Astrophysical models to interpret the Pierre Auger
Observatory data

Juan Manuel Gonzalez for the Pierre Auger Collaboration
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Pierre Auger Observatory measurements of the spectrum and composition show several features
Which s their origin?

We want to infer the source properties for some simple astrophysical scenarios



COMBINED FIT OF SPECTRUM AND COMPOSITION
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DATASETS (E > 1078 eV,
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REFERENCE SCENARIOS

JCAP 05(2023)024

I Mpe? yr!]

Q(E) [erg

Scenario 1 (YG:2'7) . - Scenario 1 Scenario 2
- Galactic contribution (at Earth) pure N —
_ JE(eV T kmZsrtyr ) (1.06 £0.04)x10~ 13 —
N log,o(RS% /eV) 17.48 £ 0.02 —
T EG components (at the escape) LE HE LE HE
=i Lo/(10% erg Mpc 2 yr 1) 6.54+036 5.00+0.35 | 11.35+£0.15 5.07+0.06
% o] — Bencan o 3.3440.07 —147+0.13 | 3.52+0.03 —1.99+0.11
18.0 185 19.0 85 200 18.0 - 185 150 19.5 20.0 logm(Rcut/eV) >19.3 18.19 £0.02 >19.4 18.15 £ 0.01
peeen I (%) 100 (fixed)  0.04+0.0 | 48.7+0.3 0.0+0.0
S - T1e(%) — 24.5 + 3.0 73404 236416
% a In(%) — 68.1 +5.0 440+£04  7214£33
e Isi(%) — 49439 0.0 £0.0 1.3+1.3
B Ire(%) — 2.540.2 0.040.0 31+1.3
o, E Dy (Ny) 48.6 (24) 56.6 (24)
g Dxne (Nx,n) 537.4 (329) 516.5 (329)
Scenario 2 D (N) 586.0 (353) 573.1 (353)
10° — 10 e Hard HE spectra (y<-1.5)

—— He
— N
— Si
i i

e Instep due to He suppression

e N flux dominates the above the 1instep

J B eV km 2 sl yr!

e Si and Fe dominate at the highest energies

18.0 18.5 19.5 20.0

19.0
logio(E/eV)

e Pure proton LE composition with a N-dominated

2

2 5

Galactic component better describes spectrum data

8555

o(X ) lgem?]

o 85

e Mixed LE composition with no galactic component 5

L
195 200

L
180 185

190
log, (E/eV)

better describes all data



SOURCES’ COSMOLOGICAL EVOLUTION
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INCLUDING THE MAGNETIC HORIZON EFFECT
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e Very hard spectrum required for the high-energy component

e Can we explain this as a consequence of the magnetic horizon effect (MHE)?

e We know sources must have a finite density & that Extra-Galactic Magnetic Fields are present

e MHE: Low energy particles do not reach Earth if the diffusion time from the closest sources is

larger than the age of the sources



MAGNETIC HORIZON EFFECT

Extragalactic magnetic fields (EGMF) between Earth and closest sources modelled

as turbulent & isotropic with rms amplitude (B, ) & coherence length (L_,)
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e Critical energy E_. such that:rp(Eeit) = Leoh — Rerit = Eait/Z = nG Mpc

e Uniform source density, intersource distance d_

e MHE suppresses the flux at low energies
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COMBINED FIT OF SPEGTRUM AND COMPQSITION
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COMBINED FIT OF SPEGTRUM AND COMPQSITION
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FIT INCLUDING MHE AS A FUNCTION OF X,
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BEST FIT RESULTS

with EGMF, NE-NE
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EFFECT OF SYSTEMATIC UNCERTAINTIES
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EFFECT OF SYSTEMATIC UNCERTAINTIES

EPOS, A= 1, NE-NE EPOS, A= 3, NE-NE
14%- 605 567 673 750 +14% 599 783 850
A% (192) (215 [EEXD) 725 0 (1.28) b e When 1including EGMF the fit
800 )
700 generally 1improves for a
o 7500 ° ° ° °
W o ose3 579 6752 w | su 1d % pos1t'!ve sh'!ft in energy and a
g (-2.15)  (-2.19) g 4 (1.45) (1.43) 700 3 negative shift in X
6508 a max
650 . .
623 c61 o5 e The smallest deviance is
574 610 766 |
1% o (175 RS 600 4% (152)  (159) el reached for A=3 cutoff,
575 , 550 AE/E=+14% & AXmax=—0'
-0 0 +o -0 N
AXI‘)’JSX max
. e vVy.=2 for best fit scenario
Sibyll, A= 1, NE-NE Sibyll, A =3, NE-NE H
800 850
568 615 739 597
% 042 (159 EEGRE) - R (2.01) 800 e Positive shifts in X  are
max
- ™l disfavoured by about a 100
w0670 700 % w o 552 640 700 % :
o (-1.48) 3 Y (1.85) (2.0) > units
[0} 0]
650 650
644 569 696 600
-14% (1 .56) 600 -14% (1.89) (1.97)
‘ 550
-0 0 +0 -o 0

