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Pierre Auger Observatory (Auger)
The world’s largest UHECR observatory 3000 km2

(2004 - ) completed in 2008

Surface Detector (SD)
Water Cherenkov Tank
1.5 km spacing, 1600 
stations, 10 m2
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Figure 3.2: (a) Schematic depiction of a surface detector station [28]; (b) a surface
detector station deployed in the field.

tubes (PMTs) are optically coupled to the water and symmetrically positioned on
top of the tank with a distance of 1.2m between each other. Each detector is de-
vised to work completely stand-alone, thus, every tank is equipped with a battery
box and a solar power system providing the 10W average power required for the
tank electronics [29]. A GPS (Global Positioning System) unit is installed at each
tank as a basis for time synchronization between the detector and the Central Data
Acquisition System (CDAS) as well as for providing precise information about the
tank’s position. The communication between the detector and the CDAS is achieved
wirelessly via one of the four communication beacons located near the FD sites at
the perimeter of the array.

To detect charged particles from extensive air showers, the Cherenkov e↵ect is ex-
ploited [30]. When the velocity of a charged particle traversing a medium is greater
than the speed of light in this medium, Cherenkov light is emitted by this particle in
a cone along its trajectory. The Cherenkov light produced in the tank by secondary
particles from extensive air showers, mostly muons and electrons, is detected by the
PMTs mounted on top of the tank and converted into a current pulse. To increase
the amount of Cherenkov light collected, a reflective layer of high-density polyethy-
lene fabric covers the inside of the tank. The signals from the PMTs are read out
and digitized by Flash Analog-to-Digital Converters (FADCs) at a rate of 40 million
samples per second. The PMT signal traces recorded by the FADCs are stored for
10 s so they can be sent to the CDAS on demand [29].

Since the detector stations are designed to work completely independent of each
other, they are able to calibrate themselves using muon signals [29]. To perform the
calibration, the measured spectrum is compared to the known energy distribution of
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Pierre Auger Observatory 

Xth Rencontres du Vietnam, Quy Nhon August 2014 

Fluorescence Detector (FD)
3.4 m spherical mirror, 440 PMT, 30° × 30° FOV
light guide + collector ring, 4 × 6 telescope
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E > 8 EeV

NORMALIZED RATENORMALIZED RATE

Compatible with dipolar distribution

First Harmonic 
(χ2/dof = 10.5/10)

An observation of a dipole above 8 EeV
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FLUX MAP ABOVE 8 EeVFLUX MAP ABOVE 8 EeV

Galactic center

Equatorial coordinates

Observation of Dipolar anisotropy above 8 EeVObservation 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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Jan/2004 – Aug/2016

Zenith < 80° → covering 85% of the sky

E > 4 EeV → full trigger efficiency 



A directional reconstruction of the dipole
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Accounting GMF deflections

Z ~ 1.7 – 5  at 10 EeV E/Z ~ 2 – 5  EeV
[Auger Coll. PRD 90 (2014) 122006]

The flux-weighted dipole from IR galaxy distribution in 

2MRS points to (l,b)=(251º,38º)  → ~55º from observed
[Erdogdu et al. 2006]

[Jansson and Farrar ApJ 757 (2012) 14]

DISCUSSION DISCUSSION 

Improves agreement 
observation ↔2MRS
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Large-scale anisotropy can arise from:

➔ Inhomogeneous large-scale distribution of sources
 

➔ Diffusion in extragalactic magnetic fields from dominant nearby sources 

Typical dipole amplitudes ~ 5-20% at 10 EeV,
depending on source distribution and CR composition

DISCUSSION DISCUSSION 

2MASS Redshift Survey
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RECONSTRUCTION OF THE DIPOLERECONSTRUCTION OF THE DIPOLE

➔ right ascension distribution sensitive to 
equatorial dipole component

➔ Azimuth distribution sensitive to N-S dipole

E > 8 EeV
Dipole 6.5% amplitude  
(α

d
,δ

d
) = (100º,-24º)

6.5% dipole amplitude 
Equatorial (αd, δd)=(100°, -24°)

Galactic (l, b)=(233°, -13°)

2MASS redshift survey

O. Taborda et al., ICRC 2017



A prediction of the dipole amplitude
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6 A. di Matteo and P. Tinyakov

Figure 5. Sky maps of the expected UHECR directional flux
above 10 EeV for pure proton (top) or silicon (bottom) injection,
assuming the PT2011 GMF model, normalized to

R
4⇡ �(n̂) d⌦ =

1 (mean value 1/4⇡ ⇡ 0.0796), in Galactic coordinates (same
notation as in Figure 4, but di↵erent color scales)

The angular power spectrum Cl quantifies the amount of
anisotropy at angular scales ⇠ (⇡/l) rad and is rotationally
invariant.

