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UHE Exposure

Auger Anisotropy ICRC17: 9.0×104 km2 sr yr

Auger Spectrum ICRC17: 6.7×104 km2 sr yr

TA Spectrum ICRC17:

0.8×104 km2 sr yr

AGASA
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S1000 Esurface = f (S1000, θ)

Hybrid Detection of Air Showers
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Energy Spectrum
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Combined Energy Spectrum
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Mass Composition
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S1000 Esurface = f (S1000, θ)

Xmax

time [25 ns]
0 10 20 30 40 50 60 70 80 90 100

si
g

n
al

 [
V

E
M

]

0

2

4

6

8

10

12

14

16

18 total signal
muons

γ, ±e

s∆
-4 -3 -2 -1 0 1 2 3 4

 ]
-2

 [
g 

cm
m

ax
 X

500

600

700

800

900

1000

1100

Correlation = 0.39

750 m array

s∆
-4 -3 -2 -1 0 1 2 3 4

 ]
-2

 [
g 

cm
m

ax
 X

500

600

700

800

900

1000

1100

Correlation = 0.46

1500 m array

[10 of 36]



)]−2dE/dX [PeV/(gcm

0 10 20 30 40 50 60

]
−2

A
tm

os
ph

er
ic

 d
ep

th
   

[g
cm

0

500

1000

1500

H
ei

gh
t  

 [k
m

]100

20

14

16

12

10

8

6

4

2

Los Leones

Los Morados

Xmax

σXmax ≤ 20 g/cm2

∆sys ≤ 10 g/cm2

Ecal =
∫

dE

dX
dX

σE/E ∼ 8%
∆sys ≈ 15%

r [m]
500 1000 1500 2000 2500

S
ig

na
l [

V
E

M
]

1

10

210

310

410
/ NDoF: 16.769/ 162χ

r [m]
500 1000 1500 2000 2500

S
ig

na
l [

V
E

M
]

1

10

210

310

410

 

S1000 Esurface = f (S1000, θ)

Xmax

time [25 ns]
0 10 20 30 40 50 60 70 80 90 100

si
g

n
al

 [
V

E
M

]

0

2

4

6

8

10

12

14

16

18 total signal
muons

γ, ±e

s∆
-4 -3 -2 -1 0 1 2 3 4

 ]
-2

 [
g 

cm
m

ax
 X

500

600

700

800

900

1000

1100

Correlation = 0.39

750 m array

s∆
-4 -3 -2 -1 0 1 2 3 4

 ]
-2

 [
g 

cm
m

ax
 X

500

600

700

800

900

1000

1100

Correlation = 0.46

1500 m array

[10 of 36]



Average Xmax Fluorescence Detector
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Average Xmax Fluorescence and Surface Detector
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Standard Deviation of Xmax Distribution
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Standard Deviation of Xmax Distribution (FD)
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Xmax Moments vs. Air Shower Simulations
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(p-He-N-Fe)-fit of Xmax Distributions
FD data:
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FIG. 5: X
max

distribution of the fits for energy bin E = 1017.8�17.9 eV. Results using Sibyll 2.1

are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-
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FIG. 6: X
max

distribution of the fits for energy bin E = 1019.0�19.1 eV. See caption to Fig. 5.

markable agreement in their predictions of the protons and iron nuclei contributions despite

large di↵erences in the remaining composition. This can be seen in the right column of

Fig. 5. All three models give acceptable fit qualities with consistent fractions of protons,

but with distinctly di↵erent predictions for the remaining composition; results of EPOS-LHC

simulations favor a mixture dominated by nitrogen nuclei, while QGSJET II-4 simulation

favor helium nuclei, whereas Sibyll 2.1 modeling leads to a mixture of the two.

A substantial change in the proton fractions is observed across the entire energy range,

which rises to over 60% around the ankle region (⇠ 1018.2 eV) and subsequently dropping

to near-zero just above 1019 eV with a possible resurgence at higher energies. If the ankle

feature is interpreted as a transition from Galactic to extragalactic cosmic rays [14], the

18
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FIG. 7: X
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distribution of the fits for energy bin E > 1019.5 eV. See caption to Fig. 5.

proton fraction in this energy range is surprisingly large as the upper limits on the large-scale

anisotropy [15] suggests that protons with energies below 1018.5 eV are most likely produced

by extragalactic sources. In order to accommodate a proton-dominated scenario for energies

above 1018 eV [16], the hadronic interaction models would need to be modified considerably.

