Global fit of UHECR spectrum,
composition & anisotropies

measured at the Pierre Auger Observatory
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Modeling UHECRSs from sources to detection

sources emit UHECRs

m
Parg
eter ;, for
PIERRE
AUGER &
compare to data -
* energy spectrum
o - see Vladimir Novotny’s - for general introduction to the Pierre Auger Observatory:
* mass composition N talk later today see Marcus Roth’s talk on Thursday morning
 arrival directions Ly
// £ ‘f‘»;\\ﬁ - see Federico Mariani’'s
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Modeling UHECRSs from sources to detection

source distribution injection propagation through
o ,, extragalactic space %

’770de /

extragalactic magnetic fields

compare to data -

* energy spectrum

* mass composition

e arrival directions

—_—
5 kpc
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Pierre Auger Collaboration JCAP05(2023)024

Combined fit of spectrum and composition

source distribution injection propagation through
extragalactic space %

e Rz
‘ 107 ! \

-/ peters cycle |

S J { rop.
homogence” s e

compare to data -

* energy spectrum

* mass composition
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Pierre Auger Collaboration JCAP05(2023)024

Combined fit of spectrum and composition

spectral index rigidity cutoff . . .
- ENE (L, B < Zufon) RE/Z * injection: Peters cycle + broken exp. cutoff
Qa(E) j‘@<_> { E - - ) .
clement 0/ e (1= 7)) B> Za R * two populations of extragalactic sources

contributions
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Pierre Auger Collaboration JCAP05(2023)024

Combined fit of spectrum and composition

S ectral index rigidity cutoff . . .
S B < ZaRos * injection: Peters cycle + broken exp. cutoff
:@0/<E> {ex (1- %) > Za R - -
clement PU T ZiRae ) A feut * two populations of extragalactic sources
contributions
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i logio0(E/eV) \
low-energy component: high-energy component:
— very soft spectrum — very hard spectrum y<O
- rigidity cutoff unconstrained - low rigidity cutoff ~1 EV
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Pierre Auger Collaboration JCAP05(2023)024

Combined fit of spectrum and composition

spectral index rigidity cutoff

Qal >{5\ AR {1, E < ZaRew) * injection: Peters cycle + broken exp. cutoff
A(E 04 <—> E - . .
clomerg )\ (1= 7). B> Za R * two populations of extragalactic sources
contributions
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1E'f'.0 18.5 19.0 19.5 20.0 18.0 18.5 19.0 19.5 20.0
i logio0(E/eV) logio(E/eV)
low-energy component: high-energy component: ankle: transition
_. very soft spectrum _. very hard spectrum y<0 between populations
- rigidity cutoff unconstrained - low rigidity cutoff ~1 EV
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Adding arrival directions as an observable

source distribution injection propagation through
extragalactic space %

extragalactic magnetic fields

comparetodata . -~ //

Galactic magnetic fields

* energy spectrum

* mass composition
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The Pierre Auger Collaboration, ApJ 2022

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

- see Federico Mariani’s talk later today

sky in cosmic rays
at E > 40 EeV:

latitude
o

longitude

-2 0
Li & Ma significance [o]
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The Pierre Auger Collaboration, ApJ 2022

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

- see Federico Mariani’s talk later today Jetted active starburst
sky in cosmic rays galactic nuclei Ry oalaxies
(Y-AGNs): ' (SBGs):

atE > 40 EeV:

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

15

[
(6]
°

latitude
o

-15¢

latitude
o

=
w
4

- -60° e —— —NGC 0%
-75° lengitude _75*

longitude

longitude 00 02 04 06 08 10 00 02 04 06 08 1.0
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 T turbulent: pluringy ;%
e g prop. to 1/R: = z/E  R/10 EV

* mass composition e —

- L T Galactic magnetic fields ‘

E>20 EeV g
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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

Iongﬂﬁde

-2 0
Li & Ma significance [o]

increasing ener
<« g ay
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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 4
Li & Ma significance [o]

> blazar Mkn 421 severely
overweighted

> UHECR flux not
proportional to y-ray flux

increasing energy

[ |
0.95 1.00 1.05
pdt/B
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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

increasing energy

4,

latitude
Q =
2

-
u
°

-75° longitude N

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

» starburst galaxy
model favored

with 4.50 significance
over homogeneous
model!

