

strong evolution of
high-energy population

disfavored . .
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Pierre Auger Collaboration JCAP05(2023)024

Model predictions for the source evolution

m LE population

3

0

-3

test cosmological source evolution ¢ (z) oc (1 + 2)™

> 700

680
660
640

620
600

575.1 601.0 1016.5

575.1 B 601.0 580

0 3
m HE population

strong evolution of

high-energy population

disfavored

lookback time (Gyr)
8 10 12

[
— ™
—
— N

I
Madau & DickinJon, A&A Rev 2014

‘,.,ﬂIIIIIIIIIIIIII

ion events

0 1 2 3 4 586°7
redshift

e.qg. tidal disrupt
| g. | - Ip

m LA
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- - - _ i} Pierre Auger Collaboration JCAP05(2023)024
Model predictions: source injection

spectral index rigidity cutoff

Peters cycle ~ (BN, E < ZaRen)
- Qal) = Qo g :
+ broken exponential cutoff clemant exp (1= 7). E>Za R

contributions

1 MpC_3 yI'_l]

E\high-energy component:

 _ intermediate mass composition
(not compatible with all-protons)

- low rigidity cutoff O(1 EeV)

18.0 18.5 19.0 19.5 20.0 - very hard spectrum y <0

low-energy component: tog1(EeY) _. shock acceleration: y ~ +21/
- H+He+N, very soft spectrum y~3.5

— rigidity cutoff unconstrained

Q(E) [erg™

—_—
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Pierre Auger Collaboration JCAP 05 024 (2023)

Why is the spectral index so unexpectedly hard?

possible explanations:

1) source evolution
e.g. Pierre Auger Collaboration JCAP 05 024 (2023)

2) systematic effects
e.g. Pierre Auger Collaboration JCAP 01 022 (2024)

3) interactions/magnetic confinement
In source environment
e.g. Unger, Farrar, Anchordoqui, PRD 92 123001 (2015)

4) cutoff shape
e.g. Pierre Auger Collaboration JCAP 07 094 (2024)

5) extragalactic magnetic field
e.g. Pierre Auger Collaboration JCAP 07 094 (2024)

y (HE)

_14
g ~1.6
e
<
2. ~1.8
o
o
-

—2.0
=

—2.2

m HE population

softer evolution:

- less distant sources

- less low-energy secondaries

- softer spectrum ok (=more low-energy primaries)
- but: effect not big
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T. Bister, PhD thesis

Why is the spectral index so unexpectedly hard?

10

possible explanations: v = —2-21ng33

1) source evolution
e.g. Pierre Auger Collaboration JCAP 05 024 (2023)

2) systematic effects
e.g. Pierre Auger Collaboration JCAP 01 022 (2024)

lOgm(EinJ/(‘v)

3) interactions/magnetic confinement »/ A A

In source environment
e.g. Unger, Farrar, Anchordoqui, PRD 92 123001 (2015)

4) cutoff shape
e.g. Pierre Auger Collaboration JCAP 07 094 (2024)

5) extragalactic magnetic field
e.g. Pierre Auger Collaboration JCAP 07 094 (2024)

including best-fit shift of
-0.90 in Xnax Scale:

7= —1.047035

true composition on Earth is heavier
- spectral index can become softer

21.0

10-¢ 4
185 19.0 195 20.0 20.5
logyo(Eiy/eV)
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Unger, Farrar, Anchordoqui, PRD 92 123001 (2015)

Why is the spectral index so unexpectedly hard?

possible explanations:

1) source evolution

e.g. Pierre Auger Collaboration JCAP 05 024 (2023)

2) systematic effects

e.g. Pierre Auger Collaboration JCAP 01 022 (2024)

3) interactions/magnetic confinement
In source environment
e.g. Unger, Farrar, Anchordoqui, PRD 92 123001 (2015)

4) cutoff shape

e.g. Pierre Auger Collaboration JCAP 07 094 (2024)

5) extragalactic magnetic field
e.g. Pierre Auger Collaboration JCAP 07 094 (2024)

source environment EBL/CMB detection

KW

high E: easier to escape
low E: more likely to interact

)< f 0 40< A <56

— - injected

n, dN/digE/dt [a.u.]