The transition to heavier cosmic rays with increasing energy is reminiscent of a Peters

cycle [17], where the maximum acceleration energy of a species is proportional to its charge

Z. However further analysis that takes into account the energy spectrum and propagation

of UHECRs through the universe would be required to confirm this. Composition-sensitive

data above 1019.5 eV will be needed to allow a reliable interpretation of the observed changes

of composition in terms of astrophysical models (see e.g. Refs. [18, 19]).
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Composition Fractions

0.0

0.5

1.0
Fe QGSJETII 04 EPOS-LHC SIBYLL 2.3

0.0

0.5

1.0
N

0.0

0.5

1.0
He

re
la

tiv
e

ab
un

da
nc

e

0.0

0.5

1.0
p

17.5 18.0 18.5 19.0 19.5
lg(E/eV)

1

10−1

10−2

10−3

p-
va

lu
e

Preliminary

[17 of 36]



Combined Fit of Spectrum and Xmax Distributions

rigidity-dependent cutoff at source: Emax = Rcut Z, power law injection E−γ ,

propagation with CRPropa3, Gilmore12 EBL, Dolag12 LSS

no EGMF

Introduction Dependence on EGMF Dependence on source evolution Summary and conclusions Backup

With EGMF

1036

1037

1038

1039

E
3
J
/[

km
−

2
yr
−

1
sr
−

1
eV

2
]

(a) AllA

A = 1

2 ≤ A ≤ 4

5 ≤ A ≤ 22

23 ≤ A ≤ 38

Pierre Auger
Observatory data

700

750

800

850

900

〈X
m

ax
〉/

[g
cm
−

2
] Proton

Iron

(b)

1018 1019 1020

E/eV

10

20

30

40

50

60

70

σ
(X

m
ax

)/
[g

cm
−

2
]

Iron

Proton

(c)

David Wittkowski for the Pierre Auger Collaboration Reconstruction of the properties of the UHECR sources 8 / 17

with EGMF

Introduction Dependence on EGMF Dependence on source evolution Summary and conclusions Backup

No EGMF

1036

1037

1038

1039

E
3
J
/[

km
−

2
yr
−

1
sr
−

1
eV

2
]

(a) AllA

A = 1

2 ≤ A ≤ 4

5 ≤ A ≤ 22

23 ≤ A ≤ 38

Pierre Auger
Observatory data

700

750

800

850

900

〈X
m

ax
〉/

[g
cm
−

2
] Proton

Iron

(b)

1018 1019 1020

E/eV

10

20

30

40

50

60

70

σ
(X

m
ax

)/
[g

cm
−

2
]

Iron

Proton

(c)

David Wittkowski for the Pierre Auger Collaboration Reconstruction of the properties of the UHECR sources 9 / 17

Introduction Dependence on EGMF Dependence on source evolution Summary and conclusions Backup

Best-fit parameters

Source properties 4D with EGMF 4D no EGMF 1D no EGMF1

γ 1.61 0.61 0.87

log10(Rcut/eV) 18.88 18.48 18.62

fH 3 % 11 % 0 %

fHe 2 % 14 % 0 %

fN 74 % 68 % 88 %

fSi 21 % 7 % 12 %

fFe 0 % 0 % 0 %

Strong influence of the EGMF on reconstructed source properties
Assuming an EGMF leads to softer γ

Dominated by intermediate-mass nuclei
1Homogeneous source distribution, see [A. Aab et al., JCAP 2017, 038 (2017)]
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Arrival Directions

I Indication for Intermediate-scale Anisotropy

accepted by ApJ. Lett., arXiv:1801.06160

I Observation of Large-scale Anisotropy

Science 357 (2017) 1266
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Search for Intermediate-scale Anisotropies

Analysis Strategy:

I arrival directions of data,D

I sky model from source candidates,Mi

Mi = (flux model)× (attenuation model)× (angular smearing)× (exposure)

I null hypothesis: isotropyM0

I single population signal model:

M = (1− α)M0 + αMi

I test statistics:

I ratio of likelihoods of model-data comparison
TS = 2 log(P (D|M)/P (D|M0))

think∆χ2 of (isotropy + signal) vs. isotropy

I p-value fromWilk’s theorem: p(TS) = pχ2(TS,∆ndf)
I of large TS

I M describesD much better thanM0

I M0 excluded at p (not: M “proven” at p)
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UHECR Source Suspects

Swift-BAT 2MRS SBG γAGN ���VCV

I Swift-BAT X-ray-selected galaxies,D < 250 Mpc, Φ > 1.3 · 10−11 erg

cm2 s
, w : 14-195 keV

I 2MRS IR-selected galaxies,D > 1 Mpc, w : K-band

I SBG: 23 nearby starburst galaxies, Φ > 0.3 Jy, w : radio at 1.4 GHz

I γAGN: 17 2FHL blazars and radio galaxies,D < 250 Mpc, w : γ-ray 50 GeV-2 TeV.