mostly due to
o SN e Centaurus A/
- - — — NGC 4945 region

1
1
pdf/B pdt/B
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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 >5¢0

* no significant quadrupole or
higher moments

* not aligned with Galactic center
> sources extragalactic!

sources at lower energy:

> larger horizon 2 oD %z

X /AL e

. 2> more sources | O BAE,
contribute, not / A
g dominated b £ - v) S8 g
b d'{j tes L NN ’f;"« k

nearby candidates SO =

3’& LA ; -

=) 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)

- see Marta Bianchiotti’s talk later today

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

Model for large-scale anisotropies >8 EeV
source distribution injection propagation through
-y ¥ LT extragalactic space %

extragalatf'tlg wagp?tlc fields
. ~
& //’\

— J

compare to data

* energy spectrum turbulent ,

* mass composition

« arrival directions Galactic magnetic field
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Bister & Farrar, ApJ 966 71 2024

Best-fit model: predictions

0.251 ¢ model, no Galactic turbulence
w model, max. Gal. turbulence
¢ data

60°
30°

<
b

E>8EeV o

-30°
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ot
=2

-60°

| _ T _ Thea—.
0.6 1.0 1.4 0.6 1.0 1.4

J, >8 EeV, TH=45° J, >32 EeV, TH=45°

<
—

dipole amplitude

ﬁf;

 dipole amplitude + energy evolution v/

* dipole direction not perfect at lower energy 01 316 >8 16.39 39
- updated GMF models? | . . .
10 20 30 40
E | EeV
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Bister, Farrar, Unger submitted to ApJL

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  Dbase-Pl
> cannot reject any model /B erloPl
0° | expX-Pl
- - |
* biggest uncertainty: \ ¢ nebCor-Pl
from cosmic variance N “CCL:‘
n=103 3 spur-
% W % % %* Mpc ' synCG-Pl
{%;;,Oz}ﬁ 5 ;;f IWiStX.,;El -
F 3

) What value is realistic for the source density n? - % . .
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Bister & Farrar, ApJ 966 71 2024

Source density and extragalactic magnetic field

0 1 10 20 50 100 250

[ | DN <« ,How many of 1000 random

simulations have a large enough
dipole and small enough higher
2 multipole moments?“
E 0
~ 1074
. N 61 e mean isotropy
extragalactic : e data- Ejlo. =§5E%ey
p\é:gnetlc £ —— 99% CL isotropy
e Sa) i
||| 10—1 4 data
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1072 | | | . i ‘...00001._.7..0..
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logl()(”/I\"‘I]-)CJ) 1 2 3 45 6 7 8 ;Olr(:']el:]tlf 13 14 15 16 17 18 19 20

source humber density

Radboud University %ﬁ Teresa Bister | 24.09.2024 | slide 19



Bister & Farrar, ApJ 966 71 2024

Source density and extragalactic magnetic field
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Bister & Farrar, ApJ 966 71 2024

Source density and extragalactic magnetic field

0 1 10 20 50 100 250
I <« ,How many of 1000 random

simulations have a large enough

dipole and small enough higher
multipole moments?*

extragalactic
magnetic
field
iy~
G
e logy(n/Mpc?) I ™
O S I ™
source number density ... .. ¥
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Bister & Farrar, ApJ 966 71 2024

Source density and extragalactic magnetic field

Ch

extragalactic
magnetic
field

0 10 20 50 100 250
EU 10[]-
&
©)
=
~
Qq
1o 1
63
=
O
€a]
Q
—10 —8 —6 —4 —2 -
™ logo(n/Mpc?) L™
o * LI ™
{} 4m> <ﬁ> O -
@ i -
source number density P

> rare sources
(e.g. starbursts) -
strong EGMF

> max. 3 nG Mpc'?

