
Mega ALPACA

Takashi SAKO (ICRR)

12025/3/11 2024年度第⼀回CRCタウンミーティング＠柏キャンパス



Mega ALPACA計画
• 1 Mega m2 (1 km2)の空気シャワーアレイを、南半球

の4,000m以上の標⾼に建設し、PeVガンマ線天⽂学
を推進する。

• Tibet ASγで実証され、ALPACAで利⽤する地下⽔
チェレンコフミューオン検出器(MD)を利⽤して、ハ
ドロン/ガンマ弁別

• 未来の学術振興構想（2023年版）
グランドビジョン18. 宇宙における天体と⽣命の誕⽣・共進化
の解明

162. 南天におけるPeV領域ガンマ線広視野連続観測(Mega ALPACA)
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151 
次期太陽観測衛星計画：SOLAR-C(高感度太陽紫外線分

光観測衛星) 

國中 均（宇宙航空研究開発機

構宇宙科学研究所所長) 

152 
長期有人宇宙活動を支える宇宙生命科学研究の基盤整

備 

二川 健（一般社団法人日本宇

宙生物科学会理事長) 

153 
人類のフロンティア拡大を牽引するシームレスな宇宙

輸送ネットワークの実現 

鈴木 宏二郎（一般社団法人日

本航空宇宙学会会長) 

154 太陽 X 線・ガンマ線観測衛星 PhoENiX 
觀山 正見（岐阜聖徳学園大学

学長、日本学術会議連携会員) 

155 
月での持続可能な社会の構築を目指した「アカデミッ

ク・ハブ」構想による分野横断的な学術の振興 

鈴木 宏二郎（一般社団法人日

本航空宇宙学会会長) 

 

⑱ 宇宙における天体と生命の誕生・共進化の解明 

No. 学術の中長期研究戦略の名称 提案者 

156 
宇宙望遠鏡 JASMINE による近赤外時系列位置・測光天

文学で拓く天の川銀河と系外惑星の探究 

渡部  潤一（自然科学研究機

構・国立天文台上席教授、日本

学術会議連携会員) 

157 
惑星科学、生命圏科学、および天文学に向けた紫外線

宇宙望遠鏡計画 (LAPYUTA) 

中村 昭子（日本惑星科学会会

長) 

158 国際電波望遠鏡計画 SKA1 による現代天文学の開拓 
常田 佐久（自然科学研究機構

国立天文台台長、日本学術会議

連携会員) 

159 
惑星間宇宙望遠鏡による新時代のダストフリー天文学

の創成 

高橋 功（関西学院大学・理学

部学部長) 

160 CTA 国際宇宙ガンマ線天文台 
中畑 雅行（東京大学・宇宙線

研究所所長、日本学術会議連携

会員) 

161 
30ｍ光学赤外線望遠鏡 TMT による天文学・宇宙物理学

の革新と太陽系外惑星における生命の探求 

川合 眞紀（大学共同利用機関

法人自然科学研究機構機構長、

日本学術会議連携会員) 

162 
南天における PeV 領域ガンマ線広視野連続観測（Mega 

ALPACA） 

中畑 雅行（東京大学・宇宙線

研究所所長（教授）、日本学術

会議連携会員) 

163 
NASA 6m 紫外線可視近赤外線望遠鏡 Habitable Worlds 

Observatory への参加 

住 貴宏（大阪大学理学研究科

教授、日本学術会議連携会員) 

164 
POEMMA 超高エネルギー粒子（ν・宇宙線）の衛星軌道

からのステレオ観測 

緑川 克美（理化学研究所・光

量子工学研究センターセンタ

ー長) 

165 
多波長・マルチメッセンジャー観測による初期宇宙探

査・極限時空探査 

和田 隆志（国立大学法人金沢

大学学長) 

166 
南極テラヘルツ望遠鏡による南極天文学の開拓と銀河

進化の解明及び宇宙論パラメータの決定 
永田 恭介（筑波大学学長) 

167 

極 高 エ ネ ル ギ ー 宇 宙 線 国 際 共 同 観 測 実 験 (Global 

Cosmic ray Observatory, GCOS)による次世代天文学

の開拓と極限宇宙物理現象の解明 

藤井 俊博（大阪公立大学・理

学研究科准教授) 

168 
赤外線観測用冷却宇宙望遠鏡で革新する銀河と惑星の

起源の研究 

山田 亨（宇宙航空研究開発機

構（JAXA)宇宙科学研究所宇宙

物理学研究系教授、日本学術会

議連携会員) 

