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Figure 1. Energy spectrum of primary cosmic rays. Akeno-AGASA results,

which cover the widest energy range (10
15

–10
20

eV), are shown by red closed

and open circles. Direct observations with balloon- and satellite-borne detectors

are plotted as dots below the knee, around 10
15

eV. New Tibet results, which

cover the energy region below and above the knee, are plotted as blue circles.

In the highest energy region, new results from HiRes and Auger are shown as

open black circles and open blue squares, respectively. The overall spectrum is

expressed by a power law from 10
11

to 10
20

eV with only small changes of slope

around 10
15.5

eV (the knee), 10
17.8

eV (the second knee) and 10
19

eV (the ankle).

technique are summarized. The energy spectrum in the highest energy region is discussed in

relation to that in the lower energy region.

A recent review of the composition and the anisotropy of UHECRs may be found in the

Rapporteur paper of Teshima [5] presented at the 30th ICRC in Mérida, Mexico in 2007.

2. Historical background of UHECR experiments

There is a review on the history of cosmic-ray studies by Linsley [6], in which the early

experiments to search for the composition and the end of the energy spectrum are described

in detail, starting with the discovery of cosmic rays by Victor Hess in 1912. The early air

fluorescence work at Cornell and in Japan is described by Tanahashi [7] in the proceedings

of the same conference.

In figure 2 various experiments on UHECRs are listed along with their main observation

periods. Here, we review first the history of the particle array technique in the early stages and

New Journal of Physics 11 (2009) 065012 (http://www.njp.org/)
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LHC

「最高エネルギー宇宙線」（最近は「超高エネルギー
宇宙線」(UHECRs) という
方が多い）

E > 1018 eV
動機
 存在そのものが謎、面白い
•起源：加速？ (bottom-up) それとも？ 
(top-down)

•伝播：なぜここまで到達して観測できる？
またはできない？エネルギー損失、異方性？

「粒子線天文学」の可能性

観測的難しさ
到来頻度が小さい：大面積、長い観測時間
空気シャワー観測
•超高エネルギー相互作用
•大気等もろもろの影響
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最高エネルギー宇宙線：一般的描像
銀河外起源？

E>1018  eV は μG 磁場では閉じ込められない 

銀河内では加速できそうな天体が見当たらない、考えつかない

銀河面への大きな異方性はない

どこかで銀河系宇宙線から銀河外起源宇宙線への主成分遷移

地球まで到達できるもののエネルギーには限界？ 
CMBとの相互作用によるエネルギー損失 (GZK cut-off scenario)

陽子が主成分？　
中間質量・重原子核はCMB・赤外背景放射との相互作用で壊れる (photo-
disintegration)
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宇宙線観測：空気シャワー観測手法
地表検出器アレイ (SD）

 Traditional：シャワー粒子をそのまま捕まえる
 ネック
•相互作用が完全にはわかっていない：MC/モデル依存

 Linsleyグループ、Haverah Park, Yakutsk, AGASA

大気蛍光望遠鏡 (FD)
 空気シャワーの「写真撮影」
 大気カロリメータ
 ネック
•大気状態の影響
•大気発光効率 (Fluorescence yield)
 Fly’s Eye, HiRes

SD
FD
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AGASA
(SD) HiRes

(FD)

スペクトルは一致しなかった
 エネルギースケール：AGASAは高め、HiResは低め (~15%)
 スペクトルの形 (E > 1019.7 eV)

観測方法の違い (SD/FD)       ---> 同時観測/ハイブリッド実験の必要性 ---> Auger, TA

http://www-akeno.icrr.u-tokyo.ac.jp/AGASA/results.html#spectrum
D. Bergman (2009)
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Pierre Auger Observatory

FD: 24 台

アルゼンチン

60km

SD: 1,600

•（北半球にも作る計画が、、、どうなる？）

2004~

（水チェレンコフタンク, 1.5km間隔）

in 4ステーション

1
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Auger SD/FD
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Telescope Array

30km

米国ユタ州
SD: シンチレーション検出器507台
•AGASA型、1.2km間隔
FD: ３ステーション、合計38台
•うち１ステーションはHiRes-Iを移設
観測：2008~
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TA SD/FD
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SD: 830days/2.3yr ~ 98%

FD: 119days/2.7yr ~ 12%

TA Observation Time

2007 Nov.
2008 May

TA観測/Exposure

~1AGASA

（天候条件等のカットを入れると~7%）

2007年11月 ～ 2010年前半まで
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最近の観測結果 Auger/TA
 エネルギースペクトル

 原子核組成

 到来方向分布の異方性

- 空気シャワーの縦方向発達から

- イベントごとの核種判別ではなく、統計的に「重いか軽いか」

- カタログ天体との相関？
- 特定方向、天体付近の集中？
- イベントクラスタリング？ •光子成分

•ニュートリノ

結果はあるがここでは触れない
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Auger エネルギースペクトル
Pierre Auger Collaboration / Physics Letters B 685 (2010) 239–246 245

Fig. 5. The combined energy spectrum is fitted with two functions (see text) and
compared to data from the HiRes instrument [43]. The systematic uncertainty of
the flux scaled by E3 due to the uncertainty of the energy scale of 22% is indicated
by arrows. A table with the Auger flux values can be found at [44].

derlying raw distribution. Combining the systematic uncertainties
of the exposure (3%) and of the forward folding assumptions (5%),
the systematic uncertainty of the derived flux is 6%.