- *,
n. oo - hard at'escape
1 I T R R B T T N L LI
175 18 18.5 19 19.5 20 205 17.5 18 18.5 19 19.5 20 20.5

[ o IR A |g(E}‘6V)
Radboud University {§5: Teresa Bister | slide 16
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Pierre Auger Collaboration JCAP 07 094 (2024)

Why is the spectral index so unexpectedly hard?

possible explanations:

1) source evolution
e.g. Pierre Auger Collaboration JCAP 05 024 (2023)

2) systematic effects
e.g. Pierre Auger Collaboration JCAP 01 022 (2024)

3) interactions/magnetic confinement
In source environment
e.g. Unger, Farrar, Anchordoqui, PRD 92 123001 (2015)

4) cutoff shape
e.g. Pierre Auger Collaboration JCAP 07 094 (2024)

5) extragalactic magnetic field
e.g. Pierre Auger Collaboration JCAP 07 094 (2024)

3B =0 (£) A T TN PR
‘ B ) .
Ey exp (1 Zy Rcut) ) A Reu SeCh((ZA RCUJ& )
best-fit spectral index: SIS N
0.8 __
A ,YH 0.8 | A=3
— also predicted by "'
1 2.19 simulations of magnetic o N\ N\
0.16 acceleration, see |
Comisso, Farrar, Muzio 0.2}
3 0.56 arXiv:2410.05546
a 1.0 1.5
A=3 ZAERcut

—-

=)
To
73

—_
=)
=]
B
T
—
=]
T
E
™

3 [eVikm 2 srlyr ]
E® J [eV2km~2 srlyr!

10%E 1036k

w

9<Z<15

A NI
18.0 18.5 19.0 19.5 20.0 20.F
login(E/eV)

|og1.g(E/eV) .
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Pierre Auger Collaboration JCAP 07 094 (2024)

Why is the spectral index so unexpectedly hard?

OSSi ble ex IanationS: primaries (solid), sec H (dashed), sec nuclei (dotted)

L) soige Guellunt best-fit spectral index: o

e.g. Pierre Auger Collaboration JCAP 05 024 (2023) EGME  with EGMF 2

no &

2) systematic effects A o i

e.g. Pierre Auger Collaboration JCAP 01 022 (2023) 1 “ 919 —2.19 %
3) interactions/magnetic confinement 9 016 | 1.03

in source environment 3 0.56 1.43 ElEcn

e.g. Unger, Farrar, Anchordoqui, PRD 92 123001 (2015)
4) cutoff shape EGMF can have strong effect on injection,

e.g. Pierre Auger Collaboration JCAP 07 094 (2024) but only for:
5) extragalactic magnetic field  steep injection cutoff A>1

e.g. Pierre Auger Collaboration JCAP 07 094 (2024) e & source densities < 103 MpC-S

* & very strong field strengths B~10-200 nG
between nearest sources & Earth

> then: can reach y~2
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Adding arrival directions as an observable

source distribution injection propagation through
extragalactic space %
B ihi:';\m.,m C

extragalactic magnetic fields

9

compare to data

* energy spectrum

?

e Galactic magnetic fields

* mass composition

e arrival directions

N Radboud University % Teresa Bister | slide 19



The Pierre Auger Collaboration, ApJ 2022

What do the arrival directions look like at~40 Eev?

sky in cosmic rays
at E > 40 EeV:

latitude
o

longitude

-2 0
Li & Ma significance [o]

Radboud University %% Teresa Bister | slide 20



The Pierre Auger Collaboration, ApJ 2022

What do the arrival directions look like at~40 Eev?

jetted active starburst
galactic nuclei Bl oalaxies
(Y-AGNSs): - (SBGs):

Jetted AGN (y-rays) - W =25° Starburst galaxies (radio) - W = 25°
75¢ Galactic 75¢ Galactic
60°  MpcdoT— = " .