169 大型国際 X 線天文台 Athena への日本の参加 
深瀬 浩一（大阪大学大学院理

学研究科研究科長) 

170 広帯域 X 線高感度撮像分光衛星 FORCE 
鈴木 祥広（宮崎大学工学部工

学部長) 

171 
次世代大型電波干渉計 ngVLA でもたらす宇宙史と生命

の理解の新機軸 

常田 佐久（自然科学研究機構

国立天文台台長、日本学術会議

連携会員) 

学術研究構
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30ｍ光学赤外線望遠鏡
㼀M㼀による天文学・宇宙物
理学の革新と太陽系外惑星
における生命の探求(30m-
㼀elescope 㼀M㼀 - 
Breakthroughs in 
Astronomy and Probe of 
Exoplanetary Life)

口径30m光学赤外線望遠
鏡㼀M㼀の建設により、地球
型系外惑星や宇宙の初代
星、宇宙膨張史等の理解
を一新し、人類の究極の課
題である「惑星形成と生命
誕生の解明」「宇宙の全貌
の理解」を目指す。

施設
計画

30ｍ光学赤外線望遠鏡計
画㼀M㼀(㼀hirty Meter 
㼀elescope (㼀M㼀))

従来の10m級望遠鏡を解
像度で3倍、感度で100倍
上回る圧倒的な性能を実
現する光学赤外線望遠鏡
㼀M㼀をハワイ島マウナケア
に国際協力で建設し、天文
学と関連学術分野の発展
に寄与する。

地球型系外惑星の直接撮
像に初めて挑み、惑星大
気の組成を光の分光に
よって調べ、酸素等の生命
の存在を示す分子を探る。
初代星の誕生時期を同定
し、その紫外線放射や超新
星爆発が銀河形成に与え
る影響を解明する。

国際的な研究・技術開発を
通じて大学の研究・教育水
準向上およびグローバル
化を促進し、科学技術に広
く学生の関心を引付ける。
大型構㐀物の精密制御や
大型高精度光学系の量産
を必要とする産業への応
用が期待できる。

【実施計画】
H26－㻾15：建設期間
㻾13－㻾15：部分運用
㻾16－㻾66：本格運用
【所要経費】
総額36億ドル（日本負担分 415億円）
【実施機関と実施体制】
自然科学研究機構（国立天文台）、米国カリフォルニア大学・カリフォルニ
ア工科大学、カナダ国立研究機関等。

⑱
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南天におけるPe㼂領域ガン
マ線広視野連続観測（Mega 
ALPACA）(㼃ide Field-of-
㼂iew Pe㼂 Cosmic Gamma-
㻾ay 㻿urvey in the 㻿outhern 
㻿ky (Mega ALPACA))

マルチメッセンジャー天文
学の欠けたワンピースであ
る南天でのPe㼂ガンマ線の
観測を実現することで、宇
宙線を利用した宇宙・素粒
子原子核・太陽地球物理、
考古学、防災等の多彩な
学術研究領域を発展させ
る。

研究
計画

南天におけるPe㼂領域ガン
マ線広視野連続観測
（Mega ALPACA）(㼃ide 
Field-of-㼂iew Pe㼂 Cosmic 
Gamma-㻾ay 㻿urvey in the 
㻿outhern 㻿ky (Mega 
ALPACA))

南米アンデス山脈の高地
に総面積１平方キロメート
ルの観測装置を設置し、未
開拓の南天におけるPe㼂
（可視光の1000兆倍のエネ
ルギー）領域宇宙ガンマ線
の広視野連続観測を世界
最高感度で行う。

宇宙線をPe㼂領域まで加
㏿している宇宙粒子加㏿
天体の発見とその正体の
解明、Pe㼂銀河系内拡散ガ
ンマ線の観測による宇宙
線の銀河系内拡散の解
明、宇宙線中の太陽の影
の観測による宇宙天気予
報等が期待される。

マルチメッセンジャー天文
学を通して、「人類の知の
地平を開く」ことに資する。
また、巨大太陽フレアに伴
う磁気嵐の到来は、社会イ
ンフラへの大脅威である
が、宇宙天気予報の新た
なプローブとして社会に貢
献する。

【実施計画】
㻾９－㻾14：建設期間
㻾10－㻾14：部分運用
㻾15－㻾25：本格運用
【所要経費】
総額40億円
【実施機関と実施体制】
東大、横浜国大、神奈川大、宇都宮大、信州大、大阪公大、暮国サンアン
ドレス大、国立情報学研、中部大、都立産技高専、日大、理研、原子力機
構、大阪電通大、広島市立大、墨国グアダラハラ大等