4. The combined Auger spectrum

The energy spectrum derived from hybrid data is combined
with the one obtained from surface detector data using a max-
imum likelihood method. Since the surface detector energy esti-
mator is calibrated with hybrid events, the two spectra have the
same systematic uncertainty in the energy scale. On the other
hand, the normalisation uncertainties are independent. They are
taken as 6% for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used as addi-
tional constraints in the combination. This combination procedure
is used to derive the scale parameters, k, for the fluxes that are
to be applied to the individual spectra. These are kSD = 1.01 and
kFD = 0.99 for the surface detector data and hybrid data respec-
tively, showing that agreement between the measurements is at
the 1% level.

The combined energy spectrum scaled with E3 is shown in
Fig. 5 in comparison with the spectrum obtained with stereo mea-
surements of the HiRes instrument [43]. An energy shift within the
current systematic uncertainties of the energy scale applied to one
or both experiments could account for most of the difference be-
tween the spectra. The ankle feature seems to be somewhat more
sharply defined in the Auger data. This is possibly due to a sys-
tematic energy offset between the experiments. However, for a
complete comparison, care must also be taken to account for en-
ergy resolution and possible changes in aperture with energy.

The characteristic features of the combined spectrum are quan-
tified in two ways. For the first method, shown as a dotted red line
in Fig. 5, we have used three power laws with free breaks between
them. A continuation of the power law above the ankle to high-
est energies can be rejected with more than 20σ . For the second
characterisation we have adopted two power laws in the ankle re-
gion and a smoothly changing function at higher energies which is
given by

J (E; E > Eankle) ∝ E−γ2

1+ exp(
log10 E−log10 E1/2

log10 Wc
)
, (3)

Table 1
Fitted parameters and their statistical uncertainties characterising the combined en-
ergy spectrum.

Parameter Power laws Power laws +
smooth function

γ1(E < Eankle) 3.26± 0.04 3.26± 0.04
log10(Eankle/eV) 18.61± 0.01 18.60± 0.01
γ2(E > Eankle) 2.59± 0.02 2.55± 0.04
log10(Ebreak/eV) 19.46± 0.03
γ3(E > Ebreak) 4.3± 0.2
log10(E1/2/eV) 19.61± 0.03
log10(Wc/eV) 0.16± 0.03
χ2/ndof 38.5/16 29.1/16

where E1/2 is the energy at which the flux has fallen to one half of
the value of the power-law extrapolation and Wc parametrizes the
width of the transition region. It is shown as a black solid line in
Fig. 5. The derived parameters (quoting only statistical uncertain-
ties) are given in Table 1.

At high energies the combined spectrum is statistically domi-
nated by the surface detector data. The agreement between the in-
dex of the power law above the ankle, γ2, measured with the com-
bined spectrum (2.59 ± 0.02) and with hybrid data (2.65 ± 0.14),
also demonstrates the good agreement between the two measure-
ments.

5. Summary

We have measured the cosmic ray flux with the Pierre Auger
Observatory by applying two different techniques. The fluxes ob-
tained with hybrid events and from the surface detector array are
in good agreement in the overlapping energy range. A combined
spectrum has been derived with high statistics covering the energy
range from 1018 eV to above 1020 eV. The dominant systematic
uncertainty of the spectrum stems from that of the overall energy
scale, which is estimated to be 22%.

The position of the ankle at log10(Eankle/eV) = 18.61±0.01 has
been determined by fitting the flux with a broken power law E−γ .
An index of γ = 3.26 ± 0.04 is found below the ankle. Above the
ankle the spectrum follows a power law with index 2.55 ± 0.04.
In comparison to the power law extrapolation, the spectrum is
suppressed by a factor two at log10(E1/2/eV) = 19.61 ± 0.03. The
significance of the suppression is larger than 20σ . The suppres-
sion is similar to what is expected from the GZK effect for protons
or nuclei as heavy as iron, but could in part also be related to
a change of the shape of the average injection spectrum at the
sources.
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•Ebreak = 2.9x1019 eVで折れ曲がり
•E1/2 = 4x1019 eV : Power-law をそのまま延ばしたときの期待値の半分の数になるエネルギー
•HiResとのエネルギーの違いは~20%：系統誤差の範囲ではある

Ebreak

E1/2

Abraham et al.
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TAエネルギースペクトル
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•TA-MD: HiRes-Iと同じ検出器、同じ解析プログラム
•TA Hybrid: SD/FD（TA検出器）両方でトリガーされたイベント。SD+FDでシャワー軸
をよい精度で決定し、FDでエネルギー推定

•TA-SD: AGASAと同程
度の統計量。ハイブリッ
ドイベントを用いて得た
SDとFDの平均的エネル
ギー差を使い、FDのエネ
ルギーにスケール。

HiRes/TAは再現性があり、比較可能な実験である

D.Rodriguez (Utah)

池田（ICRR)
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TA-SD スペクトル
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D. Ivanov (Utah/Rutgers)
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Sea level4km10km20km 2km

Proton
Iron

XmaxXmax

UHECRの”組成” シャワーの最大発達点 Xmax から

重い原子核

- 相互作用断面積が大きい

- 核子当たりのエネルギーが小さい

重い原子核によるシャワーは
「早い」発達と減衰

最大発達点 Xmax は陽子の
ほうが大きい（深い）、重い
原子核では小さい（浅い）

観測データでのエネルギーと
Xmaxの関係から「組成」ま
たは主成分を推定
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重い原子核によるシャワーは
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原子核では小さい（浅い）

観測データでのエネルギーと
Xmaxの関係から「組成」ま
たは主成分を推定
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平均!"#$%!測定

&'('年９月１１日 日本物理学会第６６回年次大会)九州工業大学 7

*+

,-./0

+12/3
Preliminary

    PRL.104.161101 (2010)

    PRL.104.091101 (2010)

Xmax解析

多米田 （東工大/ICRR）

見た目だけでいくと
•HiRes, TAは陽子
•Augerは重い ~ Fe?