w : UHECR flux proxy, Swift-BAT and 2MRS previously tested (ApJ 804 (2015) 172), extragal. γ-ray sources γAGN and SBG.
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Flux Attenuation (top: SBG, bottom: γAGN)
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composition scenarios from Pierre Auger Coll., JCAP 1704 (2017) 038+ CRPropa3

name lg(Rmax/V) fp fHe fN fSi γ
EPO1st 18.68 0.000 0.673 0.281 0.046 0.96
EPO2nd 19.88 0.000 0.000 0.798 0.202 2.04
Sib1st 18.28 0.702 0.295 0.003 0.000 -1.50
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Optimization: Signal Fraction and Angular Smearing
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Sky Model (flux)× (attenuation model)A × (angular smearing), gal. coord.
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Sky Model (flux)× (attenuation model)A × (angular smearing), super-gal. coord.
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Sky Model (flux)× (attenuation model)B × (angular smearing), super-gal. coord.
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Test Statistics vs. Energy

Threshold energy  [EeV]
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Detailed View of Sky Models

UHECRS AND EXTRAGALACTIC GAMMA-RAY SOURCES 5

Table 1. Results - Scenario A

Test Null Threshold TS Local p-value Post-trial 1-sided AGN/other SBG Search
hypothesis hypothesis energya Pχ2 (TS,2) p-value significance fraction fraction radius

SBG + ISO ISO 39EeV 24.9 3.8×10−6 3.6×10−5 4.0σ N/A 9.7% 12.9◦

γAGN + SBG + ISO γAGN + ISO 39EeV 14.7 N/A 1.3×10−4 3.7σ 0.7% 8.7% 12.5◦

γAGN + ISO ISO 60EeV 15.2 5.1×10−4 3.1×10−3 2.7σ 6.7% N/A 6.9◦

γAGN + SBG + ISO SBG + ISO 60EeV 3.0 N/A 0.08 1.4σ 6.8% 0.0%b 7.0◦

Swift-BAT + ISO ISO 39EeV 18.2 1.1×10−4 8.0×10−4 3.2σ 6.9% N/A 12.3◦

Swift-BAT + SBG + ISO Swift-BAT + ISO 39EeV 7.8 N/A 5.1×10−3 2.6σ 2.8% 7.1% 12.6◦

2MRS + ISO ISO 38EeV 15.1 5.2×10−4 3.3×10−3 2.7σ 15.8% N/A 13.2◦

2MRS + SBG + ISO 2MRS + ISO 39EeV 10.4 N/A 1.3×10−3 3.0σ 1.1% 8.9% 12.6◦

aFor composite model studies, no scan over the threshold energy is performed.
bMaximum TS reached at the boundary of the parameter space.

ISO: isotropic model.

The best-fit anisotropic fractions obtained for the composite
model (free search radius) are shown in Fig. 2, right. Above
39EeV, the γAGN-only model is disfavored by 3.7σ relative
to a combined model with a 9% contribution from SBGs and
1% contribution from γAGN. Above 60EeV, the TS obtained
with the composite model is not significantly higher than what
is obtained by either model. This is illustrated in Fig. 2, right,
by the agreement at the 1σ level of a model including 0%
SBGs / 7% γAGNs with a model including 13% SBGs / 0%
γAGNs above 60EeV.

As summarized in Table 1, composite models including
SBGs and either 2MRS or Swift-BAT sources best match the
data above 39EeV for 9 − 7% fractions of events associated
to SBGs and 1 − 3% to the flux-limited samples. A 3.0 − 2.6σ
advantage is found for the composite models including SBGs
with respect to the 2MRS-only and Swift-BAT-only models.

5. DISCUSSION

We have compared the arrival directions of UHECRs de-
tected at the Pierre Auger Observatory with two distinct
gamma-ray samples and two flux-limited samples of extra-
galactic sources. Our comparison with SBGs shows that
isotropy of UHECRs is disfavored with 4.0σ confidence, ac-
counting for the two free parameters and including the penalty
for scanning over energy thresholds. This is the most signifi-
cant evidence found in this study for anisotropy of UHECRs
on an intermediate angular scale. It should be noted, how-
ever, that numerous anisotropy studies have been conducted
with data from the Observatory, not only those that have been
published by the Collaboration. There is no rigorous way to
evaluate a statistical penalty for other searches.

