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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

[5 of 36]Exposure dominated by SD array.
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S1000 Esurface = f (S1000, θ)

Hybrid Detection of Air Showers
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Auger is a Hybrid detector - FD calibrates SD energy scale



Energy Spectrum
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Energy Spectrum



Combined Energy Spectrum
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Combined Energy Spectrum
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Combined Energy Spectrum
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S1000 Esurface = f (S1000, θ)

Mass CompositionMass Composition
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Mass composition
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Mass composition
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Mean Xmax from fluorescence detectors
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Mean Xmax from fluorescence detectors



Average Xmax Fluorescence and Surface DetectorAverage Xmax Fluorescence and Surface Detector
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Mean Xmax from fluorescence and surface detectors



Average Xmax and Xmax-fluctuationsAverage Xmax and Xmax-fluctuations
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Mean Xmax and fluctuations in Xmax (latter from from fluorescence detectors only)



(p-He-N-Fe)-fit of Xmax Distributions(p-He-N-Fe)-fit of Xmax Distributions
FD data: (compatible with TA distributions, see WG report, V. de Souza et al., CRI167, Tuesday, 14:45)

lg(E/eV) = 17.2 . . . 18.1 lg(E/eV) = 17.8 . . . > 19.5

0
50

100
150 17.2 lg(E/eV) < 17.3

N= 1052

0

100

200

300 17.3 lg(E/eV) < 17.4

N= 1617

0
100
200
300
400 17.4 lg(E/eV) < 17.5

N= 2264

0
100
200
300
400 17.5 lg(E/eV) < 17.6

N= 2565

0
100
200
300
400
500

en
tri

es
/(

20
g/

cm
2 )

17.6 lg(E/eV) < 17.7

N= 2620

500 600 700 800 900 1000

Xmax [g/cm2]

0
100
200
300
400 17.7 lg(E/eV) < 17.8

N= 2320

500 600 700 800 900 1000

Xmax [g/cm2]

0
100
200
300 17.8 lg(E/eV) < 17.9

N= 1827

500 600 700 800 900 1000

Xmax [g/cm2]

0
50

100
150
200
250 17.9 lg(E/eV) < 18.0

N= 1440

500 600 700 800 900 1000

Xmax [g/cm2]

0
50

100
150
200 18.0 lg(E/eV) < 18.1

N= 1073

Preliminary

0
200
400
600
800 17.8 lg(E/eV) < 17.9

N= 4586

0
200
400
600
800 17.9 lg(E/eV) < 18.0

N= 4001

0
200
400
600 18.0 lg(E/eV) < 18.1

N= 3338

0
200
400
600 18.1 lg(E/eV) < 18.2

N= 3396

0
100
200
300
400
500 18.2 lg(E/eV) < 18.3

N= 2704

0
100
200
300
400 18.3 lg(E/eV) < 18.4

N= 2075

0
100
200
300 18.4 lg(E/eV) < 18.5

N= 1596

0
50

100
150
200
250 18.5 lg(E/eV) < 18.6

N= 1099

0
50

100
150
200

en
tri

es
/(

20
g/

cm
2 )

18.6 lg(E/eV) < 18.7

N= 830

0

50

100
18.7 lg(E/eV) < 18.8

N= 575

0

50

100
18.8 lg(E/eV) < 18.9

N= 465

0
20
40
60
80

100 18.9 lg(E/eV) < 19.0

N= 359

0
20
40
60
80 19.0 lg(E/eV) < 19.1

N= 280

0
20
40
60 19.1 lg(E/eV) < 19.2

N= 191

500 600 700 800 900 1000

Xmax [g/cm2]

0
10
20
30
40 19.2 lg(E/eV) < 19.3

N= 131

500 600 700 800 900 1000

Xmax [g/cm2]

0
10
20
30
40 19.3 lg(E/eV) < 19.4

N= 109

500 600 700 800 900 1000

Xmax [g/cm2]