sky in cosmic rays
at E > 40 EeV:

15

[
(6]
°

latitude
o

-15¢

latitude
o

=
w
2

-60° B o NGC 253

-75° longitude -75° longitude

7I70ngitude ] 00 02 04 06 08 1.0 00 02 04 06 08 10
Model flux, ®(Eauger = 40 EeV) [arb. unit] Model flux, ®(Eayger = 40 EeV) [arb. unit]
-4 -2 0 2 4
Li & Ma significance [o] nearest AGN:
Centaurus A

Nearby starburst galaxies or active galactic nuclei could explain
the measured arrival directions based on their directions & fluxes
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TB for the Pierre Auger Collaboration, PoS ICRC 2023
Theiierre Auger Collaboration JCAP01(2024)022

Adding arrival directions to the mode

source distribution injection propagation through
N extragalactic space

extragalactic magnetic fields

5

compare to data -

* energy spectrum turbulent: biyrring 5

g prop. to 1/R: = z/E - R/10 EV
* mass composition ¥ s -
« arrival directions P vy Galactic magnetic fields ‘

ke b S Radboud University {§9: Teresa Bister | slide 22



TB for the Pierre Auger Collaboration, PoS ICRC 2023
The Pierre Auger Collaboration JCAP01(2024)022

Best-fit model: arrival directions

latitude

Iongﬂﬁde

-2 0
Li & Ma significance [o]

increasing ener
<« g ay

Radboud University :55: Teresa Bister | slide 23
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TB for the Pierre Auger Collaboration, PoS ICRC 2023
The Pierre Auger Collaboration JCAP01(2024)022

Best-fit model: arrival directions

latitude

-75° longitude ]

-4 -2 0 2
Li & Ma significance [o]
>
o
)
c
()
m -
< blazar Mkn 421 severely overweighted
©
[}
E > U H ECR ﬂux nOt Jetted AGN (y-rays) -Y=25°
proportional to y-ray flux B —
v,

> changes to simplified model:
propagation, energy-dependent catalog
contribution, rigidity-dependent blurring

0.95 1.00 1.05
pdt/B

00 02 04 06 08 10
Model flux, ®(Epuger = 40 EeV) [arb. unit]

> y-AGN model actually not in agreement

X
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TB for the Pierre Auger Collaboration, PoS ICRC 2023
The Pierre Auger Collaboration JCAP01(2024)022

Best-fit model: arrival directions

-75° longitude B

Centaurus A Starburst Galaxies

60 60°

-4 -2 0 2 4
Li & Ma significance [o]

» starburst galaxy
model favored

with 4.50 significance
over homogeneous
model!

increasing energy

mostly due to
Centaurus A/
2 NGC 4945 region

1
pdi/B

1
pdf/B
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What about lower energies?

0.46

Cosmic-ray sky

atE > 8 EeV:

180 [Fp i L =\ 180 042

AR s, Wy

0.38

90
The Pierre Auger Collaboration, Science 2017

* dipole with significance >5c

* no significant quadrupole or
higher moments

* not aligned with Galactic center
> sources extragalactic!
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What about lower energies?

Cosmic-ray sky at E > 8 EeV:

0.46

0.42

0.38

0
The Pierre Auger Collaboration, Science 2017

* dipole with significance >50

* no significant quadrupole or
higher moments

* not aligned with Galactic center
> sources extragalactic!

sources at lower energy:
> larger horizon

S

. ,
- = k ‘
Hercules

‘ _ >
- > more sources ; b %5 0
contribute, not / A
1 dominated b Ve S
nearb candi%lates e A & J
4 S\ 4 ok [
3’& LA ; 3

=) dipole can be explained by
extragalactic sources following the
large-scale structure of the universe

+ deflection by Galactic magnetic field

e.g. Ding, Globus, Farrar ApJL 913 L13 (2021)
Globus, Piran, Hoffman, Carlesi, Pomarede MNRAS 484 (2019)
Allard, Aublin, Baret, Parizot A&A 664 A120 (2022)