The pattern of UHECR arrival directions is best matched
by a model in which about 10% of those cosmic rays ar-
rive from directions that are clustered around the directions
of bright, nearby SBGs.We evaluated the possibility of ad-
ditional contributions from nearby γAGNs, such as Centau-

rus A, and from more distant sources through a comparison
with samples tracing the distribution of extragalactic matter.
We find that the contribution from SBGs to the indication of
anisotropy is larger than that of the alternative catalogs tested.
Nonetheless, caution is required in identifying SBGs as the
preferred sources prior to understanding the impact of bulk
magnetic deflections.

The sky maps used in this analysis are derived without in-
corporating any effects of the extragalactic or Galactic mag-
netic fields and winds (e.g. Pshirkov et al. 2011; Jansson &
Farrar 2012; Biermann et al. 2015). In particular, the arrival
directions of UHECRs from a given source are modeled by a
symmetric Fisher distribution centered on the source position.
We checked the plausibility of the best-fit search radius ob-
tained above 39EeV by simulating sky maps passed through
the Galactic magnetic field from Jansson & Farrar (2012), in-
cluding a random component with a coherence length of 60pc
as in Erdmann et al. (2016). For large deflections, UHECRs
from a given SBG can leak in the direction of a neighboring
source. The three composition scenarios discussed in Sec. 3.3
yield reconstructed search radii of 5 − 25◦, bracketing the ob-
served radius of 13◦. The agreement is considered satisfactory
given the uncertainties in our knowledge of the composition
above 39EeV and of the deflections by the Galactic magnetic
field (Unger & Farrar 2017). Further studies aiming at possi-
bly improving the model maps including deflections are un-
derway.

It can be seen in Fig. 3, bottom, that M 82 is expected to
be one of the dominant sources in the full-sky starburst model
presented here. Its declination of∼70◦ N is outside the expo-
sure of the Observatory but is covered in the Northern Hemi-
sphere by the Telescope Array (Abu-Zayyad et al. 2012). As
noted e.g. by Fang et al. (2014) and He et al. (2016), the ex-
cess of events observed at the Telescope Array (Abbasi et al.
2014) has some overlap with the position of M 82, as well as
with the position of the blazar Mkn 421 that would be a bright
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Table 1. Results - Scenario A

Test Null Threshold TS Local p-value Post-trial 1-sided AGN/other SBG Search
hypothesis hypothesis energya Pχ2 (TS,2) p-value significance fraction fraction radius

SBG + ISO ISO 39EeV 24.9 3.8×10−6 3.6×10−5 4.0σ N/A 9.7% 12.9◦

γAGN + SBG + ISO γAGN + ISO 39EeV 14.7 N/A 1.3×10−4 3.7σ 0.7% 8.7% 12.5◦

γAGN + ISO ISO 60EeV 15.2 5.1×10−4 3.1×10−3 2.7σ 6.7% N/A 6.9◦

γAGN + SBG + ISO SBG + ISO 60EeV 3.0 N/A 0.08 1.4σ 6.8% 0.0%b 7.0◦

Swift-BAT + ISO ISO 39EeV 18.2 1.1×10−4 8.0×10−4 3.2σ 6.9% N/A 12.3◦

Swift-BAT + SBG + ISO Swift-BAT + ISO 39EeV 7.8 N/A 5.1×10−3 2.6σ 2.8% 7.1% 12.6◦

2MRS + ISO ISO 38EeV 15.1 5.2×10−4 3.3×10−3 2.7σ 15.8% N/A 13.2◦

2MRS + SBG + ISO 2MRS + ISO 39EeV 10.4 N/A 1.3×10−3 3.0σ 1.1% 8.9% 12.6◦

aFor composite model studies, no scan over the threshold energy is performed.
bMaximum TS reached at the boundary of the parameter space.

ISO: isotropic model.

The best-fit anisotropic fractions obtained for the composite
model (free search radius) are shown in Fig. 2, right. Above
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5. DISCUSSION

We have compared the arrival directions of UHECRs de-
tected at the Pierre Auger Observatory with two distinct
gamma-ray samples and two flux-limited samples of extra-
galactic sources. Our comparison with SBGs shows that
isotropy of UHECRs is disfavored with 4.0σ confidence, ac-
counting for the two free parameters and including the penalty
for scanning over energy thresholds. This is the most signifi-
cant evidence found in this study for anisotropy of UHECRs
on an intermediate angular scale. It should be noted, how-
ever, that numerous anisotropy studies have been conducted
with data from the Observatory, not only those that have been
published by the Collaboration. There is no rigorous way to
evaluate a statistical penalty for other searches.