0
5

10
15 19.4 lg(E/eV) < 19.5

N= 65

500 600 700 800 900 1000

Xmax [g/cm2]

0
5

10
15
20
25 lg(E/eV) � 19.5

N= 62

Preliminary

Examples of 4-component fit:
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FIG. 5: Xmax distribution of the fits for energy bin E = 10
17.8�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: Xmax distribution of the fits for energy bin E = 10
19.0�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: Xmax distribution of the fits for energy bin E > 10
19.5

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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Fits of full Xmax distributions with (p-He-N-Fe) mixtures
From FD
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Mass fractions



May	23,	2018 S.	Petrera	- 20th	ISVHECRI,	Nagoya 17

Best	fit	results	for	reference	model
SPG	(SimProp,	PSB	x-sect,	Gilmore	‘12	EBL)	+	EPOS-LHC

JCAP	04	(2017)	038

A=1
2	≤	A	≤	4

5 ≤	A	≤	22

23	≤	A	≤	38

Astrophysical interpretation: very simple models
Simulate propagation of CR particles in cosmic photon fields


• match to measured spectrum and mass composition at Earth


• 1D propagation through photon fields


• Homogeneous distribution of identical sources of p, He, N, (Si), Fe


• CR injection = power law + rigidity cutoff

Similar scenarios studied by Aharonian, Ahlers, Allard, Aloisio, Berezinsky, 
Blasi, Hooper, Olinto, Parizot, Taylor, … 
 
Results:  hard/very hard injection spectrum unless nearby sources assumed.

Full study incl. model and data uncertainties:  
Aab et al. [Auger Collab.] JCAP (2017) 1704, 038.


May	23,	2018 S.	Petrera	- 20th	ISVHECRI,	Nagoya 14

What	is	the	mass	composition	at	the	sources?	What	are	the	injected	fluxes?

Propagation	of	CR	nuclei	in	the	cosmic	photon	fields

Astrophysical	interpretation	possible	for	simple	scenarios:
o 1D	propagation;
o Homogeneous	distribution	of	identical	sources	of	p,	He,	N	(,	Si)	and	

Fe	nuclei;
o CR	injection	=	power-law	+	rigidity	cutoff.

Same	basic	scenario	used	in	many	interpretation	papers,	e.g.
Aharonian,	Ahlers,	Allard,	Aloisio,	Berezinsky,	Blasi,	Hooper,	Olinto,	
Parizot,	Taylor,	…:

Hard/very-hard	injection	unless	nearby	sources	assumed

Auger	combined	fit	of	spectrum	and	composition	data JCAP	04	(2017)	038
A comprensive	study	of	model	and	data	uncertainties

May	23,	2018 S.	Petrera	- 20th	ISVHECRI,	Nagoya 17

Best	fit	results	for	reference	model
SPG	(SimProp,	PSB	x-sect,	Gilmore	‘12	EBL)	+	EPOS-LHC

JCAP	04	(2017)	038

A=1
2	≤	A	≤	4

5 ≤	A	≤	22

23	≤	A	≤	38

May	23,	2018 S.	Petrera	- 20th	ISVHECRI,	Nagoya 17

Best	fit	results	for	reference	model
SPG	(SimProp,	PSB	x-sect,	Gilmore	‘12	EBL)	+	EPOS-LHC

JCAP	04	(2017)	038

A=1
2	≤	A	≤	4

5 ≤	A	≤	22

23	≤	A	≤	38

“Reference” model: SimProp, PSB x-sect, Gilmore ’12 EBL, EPOS-LHC      14  



May	23,	2018 S.	Petrera	- 20th	ISVHECRI,	Nagoya 20

Making	the	astrophysical	model	more	realistic

4D	propagation	using	CRPropa3

Large	scale	structure	for	CR	sources	(Dolag ‘12)

Results	for	a	single	model	(CTG	+	EPOS-LHC):
Wittkowski ICRC	2017

Astrophysical interpretation: adding some extra reality
• e.g. Wittkowski [Auger Collab.] ICRC 2017