J.Belz et al.

Abraham et al.
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•まだ早い。
•実験ごとの比較は難しい：イベント選別バイアス？
•どのモデルと比較するかでも違う
•モデル予測のラインの引き方も違う（同じモデル予測でもHiResの
引いたラインとAugerの引いたラインでは値も意味も違う）
•エネルギースケールも違う
•Xmaxの定義からして違う（縦方向フィットなど）

p or Fe?
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•既に1018eVではプロトン優勢への遷移が終了？  
銀河系外の見え始めはどこだ？
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It has not escaped our notice that the directions of the five most
energetic events are not part of the fraction of events that correlate
with objects in the VCV catalog.

Additional monitoring of the correlation signal with this set of
astronomical objects can also be found in [29]. Further studies of
the correlation exploring other parameters are currently in pro-
gress. One conjecture often made in the literature (see e.g.
[30,31] and references therein) is that powerful radiogalaxies are
the most promising contenders for UHECR acceleration, along with
gamma-ray bursts. The analysis of directional correlations of
UHECRs with positions of AGNs from the VCV catalog discussed
here does not account for any differences among those AGNs. Thus,
a logical next step with respect to [6,7] would consider the AGN
radio luminosity given in the VCV catalog as a fourth scan param-
eter to find a threshold in radio luminosity above which the direc-
tional correlation starts to increase. Such a scan has been
performed with a subset of the data and the signal evolution with
those parameters is being monitored since, similarly as presented
here for all AGN of the VCV. These results will be reported
elsewhere.

The HiRes collaboration has reported [32] an absence of a corre-
lation with AGNs of the VCV catalog using the parameters of the
Auger prescribed test. They found two events correlating out of a
set of 13 arrival directions that have been measured stereoscopi-

cally above an energy which they estimated to be the same as
the Auger prescribed energy threshold. The 38% correlation mea-
sured by Auger suggests that approximately five arrival directions
out of 13 HiRes directions should correlate with an AGN position.
The difference between 2 and 5 does not rule out a 38% correlation
in the northern hemisphere that is observed by the HiRes detector.
Also, it is not necessarily expected that the correlating fraction
should be the same in both hemispheres. The three-dimensional
AGN distribution is not uniform, and the VCV catalog itself has dif-
ferent level of completeness in the two hemispheres. In addition,
comparison of results between the two observatories is especially
challenging in this situation because the energy cut occurs where
the GZK suppression has steepened the already steep cosmic ray
spectrum. A small difference in the threshold energy or a difference
in energy resolution can strongly affect the measurement of a cor-
relation that exists only above the threshold.

It is worth mentioning that while the degree of correlation with
the parameters of the test updated here has decreased with the
accumulation of new data, a re-scan of the complete data set sim-
ilar to that performed in Ref. [7] does not lead to a much more sig-
nificant correlation for other values of the parameters. The largest
departure from isotropic expectations in the scan actually occurs
for the same energy threshold Eth = 55 EeV and maximum redshift
z 6 0.018. There is a spread in the angular scales over which the
correlation departs from isotropic expectations. This issue will be
examined in Section 4, where we explore the correlation with
other sets of nearby extragalactic objects, described by catalogs
more uniform than the VCV compilation.

There is now available a more recent version of the VCV catalog
[33]. Conclusions are similar if the arrival directions are compared
to the distribution of objects in this latest version.

4. Examination of the arrival directions in relation to other
catalogs

As noted in [6], ‘‘the correlation that we observe with nearby
AGNs from the VCV catalog cannot be used alone as a proof that
AGNs are the sources. Other sources, as long as their distribution
within the GZK horizon is sufficiently similar to that of the AGNs,
could lead to a significant correlation between the arrival direc-
tions of cosmic rays and the AGNs positions.” It is therefore appro-
priate to investigate the arrival directions of this data set with
respect to other scenarios for cosmic ray sources in the local
universe.

Fig. 1. The 69 arrival directions of CRs with energy EP 55 EeV detected by the Pierre Auger Observatory up to 31 December 2009 are plotted as black dots in an Aitoff-
Hammer projection of the sky in galactic coordinates. The solid line represents the border of the field of view of the Southern Observatory for zenith angles smaller than 60!.
Blue circles of radius 3.1! are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc and that are within the field of view of the Observatory.
Darker blue indicates larger relative exposure. The exposure-weighted fraction of the sky covered by the blue circles is 21%. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The most likely value of the degree of correlation pdata = k/N is plotted with
black dots as a function of the total number of time-ordered events (excluding those
in period I). The 68%, 95% and 99.7% confidence level intervals around the most
likely value are shaded. The horizontal dashed line shows the isotropic value
piso = 0.21. The current estimate of the signal is 0:38þ0:07
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異方性：Auger : AGNとの相関

It has not escaped our notice that the directions of the five most
energetic events are not part of the fraction of events that correlate
with objects in the VCV catalog.

Additional monitoring of the correlation signal with this set of
astronomical objects can also be found in [29]. Further studies of
the correlation exploring other parameters are currently in pro-
gress. One conjecture often made in the literature (see e.g.
[30,31] and references therein) is that powerful radiogalaxies are
the most promising contenders for UHECR acceleration, along with
gamma-ray bursts. The analysis of directional correlations of
UHECRs with positions of AGNs from the VCV catalog discussed
here does not account for any differences among those AGNs. Thus,
a logical next step with respect to [6,7] would consider the AGN
radio luminosity given in the VCV catalog as a fourth scan param-
eter to find a threshold in radio luminosity above which the direc-
tional correlation starts to increase. Such a scan has been
performed with a subset of the data and the signal evolution with
those parameters is being monitored since, similarly as presented
here for all AGN of the VCV. These results will be reported
elsewhere.