Explicitely, retaining only the dipole (l = 1) and
quadrupole (l = 2) contributions, the flux �(n̂) can be writ-
ten as

�(n̂) = �
0

(1 + d · n̂+ n̂ ·Qn̂+ · · · ),

where the average flux is �
0

= a
00

/
p
4⇡ (�

0

= 1/4⇡ if
we use the normalization

R
4⇡

�(n̂) d⌦ = 1), the dipole d is
a vector with 3 independent components, which are linear
combinations of a

1m/a
00

, and the quadrupole Q is a rank-
2 traceless symmetric tensor (i.e., its eigenvalues �

+
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,��
sum to 0 and its eigenvectors q̂

+

, q̂0, q̂� are orthogonal)
with 5 independent components, which are linear combina-
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/2C
0

charac-

terize the magnitude of the corresponding relative flux vari-
ations over the sphere. The dipole and quadrupole moments
quantify anisotropies at scales ⇠ 180� and ⇠ 90� respec-
tively, and are therefore relatively insensitive to magnetic
deflections except at the lowest energies.

In Figure 6 and Figure 7, we present the energy depen-
dence of the dipole amplitude |d| and the quadrupole ampli-
tude (�2

+

+�2

� +�2

0

)1/2 respectively in the various scenarios
we considered. The first thing we point out is that, whereas
there are some di↵erences between predictions using the two
di↵erent GMF models with the same injection model, they
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Auger 2017
Auger + TA 2015
99.9% sensitivity

Figure 6. The magnitude of the dipole as a function of the en-
ergy threshold E

min

for the three injection models and two GMF
models we considered. The points labelled “Auger + TA 2015”
and “Auger 2017” show the dipole magnitude reported in Deligny
(2015) and Taborda (2017) respectively. The dotted lines show
the 99.9% C.L. detection thresholds using the current and near-
future Auger and TA exposures (see the text for details).

Figure 7. The magnitude of the dipole as a function of the energy
threshold E

min

(same notation as in Figure 6). The point labelled
“Auger + TA 2014” is the quadrupole magnitude computed from
the a

2m coe�cients reported in Aab et al. (2014).

are not so large as to impede a meaningful interpretation
of the results in spite of the GMF uncertainties. Conversely,
the results from the three injection models do di↵er signif-
icantly, with heavier compositions resulting in larger dipole
and quadrupole moments for high energy thresholds (due to
the shorter propagation horizon) but smaller ones for lower
thresholds (due to larger magnetic deflections).

Increasing the energy threshold, the expected dipole
and quadrupole strengths increase, but at the same time the
amount of statistics available decreases due to the steeply
falling energy spectrum, making it non-obvious whether the
overall e↵ect is to make the detection of the dipole and
quadrupole easier with higher or lower E

min

. To answer
this question, we have calculated the 99.9% C.L. detection
thresholds, i.e., the multipole amplitudes such that larger
values would be measured in less than 0.1% of random re-
alizations in case of a isotropic UHECR flux. The detection
thresholds scale like / 1/

p
N with the number of events

N . Since below the observed cuto↵ (⇠ 40 EeV) the inte-
gral spectrum at Earth N(� E

min

) is close to a power law
/ E�2

min

, the detection threshold is roughly proportional to
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Amplitudeが陽子+銀河磁場から期待される値より小さい

Matter distribution in the Universe
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INDICATION OF ANISOTROPY IN ARRIVAL DIRECTIONS OF ULTRA-HIGH-ENERGY COSMIC RAYS THROUGH
COMPARISON TO THE FLUX PATTERN OF EXTRAGALACTIC GAMMA-RAY SOURCES

THE PIERRE AUGER COLLABORATION

(See the end matter for the full list of authors.)