• 4D propagation (incl. source evolution) with CRPropa3

• extragalactic B fields, large scale structure (Dolag `12), Gilmore `12 
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Figure 1: (a) Energy spectrum J(E) [15] as well as (b) mean hXmaxi and (c) standard deviation s(Xmax)
of the Xmax distribution [16] for the Pierre Auger Observatory data (data points with error bars) and for
our simulation results (brown solid curves). The simulation results shown here correspond to the best-fit
parameter values of fa , g , and Rcut for model I (see Tab. 1) and are in good agreement with the experimental
data. In (a) the additional curves show the contributions to the energy spectrum that stem from detected
nuclei of different mass numbers A. The black dotted lines in (b) and (c) indicate the simulation results that
one would obtain if the sources were emitting only protons (upper lines) or iron nuclei (lower lines). The
Pierre Auger Observatory data with energies below the “ankle” at ⇡ 5EeV (gray regions) were not taken into
account in the fit procedure described in Sec. 2.2, since they can have a considerable galactic contribution.

4. Conclusions

Based on elaborate 4D simulations of the propagation of UHECR we have studied i) for which
energy spectrum and chemical composition of the UHECR at their sources the simulated energy
spectrum and chemical composition at Earth are in the best possible agreement with the latest data
from the Pierre Auger Observatory and ii) how the source parameters describing the reconstructed
initial energy spectrum and chemical composition are affected by the EGMF. Our simulations take
account of all three spatial degrees of freedom, the cosmological time-evolution of the universe, a
discrete source distribution that follows the local mass distribution of the universe, and a structured
EGMF.
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Anisotropy

making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
w i. The weights, w i , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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Indication of Intermediate-scale Anisotropy 
A. Aab et al. [Auger Collab.] ApJ. Lett. 833 (2018) L29

Analysis strategy:

• arrival direction data, D 
• sky model from source candidates, Mi 

• null hypothesis:  isotropy M0

• single population signal model 

 

• test statistic:

• ratio of likelihoods of model-data comparison 

 
 
think:        of (isotropy + signal) vs isotropy


• p-value from Wilks’ theorem:  

• a large TS means


• M describes D much better than M0


• M0 excluded at p (not: M “proven” at p)      16  

Δχ2

M = (1 − α)M0 + αMi

TS = 2 ln ( P(D |M)/P(D |M0))

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

p(TS) = pχ2(TS, Δndf)

Sky Model (flux)⇥ (attenuation model)A ⇥ (angular smearing), gal. coord.

[22 of 36]



UHECR Source Suspects
Swift-BAT 2MRS SBG �AGN ⇠⇠⇠VCV

I Swift-BAT X-ray-selected galaxies,D < 250 Mpc, � > 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, � > 0.3 Jy, w : radio at 1.4 GHz

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

w : UHECR flux proxy, Swift-BAT and 2MRS previously tested (ApJ 804 (2015) 172), extragal. �-ray sources �AGN and SBG.

[19 of 36]

Credit: M. Unger
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UHECR Source “Suspects”



Flux Attenuation (top: SBG, bottom: �AGN)
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composition scenarios from Pierre Auger Coll., JCAP 1704 (2017) 038+ CRPropa3

name lg(Rmax/V) fp fHe fN fSi �
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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Flux attenuation: depends on mass fractions, distance 



Optimization: Signal Fraction and Angular Smearing

[21 of 36]     19  

Data-Model fit:  angular smearing and anisotropic fraction 



Sky Model (flux)⇥ (attenuation model)A ⇥ (angular smearing), gal. coord.

[22 of 36]     20  
note region with zero exposure



Sky Model (flux)⇥ (attenuation model)A ⇥ (angular smearing), super-gal. coord.

