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From Hillas... (pre Pierre Auger observatory era)

Component A

fully ionized H. He. ... . Fe
with a slope y ~ 2.7
uptoR,~3 PV

(] ZHfHeeRA =3 —-6PeV = Elst knee ©» 4.75

° ZFeeRA ~ 100 PeV = E2nd knee

Component B

Something still has to be added to
the 'KASCADE’ component ‘A’

= 4
M. Hillas (2005) ! F

Component C EGT = EGp + EGHe

fully ionized H and He (keavier)
with absorption features due to
extragalactic propagation
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From Hillas... (pre Pierre Auger observatory era)

Component A

) ® J[ibet ® HoverahPk
b * Akeno/AGASA < KASCADE

fully ionized H. He. ... . Fe
with a slope y ~ 2.7 £
uptoR,~3 PV

¢ ZH*HeeRA =3—-6PeV = Elst knee %
b ZFeeRA ~ 100 PeV = E2nd knee

Component B

Something still has to be added to
the 'KASCADE’ component ‘A’

M. Hillas (2005) |-
Component C EGT = EGp + EGHe

fully ionized H and He (keavier)
with absorption features due to F

extragalactic propagation V! 15 16

Credit: Hillas, Topical Review in J. Phys. G: Nucl. Part. Phys. 31 (2005)
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From Hillas... (dawn of Pierre Auger observatory era)

Component A a5 B
2 B Observed TOTAL flux \ D
. i I ~ A HiRes1
fully ionized H. He. ... . Fe > o r -
th gl g © 4.8 — A HiRes?
with a slope y . 5 B X Yakutsk Ex0.61
up to RA ~3PV I: 4.6 ® Auger Ex1.11
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o Zy ueeRy =3 —6PeV = Ei rnee T'f; 4 4 %
® Jr.eR4 ~ 100PeV = Esnd knee ('V:c -
~ 49 B
Component B = s B
= I

Something still has to be added to ~ 4
the ‘'KASCADE’ component ‘A’ i
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M. Hillas (2005) ¢ | 3.8
Component C o 5
O : -
e H only ~ dip of Berezinsky+ ‘04 C -
3.4 — . \ Total — egalHHe ‘
e H and He (keavier) C ; Total = E=egalP
- IIlllllII|l-'ill||III|[l|||||ll||1||||||ll[ ""l‘|ll
e H.He. .... Fe ~ mix of Allard+ ‘06 19,8 16 16.5 17 1459 18 18.5 19 19:5 20
Credit: Hillas, Proceedings of conference in prep. for SKA (2006) | g 10'( E/ e‘v’)
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... to Aloisio, Berezinsky, Blasi (Pierre Auger obs. - phase |)

Component B

Something still has to be added to
the ‘'KASCADE’ component ‘A’

M. Hillas (2005)

Component C
e H only ~ dip of Berezinsky+ ‘04
e H and He (heavier)
e H. He, .... Fe ~ mix of Allard+ ‘06

with a slope y ~ 1.0 (hard injection!)
upto R, ~SEV

o ZyeRc = 5EeV = Fae
o Z/reRo = 130 EeV
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... to Aloisio, Berezinsky, Blasi (Pierre Auger obs. - phase |)

Hypothesis #1: Galactic
reasoning of Aloisio+ ‘14

first two moments of slant depth,
Xmax,oc In E/A, from P. Auger obs.

-> H-He needed
- strong EeV anisotropy X
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... to Aloisio, Berezinsky, Blasi (Pierre Auger obs. - phase |)

Hypothesis #2: Extragalactic
reasoning of Aloisio+ ‘14

- Two EGAL-population model

H, He, ..., Fe with a slope y~1.0
(hard injection!) up to R, ~ 5 EV

4

H, He (heavier) with a slope y ~ 2.7
(soft injection) up to R, ~ 3 EV

20 years after Hillas,
10 years after Aloisio+ ‘14

Where do we stand?
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Today’s picture with the Pierre Auger Observatory

H He

Hypothesis: two extragalactic populations 800
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with a slope y < 1.0 (very hard!) = ;705'
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Today’s picture with the Pierre Auger Observatory

Hypothesis: two extragalactic populations ¥

H, He, CNO (heavier) with a slope y > 3,
underconstrained maximum rigidity

o

H, He, ..., Fe

with a slope y < 1.0 (very hard!)

upto R, ~1-2 EV

- Hard component
consistent with
P. Auger obs. ‘17

- few cosmogenic
neutrinos and y-rays
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Today’s picture with the Pierre Auger Observatory

Two extragalactic pop. Vs Galactic pop. and extragalactic pop.
The Pierre Auger Collaboration, ‘23
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Little difference on fit quality
as long as Galactic contribution made of CNO
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Conclusion: H + He hypothesis is natural but... wrong!