ABSTRACT
A new analysis of the dataset from the Pierre Auger Observatory provides evidence for anisotropy in the arrival
directions of ultra-high-energy cosmic rays on an intermediate angular scale, which is indicative of excess
arrivals from strong, nearby sources. The data consist of 5514 events above 20EeV with zenith angles up to
80� recorded before 2017 April 30. Sky models have been created for two distinct populations of extragalactic
gamma-ray emitters: active galactic nuclei from the second catalog of hard Fermi-LAT sources (2FHL) and
starburst galaxies from a sample that was examined with Fermi-LAT. Flux-limited samples, which include all
types of galaxies from the Swift-BAT and 2MASS surveys, have been investigated for comparison. The sky
model of cosmic-ray density constructed using each catalog has two free parameters, the fraction of events
correlating with astrophysical objects and an angular scale characterizing the clustering of cosmic rays around
extragalactic sources. A maximum-likelihood ratio test is used to evaluate the best values of these parameters
and to quantify the strength of each model by contrast with isotropy. It is found that the starburst model fits
the data better than the hypothesis of isotropy with a statistical significance of 4.0�, the highest value of the
test statistic being for energies above 39EeV. The three alternative models are favored against isotropy with
2.7-3.2� significance. The origin of the indicated deviation from isotropy is examined and prospects for more
sensitive future studies are discussed.
Keywords: astroparticle physics — cosmic rays — galaxies: active — galaxies: starburst — methods: data

analysis

1. SEARCH FOR UHECR ANISOTROPIES

Identifying the sources of ultra-high-energy cosmic rays
(UHECRs) has been a prime goal of particle astrophysics
for decades. The challenge is great, because the flux falls
rapidly with increasing energy, and because UHECRs have
a mixed mass composition (Aab et al. 2014a, 2016a) so that
some or all of them experience substantial magnetic deflec-
tions. Many scenarios have been proposed involving different
populations of host galaxies. In this Letter, we investigate
whether intermediate-scale1 anisotropies in UHECR arrival
directions are associated with either or both of two prominent
classes of extragalactic sources detected by Fermi-LAT – ac-
tive galactic nuclei (AGNs) and starburst galaxies (SBGs) –
using the gamma-ray luminosity or its surrogate (radio emis-
sion for SBGs) as a proxy for the relative luminosity of each
source in UHECRs.

The rate of energy production of UHECRs determined from
observations above 1018 eV is close to 1045 ergMpc-3 yr-1

(Unger et al. 2015). Based on the Fermi-LAT survey, Dermer
& Razzaque (2010) argue that AGNs and SBGs match such
rates in the gamma-ray band. Due to the low density of de-

auger_spokespersons@fnal.gov
1 “Intermediate” denotes hereafter angular scales larger than the experi-

mental resolution, ⇠1�, and smaller than large-scale patterns, &45�.

tected SBGs and AGNs, and the attenuation of UHECR flux
with increasing distance (GZK effect, Greisen 1966; Zatsepin
& Kuz’min 1966), a few objects would be expected to domi-
nate the local flux, naturally producing an intermediate-scale
anisotropy if these sources contribute a sufficient fraction of
the UHECR flux.

The AGN and SBG populations are well-motivated physi-
cally. AGNs are favored source candidates because their jets
and radio lobes satisfy the Hillas criterion for shock acceler-
ation (Hillas 1984). SBGs – being loci of intense star forma-
tion – potentially have increased rates of extreme events as-
sociated with the deaths of short-lived, massive stars, such as
gamma-ray bursts, hypernovae, and magnetars (see e.g. Bier-
mann et al. 2016; Perley et al. 2016). Their winds have also
been proposed as possible reacceleration sites (Anchordoqui
et al. 1999).