[23 of 36]     21  
note region with zero exposure



Sky Model (flux)⇥ (attenuation model)B ⇥ (angular smearing), super-gal. coord.
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note region with zero exposure



Test Statistics vs. Energy

Threshold energy  [EeV]
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Test Statistic (TS) vs Energy  



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 P�2 (TS,2) p-value significance fraction fraction radius

SBG + ISO ISO 39EeV 24.9 3.8⇥10-6 3.6⇥10-5 4.0� N/A 9.7% 12.9�

�AGN + SBG + ISO �AGN + ISO 39EeV 14.7 N/A 1.3⇥10-4 3.7� 0.7% 8.7% 12.5�

�AGN + ISO ISO 60EeV 15.2 5.1⇥10-4 3.1⇥10-3 2.7� 6.7% N/A 6.9�

�AGN + SBG + ISO SBG + ISO 60EeV 3.0 N/A 0.08 1.4� 6.8% 0.0%b 7.0�

Swift-BAT + ISO ISO 39EeV 18.2 1.1⇥10-4 8.0⇥10-4 3.2� 6.9% N/A 12.3�

Swift-BAT + SBG + ISO Swift-BAT + ISO 39EeV 7.8 N/A 5.1⇥10-3 2.6� 2.8% 7.1% 12.6�

2MRS + ISO ISO 38EeV 15.1 5.2⇥10-4 3.3⇥10-3 2.7� 15.8% N/A 13.2�

2MRS + SBG + ISO 2MRS + ISO 39EeV 10.4 N/A 1.3⇥10-3 3.0� 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 �AGN-only model is disfavored by 3.7� relative
to a combined model with a 9% contribution from SBGs and
1% contribution from �AGN. 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 1� level of a model including 0%
SBGs / 7% �AGNs with a model including 13% SBGs / 0%
�AGNs 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 - 2.6�
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 4.0� 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 �AGNs, 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

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 P�2 (TS,2) p-value significance fraction fraction radius

SBG + ISO ISO 39EeV 24.9 3.8⇥10-6 3.6⇥10-5 4.0� N/A 9.7% 12.9�

�AGN + SBG + ISO �AGN + ISO 39EeV 14.7 N/A 1.3⇥10-4 3.7� 0.7% 8.7% 12.5�

�AGN + ISO ISO 60EeV 15.2 5.1⇥10-4 3.1⇥10-3 2.7� 6.7% N/A 6.9�

�AGN + SBG + ISO SBG + ISO 60EeV 3.0 N/A 0.08 1.4� 6.8% 0.0%b 7.0�

Swift-BAT + ISO ISO 39EeV 18.2 1.1⇥10-4 8.0⇥10-4 3.2� 6.9% N/A 12.3�

Swift-BAT + SBG + ISO Swift-BAT + ISO 39EeV 7.8 N/A 5.1⇥10-3 2.6� 2.8% 7.1% 12.6�

2MRS + ISO ISO 38EeV 15.1 5.2⇥10-4 3.3⇥10-3 2.7� 15.8% N/A 13.2�

2MRS + SBG + ISO 2MRS + ISO 39EeV 10.4 N/A 1.3⇥10-3 3.0� 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 �AGN-only model is disfavored by 3.7� relative
to a combined model with a 9% contribution from SBGs and
1% contribution from �AGN. 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 1� level of a model including 0%
SBGs / 7% �AGNs with a model including 13% SBGs / 0%
�AGNs 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 - 2.6�
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 4.0� 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 �AGNs, 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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Detail of results of the sky models  
A. Aab et al. [Auger Collab.] ApJ. Lett. 833 (2018) L29

Test Statistics vs. Energy

starburst model fits data better than isotropy, significance of 4�⇤.
⇤P�2 (TS, 2) penalized for energy scan
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Data vs. Model, SBG and �AGN (gal. coord.)

top: starburst galaxies

bottom: �AGN
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Data vs Model for SBG and γAGN (galactic coords)