> negligible EGMF
~ sources must be
common, (e.g. Milky-
Way-like galaxies)

> or: frequent in case
of transients
like BH-NS mergers,
tidal disruption
events
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Conclusions

* Global fit of spectrum, composition & arrival directions
can constrain models for UHECR origin

> >8 EeV: sources most likely foIIow large-scale structure

o "“'""

> can infer information on
cosmic magnetic fields ved
& source number density % &

> >40 EeV: individual source candidates
describe data

> starburst galaxies, Centaurus A,
~4.50 significance




Backup
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The Pierre Auger Observatory

* largest observatory for UHECRSs in the world (3000 km?)
* located in Argentina, close to Malargue

Loma Amarilla

...........
cesensne
.................
.........

'_::,_,?]_ hybrid detection:

ST s T B T O e MU — 60
e, BT R L U 1660 water cherenkov
AT ey DN 50 detectors (SD)
ColhuecofgFra . e e T
e :::::::::::::::::::::::::..":::::::: :::::::" —lao
B LN G ""::::.':::::::. ...... —{30
e Los -
..... e Morados |,,
R B S R __ 27 fluorescence
MALA E‘t___; oesepb et telescopes (FD)
Lo# Leones > 3
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Pierre Auger Collaboration arXiv:2404.03533

Combined fit of spectrum and composition including EGMF

e extragalactic magnetic field can suppress

lower energy particles (diffusion)

* include suppression factor G

e +2 parameters (critical energy + norm. source density)

high-energy population

injected spectrum now soft!
A = 3, Sibyll2.3d, NE-NE

Feur(y) = 5‘3011(LUA)

|0g10 (E/ eV)

R0 185 190 195 200 205

primaries (solid), sec H (dashed), sec nuclei (dotted)

100 4

10-1 4

Suppression factor G

T T
1072 1071 100 10!
E/Ecrit

EGMF can have strong effect on
injection, but only for:

* steep injection cutoff
* & source densities < 10 Mpc

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

> then: can reach y=2
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Ejet,]d(,t(Edm) / (km=2 yr~1 syl eV?)

Modeling 3 observables

energy spectrum

107

lo:}?
4> I( RC 2019
A 2-4
—— A=522
—— A=2338

‘ A>38
- \

18.5 19.0 19.5 20.0
logyo(Faer / €V)

energy spectrum
= sum over detected particles

fold with detector resolution
Poissonian likelihood

shower depth distributions

1019.6 eV

1019.4 eV +

102 gV 4 Sty

45* e |

,¢1> dl 0800600
4 @..mmm 1

700 800 900

-2

Xmax / g cm

» parameterize with Gumbel
distributions (EPOS-LHC)

» fold with detector resolution
& acceptance

e Multinomial likelihood function

%H 700 800 900

TB for the Pierre Auger Collaboration, PoS ICRC 2023

The Pierre Auger Collaboration JCAP01(2024)022

arrival directions

60° R IS *jj——r:,\\ - 19 . 2
Yy .\10 eV

* likelihood function similar to
previous analyses

* but: pdf energy dependent

* in healpy pixels p & energy
bins e:

Lap = HdefE”p (vP)
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Best-fit model: spectrum

* best-fit: hard injection spectrum dN/dE ~ E*, N-dominated,

20° magnetic field blurring for proton with 10 EeV

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

* signal fraction ~20% from SBGs, 3% from Centaurus region (at 40 EeV, increases with E)

* independent of evolution & systematic effects

- catalog

Auger
A=l
A=2-4
A=5-22
A=23-38
A=38

MLE

!

195 190 195 200
]'Ogl[l(E[k‘T / (_‘\')

dashed line =
catalog contribution

Starburst Galaxies /

¢ Auger
— A=1
A=24
— A=5-22
— A=23-38
— A>38
----= catalog

—— MLE

18.5

190

195 200

logg(Eaet / €V)
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TB for the Pierre Auger Collaboration, PoS ICRC 2023
The Pierre Auger Collaboration JCAP01(2024)022

Test statistic

arrival directions test statistic

compare likelihood to ref. model (just background sources): S —
SBG Cen A (flat) | Cen A (SFR) § i . :BC?
TStot 25.6 17.3 19.1 5 N
TSk —4.5 —14 ~1.1 if |
TSx, .. 2.0 0.2 1.0 b i A
TSADs 27.1 18.7 19.0 = U g \ﬁ“
9]

SBG model has highest TS = 25.6 < 4.50 2T e ey o
> including experimental systematic effects e sum over E bins gives total TS
> increase compared to AD-only correlation * peaks could be from He, N, Si
> Centaurus region contributes dominant part: TS~20 > put: large uncertainties