The analysis presented here is an advance in several ways.
First, Fermi-LAT observations of gamma rays from two ex-
tragalactic populations provide us with possible ansatzes for
the relative UHECR fluxes from source candidates. That in-
formation makes the present analyses potentially more sen-
sitive than previous studies based solely on the source di-
rection. Second, thanks to our improved knowledge of the
energy-dependent composition, we can now account more
accurately for the relative attenuation of fluxes from distant
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Starburst	Galaxy

5

Starburst galaxy (SBGs)

✦ 典型的な銀河に比べて星形成率が100~1000倍大きい

✦ 活動銀河核とは違って、中心に107-108太陽質量の大質量ブラックホールがない

✦ ガンマ線バーストや活動銀河核に比べると、宇宙線を極高エネルギーまで加速
するのは難しそう
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M82:	Nearest	Star	Burst	Galaxy

2017/11/3 International	JEM-EUSO	Meeting	June	19,	
2017

M82	X-1

M82	X-1:	100-10000	Ms BH

NASA	/	CXC	/	JHU	/	D.	Strickland;	optical:	NASA	/	
ESA	/	STScI /	AURA/	Hubble	Heritage	Team;	IR:	
NASA	/	JPL-Caltech	/Univ.	of	AZ	/	C.	Engelbracht;	
inset	– NASA	/	CXC	/	Tsinghua	University	/	H.	Feng	
et	al.

Composite	of	X-ray, IR, and optical emissionsJust	after	the	collision	with	M81

M82:	Nearest	Star	Burst	Galaxy
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M82	X-1

M82	X-1:	100-10000	Ms BH

NASA	/	CXC	/	JHU	/	D.	Strickland;	optical:	NASA	/	
ESA	/	STScI /	AURA/	Hubble	Heritage	Team;	IR:	
NASA	/	JPL-Caltech	/Univ.	of	AZ	/	C.	Engelbracht;	
inset	– NASA	/	CXC	/	Tsinghua	University	/	H.	Feng	
et	al.

Composite	of	X-ray, IR, and optical emissionsJust	after	the	collision	with	M81



UHECRとFlux patternの相関解析
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✦ Energy scan from 20 - 80 
EeV

✦ Φ : angular scale (width of 
gaussian)

✦ fani : anisotropic fraction

✦ L : likelihood from a 
model map

✦ L(Φ, fani) = (1 - fani) × 
isotropy + fani × 
fluxMap(Φ)

✦ L(fani=0): isotropy

Test	Statistics	(TS)	:	Likelihood	Ratio

17

TS = 2log


L(�, fani)

L(fani = 0)

�

Likelihood	for	model	map	and	UHECRs

Likelihood	for	isotropic	map	and	UHECRs

ü The	likelihood	ratio	test	is	standard	method	in	Fermi-LAT	gamma-ray	analysis

× fani

×(1- fani)

+

SBGs flux pattern
Exposure at Auger

Flux pattern at Auger

Assumption: UHECRs flux proportional to non-thermal photon



An attenuation factor of the flux map

10Pierre Auger Collaboration, JCAP 04, (2017) 038
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Figure 4. Same as figure 3 at the local minimum at γ = 2.04, SPG propagation model, EPOS-LHC
UHECR-air interactions.

both statistical and systematic uncertainties of the measurement. Also shown are shifts in
the energy scale and Xmax scale of the experiment as preferred by the fit. Both remain
within one standard deviation of the given uncertainties. The effect of fixed shifts within the
experimental systematics are reported in table 4.

From the results one can infer that the total deviance of the fit is not strongly sensitive
to shifts in the energy scale, though the injection mass fractions are. This is because an
increase (or decrease) in the observed position of the energy cutoff can be reproduced by
assuming a heavier (lighter) mass composition, as the photo-disintegration threshold energy
is roughly proportional to the mass number of the nuclei.

On the other hand, a negative 1 σ change on the Xmax scale does not change D(J)
and slightly improves D(Xmax) and moves γ towards somewhat larger values. A positive
change dramatically drives γ towards negative values outside the fitted interval and moves
Rcut towards lower values, since it implies a lighter composition at all energies, in strong
disagreement with the width of the Xmax distributions. Taking into account systematics as
in tables 3 and 4, the p-value of the best fit becomes p ≈ 6%. In figures 5, 6 the changes of
the D(γ) and D(Rcut) relations with systematics are reported.