All are “excess” maps:  best-fit isotropic component is subtracted. 
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Anisotropy:	Large	scale

o Expected	if	cosmic	rays	diffuse	to	Galaxy	
from	sources	distributed	similar	to	near-by	
galaxies (Harari,	Mollerach PRD	2015,	
2016)

o Deflection	of	dipolar	pattern	due	to	
Galactic	magnetic	field

o Strong	indication	for	extragalactic	origin	
dipole	direction	~	125° from	GC

making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
w i. The weights, w i , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
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Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
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denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
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Observation of Dipolar Anisotropy above 8 EeV 
A. Aab et al. [Auger Collab.] Science 357 (2017) 1266

Observation of Dipolar anisotropy above 8 EeV
Harmonic analysis in right ascension ↵

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 5.2� (5.6� before penalization for energy bins explored)
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3-d dipole above 8 EeV:

(6.5+1.3
�0.9)% at (↵, �) = (100�,�24�)

[28 of 36]

Harmonic Analysis in right ascension (RA)

3D dipole above 8 EeV

(α, δ) = (100∘, − 24∘), amplitude 6.5+1.3

−0.9 %

Significant modulation

very close to a pure dipole. 

5.2σ
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Dipole in Galactic Coordinates
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Dipole could be the result of


• single source + diffusion


• isotropic source distribution  
(some sources always closer)


• anisotropic source distribution 
(stronger dipole)


• …

Might expect the strength of the 
dipole to depend on E (for ~fixed 
charge). 
 
Dipole strength and direction can  
be modified by Galactic MF.

Strong evidence for extragalactic origin at these energies 
- dipole direction 125 degrees from GC.

Dipole in galactic coordinates



Dipole in Galactic Coordinates
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See other studies, e.g. Globus & Piran Ap.J. (2017)

- Noemie’s talk this afternoon! 

Strong evidence for extragalactic origin at these energies 
- dipole direction 125 degrees from GC.

Dipole in galactic coordinates
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�d=arctan

✓
dz
d?

◆
, (5)

where hcos �i ' 0.7814 is the mean cosine of the declinations of the events, hsin ✓i ' 0.6525 the mean sine of the event
zenith angles, and `obs ' �35.2� is the latitude of the Observatory.

Table 5. Three-dimensional dipole reconstruction for energies above 4 EeV. We show the results obtained for the two bins

previously reported (The Pierre Auger Collaboration 2017a), i.e. between 4 and 8 EeV and above 8 EeV, as well as dividing

the high-energy range into three bins.

Energy [EeV] d? dz d ↵d [
�
] �d [

�
]

interval median

4 - 8 5.0 0.006+0.007
�0.003 �0.024± 0.009 0.025+0.010

�0.007 80± 60 �75
+17
�8

� 8 11.5 0.060+0.011
�0.010 �0.026± 0.015 0.065+0.013

�0.009 100± 10 �24
+12
�13

8 - 16 10.3 0.058+0.013
�0.011 �0.008± 0.017 0.059+0.015

�0.008 104± 11 �8
+16
�16

16 - 32 20.2 0.065+0.025
�0.018 �0.08± 0.03 0.10+0.03

�0.02 82± 20 �50
+15
�14

� 32 39.5 0.08+0.05
�0.03 �0.08± 0.07 0.11+0.07

�0.03 115± 35 �46
+28
�26

In the two upper rows of Table 5, we show the reconstructed dipole components for the energy bins previously
studied, [4, 8] EeV and E � 8 EeV. The results for the three new bins above 8 EeV are reported in the lower three
rows. The uncertainties in the amplitude and phase correspond to the 68% confidence level of the marginalized
probability distribution functions.
In Table 5 a growth of the dipolar amplitude d with increasing energies is observed. Adopting for the energy

dependence of the dipole amplitude a power-law behavior d(E) = d10 ⇥ (E/10 EeV)� , we perform a maximum-
likelihood fit to the values measured in the four bins above 4 EeV. We consider a likelihood function L(d10,�) =Q4

i=1 f(
~di; d10,�), where in each energy bin f is given by a three-dimensional Gaussian for the dipole vector