⑱
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NA㻿A 6m紫外線可視近赤
外線望遠鏡Habitable 
㼃orlds Observatoryへの参
加(Participation to NA㻿A 
6m I㻾/O/㼁㼂 㻿pace 
㼀elescope: Habitable 㼃orlds 
Observatory)

生命の起源の理解は、人
類最大の課題である。系外
惑星の発見は、我々の価
値観を一変させた。今後、
我々の最大の挑戦は、地
球型岩石惑星の大気成分
を観測し、生命居住環境及
び生命活動の痕跡を探す
ことである。

施設
計画

NA㻿A 6m紫外線可視近赤
外線望遠鏡Habitable 
㼃orlds Observatoryへの参
加(Participation to NA㻿A 
6m I㻾/O/㼁㼂 㻿pace 
㼀elescope: Habitable 
㼃orlds Observatory)

NA㻿Aの超大型宇宙望遠
鏡Habitable 㼃orlds　
Observatoryに、日本が参
加し、１）系外惑星におい
て、生命居住環境及び生
命の痕跡の探査、２）広範
囲な一般宇宙物理学研
究、を遂行する。

初の地球外生命発見と言
う世界で唯一の歴史的計
画に貢献することの重要性
は言うまでもない。日本の
研究者にこの世界最高水
準の装置へのアクセスを可
能にするのは、広い分野
の研究者にも大きな資産と
なる。

初めての系外生命探査の
知的価値は非常に高い。
ハッブル宇宙望遠鏡の後
継機として美しい天体画像
と共に全世界に衝撃的な
科学成果を生み出し感動
を与えると期待されてお
り、それらの知的価値は非
常に高い。

【実施計画】
㻾５－㻾11：技術実証
㻾13－㻾22：代製作
㻾23－㻾28：打上
運用期間：10年間(+15年）
【所要経費】
総額$11B（日本貢献分：約215億円）
【実施機関】
JA㼄A、各研究機関

⑱
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POEMMA 超高エネルギー
粒子（ν・宇宙線）の衛星軌
道からのステレオ観測
(POEMMA (Probe Of 
Extreme Multi-Messenger 
Astrophysics))

超高エネルギー宇宙線の
起源は、宇宙物理の謎の
一つとなっている。衛星軌
道から高感度・高精度・高
統計で全天観測を行い解
明する。マルチメッセン
ジャー天文学に荷電粒子
天文学と高エネルギー
ニュートリノを加える。

研究
計画

POEMMA 超高エネルギー
粒子（ν・宇宙線）の衛星
軌道からのステレオ観測
(POEMMA (Probe Of 
Extreme Multi-Messenger 
Astrophysics))

POEMMAは、衛星2機のス
テレオ観測で超高エネル
ギー宇宙線と高エネル
ギーニュートリノを観測しそ
の起源を探査する国際共
同ミッションである。2030年
代初頭の実現を目指して
いる。

POEMMAにより、起源天体
が特定されると、マルチメッ
センジャー天文学を構成す
る様々な観測から総合的
な研究が進み、高エネル
ギー宇宙の理解が加㏿的
に進むと期待される。

超高エネルギー宇宙線の
起源の解明は、宇宙を理
解したいという人々の知的
好奇心を満たしうる。また、
この望遠鏡技術は、増加し
ている宇宙デブリ除去に利
用できる。宇宙インフラや
人類の宇宙活動の安全に
貢献できる。

【実施計画】
㻾８－㻾13：設計・製㐀・軌道投入
㻾13－㻾14：初期運用
㻾14－㻾15：定常運用
㻾16－㻾17：エクストラ運用
【所要経費】
総額1,000 億円
【実施機関と実施体制】
シカゴ大学のAngela 㼂. Olinto 教授が推進し、米国、日本、フランス、イタリ
ア、スイスなど16カ国の国際JEM-E㼁㻿Oコラボレーションの研究機関・研
究者が参加する。

⑱
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多波長・マルチメッセン
ジャー観測による初期宇宙
探査・極限時空探査
(Exploration of the early 
universe and the extreme 
space-time by multi-
messenger)

宇宙で最初の天体形成期
である初期宇宙の物理状
態の変遷を理解すること
と、重力波やニュートリノを
含めた「マルチメッセン
ジャー天文学」を推進する
ことでブラックホールの誕
生や進化を理解する。

研究
計画

ガンマ線バーストを用いた
初期宇宙・極限時空探査
計画 HiZ-G㼁NDAM(High-z 
Gamma-㻾ay Bursts for 
㼁nravelling the Dark Ages  
Mission : HiZ-G㼁NDAM)