> (E-dependent) arrival directions most important
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Bister & Farrar, ApJ 966 71 2024

Best-fit model: predictions

energy spectrum v mass composmon v
o 103 ~ 8001 H L He - _\_ -Si F{_
s
)
7
[
725 {8
CTL 1057 OF ¢ Auger —0.9 oy
k> Auger unfolded . 0 —
— — A=l ': 60"“51?_’315:4: e e BPOS-LHC o
= — A=24 S Tty i
5 T s ~~<d fit result
& —— A=522
= — A=23-38
h\;;l(}?-{} /_ A =38
IS —— model
/] [\ , , | . . .
18.5 19.0 19.5 20.0 18.5 19.0 19.5 20.0

LSS model can describe spectrum,
composition and arrival directions >8 EeV.
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Bister & Farrar, ApJ 966 71 2024

Extragalactic magnetic field effect

» extragalactic magnetic field ,smears out* arrival directions

« cannot be too strong to not
decrease dipole amplitude 5y — 9.go B 10EV VD Le

" nG E/Z Mpc
'/ Ip

[ A=1 ]
004 3 =24 0.003
[ A=522
1 A=2338
0.03
I A=38
0.002
0.02
|
167.0 210.5 254.0
001 0.001 mean distance D / Mpc E>8 EeV
' 60°_ e 7R
] = =]
0.00 3 0 0.000 R o

logio(R / V) (E >8EeV)  logi(R / V) (E>32EeV)

but - opposing effect: W W
. mean distance D / Mpe, £>32 EeV
sparser source number density!

dipole amplitude

Y¢  JF12 reg

0.95] B/nG v/Lc/Mpc = 0.03
o B/nG +/L,/Mpc = 0.1
B/nG \/L./Mpc = 0.2
B/nG +/L./Mpc = 0.3
B/nG \/L./Mpc = 1.0
B/nG +/L./Mpc = 10.0

Anger

0.17 v}
>
<

HH P> V A <

0.05-
| > l A
01 o FA g 1830 2
10 20 30 40
E eV
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Bister, Farrar, Unger, submitted to ApJL

Further results for UF23 GMF models

v JF12-full 7\ - E E
Fiog | N\ : N == 0 1 10 20 o0 100 250
; JF12-P1 7 avi A RN ‘ N ‘ = N N 1 1 1 1
O base-Pl 4 / B 8 ) |
O  crel0-P1
0 expX-Pl | | Z ] ; \gD‘Z %
< ¢ nebCor-Pl \ | =) E ‘5 =0 o
3 <4z =P z
neCL-Pl = oy = g =
Lo® spurPl NN\ | ) S AEEYE | ) S (g S s - =3 = EE g &
. # synCG-Pl =] ‘-gm | = .gﬂ)
o wisxpl o B EERE- ) -
~ & <
(a) energy > 8 EeV (b) (8 — 16) EeV (c) (16 — 32) EeV (d) > 32EeV AN N =
b N
;=102 Mpc~ = ! Vo JF12-full
== n,=10" Mpc™> 5 ( JF12-reg
-+ n=10~ Mpc? 2! JFI2-PI
— e =10 Mpe < O base-Pl
106 Moe? o - O crel0-Pl [
0.101 ‘ P -0 7 N0 epxh = ] Re N 7
, - S o nebCor-Pl | S g
’ Tk neCL-PI s [
- T~ /& spur-Pl Q} =
< ’ 7 N N + € synCG-PI - :
, : y - < twistX-Pl -
005{ # 3 4 10714 :
’ O ] /
. \ :
‘\ e, /- Auger+TA Q .
N -
AN :J—\/v ]
0.0 >8EeV | = base-PI
%00 0.05 0.10 | neCL-Pl
d —— nebCor-PI
— twistX-Pl

~10 -8
logo(ns/Mpc?)

-2 0 2 -2 0 2 0.6 1.0
log;o(magnification) logo(magnification) 1, >8 EeV, TH=0°
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(a) JF12 4 Planck I, = 60 pc (b) UF23 base + Planck l. = 60 pc (c¢) “Illumination” map I ke
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