The HiRes collaboration has reported [32] an absence of a corre-
lation with AGNs of the VCV catalog using the parameters of the
Auger prescribed test. They found two events correlating out of a
set of 13 arrival directions that have been measured stereoscopi-

cally above an energy which they estimated to be the same as
the Auger prescribed energy threshold. The 38% correlation mea-
sured by Auger suggests that approximately five arrival directions
out of 13 HiRes directions should correlate with an AGN position.
The difference between 2 and 5 does not rule out a 38% correlation
in the northern hemisphere that is observed by the HiRes detector.
Also, it is not necessarily expected that the correlating fraction
should be the same in both hemispheres. The three-dimensional
AGN distribution is not uniform, and the VCV catalog itself has dif-
ferent level of completeness in the two hemispheres. In addition,
comparison of results between the two observatories is especially
challenging in this situation because the energy cut occurs where
the GZK suppression has steepened the already steep cosmic ray
spectrum. A small difference in the threshold energy or a difference
in energy resolution can strongly affect the measurement of a cor-
relation that exists only above the threshold.

It is worth mentioning that while the degree of correlation with
the parameters of the test updated here has decreased with the
accumulation of new data, a re-scan of the complete data set sim-
ilar to that performed in Ref. [7] does not lead to a much more sig-
nificant correlation for other values of the parameters. The largest
departure from isotropic expectations in the scan actually occurs
for the same energy threshold Eth = 55 EeV and maximum redshift
z 6 0.018. There is a spread in the angular scales over which the
correlation departs from isotropic expectations. This issue will be
examined in Section 4, where we explore the correlation with
other sets of nearby extragalactic objects, described by catalogs
more uniform than the VCV compilation.

There is now available a more recent version of the VCV catalog
[33]. Conclusions are similar if the arrival directions are compared
to the distribution of objects in this latest version.

4. Examination of the arrival directions in relation to other
catalogs

As noted in [6], ‘‘the correlation that we observe with nearby
AGNs from the VCV catalog cannot be used alone as a proof that
AGNs are the sources. Other sources, as long as their distribution
within the GZK horizon is sufficiently similar to that of the AGNs,
could lead to a significant correlation between the arrival direc-
tions of cosmic rays and the AGNs positions.” It is therefore appro-
priate to investigate the arrival directions of this data set with
respect to other scenarios for cosmic ray sources in the local
universe.

Fig. 1. The 69 arrival directions of CRs with energy EP 55 EeV detected by the Pierre Auger Observatory up to 31 December 2009 are plotted as black dots in an Aitoff-
Hammer projection of the sky in galactic coordinates. The solid line represents the border of the field of view of the Southern Observatory for zenith angles smaller than 60!.
Blue circles of radius 3.1! are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc and that are within the field of view of the Observatory.
Darker blue indicates larger relative exposure. The exposure-weighted fraction of the sky covered by the blue circles is 21%. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The most likely value of the degree of correlation pdata = k/N is plotted with
black dots as a function of the total number of time-ordered events (excluding those
in period I). The 68%, 95% and 99.7% confidence level intervals around the most
likely value are shaded. The horizontal dashed line shows the isotropic value
piso = 0.21. The current estimate of the signal is 0:38þ0:07
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1.AGNカタログ (VCVカタログ）天体周りの角度ψ（~３°）の円を定義し、
2.その合計が観測全天をどれだけ覆うかを計算（Exposureを考慮）
•Augerの場合観測全天の21% 　（HiRes/TAの場合24%）
•宇宙線イベントを等方ランダムにばらまけば21%はAGNの円内に入ってよい
3.観測イベントの場合は何%が円内に入るか？

水色の円の面積をexposure（濃淡）で重みをつけて足し
上げると観測全天の21%

 2007 Science:    9/13 = 69%
 2010 APP:       21/55 = 38% 

2007 
Science paper

ψ=3.1°, E>56EeV, z < 0.018
Astropart. Phys. 34 314 (2010)

ψ
AGN

イベント

イベント

結果：
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TA : AGNとの相関
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•ψ=3.1°, E > 56 EeV, z < 0.018
•HiRes: 2 / 13 = 15% （等方の場合の期待値24%）
•TA: 3 / 13 = 23%

(Auger解析と同じ条件）

Astropart. Phys. 30 175 (2008)

HiRes、TAとも
等方分布の場合
からのずれは見
えない。
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These figures are a posteriori, and do not represent a confidence le-
vel on anisotropy.

The likelihood test is sensitive to whether or not the data points
lie in a high-density region of the model. Complementary methods
can be applied that test the overall proportionality between the sky
distribution of arrival directions and model predictions. For in-
stance in Ref. [36] we have developed a method based on the
smoothed density maps that simultaneously tests both the correla-
tion as well as the intrinsic clustering properties of the data com-
pared to the models. These tests are inconclusive with present
data. The dispersion in the predictions by different models de-
creases with an increasing number of events. For instance, the
width of the histograms in Fig. 7 decreases as 1=

ffiffiffiffi
N

p
. With this dis-

persion reduced by a factor two, if the anisotropy is substantiated
by future data it should also become possible to narrow the range
of viable astrophysical scenarios.