高感度の広視野㼄線モニ
ターと近赤外線望遠鏡を搭
載した科学観測衛星によ
り、初期宇宙で発生するガ
ンマ線バースト現象やマル
チメッセンジャー天体を迅
㏿に同定し、大型望遠鏡と
連携して物理情報を獲得
する。

初期宇宙における星形成・
宇宙再電離・重元素合成
などの歴史的な変遷や、重
力波源におけるエネル
ギーの変遷や希土類元素
の生成現場を観測すること
で、「宇宙の物質と空間の
起源」について理解する。

遠方宇宙の探査は人類の
根源的な欲求であり、ブ
ラックホールの観測は我々
の存在する時空を深く理解
することにつながる。「何
故、我々の宇宙はこのよう
な姿なのか。」という問い
に、科学的に答えを見出
す。

【実施計画】
㻾８：プロジェクト化
㻾８－㻾12：製作期間
㻾12－㻾15：運用・観測・成果創出
【所要経費】
総額 174.86億円
【実施機関と実施体制】
実施責任：宇宙科学研究所および金沢大学(PI)
青山学院大学、理研、山形大、関西学院大、東工大、東京都市大、関西
学院大、千葉工業大学、広島大学、大阪大、など41名の研究者

⑱
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Mega ALPACAデザイン

3

Maga ALPACAデザイン

• 南⽶・アンデス⼭中に1km2(1Mm2)の地表＋地下ハイブ
リッドアレイを建設し>PeVガンマ線放射天体を探索

• ボリビアに 82,800m2のALPACAを建設中。南天sub PeVガ
ンマ線天⽂学を開始する。

=> Mega ALPACAのプロトタイプ開発
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PeV: 電磁波観測のエネルギーフロンティア
= 銀河系内宇宙線の加速限界

4（DʼEnterria et al., Astropart. Phys., 35,98-113, 2011 ）

knee@4PeV
銀河系内の陽⼦

加速限界？

2nd knee@100PeV
銀河系内の鉄加速限界？

系内-系外 transit

• 4PeV/電荷まで粒⼦加速する天体は？
• 4PeV/核⼦ + ISM -> O(0.4PeV光⼦)
Þ sub-PeVから PeVのガンマ線スペクトル

観測でkneeの起源（銀河系内宇宙線の加
速限界）を解明

• 4PeV/核⼦を超える天体は？

• 近傍銀河のガンマ線観測
• 原⼦核成分質量組成測定
• 暗⿊物質崩壊
• 太陽圏の物理・宇宙天気予報



𝛾𝛾吸収
• 1PeV光⼦の吸収⻑は10kpc
• 銀河系内が主要な観測対象
（𝛾𝛾反応の最⾼エネルギーでの検証）
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source in the Galactic center as a function of the gamma ray
energy. In the figure the probability is shown together with
the contributions from the different components of the
radiation field. Most of the absorption is due to the CMBR
and to the thermal emission from the dust (with wavelength
λ≳ 50 μm). The other components of the ISRF give
smaller contributions that are visible in the inset of the
figure. The survival probability has a deeper minimum
Psurv ≃ 0.30 for Eγ ≃ 2.2 PeV that is due to the CMBR,
and a second minimum at Eγ ≃ 150 TeV. This structure
can be understood from the fact that the dominant sources
of gamma ray absorption are the CMBR and the infrared
emission that have spectra in different regions of ε. The
other components of the radiation give small corrections to
the absorption, indicating that the approximate treatments
of the starlight and line emissions from dust do not
introduce significant errors. The contribution of the EBL
is a correction of order ΔP≃ 0.5% for a gamma ray energy
Eγ ≃ 150 TeV, where its effects are most important.
Recently deep gamma ray observations by the

Cherenkov telescope H.E.S.S. [39] in an annulus around
the Galactic center region have shown a spectrum that
extends as a power law up to energies of tens of TeV
without indications of a break of cutoff, strongly suggesting
the existence of a proton “PeVatron” in the central 10 pc of
our Galaxy, probably associated to the supermassive black
hole Sagittarius (Sgr) A*. The study of this source with
very high energy (Eγ ≳ 30 TeV) gamma rays is clearly a
crucial test, and a precise description of the absorption
effects is necessary. The study of the GC with neutrinos is
also of great interest (see for example [40]).