– 14 –
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Figure 3. Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s
atmosphere, obtained with the best-fit parameters for the reference model using the procedure de-
scribed in section 3. Partial spectra are grouped as in figure 2. For comparison the fitted spectrum
is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model
(brown) versus pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue), dashed lines. Only the energy
range where the brown lines are solid is included in the fit.

H He N Si γ

He −0.78

N −0.61 −0.01

Si −0.43 −0.08 +0.75

γ −0.26 −0.32 +0.80 +0.89

log10(Rcut/V) −0.59 +0.00 +0.93 +0.84 +0.86

Table 2. Correlation coefficients among fit parameters (SPG model, EPOS-LHC UHECR-air inter-
actions) as derived from the mock simulated sets.

Including the systematics as nuisance parameters in the fit, we obtain the results in
table 3. Here the average value and uncertainty interval of the model parameters include

– 13 –

Scenario A: EPOS-LHC, hard injection γ=1.0 Scenario B: EPOS-LHC, γ=2.0
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Table 2. Populations investigated

SBGs l [�] b [�] Distancea [Mpc] Flux weight [%] Attenuated weight: A / B / C [%] % contributionb: A / B / C [%]

NGC 253 97.4 -88 2.7 13.6 20.7 / 18.0 / 16.6 35.9 / 32.2 / 30.2
M82 141.4 40.6 3.6 18.6 24.0 / 22.3 / 21.4 0.2 / 0.1 / 0.1

NGC 4945 305.3 13.3 4 16 19.2 / 18.3 / 17.9 39.0 / 38.4 / 38.3
M83 314.6 32 4 6.3 7.6 / 7.2 / 7.1 13.1 / 12.9 / 12.9

IC 342 138.2 10.6 4 5.5 6.6 / 6.3 / 6.1 0.1 / 0.0 / 0.0
NGC 6946 95.7 11.7 5.9 3.4 3.2 / 3.3 / 3.5 0.1 / 0.1 / 0.1
NGC 2903 208.7 44.5 6.6 1.1 0.9 / 1.0 / 1.1 0.6 / 0.7 / 0.7
NGC 5055 106 74.3 7.8 0.9 0.7 / 0.8 / 0.9 0.2 / 0.2 / 0.2
NGC 3628 240.9 64.8 8.1 1.3 1.0 / 1.1 / 1.2 0.8 / 0.9 / 1.1
NGC 3627 242 64.4 8.1 1.1 0.8 / 0.9 / 1.1 0.7 / 0.8 / 0.9
NGC 4631 142.8 84.2 8.7 2.9 2.1 / 2.4 / 2.7 0.8 / 0.9 / 1.1

M51 104.9 68.6 10.3 3.6 2.3 / 2.8 / 3.3 0.3 / 0.4 / 0.5
NGC 891 140.4 -17.4 11 1.7 1.1 / 1.3 / 1.5 0.2 / 0.3 / 0.3
NGC 3556 148.3 56.3 11.4 0.7 0.4 / 0.6 / 0.6 0.0 / 0.0 / 0.0
NGC 660 141.6 -47.4 15 0.9 0.5 / 0.6 / 0.8 0.4 / 0.5 / 0.6
NGC 2146 135.7 24.9 16.3 2.6 1.3 / 1.7 / 2.0 0.0 / 0.0 / 0.0
NGC 3079 157.8 48.4 17.4 2.1 1.0 / 1.4 / 1.5 0.1 / 0.1 / 0.1
NGC 1068 172.1 -51.9 17.9 12.1 5.6 / 7.9 / 9.0 6.4 / 9.4 / 10.9
NGC 1365 238 -54.6 22.3 1.3 0.5 / 0.8 / 0.8 0.9 / 1.5 / 1.6

Arp 299 141.9 55.4 46 1.6 0.4 / 0.7 / 0.6 0.0 / 0.0 / 0.0
Arp 220 36.6 53 80 0.8 0.1 / 0.3 / 0.2 0.0 / 0.2 / 0.1

NGC 6240 20.7 27.3 105 1 0.1 / 0.3 / 0.1 0.1 / 0.3 / 0.1
Mkn 231 121.6 60.2 183 0.8 0.0 / 0.1 / 0.0 0.0 / 0.0 / 0.0