The HiRes collaboration has reported [40] that their data with
threshold energies of 57 EeV are incompatible at a 95% confidence
level with a matter tracer model based on 2MRS galaxies with
smoothing angles smaller than 10!. The analysis performed in
[40] has the smoothing angle as the only free parameter. As already
mentioned at the end of Section 3, comparison of results between
the two observatories is especially challenging around the GZK en-
ergy threshold. Auger arrival directions are compatible with mod-
els of the local matter distribution based on 2MRS galaxies for
smoothing angles of a few degrees and correlating fractions of
about 40% (fiso ! 0.6 is required for the best fit).

5. Other aspects of the arrival directions

The autocorrelation of the arrival directions can provide infor-
mation about clustering without reference to any catalog. We
show in Fig. 8 the autocorrelation function for the set of the 69
events with EP 55 EeV. The number of pairs of events with an
angular separation smaller than a given value are plotted as black
dots. The 68%, 95% and 99.7% dispersion expected in the case of an
isotropic flux is represented by coloured bands. For angles greater
than 45! (not shown) the black dots lie within the 68% band. The
region of small angular scale is shown separately for better
resolution.

The largest deviation from the isotropic expectation occurs for
an angular scale of 11!, where 51 pairs have a smaller separation
compared with 34.8 pairs expected. In isotropic realizations of 69
events, a fraction f(11!) = 0.013 have 51 or more pairs within 11!.
The fraction of isotropic realizations that achieve f(w) 6 0.013 for
any angle w is P = 0.10.

The region with the largest overdensity of arrival directions
among the 69 CRs with EP 55 EeV, as estimated by the excess
above isotropic expectations in circular windows, is centred at
galactic coordinates (l, b) = ("46.4!, 17.7!). There are 12 arrival
directions inside a windowwith radius 13! centred in that location,
where 1.7 is the isotropic expectation. The centre of this region is
only 4! away from the location of the radiogalaxy Cen A ("50.5!,
19.4!) and it is not far from the direction of the Centaurus cluster
("57.6!, 21.6!). It was noted in [6,7] that the arrival directions of
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Fig. 7. Distributions of mean log-likelihood per event for isotropic arrival directions (blue, solid line histogram) and for the model predictions (red, dashed line histogram).
The parameters for the models based on the 2MRS galaxies (left) and Swift-BAT AGNs (right) are those that maximize the likelihood with all data, namely (1.5!, 0.64) for 2MRS
and (7.8!, 0.56) for Swift-BAT. The value of the log-likelihood for the data is indicated by a black vertical line. The plots in the top panels use all data, and those in the bottom
panels exclude data collected during period I. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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相関：Alternative Approach
4.2.2. Likelihood test

For each model and for different values of the smoothing angle
r and isotropic fraction fiso we evaluate the log-likelihood of the
data sample:

LL ¼
XNdata

k¼1

ln Fðn̂kÞ; ð3Þ

where n̂k is the direction of the kth event.
We consider the models based on 2MRS and Swift-BAT objects

weighted by their flux in the respective wavelength. The top panels
in Fig. 6 plot the results using all the arrival directions of CRs with
EP 55 EeV. The bottom panels plot the results excluding the CRs
collected during period I in Table 1, which were used to optimise
the energy cut for the VCV correlation in that period. The best-fit
values of (r, fiso) are those that maximize the likelihood of the data
sample, and are indicated by a black dot. Contours of 68%, 95% and
99.7% confidence intervals are shown. The best-fit values of (r, fiso)
are (1.5!, 0.64) for 2MRS and (7.8!, 0.56) for Swift-BAT using all
data. With data in period I excluded the best-fit parameters are
(1.5!, 0.69) for 2MRS and (1.5!, 0.88) for Swift-BAT. These values
are not strongly constrained with the present statistics. Notice
for instance that the best-fit value of fiso for the Swift-BAT model
increases from 0.56 to 0.88 and r decreases from 7.8! to 1.5! if data
in period I is excluded. More data is needed to discern if it is the
correlation on small angles of a few events with the very high-den-
sity regions of this model (such as the region in the direction to the
radiogalaxy Centaurus A, the object with the largest weight in
Fig. 4) that masks a potentially larger correlating fraction (hence
a smaller fiso) over larger angular scales.

Finding the values of r and fiso that maximize the log-likelihood
does not ensure that the model fits well the data. To test the com-
patibility between data and model, we generate simulated sets
with the same number of arrival directions as in the data, drawn
either from the density map of the models or isotropically. We then
compare the distributions of the mean log-likelihood (LL=Ndata)
with the value obtained for the data. We present the results in
Fig. 7.

Data are compatible with the models and differ from average
isotropic expectations. The fraction f of isotropic realizations that
have a higher likelihood than the data is 2 $ 10%4 in the case of
the model based on Swift-BAT AGNs, and 4 $ 10%3 with the model
based on 2MRS galaxies. These values of f are obtained with the
parameters r and fiso that maximize the likelihood for the respec-
tive catalog using all the events with energy larger than 55 EeV
(the black dots in the top panels of Fig. 6). With the same param-
eters, and data from period I excluded, f & 0.02 in both models.

Fig. 4. Left: Sky map in galactic coordinates with the AGNs of the 58-month Swift-BAT catalog plotted as red stars with area proportional to the assigned weight. The solid
line represents the border of the field of view of the Southern Observatory. Coloured bands have equal integrated exposure, and darker background colours indicate larger
relative exposure. Right: density map derived from the map to the left, smoothed with an angular scale r = 5!. The 69 arrival directions of CRs with energy EP 55 EeV
detected with the Pierre Auger Observatory are plotted as black dots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. Cosmic ray density map for the flux-weighted 2MRS galaxies, smoothed
with an angular scale r = 5!. The black dots are the arrival directions of the CRs with
energy EP 55 EeV detected with the Pierre Auger Observatory. Galactic latitudes
are restricted to jbj > 10!, both for galaxies and CR events.