~d = d(E)(cos � cos↵, cos � sin↵, sin �), centered at the measured dipole values and with the dispersions �x = �y =p
2/N/hcos �i and �z =

p
2/N/(hsin ✓i cos `obs), marginalized over the angular variables ↵ and �. The fit leads to a

reference amplitude d10 = 0.055 ± 0.008 and a power-law index � = 0.79 ± 0.19. A fit with an energy-independent
dipole amplitude (� = 0) is disfavored at the level of 3.7� by a likelihood-ratio test.3
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Figure 3. Evolution with energy of the amplitude (left panel) and direction (right panel) of the three-dimensional dipole

determined in di↵erent energy bins above 4 EeV. In the sky map in Galactic coordinates of the right panel the dots represent

the direction towards the galaxies in the 2MRS catalog that lie within 100 Mpc and the cross indicates the direction towards

the flux-weighted dipole inferred from that catalog.

The left panel of Fig. 3 shows the amplitude of the dipole as a function of the energy, with the data points centered
at the median energy in each of the four bins above 4 EeV, as well as the power-law fit. The right panel is a map,
in Galactic coordinates, showing the 68% CL sky regions for the dipole direction in the same bins. They all point
towards a similar region of the sky, and in order of increasing energies they are centered at Galactic coordinates
(`, b) = (287�,�32�), (221�,�3�), (257�,�33�) and (259�,�11�), respectively. With the present accuracy no clear
trend in the change of the dipole direction as a function of energy can be identified. In the background of Fig. 3, we

3 Regarding the goodness of the fit, we have checked that, for a model in which the dipole amplitude follows the power-law obtained, a
better agreement than the one found with the actual data is expected to result in about 50% of the realizations.

Large-scale cosmic-ray anisotropies above 4 EeV 9

indicate with dots the location of the observed galaxies from the 2MRS catalog that lie within 100 Mpc and also show
with a cross the reconstructed 2MRS flux-weighted dipole direction (Erdogdu et al. 2006), which could be expected
to be related to the CR dipole direction if the galaxies were to trace the distribution of the UHECR sources and the
e↵ects of the magnetic field deflections were ignored.
Figure 4 shows sky maps, in Galactic coordinates, of the ratio between the observed flux and that expected for

an isotropic distribution, averaged in angular windows of 45� radius, for the di↵erent energy bins above 4 EeV. The
location of the main overdense regions can be observed. Note that the color scale is kept fixed, so as to better appreciate
the increase in the amplitude of the flux variations with increasing energies.
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Figure 4. Maps in Galactic coordinates of the ratio between the number of observed events in windows of 45
�
over those

expected for an isotropic distribution of arrival directions, for the four energy bins above 4 EeV.

3.3. Reconstruction of a dipole plus quadrupole pattern

Assuming now that the angular distribution of the CR flux can be well approximated by the combination of a dipole
plus a quadrupole, it can be parametrized as

�(û) = �0

0

@1 + ~d · û+
1

2

X

i,j

Qijuiuj

1

A , (6)

with Qij being the symmetric and traceless quadrupole tensor.

Table 6. Results of the first harmonic in right ascension, separating the events in those arriving from the southern (S) and

northern (N) hemispheres.

Energy [EeV] Hemisphere N a↵
1 b↵1 r↵1 '↵

1 [
�
]