�AGNs

Cen A Core 309.6 19.4 3.7 0.8 60.5 / 14.6 / 40.4 86.8 / 56.3 / 71.5
M 87 283.7 74.5 18.5 1 15.3 / 7.1 / 29.5 9.7 / 12.1 / 23.1

NGC 1275 150.6 -13.3 76 2.2 6.6 / 6.1 / 7.5 0.7 / 1.6 / 1.0
IC 310 150.2 -13.7 83 1 2.3 / 2.4 / 2.6 0.3 / 0.6 / 0.3
3C 264 235.8 73 95 0.5 0.8 / 1.0 / 0.8 0.4 / 1.3 / 0.5

TXS 0149+710 127.9 9 96 0.5 0.7 / 0.9 / 0.7 0.0 / 0.0 / 0.0
Mkn 421 179.8 65 136 54 11.4 / 48.3 / 14.7 1.8 / 19.1 / 2.8

PKS 0229-581 280.2 -54.6 140 0.5 0.1 / 0.5 / 0.1 0.2 / 2.0 / 0.3
Mkn 501 63.6 38.9 148 20.8 2.3 / 15.0 / 3.6 0.3 / 5.2 / 0.6

1ES 2344+514 112.9 -9.9 195 3.3 0.0 / 1.0 / 0.1 0.0 / 0.0 / 0.0
Mkn 180 131.9 45.6 199 1.9 0.0 / 0.5 / 0.0 0.0 / 0.0 / 0.0

1ES 1959+650 98 17.7 209 6.8 0.0 / 1.7 / 0.1 0.0 / 0.0 / 0.0
AP Librae 340.7 27.6 213 1.7 0.0 / 0.4 / 0.0 0.0 / 1.3 / 0.0

TXS 0210+515 135.8 -9 218 0.9 0.0 / 0.2 / 0.0 0.0 / 0.0 / 0.0
GB6 J0601+5315 160 14.6 232 0.4 0.0 / 0.1 / 0.0 0.0 / 0.0 / 0.0

PKS 0625-35 243.4 -20 245 1.3 0.0 / 0.1 / 0.0 0.0 / 0.5 / 0.0
I Zw 187 77.1 33.5 247 2.3 0.0 / 0.2 / 0.0 0.0 / 0.0 / 0.0

aA standard, flat ⇤CDM model (h0 = 0.7, ⌦M = 0.3) is assumed. Distances of SBGs are based on Ackermann et al. (2012), accounting for a
small difference in h0. Distances of �AGNs are based on their redshifts, except for the nearby Cen A (Tully et al. 2013).

b% contributions account for the directional exposure of the array.
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Figure 1. TS scan over the threshold energy for SBGs and AGNs (Left) and Swift-BAT and 2MRS sources (Right), including
attenuation (light-dashed lines) or not (darker-solid lines).

composition and maximum rigidities attainable at the sources.
For each scenario and a chosen energy threshold, we evaluate
the flux attenuation factor due to propagation for each source
and correct its expected UHECR flux accordingly.

The two extragalactic gamma-ray populations under study
and the relative weight of each source are provided in Table 2.
The relative contributions accounting for the directional expo-
sure of the Observatory are shown in the last column. Because
SBGs are mostly nearby, attenuation from them is much less
important than from the more distant blazars in the �AGN
sample. Taking into account attenuation, ⇠90% of the ac-
cumulated flux from SBGs emerges from a ⇠10Mpc-radius
region, while the radius goes up to ⇠150Mpc for �AGNs.
For both the 2MRS and Swift-BAT flux-limited samples, the
90% radius is ⇠70Mpc.

4. ANALYSIS AND RESULTS

4.1. Maximum-likelihood analysis

We build the UHECR sky model as the sum of an isotropic
component plus the anisotropic contribution from the sources.
For the anisotropic component, each source is modeled as a
Fisher distribution (Fisher 1953), the equivalent of a Gaussian
on the sphere. Its distribution is centered on the coordinates of
the source, the integral being set by its flux attenuated above
the chosen energy threshold, and the angular width – or search
radius3 – being a free parameter common to all sources. No
shift of the centroid position is considered, avoiding depen-
dence on any particular model of the Galactic magnetic field
in this exploratory study. After mixing the anisotropic map
with a variable fraction of isotropy, as in Abreu et al. (2010),
the model map is multiplied by the directional exposure of the
array and its integral is normalized to the number of events.
The model map thus depends on two variables aimed at max-
imizing the degree of correlation with UHECR events: the
fraction of all events due to the sources (anisotropic fraction)

3 Inverse square root of Fisher’s concentration parameter.

and the RMS angular separation between an event and its
source (search radius) in the anisotropic fraction.