Gamma rays coming from different directions and
distances have similar absorption patterns, with the maxi-
mum attenuation due to CMBR at Eγ ≃ 2.2 PeV, and a
secondary absorption peak at Eγ ≃ 150 TeV due to the

infrared light, that produces a “shoulder” in the total
absorption spectrum. The amount of the two effects and
their relative contributions depend on the gamma ray path.
Figure 13 shows the survival probability for three

different source positions: the Galactic center, the points
P1 (x ¼ 0, y ¼ 20 kpc, z ¼ 0) and P2 (x ¼ 20 kpc, y ¼ 0,
z ¼ 0) (for the coordinate definition, see the inset of the
figure). The infrared absorption is maximum when the
gamma rays arrive from P1, crossing the Galactic center.
Gamma rays arriving from P2 do not pass close to the GC
and the absorption effects due to infrared radiation are
smaller.
Figure 14 shows the gamma ray survival probability for

different directions in the Galactic equatorial plane, as a
function of the source distance, for gamma ray energies
Eγ ¼ 150 TeV and 2 PeV. The absorption of gamma ray

with Eγ ¼ 2 PeV is mostly due to the homogeneous

CMBR, and is therefore to a good approximation inde-
pendent from the photon trajectory and described by a
simple exponential. Gamma rays of 150 TeV are mostly
absorbed by the infrared light, and for a fixed source
distance, the absorption probability has a strong depend-
ence on the gamma ray path in the Galaxy, with the
attenuation largest for trajectories that cross the Galactic
center.
The dependence of the absorption effect on the direction

of the gamma ray path is also strong for lines of sight that
go out of the Galactic plane (b ≠ 0), as the density of
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Acceleration of petaelectronvolt protons in the 
Galactic Centre
HESS Collaboration*

Galactic cosmic rays reach energies of at least a few petaelectronvolts1 
(of the order of 1015 electronvolts). This implies that our Galaxy 
contains petaelectronvolt accelerators (‘PeVatrons’), but all proposed 
models of Galactic cosmic-ray accelerators encounter difficulties 
at exactly these energies2. Dozens of Galactic accelerators capable 
of accelerating particles to energies of tens of teraelectronvolts  
(of the order of 1013 electronvolts) were inferred from recent γ-ray 
observations3. However, none of the currently known accelerators—
not even the handful of shell-type supernova remnants commonly 
believed to supply most Galactic cosmic rays—has shown the 
characteristic tracers of petaelectronvolt particles, namely, power-
law spectra of γ-rays extending without a cut-off or a spectral break 
to tens of teraelectronvolts4. Here we report deep γ-ray observations 
with arcminute angular resolution of the region surrounding the 
Galactic Centre, which show the expected tracer of the presence 
of petaelectronvolt protons within the central 10 parsecs of the 
Galaxy. We propose that the supermassive black hole Sagittarius  
A* is linked to this PeVatron. Sagittarius A* went through active 
phases in the past, as demonstrated by X-ray outbursts5 and an 
outflow from the Galactic Centre6. Although its current rate of 
particle acceleration is not sufficient to provide a substantial 
contribution to Galactic cosmic rays, Sagittarius A* could have 
plausibly been more active over the last 106–107 years, and therefore 
should be considered as a viable alternative to supernova remnants 
as a source of petaelectronvolt Galactic cosmic rays.

The large photon statistics accumulated over the last 10 years of 
observations with the High Energy Stereoscopic System (HESS), 
together with improvements in the methods of data analysis, allow for 
a deep study of the properties of the diffuse very-high-energy (VHE; 

*Lists of participants and their affiliations appear at the end of the paper.

more than 100 GeV) emission of the central molecular zone. This region 
surrounding the Galactic Centre contains predominantly molecular gas 
and extends (in projection) out to radius r ≈  250 pc at positive Galactic 
longitudes and r ≈  150 pc at negative longitudes. The map of the central 
molecular zone as seen in VHE γ -rays (Fig. 1) shows a strong (although 
not linear; see below) correlation between the brightness distribution 
of VHE γ -rays and the locations of massive gas-rich complexes. This 
points towards a hadronic origin of the diffuse emission7, where the  
γ -rays result from the interactions of relativistic protons with the ambi-
ent gas. The other important channel of production of VHE γ -rays is 
the inverse Compton (IC) scattering of electrons. However, the severe 
radiative losses suffered by multi-TeV electrons in the Galactic Centre 
region prevent them from propagating over scales comparable to the 
size of the central molecular zone, thus disfavouring a leptonic origin of 
the γ -rays (see discussion in Methods and Extended Data Figs 1 and 2).