Fig. 6. Confidence intervals for the parameters (r, fiso) derived from the likelihood
function using the arrival directions of CRs with EP 55 EeV for the two models
considered: 2MRS galaxies (left) and Swift-BAT AGNs (right). The pair of parameters
that maximize the likelihood is indicated by a black dot. The plots in the top panels
use all data. The plots in the bottom panels exclude data collected during period I in
Table 1, that were used to choose the energy threshold that maximized the
correlation with VCV objects in that period. In the case of 2MRS galactic latitudes
(both of galaxies and CRs) are restricted to jbj > 10!.
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1.カタログを用意
2.天体への距離、磁場の影響を入れるためのsmearing, ルミノシ
ティ、減衰効果を考慮した smoothed density map を作る

•Auger: 何か相関ありそう
•HiRes, TA: 明確な相関はない

3.マッチングを調べる
I.観測イベントとmapのマッチを比較
II.mapの分布にしたがって観測と同数
のランダムイベントを作ってマッチを
計算、これを何度も繰り返す->分布
III.観測イベントとのマッチは、ランダ
ムイベントの場合の分布に対してどの
あたりの値になるか？

2MRS smoothed density map

Augerイベントとsmoothed density mapとのマッチング

TAイベント解析

Astropart. Phys. 34 314 (2010)
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two CR events correlate with the nucleus position of the radiogal-
axy Cen A, while several lie in the vicinity of its radio lobe exten-
sion. At only 3.8 Mpc distance, Cen A is the closest AGN. It is
obviously an interesting region to monitor with additional data.

We show in Fig. 9 the number of CR arrival directions within a
variable angular radius from Cen A. In a Kolmogorov–Smirnov test,
4% of the realizations of 69 arrival directions drawn from an isotro-
pic distribution have a maximum departure from the isotropic
expectation greater than or equal to the maximum departure ob-
served in data. The overdensity with largest significance is given
by the presence of 13 arrival directions within 18!, in which 3.2 ar-
rival directions are expected if the flux were isotropic.

The CRs in this region of the sky make a dominant contribution
to the autocorrelation signal. For instance, the 13 arrival directions
that are within 18! from Cen A form six pairs separated by less
than 4! and 28 pairs by less than 11!. These events also make a
large contribution to the correlation with different populations of
nearby extragalactic objects, both because they are in excess above
isotropic expectations and because this region is densely populated
with galaxies. The flux-weighted models illustrated in Figs. 4 and 5
predict that the fraction of CRs inside a circle with radius 18! cen-
tred at the position of Cen A is 13.4% (2MRS) and 29.3% (Swift-BAT),
compared to 18.8% observed in data and 4.7% expected if the flux
were isotropic.

In contrast to the region around Cen A and the Centaurus clus-
ter, there is a paucity of events from the region around the radio-

galaxy M87 and the Virgo cluster. None of the 69 events with
EP 55 EeV is within 18! of M87. Due to its northern declination,
however, M87 gets only one-third the exposure that Cen A gets
at the Southern Auger observatory. Only 1.1 events are expected
within that 18! circle for an isotropic flux.

Distance also matters. M87 is five times farther away than Cen
A, so the flux would be 25 times less if the sources had equal cos-
mic ray luminosities. Coupled with the reduced exposure to M87,
the recorded arrivals from Cen A would be 75 times those from
M87 if the two radiogalaxies were equally luminous in cosmic rays.

The situation is different in comparing the Virgo cluster against
the Centaurus cluster. While M87 is near the centre of the Virgo
cluster, Cen A is not part of the Centaurus cluster. Both clusters
are well within the GZK horizon, but the Centaurus cluster is three
times more distant than Virgo. Combining 1/r2 flux dependence
and the exposure difference, therefore, the recorded events from
the Virgo cluster should outnumber those from Centaurus by
three-to-one if the two clusters have equal cosmic ray luminosi-
ties. The flux-weighted models illustrated in Figs. 4 and 5 predict
that the fraction of CRs inside a circle with radius 18! centred at
the position of M87 is 6.4% (2MRS) and 3.0% (Swift-BAT), compared
to 1.6% expected if the flux were isotropic.

6. Discussion and conclusions

Between January 2004 and December 2009 the Pierre Auger
Observatory has detected 69 cosmic rays with energy in excess
of 55 EeV. Their arrival directions are reported here. This data set
is more than twice as large as the one analysed in [6,7], which pro-
vided evidence of anisotropy in CR arrival directions at the 99%
confidence level. The anisotropy was tested with a priori parame-
ters through the correlation between the arrival directions of CRs
and the positions of nearby active galaxies from the VCV catalog.
The degree of that observed correlation has decreased from
ð69þ11

#13Þ% to ð38þ7
#6Þ%, to be compared with the 21% expected to oc-

cur by chance if the flux were isotropic. More data are needed to
determine this correlating fraction accurately.

We have further examined with a posteriori explorations the ar-
rival directions of these CRs using different scenarios. We have
compared the distribution of arrival directions with the positions
of different populations of nearby extragalactic objects: galaxies
in the 2MRS survey and AGNs detected in X-rays by Swift-BAT.
We have considered models in which the CR luminosity is propor-
tional to the flux in the respective wavelength for the objects in
these catalogs. Data are readily compatible with the models for
suitable parameters (smoothing angle r and isotropic fraction fiso).
The values of these parameters have been obtained for each model
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two CR events correlate with the nucleus position of the radiogal-
axy Cen A, while several lie in the vicinity of its radio lobe exten-
sion. At only 3.8 Mpc distance, Cen A is the closest AGN. It is
obviously an interesting region to monitor with additional data.