The Pierre Auger Collaboration arXiv:2408.05292
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Bister & Farrar, ApJ 966 71 2024

Include arrival directions: large-scale
source distribution injection propagation through
\ L T2 extragalactic space %

1wt

~_/ peters cycle \

extragala(f'tlg J)mgp?tlc fields
. ~
& //’\

— J

compare to data

turbulent

. energy spectrum
(or neglected)

* mass composition

« arrival directions Galactic magnetic fields
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Dipole predictions using JF12

=)

[UN]

o

[=]
\m
S
[=]

\I

alactic magnetic field deflectio’nD

flux at edge /
305 of Galaxy
/IIum/nat/on
-60°

£
=
< 0.15-
—
=)
=
< 0.1
o
o,
=
0.05 1
0.6 1.0 1.4 0.6 1.0 14
J, >8 EeV, TH=45° J, >32 EeV, TH=45°

 dipole amplitude + energy evolution v

 dipole direction not perfect at lower energy
- update of GMF model?

Bister & Farrar, ApJ 966 71 2024

N . 0.25 1

F o2

w  JF12 reg
% baseline (JF12 reg+rand)
¢ Auger

i

316 S8 16-32 >392
10 20 30 40
E | EeV
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Bister, Farrar, Unger, ApJL 975 L21

Using new magnetic field models

\ Unger & Farrar,
WO\, ApJ 2024 970 95
A\

* all predict the dipole direction close to measured one!
> but none fits perfectly at all energies

* models quite similar

JF12-full
> uncertainties on GMF (random & turbulent) JF12-reg
do not obstruct conclusions on sources : JF12-P1
) O  base-Pl
> cannot reject any model /B erloPl
0° | expX-Pl
- - l
* biggest uncertainty: \ ¢ nebCor-Pl
from cosmic variance N “CCL:‘
Ns = 103 3 spur-
% W % % %* Mpc ' synCG-Pl
{%;;,Oz}ﬁ 5 ;;f IWiStX.,;El -
F 253

) What value is realistic for the source density ns?
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Bister, Farrar, Unger, ApJL 975 L21

Dipole & quadrupole amplitudes with UF23

0.2- o [.=60pc o 1.=30pc

0.1-

}
On,- V- Eg

v

|

o]

1k

|noo

(8 16)EeV  >8EeV \16 32)EeV >32EeV

dipole amplitude around

half of JF12

- for UF23 models:

continuous model disfavored
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Bister, Farrar, Unger, ApJL 975 L21

Dipole & quadrupole amplitudes with UF23

0.21

0.11
3

o [L=60pc o 1.=30pc ]

{ 1k

Jh s

ny=00

0 |
(8—16)EeV  >8EeV \16— 32)EeV >32EeV

(&)

dipole amplitude around

half of JF12

- for UF23 models:

=

- [ fRe—

e il 111,”0 e 11 AL ——

(8 16)EeV  >8EeV (16—32)EeV >32EeV  (8—16)EeV >8EeV (16— 32)EeV > 32EeV

NEETER
;"%5 for densities 10 to 10-* Mpc x o
** %* _ good compatibility with dipole amplitude *."*

continuous model disfavored
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Dipole & quadrupole amplitudes with UF23

021 ° I.=60pc o 1.=30pc 03
on'c Q @‘ IIII iHII “I ny=10"3 Mpc_3-qI[I ‘H” =10~! Mpc™®

Bister, Farrar, Unger, ApJL 975 L21
3
gl
0.1
} &
g =00
(8 16)EeV >8EeV\16 32)EeV >32!EeV (8 16)EeV >8EeV (16— 32)EeV >32EeV (8- 16)EeV >8EeV (16— 32)EeV >32EeV

WEEECE -4

. dipole amplitude around f;%g for densities 10 to 10* Mpc™ * o*

half of JF12 ** %* _ good compatibility with dipole amplitude *."*

0.3
. = fordensities <10®° Mpc*:
+°, , — toolarge quadrupole Skt ‘ m
* - and dipole direction becomes more 0.1 “l l
random for smaller densities ns =10~ Mpc™

(8 16)EeV >8EeV (16 32)EeV >32EeV
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Bister, Farrar, Unger, ApJL 975 L21

Why is the dipole amplitude so small with UF23?