The location and the particle injection rate history of the cosmic-ray 
accelerator(s) responsible for the relativistic protons determine the 
spatial distribution of these cosmic rays which, together with the gas 
distribution, shape the morphology of the central molecular zone 
seen in VHE γ -rays. Figure 2 shows the radial profile of the E ≥  10 TeV 
cosmic-ray energy density wCR up to r ≈  200 pc (for a Galactic Centre 
distance of 8.5 kpc), determined from the γ -ray luminosity and the 
amount of target gas (see Extended Data Tables 1 and 2). This high 
energy density in the central molecular zone is found to be an order of 
magnitude larger than that of the ‘sea’ of cosmic rays that universally 
fills the Galaxy, while the energy density of low energy (GeV) cosmic 
rays in this region has a level comparable to it8. This requires the pres-
ence of one or more accelerators of multi-TeV particles operating in 
the central molecular zone.
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Figure 1 | VHE γ-ray image of the Galactic Centre region.  The colour 
scale indicates counts per 0.02° ×  0.02° pixel. a, The black lines outline 
the regions used to calculate the cosmic-ray energy density throughout 
the central molecular zone. A section of 66° is excluded from the annuli 
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molecular gas, as traced by its CS line emission30. Black star, location of 
Sgr A* . Inset (bottom left), simulation of a point-like source. The part of 
the image shown boxed is magnified in b. b, Zoomed view of the inner  
∼ 70 pc and the contour of the region used to extract the spectrum of the 
diffuse emission.
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for decaying VHDMwe checked that our basic conclusions
are not altered for more cored profiles. Predictions for the
diffuse γ-ray intensity and single source fluxes should be
very similar, since their normalization is fixed by the
diffuse neutrino intensity. The VHDM lifetime τdm ¼
τdm;27.510

27.5 s is a model parameter to be constrained,
and Rν ≡RνðEνÞ is the energy-dependent function con-
verting the bolometric flux to the differential flux at Eν,
which depends on final states (e.g., Ref. [56]). Assuming
that all decay products are Standard Model particles, for
demonstration, we consider several models proposed by
Refs. [36,39,41]. Following Refs. [57,58], with electro-
weak corrections, the final state spectra obtained from
10 TeV to 100 TeV masses are extrapolated to PeV masses.
Our choice of VHDMmodels is such that they include both
hard and soft spectra, so our results can be viewed as
reasonably model independent [25,29].
In Figs. 1 and 2, we show examples of the viable VHDM

scenario for diffuse PeV neutrinos observed in IceCube.
Using the ES13 model [36], where the VHDMmassmdm ¼
3.2 PeV is used, we consider DM → νeν̄e and DM → qq̄
with 12% and 88% branching fractions, respectively.
Although a bit larger masses are favored to explain the
2 PeV event, one can easily choose parameters accounting
for the observed data. In the RKP14 model [41], the
Majorana mass term is introduced in the Lagrangian, which
may lead to metastable VHDMdecaying into a neutrino and
Higgs boson. Reference [39] suggested another interesting
scenario, where the lightest right-handed neutrinos consti-
tute dark matter with mdm ¼ Oð1Þ PeV. We also consider

this model for mdm ¼ 2.4 PeV, assuming branching frac-
tionsDM → l$W∓∶DM → νZ∶DM → νh ≈ 2∶1∶1, where
the neutrino spectral shape turns out to be similar to that of
Ref. [41] (see Fig. 2). As in the latter two models, spectra
may be more prominently peaked at some energy, and
VHDM does not have to explain all the data.
γ-ray limits.—Standard Model final states from decaying

or annihilating VHDM lead to γ rays as well as neutrinos. If
final states involve quarks, gluons, and Higgs bosons,
neutrinos largely come from mesons formed via hadroni-
zation, and γ rays are produced. A spectral bump is
produced by two-body final states such as νh and/or weak
bosons via leptonic decay into a neutrino and charged
lepton. Electroweak bremsstrahlung is relevant even for
possible decay into neutrino pairs. In extragalactic cases,
the fact that the diffuse neutrino and γ-ray intensities are
comparable gives us generic limits [9,50,51]. In Galactic
cases, γ rays below ∼0.3 PeV can reach the Earth without
significant attenuation, air-shower arrays such as
KASCADE [59] and CASA-MIA [60] as well as Fermi
[61] provide us with interesting constraints [19,62].
We numerically calculate the diffuse γ-ray background,

including both extragalactic and Galactic components.
Thanks to the electron-positron pair creation, sufficiently
high-energy γ rays are attenuated by the extragalactic
background light and cosmic microwave background.
Then, the pairs regenerate γ rays via the inverse-
Compton and synchrotron emission. For an extragalactic
component, we calculate electromagnetic cascades by
solving Boltzmann equations. The resulting spectrum is
known to be near-universal, following a Comptonized E−2

power law in the 0.03–100 GeV range [53]. For a Galactic
component, it is straightforward to calculate primary γ rays
that directly come from VHDM. The γ-ray attenuation is
approximately included by assuming the typical distance of
Rsc, which gives reasonable results [19]. Extragalactic
cascaded γ rays (including attenuated and cascade