4 - 8 S 65,183 0.003± 0.005 0.005± 0.005 0.006 60± 50

N 16,518 �0.009± 0.011 0.003± 0.011 0.010 160± 60

� 8 S 25,823 �0.011± 0.009 0.047± 0.009 0.048 103± 10

N 6,364 0.0024± 0.018 0.041± 0.018 0.041 87± 25

The components of the dipole and of the quadrupole can be estimated as in The Pierre Auger Collaboration (2015b).
They are obtained from the first and second harmonics in right ascension and azimuth, given in Tables 1 and 2, as well
as considering the first harmonic in right ascension of the events coming from the northern and southern hemispheres
separately, which are reported in Table 6. From these results we obtained the three dipole components

and the five independent quadrupole components that are reported in Table 7, for the two energy

bins [4, 8] EeV and E � 8 EeV. The only non-vanishing correlation coe�cients between the quantities

reported in Table 7 are ⇢(dx, Qxz) = ⇢(dy, Qyz) = 0.63 and ⇢(dz, Qzz) = 0.91. The nine components of the

A. Aab et al. [Auger Coll.] Submitted to ApJ (2018) 
arXiv:1808.03579Dipole - some energy dependence?
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4-8 EeV 8-16 EeV

16-32 EeV >32 EeV

(only 8-16 EeV bin has a statistically significant result)

same fractional excess scale on each plot
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complementarity	of	light	responses	used
to	discriminate	e.m.	and	muonic components
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- mass composition information for every event
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complementarity	of	light	responses	used
to	discriminate	e.m.	and	muonic components

Upgrade	of	the	Pierre	Auger	Observatory:	AugerPrime

Moreover
- Upgraded and faster electronics
- Extension of the dynamic range 
- Cross check with underground 
buried AMIGA detectors
- Extension of the FD duty cycle

Upgrade to the Auger Observatory - AugerPrime
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- mass composition information for every event
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Status	and	plans
for	AugerPrime

Upgrade to the Auger Observatory - AugerPrime
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Summary
• Spectrum and composition


• highest exposure measurement of spectrum , strong flux 
suppression


• Composition with FD and SD

• light composition at ankle

• mixed composition at UHE

• hints of galactic Fe at lowest energies?


• compatible with rigidity-dependent cut-off at sources 

•  Anisotropy

• observation of dipole anisotropy E > 8 EeV

• indication of medium-scale anisotropy, E > 39 EeV 

• Other results (no time)

• UHE Neutrino and gamma-ray limits constraining proton-

dominated sources

• Hadronic interactions (normal UHE cross-sections, muon 

deficits in models) 

• AugerPrime Upgrade 

     31  

Dipole in Galactic Coordinates
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Combined Energy Spectrum
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Figure 2: Integral upper limit (at 90% C.L.) for a diffuse neutrino flux of UHE dN/dEn = kE�2 given as
a normalization, k, (straight red line), and differential upper limit (see text). Limits are quoted for a single
flavor assuming equal flavor ratios. Similar limits from ANITAII [8] and IceCube [9] are displayed along
with prediction for several neutrino models (cosmogenic [10, 11, 12], astrophysical [13].)

3.2 Limits to point-like sources of UHE neutrinos

The Earth-skimming channel is very effective at converting the tau neutrinos into exiting tau
leptons when the arrival direction is very close to the horizontal. It can be shown that over 90%
(⇠ 100%) of the ES exposure is obtained for zenith angles between 90� and 92.5� (95�). As a result
the sky coverage provided by these interactions reaches declinations between �54.5� and 59.5�.
The DG selections enhance the visible declination band towards the south all the way to �84.5�

covering a large fraction of the sky. The exposure as a function of zenith can be converted to an
average exposure for a given declination integrating in right ascension. It displays strong peaks for
the ES selection close to two extreme declinations apparent in the obtained bounds.

The non-observation of neutrino candidates is cast into a bound on point sources which is
calculated as a function of declination, d , also assuming a flavor ratio of 1:1:1. The results are
displayed in Fig. 3, for the first time combining the three searches and for data that have an increase
of about seven years of full exposure over previous results [15].

3.3 Targeted searches for correlations with the GW events

The reported detection of gravitational wave events produced by bynary Black Hole (BH)
mergers by the Advanced Ligo Collaboration has triggered a targeted search for coincidence events
that would complement these observations. BH mergers could accelerate cosmic rays to the high-

4
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