* highest flux illumination is demagnified by all UF23 models, different to JF12

~ R=E/Z=5EV
o

[].6_ 1.0 _1.4 -2 0 2
I, >8 EeV, TH=0° logg(magnification) logp(magnification)
illumination E>8 EeV UF23 base + Planck JF12 + Planck

* magnification has unexpectedly large influence on dipole amplitude

* caution: due to uncertainties on LSS model + random magnetic field model + EGMF:
- source density etc. with large uncertainties
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Bister, Farrar, Unger, ApJL 975 L21

Magnification rigidity dependency

g ET_H—_
consequence of demagnification in a9 '
UF23 models: 2

33

8%4945

'\‘

* many source candidates in .
central demagnification area

* might not see many CRs from
them, at least not with rigidity
R=E/Z<5EV

JornaxA

; . D
all0  all<01 all<05 all<l all>1 al>2

_ UF23 magnifications, R=5 EV

————
o s
‘ @ 4945

!'”

ﬂ; zh, |
GC1068 g Jornaxa
— - MIGC 253 —
[ B | C . I ]
all 0 all<0.1 all<03 all < 1 all > 1 all > 2 all 0 all <01 all<05 all<l all » 1 all > 2
UF23 magnifications, R=1 EV UF23 magnifications, R=10 EV
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Bister, Farrar, Unger, ApJL 975 L21

Dipolar illumination

v JFI2-full G0pe) ¢
0.2 JF12-reg

replace the illumination by dipole component: o base-Pl (60pc)

thick symbols: perfect dipole
thin symbols: LSS

FGOI
-1 o
¥ Lv 0

nebCor-PI (60 pc)
twistX-Pl (60 pc)

¢
% v
g: ! % %% B
0 I | | Inx =00
EEEETT 0 OOaaaaa— (8_ 16)EEV > 8 EeV (16—32)E6V >32EeV
0.6 1.0 1.4 EEENT [ _ T
I, >8 EeV, TH=0° 0.6 1.0 1.4

I, >8 EeV, TH=0°

> consequence of sensitive interplay between

illumination & magnification

90r

JF12-full (30pc)

> quite different predictions
of amplitude (factor 2) 0%

& direction (by 20°-60°) /(

JF12-reg

base-P1 (60 pc) _
nebCor-P1 (60 pc) \\
twistX-P1 (60 pc)

(a) energy > 8 EeV
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Outlook: composmon-dependent anisotropies

data uger icre 2021, * composition-dependent arrival direction analyses

10757V

60

1/ N possible with neural networks, AugerPrime etc.
e - = m > important to compare to model predictions
= * e.g. heavier composition from Galactic plane (~30)
6 S > LSS model does not reproduce this & very small

densities needed

3
O
Q.

—
©

!
]
o,

S
\\
/ » split between heavy & light dipole

-60° .
i larger amplitude 1
ST — for light dipole 3 2 ty
denS|ty ‘ expected =R, '
[ 0.1/ Mpe? o ‘
dependengy =3 vor et o z "
200 3 o1/ pe * directions also 5 y :
0.0003 / p("l R o)
| e e predictable £ 001 & oo
100+ : 1x 10’2? / Mpci llght model
h — 1:3:“3 j iiiz! heavy model
k] Auger 2023 0.001 I ] I |
0 SR— ; ME— 19.0 19.2 19.4 19.6

maximum AX (>8 EeV) (g/cm?) log 10(E/EeV)
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Conclusions

* UHECR picture becomes clearer and clearer
> models important to understand data

> > 8 EeV: sources most likely follow
large-scale structure
* Galactic magnetic field models lead to good
agreement with measured anisotropies

> > 40 EeV: individual source candidates
describe data
* like starburst galaxies, Centaurus A
~4.50 significance

e promising future: detector upgrades underway
(AugerPrime & TAx4), better composition
differentiation, machine learning data...
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