FIG. 1 (color online). Diffuse all-flavor neutrino and γ-ray
intensities expected in the VHDM scenario. The ES13 model is
assumed with τdm ¼ 3.0 × 1027 s. The total (thick dashed line)
and extragalactic (thin dashed line) contributions to the cumu-
lative neutrino background are shown with the observed data. The
expected γ-ray background is also shown (thick solid) with the
latest Fermi data. We also show contributions of extragalactic
cascaded γ rays and direct γ rays from Galactic VHDM, which
are not affected by uncertainty of Galactic magnetic fields.
KASCADE and CASA-MIA γ-ray limits are indicated.

FIG. 2 (color online). The same as Fig. 1, but for the RKP14
model with τdm ¼ 3.5 × 1027 s.
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The best-fit parameters of the elliptical Gaussian are given in Table 1. 
The position angle of the semi-major axis is compatible with that of the 
radio and X-ray jets18,30.

This is further illustrated in Fig.  1. The Gaussian width of the 
semi-major axis σmaj, together with the obtained ellipticity ε = 1 − σmin/σmaj 
(where σmin is the semi-minor axis) denotes the 39% containment of 
measured γ-rays from Centaurus A. The position of the best-fit model 
using J2000 coordinates is right ascension (RA) 13 h 25 min 30.3 s ± 
(1.4 s)stat ± (1.8 s)sys, declination (dec.) −43° 00′ 15″ ± (15″)stat ± (20″)sys  
(systematic pointing errors taken from ref. 31). This corresponds to a 
slight, insignificant offset (<2 s.d.) of approximately 60″ northeast 
from the position of the galaxy core32.

The physical extension of the semi-major axis of the best-fit elliptical 
Gaussian exceeds 2.2 kpc, implying that a major part of the VHE emis-
sion arises on large scales, far away from the black hole. The derived 
alignment with the jet direction and the known spectral characteristics 
are in line with models where the VHE emission originates from inverse 
Compton (IC) up-scattering of low-energy photons by very energetic 
electrons accelerated along the jet33–35. Figure 2 shows a reproduction 
of the spectral energy distribution (SED) from radio to γ-ray energies 

for jet scales close to 2.2 kpc (see Methods section ‘Theoretical mod-
elling’ for details). The IC emission on these scales is dominated by 
up-scattering of infrared photons emitted by dust, with the scattering 
occurring predominantly in the Thomson regime. Note that the consid-
ered large-scale model is not intended to reproduce the high-energy 
emission below a few GeV, as this part of the SED is usually attributed 
to emission from the core.

Regardless of specific details, the observed VHE extension pro-
vides the first direct evidence for the presence of ultrarelativistic 
electrons with Lorentz factors γ of about 107−108 within an extraga-
lactic large-scale jet (see Methods and Extended Data Fig. 3 for details). 
Assuming a synchrotron origin, the inferred X-ray spectral slope trans-
lates into a photon index of about 2.4, which is close to that derived 
from Chandra observations (2.29 ± 0.05 and 2.44 ± 0.07 for the inner 
and middle region, respectively)36. The results thus substantiate the 
synchrotron interpretation of the X-ray emission seen in the large-scale 
jet of Centaurus A, which was originally motivated largely by similarities 
between the radio and X-ray morphologies2,18. Given that the synchro-
tron lifetimes of these extremely energetic electrons can be as low as 
a few hundred years—that is, considerably less than the travel time 
down the jet which is of the order of thousands of years—the detec-
tion of extended X-ray emission on kiloparsec scales related to syn-
chrotron emission requires the operation of an efficient, extended or 
distributed (re)acceleration mechanism far away from the black hole, 