We show in Fig. 9 the number of CR arrival directions within a
variable angular radius from Cen A. In a Kolmogorov–Smirnov test,
4% of the realizations of 69 arrival directions drawn from an isotro-
pic distribution have a maximum departure from the isotropic
expectation greater than or equal to the maximum departure ob-
served in data. The overdensity with largest significance is given
by the presence of 13 arrival directions within 18!, in which 3.2 ar-
rival directions are expected if the flux were isotropic.

The CRs in this region of the sky make a dominant contribution
to the autocorrelation signal. For instance, the 13 arrival directions
that are within 18! from Cen A form six pairs separated by less
than 4! and 28 pairs by less than 11!. These events also make a
large contribution to the correlation with different populations of
nearby extragalactic objects, both because they are in excess above
isotropic expectations and because this region is densely populated
with galaxies. The flux-weighted models illustrated in Figs. 4 and 5
predict that the fraction of CRs inside a circle with radius 18! cen-
tred at the position of Cen A is 13.4% (2MRS) and 29.3% (Swift-BAT),
compared to 18.8% observed in data and 4.7% expected if the flux
were isotropic.

In contrast to the region around Cen A and the Centaurus clus-
ter, there is a paucity of events from the region around the radio-

galaxy M87 and the Virgo cluster. None of the 69 events with
EP 55 EeV is within 18! of M87. Due to its northern declination,
however, M87 gets only one-third the exposure that Cen A gets
at the Southern Auger observatory. Only 1.1 events are expected
within that 18! circle for an isotropic flux.

Distance also matters. M87 is five times farther away than Cen
A, so the flux would be 25 times less if the sources had equal cos-
mic ray luminosities. Coupled with the reduced exposure to M87,
the recorded arrivals from Cen A would be 75 times those from
M87 if the two radiogalaxies were equally luminous in cosmic rays.

The situation is different in comparing the Virgo cluster against
the Centaurus cluster. While M87 is near the centre of the Virgo
cluster, Cen A is not part of the Centaurus cluster. Both clusters
are well within the GZK horizon, but the Centaurus cluster is three
times more distant than Virgo. Combining 1/r2 flux dependence
and the exposure difference, therefore, the recorded events from
the Virgo cluster should outnumber those from Centaurus by
three-to-one if the two clusters have equal cosmic ray luminosi-
ties. The flux-weighted models illustrated in Figs. 4 and 5 predict
that the fraction of CRs inside a circle with radius 18! centred at
the position of M87 is 6.4% (2MRS) and 3.0% (Swift-BAT), compared
to 1.6% expected if the flux were isotropic.

6. Discussion and conclusions

Between January 2004 and December 2009 the Pierre Auger
Observatory has detected 69 cosmic rays with energy in excess
of 55 EeV. Their arrival directions are reported here. This data set
is more than twice as large as the one analysed in [6,7], which pro-
vided evidence of anisotropy in CR arrival directions at the 99%
confidence level. The anisotropy was tested with a priori parame-
ters through the correlation between the arrival directions of CRs
and the positions of nearby active galaxies from the VCV catalog.
The degree of that observed correlation has decreased from
ð69þ11

#13Þ% to ð38þ7
#6Þ%, to be compared with the 21% expected to oc-

cur by chance if the flux were isotropic. More data are needed to
determine this correlating fraction accurately.

We have further examined with a posteriori explorations the ar-
rival directions of these CRs using different scenarios. We have
compared the distribution of arrival directions with the positions
of different populations of nearby extragalactic objects: galaxies
in the 2MRS survey and AGNs detected in X-rays by Swift-BAT.
We have considered models in which the CR luminosity is propor-
tional to the flux in the respective wavelength for the objects in
these catalogs. Data are readily compatible with the models for
suitable parameters (smoothing angle r and isotropic fraction fiso).
The values of these parameters have been obtained for each model
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Fig. 8. Cumulative autocorrelation function for the set of 69 events with EP 55 EeV (black dots). The bands correspond to the 68%, 95% and 99.7% dispersion expected for an
isotropic flux. The plot in the right panel is an enlarged version of the left plot restricted to angles less than 15!.
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Fig. 9. Cumulative number of events with EP 55 EeV as a function of angular
distance from the direction of Cen A. The bands correspond to the 68%, 95% and
99.7% dispersion expected for an isotropic flux.
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Auger TA

Auger
Auger, TAとも、等方的な場合の偶然

の方向一致以上にはクラスタリングは見
つからない
Auger: CenA の方向にイベント集中?

イベント間の角度距離

CenAからの角度距離
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Fermi-LAT天体との相関?

Nemman et al., Astrophys. J., 722 281 (2010)

•銀河内天体、blazerとの相関はない
•1LACとは “a mild correlation (2.4°, 2.6σ)”
•1LAC AGN で距離<200Mpcに限ると “a strong association (17°, 5.4σ)”
•具体的７天体：Cen A, NGC 4545, ESO 323-G77, 4C+04.77, NGC 1218, RXJ 0008.+1450, NGC 253

Jiang et al., Astrophys. J., 719 459 (2010)
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Figure 5. Sky map for 830 nearby VCV AGNs (*) and 135 UHECRs (dots) in the Galactic coordinates with the deflection corrected by our GMF toy model. Size of
black dots are proportional to the cosmic-ray energy.