Joint fit of multi-population model to composition and spectral data > 10" eV

e Soft CNO component (disputed origin) == soft-proton and hard-nuclear components (extragalactic origin)
e Hard nuclear component above the ankle (>5 EeV) little affected by hypotheses tested for soft component
e Cannot discard a Galactic origin of soft CNO component — key: constraints on anisotropies!
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Backup
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energy loss lengths [Mpc]

Energy losses
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Cosmogenic neutrinos and gamma-rays
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Instrumental vs modeling uncertainties
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Today’s picture with the Pierre Auger Observatory

Two extragalactic pop. Vs Galactic pop. and extragalactic pop.
Galactic contribution (at Earth) [ pure N ) Message from spectrum
JEL a2 arLyr—1) (1.06 +0.04)x 10~ 13 and composition data
log,o (RS /V) 17.48 4 0.02 _
EG components (at the escape) LE HE LE HE No strong evidence for
/ n . : - - preference for EGAL+EGAL
Lo/(10* erg Mpc ™3 yr—1) 11.354+0.15 BO7+006 | 65414036 5004035
~ 3.52+£003 —-1994+0.111| 3.34£0.07 —-1.47+£0.13 vs Gal +EGAL
10g10(Reut/V) >10.4 18.15+0.01 | >193  18.1940.02 Note:
In (%) 48.7+0.3 0.04+0.0 | 100 (fixed) 0.0 £0.0 Reduced x? ~ D/(N'”pa,) ~17
Ine (%) 73+04  236+1.6 — 24.5 4 3.0
In (%) 44.0+0.4 721+33 — 68.1 +£5.0 Almost half of soft component
Isi (%) 0.0+0.0 1.3+1.3 — 49439 made of CNO w/ little He!
Ire (%) 0.0 +0.0 31+1.3 — 2.5+0.2
Dj (Ny) 56.6 (24) 48.6 (24) Note: hard component w/o H
Diisne (Vikuee] 516.5 (329) 537.4 (329) -> soft H goes w/ hard nuclei?
D (N) [ 573.1 (353) 586.0 (353) | see Luce+ ApJ 936, 62 (2022)

* from E, = 10178 6V,

The Pierre Auger Collaboration, ‘23
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Modeling uncertainties

Gilmore EBL LE HE
Lo/(10* ergMpc3yr~1) * 11.35+0.15 5.07+0.06
~ 3.52+0.03 —1.994+0.11
10g10(Reut/V) 18.15+0.01
Iy (%) 48.7+0.3 0.0+ 0.0
Tae (%) 73+04 23.6 + 1.6
N (%) 44.04+0.4 72.1+3.3
Isi (%) 0.0+0.0 1.3+1.3
Ire (%) 0.0+ 0.0 31+1.3
Dy (Ny) 56.6 (24)
Dx... (Nx..) 516.5 (329)
D (N) 573.1 (353)

Dominguez EBL LE HE
Lo/(10% erg Mpc ™3 yr—1) * 9.2 7.3
v | 3.67+£0.06 —0.87+0.08
log;of( Cut/V) 18.01 4+ 0.06 I 18.23 +0.01
u (%) 41.4 0.0
IHe (%) 74 17.2
N (%) 51.6 78.0
Isi (%) 0.0 2.1
Ire (%) 0.0 o7
S 0.88 4 0.11
Dy (Ny) 42.5 (24)
B e 561.6 (329)
D (N) 604.2 (353)

*from Ep, = 10178 6V.

* from Epp = 101786V,

The Pierre Auger Collaboration, ‘23
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Soft proton component
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Ejected cosmic rays
L, =10" erg/s

total

Injection o< E2
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Credit: Biehl+ ‘18
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