We perform an unbinned maximum-likelihood analysis,
where the likelihood (L) is the product over the UHECR
events of the model density in the UHECR direction. The test
statistic (TS) for deviation from isotropy is the likelihood ratio
test between two nested hypotheses: the UHECR sky model
and an isotropic model (null hypothesis). The TS is maxi-
mized as a function of two parameters: the search radius and
the anisotropic fraction. We repeat the analysis for a sequence
of energy thresholds.

For a given energy threshold, we confirmed with simula-
tions that the TS for isotropy follows a �2 distribution with
two degrees of freedom, as expected (Wilks 1938), directly
accounting for the fit of two parameters of the model. As in
Aab et al. (2015b), we penalize the minimum p-value for a
scan in threshold energy, by steps of 1EeV up to 80EeV, esti-
mating the penalty factor with Monte-Carlo simulations. The
p-values are converted into significances assuming 1-sided
Gaussian distributions.

4.2. Single population against isotropy

Previous anisotropy studies (e.g. Aab et al. 2015b) have
considered a scan in energy threshold starting at 40EeV,
where the observed flux reaches half the value expected from
lower-energy extrapolations, but as shown in Fig. 1, there is
a maximum in the significance close to this starting point.
Therefore we have evaluated the TS down to 20EeV.

The TS is maximum for SBGs above 39EeV (894 events),
with or without attenuation. For �AGNs, the TS is maximum
above 60EeV (177 events) after accounting for attenuation.
As shown in Fig. 1, left, attenuation mildly impacts SBGs
which are nearby: we obtain TS=24.9/25.5/25.7 for scenar-
ios A/B/C, respectively. The impact is more pronounced for
�AGNs, a larger attenuation reducing contributions from dis-
tant blazars: we obtain a maximum TS of 15.2/9.4/11.9 for
scenarios A/B/C. Shifting the energy scale within systematic

✦ 40 EeV付近でどのカタログも相関が強くなる
✦ AGNはAttenuation を考慮すると、近傍のCen Aに限定されて相関が大きくなる
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Best fit results



15

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

Pierre Auger Collaboration, 
Astrophys.J. 853 (2018) L29

✦ Warmspot:  Cen A (AGN), M83 and NGC4945 (SBG)
✦ Galactic south pole: NGC1068 (SBG), NGC253 (SBG)

✦ Additional galaxies (Swift-BAT and 2MASS) are not favored
✦ Composite model: SBG contributions are dominated 
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Starburst Galaxy 分布
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✦ TA (7年分, 109事象, E > 57 EeV)+ 
Auger(10年分, 157事象, E > 57 EeV),
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南半球では見えないM82が北半球では見える
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まとめ
✦ Augerで8 EeV以上の宇宙線の到来方向分布に持つダイポール構造
が見つかった

✦ Amplitudeが最大になる場所は、銀河中心から125°離れてい
る。銀河系外起源の宇宙線を示唆している

✦ Amplitudeの大きさは、陽子から期待される値より小さい

✦ (異方性から化学組成への制限がかかってきている）

✦ Flux patternでの相関解析

✦ E > 39 EeVの到来方向分布は、SBGの異方性成分を10%と等
方成分90%の場合に一致する

✦ 等方分布を4.0σで棄却

✦ SBGと AGN or Swift-BAT or 2MRSを組み合わせ解析
(Composite model): SBGのFlux patternについて有意な相関を
示す

18

13

Accounting GMF deflections

Z ~ 1.7 – 5  at 10 EeV E/Z ~ 2 – 5  EeV
[Auger Coll. PRD 90 (2014) 122006]