The pattern of UHECR arrival directions is best matched
by a model in which about 10% of those cosmic rays ar-
rive from directions that are clustered around the directions
of bright, nearby SBGs.We evaluated the possibility of ad-
ditional contributions from nearby γAGNs, such as Centau-

rus A, and from more distant sources through a comparison
with samples tracing the distribution of extragalactic matter.
We find that the contribution from SBGs to the indication of
anisotropy is larger than that of the alternative catalogs tested.
Nonetheless, caution is required in identifying SBGs as the
preferred sources prior to understanding the impact of bulk
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The sky maps used in this analysis are derived without in-
corporating any effects of the extragalactic or Galactic mag-
netic fields and winds (e.g. Pshirkov et al. 2011; Jansson &
Farrar 2012; Biermann et al. 2015). In particular, the arrival
directions of UHECRs from a given source are modeled by a
symmetric Fisher distribution centered on the source position.
We checked the plausibility of the best-fit search radius ob-
tained above 39EeV by simulating sky maps passed through
the Galactic magnetic field from Jansson & Farrar (2012), in-
cluding a random component with a coherence length of 60pc
as in Erdmann et al. (2016). For large deflections, UHECRs
from a given SBG can leak in the direction of a neighboring
source. The three composition scenarios discussed in Sec. 3.3
yield reconstructed search radii of 5 − 25◦, bracketing the ob-
served radius of 13◦. The agreement is considered satisfactory
given the uncertainties in our knowledge of the composition
above 39EeV and of the deflections by the Galactic magnetic
field (Unger & Farrar 2017). Further studies aiming at possi-
bly improving the model maps including deflections are un-
derway.

It can be seen in Fig. 3, bottom, that M 82 is expected to
be one of the dominant sources in the full-sky starburst model
presented here. Its declination of∼70◦ N is outside the expo-
sure of the Observatory but is covered in the Northern Hemi-
sphere by the Telescope Array (Abu-Zayyad et al. 2012). As
noted e.g. by Fang et al. (2014) and He et al. (2016), the ex-
cess of events observed at the Telescope Array (Abbasi et al.
2014) has some overlap with the position of M 82, as well as
with the position of the blazar Mkn 421 that would be a bright
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Data vs. Model, SBG and γAGN (gal. coord.)

top: starburst galaxies

bottom: γAGN
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Arrival Directions

I Indication for Intermediate-scale Anisotropy

accepted by ApJ. Lett., arXiv:1801.06160

I Observation of Large-scale Anisotropy

Science 357 (2017) 1266
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Observation of Dipolar anisotropy above 8 EeV

Harmonic analysis in right ascension α

E [EeV] events amplitude r phase [deg.] P (≥ r)

4-8 81701 0.005+0.006
−0.002 80± 60 0.60

> 8 32187 0.047+0.008
−0.007 100± 10 2.6× 10−8

significant modulation at 5.2σ (5.6σ before penalization for energy bins explored)
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Dipole in Galactic Coordinates
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Dipole in Galactic Coordinates
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Summary and Outlook



Results

spectrum, composition, secondaries:

I high-exposure study of UHE flux
→ strong flux suppression

I FD/SD composition studies
→ light composition at ankle
→mixed composition at UHE
→ Galactic Fe around 1017.2 eV?

I constraints on p-dominated sources via ν/γ

I compatible with rigidity-dependent Emax

hadronic interactions:

I standard UHE cross section

I muon deficit in models

arrival directions:

I indication for intermediate-scale anisotropy

I observation of dipolar anisotropy
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Open Questions

I Origin of the flux suppression?

I Proton fraction at UHE?

I Rigidity-dependence of anisotropies?

I Hadronic physics above
√
s =140 TeV?

need large-exposure detector with

composition sensitivity!

The Pierre Auger Observatory Upgrade

“AugerPrime”

Preliminary Design Report

The Pierre Auger Collaboration
April, 2015

OBSERVATORY

Observatorio Pierre Auger,
Av. San Martı́n Norte 304,
5613 Malargüe, Argentina
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Detector Upgrades for AugerPrime

I 3.8 m2 scintillators (SSD) on each 1500-m array station

I upgrade of station electronics

I additional small PMT to increase dynamic range

I buried muon counters in 750-m array (AMIGA)

I increased FD uptime
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Expected Performance of AugerPrime

Xmax determination:
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I design finalized and tested

I 70% of funding secured

I finish construction by 2019

I data taking& 2025
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Thanks!