Figure 6. Number of UHECR–source pairs (dot) for nearby VCV AGNs
(left column) and Fermi sources (right column), as a function of the angular
separation (bin size) δ. The solid line is the Monte Carlo simulated average
number of UHECR–source pairs with errorbar of ±1σ , derived from random
isotropic distribution of simulated cosmic-ray events.

As shown in Figures 6 and 7 and Table 1, we found no
correlation between the AGASA and Yakutsk events and AGNs.

4.3. Correlation Between UHECRs and Fermi γ -Ray Sources

High-energy γ -ray emissions are thought to be a distinctive
feature of the possible source of UHECRs (Gorbunov et al.
2002). Torres et al. (2003) searched for possible correlation be-
tween the third EGRET sources and AGASA UHECR events, no
correlation was found. The GeV AGNs detected by the Fermi/
LAT should be most energetic AGNs which may have power-
ful ability to accelerate the charged particles to ultrahigh en-
ergy bands. Most important is that the selected GeV AGNs in
the Fermi catalog are relatively complete above the γ -ray flux
threshold. We therefore investigate the possible correlations be-
tween Fermi sources and the Auger/AGASA/Yakutsk UHECR

Figure 7. Chance probability P (δ) as a function of the angular separation δ
of Auger UHECR events from the VCV AGNs and the Fermi sources (dashed
line), for example.

events considering the deflection of the GMFs. At the final stage
of this work, we noticed that Mirabal & Oya (2010) did work that
is similar to ours and studied the possible correlation between
the Fermi/LAT First Source Catalog with the public Auger
UHECRs. They found that 12 of the 27 Auger UHECRs arrived
within 3.◦1 of Fermi sources, similar to the matches of artificially
random distribution of UHECR samples. They concluded that
there was no correlation. However, the possible correlation of
UHECRs and Fermi sources needs to be re-examined after the
deflections by the GMFs and the GZK effect are considered.

The Fermi/LAT 1FGL catalog contains 1451 point sources,
including 820 identified objects: 62 pulsars, 295 BL Lacs, 278
FSRQs, 120 other types of AGNs, and 65 other γ -ray sources.
We remove the Fermi sources with redshift z > 0.024 by
considering the GZK cutoff and also neglect the sources located
in the Galactic disk with |b| ! 10◦. Figure 8 presents the sky
distributions of the remaining 635 Fermi/LAT γ -ray sources
and the deflection-corrected UHECR events.

The correlation results for the Fermi γ -ray sources and
UHECRs are listed in Table 1. In the right panel of Figure 6, we
also present the number of UHECR–source pairs as a function
of the bin size δ. In the case of deflection-corrected Auger
events by our GMF model, a small excess appears around
δ ∼ 0.9◦, with a chance probability of P ∼ 2.5 × 10−3,
and a significance level of ∼4.1σ . A correlation with a chance
probability of P ∼ 6.0×10−4, and a significance level of ∼3.7σ

•全て Auger 2007 Science論文までのデータ
•注視に値、ただし現在はまだどうこう言える段階ではない
•これまでのAGNカタログは宇宙線的には玉石混交
•Gamma-ray-loud天体のみ集めてやればより期待できる

Mirabal and Oya, MNRAS, 409 L99 (2010)

•相関なし

•AGASA, Yakutsk, Auger
•VCVカタログほどの相関はない

Jiang et al., Astrophys. J., 719 459 (2010)
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AGASA HiRes Auger TA
Ankle あり あり あり あり

カットオフ なし あり あり あり
組成 “No drastic change” 陽子 重い 陽子
異方性 銀河中心、クラスタリング なし AGN相関 なし

結果のまとめ

エネルギースケールの異なる実験結果の比較は難しい

Ankle構造の解釈は、、、 ：既にそのエネルギーより前にプロトン優勢ということは？ 

少数統計は嘘をつく。純統計的には起こりそうもないことが平気で起こる。

「GZK cutoff が確認された」の論調多いが：

“GZK” であることの証明はカットオフの位置、組成、異方性の合わせ技による裏付けが不可欠

• 異方性が見えないのに地平線は見えた？

• 鉄と言われて信じるか？陽子でないのにあの位置にカットオフ？

• 「鉄」とはけしからんとの論調もあるが、、、気に入らんからけしからんってサイエンス？

• AGASA/HiResのエネルギー問題はAuger/TAでも未解決。カットオフの位置はOK?

実験装置は立派ながら解析はどこも熟していない。解釈に物理的アクロバットを要するのはどれも同じ。

結果の解釈には注意を！
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やることはまだまだ多い：伸びしろ十分。

TAの観測/解析体制は充実。まずはTA-特別推進の残り３年半にご期待を。

TA-日本の最高エネルギー宇宙線研究の今後：

TALE（低エネルギー拡張）

• 1017~1018eV, 銀河系内-銀河系外宇宙線の遷移は見えるか？

• infill アレイ、高視野望遠鏡

TA-Phase 2（アクセプタンス増強：統計！）

結び

•北Augerの予算獲得見通しが厳しい（なくなった） -> TAの将来計画において
も米国側の資金はあまり期待できない。
•分野ごと消えてなくならないためには：日本一極を張り続けるか、大団円か、
それとも？　

   世界情勢を受けて：

分野の生き方を考える必要が出てきているかもしれない。
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アナウンス：最高エネルギー宇宙線シンポジウム

１２月１０-１２日
名古屋国際会議場
ハイライトトーク、パネルディスカッショ

ン中心
•HiRes, Auger, TA
•LHCf
•AirFly, FLASH （大気蛍光効率）
•理論（加速、磁場etc.）
•電波による宇宙線観測

講演集で終わらせず、突っ込んだ議論を

http://uhecr2010.icrr.u-tokyo.ac.jp/
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