AXmax AXmax 14



SMALL SCALE ANISOTROPIES IN ARRIVAL DIRECTIONS (AD)
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INCLUDING THE ARRIVAL DIRECTIONS IN THE COMBINED FIT
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SIGNAL FRACTION & ARRIVAL DIRECTIONS

e Model parameters:

o signal fraction at 40 EeV f,
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RESULTS

Cen A, m = 0 (flat) Cen A, m = 3.4 (SFR) SBG, m = 3.4 (SFR)

posterior MLE posterior MLE posterior MLE
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D 147.2 159.1 159.5
log LaDs 10.5 10.4 13.3
log £ —239.1 —245.1 —242.4

e CenA with flat evolution offers the best description of the data

e Hard spectral 1index

e catalogue contribution at 40 EeV between ~3% and 20%

e 5.>10° magnetic blurring for all scenarios

e Composition dominated by mid-mass nuclei
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RESULTS
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e CenA with flat evolution offers the best description of the data

e Hard spectral index

e catalogue contribution at 40 EeV between ~3% and 20%

e 5.>10° magnetic blurring for all scenarios

e Composition dominated by mid-mass nuclei 19
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CONCLUSIONS

e The observed features of the spectrum and composition data can be described with two mixed
composition extragalactic components

e Hard HE spectrum & flat cosmological source evolutions are favoured if MHE is not included

e For A=2 & 3 and X_ ® 2 we found scenarios where the magnetic horizon plays an important role
with better deviance than for B=0, and with softer spectral +index for the HE component (y €

[1,2])
e Sibyl12.3d leads to spectral indices for the HE component close to 2 when MHE 1is -dincluded

e Requires large 1inter-source distances and strong magnetic fields between us and the closest
sources

ds Brms Lcoh
X.Rew ~ 5 EeV
‘ “Y 50 Mpe 500G \/ 100 kpe

e Catalogue sources contribute between ~3% to ~20% to the flux at 40 EeV Thank

e Magnetic blurring for protons at 10 EeV 60>1OO

you!
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NEUTRINOS' FLUX
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Effect of the cutoff shape on the injected spectra

EPOS-ILHC, No B, LE component
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24



EXTRAGALACTIC MAGNETIC FIELDS EXPECTATIONS

10% 1 galaxy
101 Median magnetic field strength
primordial |B| as function of over-density
Q 103 B, =103 p/<p> for a number of MHD
ey . models with identical dynamo
5 107° B, =107 physics, starting with
o . B, =107 different strengths of the
10 primordial magnetic field BO ,
> B, =107 indicated by the label 1in pG
Bg - 10-11
1011 B Hackstein, Briiggen, Vazza & Rodrigues, MNRAS (2020) 498 4811
0+ w 10° 10° 10¢ 10°
pl(p)

Required magnetic fields close to the maximum values
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vs. L
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Scenarios with magnetic horizon require strong magnetic fields within the Local
Supercluster and large inter-source separation (low source density)



QU)

m
ref

2(log £ — log £

v-AGN MODEL

501 E
- Xlll}L‘
B ADs
257 W syst.
[ total
T
—25
—501 =
S v S S w S S o D! S
=) & uy S oy vy (=) oy Wy )
/ I 1 I I Vi / I Vi I
& & & & & & & & & ¢
g P E OF OF OF T I I K B
fF &8 55
g & o
S &

S S ' S S
Ly iy iy Ly
I I " /"

§ & & 78
- & £ F
& 2 g

RaEENC
& v 89

=y

% o
&)
<

AGN model worsens the fit
(smaller 1likelihood)

y=-3.5 (very hard)
f,®15%, y-AGN catalogue
dominated by blazar
Markarian 421

Can’t explain arrival

directions better, even
including an EGMF

Astropart. Phys. 5 (1996) 279

27