The flux-weighted dipole from IR galaxy distribution in 

2MRS points to (l,b)=(251º,38º)  → ~55º from observed
[Erdogdu et al. 2006]

[Jansson and Farrar ApJ 757 (2012) 14]

DISCUSSION DISCUSSION 

Improves agreement 
observation ↔2MRS
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Figure 1. TS scan over the threshold energy for SBGs and AGNs (Left) and Swift-BAT and 2MRS sources (Right), including
attenuation (light-dashed lines) or not (darker-solid lines).

composition and maximum rigidities attainable at the sources.
For each scenario and a chosen energy threshold, we evaluate
the flux attenuation factor due to propagation for each source
and correct its expected UHECR flux accordingly.

The two extragalactic gamma-ray populations under study
and the relative weight of each source are provided in Table 2.
The relative contributions accounting for the directional expo-
sure of the Observatory are shown in the last column. Because
SBGs are mostly nearby, attenuation from them is much less
important than from the more distant blazars in the �AGN
sample. Taking into account attenuation, ⇠90% of the ac-
cumulated flux from SBGs emerges from a ⇠10Mpc-radius
region, while the radius goes up to ⇠150Mpc for �AGNs.
For both the 2MRS and Swift-BAT flux-limited samples, the
90% radius is ⇠70Mpc.

4. ANALYSIS AND RESULTS

4.1. Maximum-likelihood analysis

We build the UHECR sky model as the sum of an isotropic
component plus the anisotropic contribution from the sources.
For the anisotropic component, each source is modeled as a
Fisher distribution (Fisher 1953), the equivalent of a Gaussian
on the sphere. Its distribution is centered on the coordinates of
the source, the integral being set by its flux attenuated above
the chosen energy threshold, and the angular width – or search
radius3 – being a free parameter common to all sources. No
shift of the centroid position is considered, avoiding depen-
dence on any particular model of the Galactic magnetic field
in this exploratory study. After mixing the anisotropic map
with a variable fraction of isotropy, as in Abreu et al. (2010),
the model map is multiplied by the directional exposure of the
array and its integral is normalized to the number of events.
The model map thus depends on two variables aimed at max-
imizing the degree of correlation with UHECR events: the
fraction of all events due to the sources (anisotropic fraction)

3 Inverse square root of Fisher’s concentration parameter.

and the RMS angular separation between an event and its
source (search radius) in the anisotropic fraction.

We perform an unbinned maximum-likelihood analysis,
where the likelihood (L) is the product over the UHECR
events of the model density in the UHECR direction. The test
statistic (TS) for deviation from isotropy is the likelihood ratio
test between two nested hypotheses: the UHECR sky model
and an isotropic model (null hypothesis). The TS is maxi-
mized as a function of two parameters: the search radius and
the anisotropic fraction. We repeat the analysis for a sequence
of energy thresholds.

For a given energy threshold, we confirmed with simula-
tions that the TS for isotropy follows a �2 distribution with
two degrees of freedom, as expected (Wilks 1938), directly
accounting for the fit of two parameters of the model. As in
Aab et al. (2015b), we penalize the minimum p-value for a
scan in threshold energy, by steps of 1EeV up to 80EeV, esti-
mating the penalty factor with Monte-Carlo simulations. The
p-values are converted into significances assuming 1-sided
Gaussian distributions.

4.2. Single population against isotropy

Previous anisotropy studies (e.g. Aab et al. 2015b) have
considered a scan in energy threshold starting at 40EeV,
where the observed flux reaches half the value expected from
lower-energy extrapolations, but as shown in Fig. 1, there is
a maximum in the significance close to this starting point.
Therefore we have evaluated the TS down to 20EeV.

The TS is maximum for SBGs above 39EeV (894 events),
with or without attenuation. For �AGNs, the TS is maximum
above 60EeV (177 events) after accounting for attenuation.
As shown in Fig. 1, left, attenuation mildly impacts SBGs
which are nearby: we obtain TS=24.9/25.5/25.7 for scenar-
ios A/B/C, respectively. The impact is more pronounced for
�AGNs, a larger attenuation reducing contributions from dis-
tant blazars: we obtain a maximum TS of 15.2/9.4/11.9 for
scenarios A/B/C. Shifting the energy scale within systematic