Table 1 | Best-fit parameters of the elliptical Gaussian model

Parameter Value Statistical error

σmaj (°) 0.041 0.006

σmin (°) <0.013 NA

Ellipticity, ε 0.92 +0.08, −0.23

Position angle, φ (°) 43.4 +7.7, −7.2

The width of the semi-major axis σmaj has a position angle φ, measured anticlockwise from 
north. NA, not applicable.
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Fig. 1 | Multiwavelength image of Centaurus A. The colour map represents 
the radio surface brightness (21 cm wavelength) VLA map of Centaurus A39, 
after convolution with the H.E.S.S. PSF and an additional oversampling with a 
radius of 0.05°. Contours of the unconvolved VLA map, with levels adjusted to 
highlight the core (corresponding to 4 Jy per beam) as well as the 
kiloparsec-scale jet (0.5 Jy per beam), are drawn in black. The VHE γ-ray 
morphology of Centaurus A is represented by a white dashed contour which is 
derived from the 5σ excess significance level of the H.E.S.S. sky map, also after 
oversampling with a radius of 0.05°. The result of the best fit of an elliptical 
Gaussian to the H.E.S.S. measurement is shown in blue by its 1σ contour, which 
corresponds to a model containment fraction of 39%. The 1σ statistical 
uncertainties of the fitted position are drawn as black arrows, and the 
estimated pointing uncertainties with a red circle. The dashed green line 
denotes the 68% containment contour of the H.E.S.S. PSF.
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Fig. 2 | Spectral energy distribution of Centaurus A. Shown are the observed 
and modelled spectral energy distribution (SED) from radio to γ-ray energies 
for the inner, kiloparsec-scale jet of Centaurus A. The VHE emission is 
dominated by relativistic electrons with Lorentz factor γ ≥ 107 inverse Compton 
(IC) up-scattering dust photons to high energies (solid blue curve, ‘IC total’). 
This emission from the kiloparsec-scale jet makes a major contribution to the 
unexpected spectral hardening above a few GeV as seen by Fermi-LAT (red 
points)16. The lower-energy part of the γ-ray spectrum (red points) is attributed 
to emission from the core (grey dashed line referring to a core model fit16). The 
green curve (‘Sync.’) designates the synchrotron emission of the inferred 
broken power-law electron distribution in a magnetic field of characteristic 
strength B = 23 µG. The blue ‘butterfly’ corresponds to the H.E.S.S. spectra, 
while green data points mark radio, infrared and X-ray measurements and 
reported uncertainties (error bars) from the inner region of the Centaurus A jet 
(see Methods section ‘Theoretical modelling’). A breakdown is provided of the 
full IC contribution, from the scattering of: the cosmic microwave background 
(CMB), the starlight emission of the host galaxy, infrared emission from dust, 
and the low-energy synchrotron jet emission (synchrotron self Compton, SSC). 
Data are from refs. 16,36; see Methods section ‘Theoretical modelling’ for further 
details.



宇宙線異方性のエネルギー依存

11

Mollerach & Roulet
arXiv:1710.11155

銀河系外物質分布
+銀河磁場?

局所星間物質分布
+太陽圏磁場?

銀河系内の
ソース分布？

銀河中心方向?

南北両天の・広エネルギー領域で観測が重要

Mega-ALPACA(南天)

Mega-ALPACA
1 year 5s



太陽の影の観測

12

photospheric fields. A simple and widely adopted model,
the potential field source surface (PFSS) model [2,3],
assumes that electric currents play a negligible role in the
solar corona. The current sheet source surface (CSSS)
model, on the other hand, includes large-scale horizontal
currents [4,5]. The latter is physically more realistic and
capable of reproducing the observed cusp structures in the
solar corona better than the PFSS model does [6].

The Sun with an optical diameter of about 0.5! viewed
from Earth blocks cosmic rays coming from the direction
of the Sun and casts a shadow in the cosmic-ray intensity,
which is possibly influenced by the solar magnetic field [7].
The Tibet air shower (AS) experiment has been success-
fully observing the Sun’s shadow at TeV energies and has
confirmed, for the first time, the effect of the solar mag-
netic field on the shadow [8,9]. In this Letter, we present
the temporal variation of the Sun’s shadow observed in the
period of 1996–2009, covering the Solar Cycle 23, and
discuss the effects of the large-scale solar magnetic field by
means of numerical simulations based on the coronal
magnetic field models.

Experiment and data analysis.—The Tibet AS array has
been operating at Yangbajing (4300 m above sea level) in
Tibet, China since 1990. The effective area of the AS array
has been gradually enlarged, in several steps, by adding
0:5 m2 scintillation detectors to the preceding Tibet-I, II,
and III arrays [10]. In this Letter, we analyze the AS events
obtained by the same detector configuration as the Tibet-II
array which started operation in 1995 [11]. The overall
angular resolution and the modal energy of the Tibet-II
array configuration are estimated to be 0.9! and 10 TeV,
respectively. For the analysis of the Sun’s shadow, the
number of on-source events (Non) is defined as the number
of events arriving from the direction within a circle of 0.9!

radius centered at the given point on the celestial sphere.
The number of background or off-source events (hNoffi)
is then calculated by averaging the number of events
within each of the eight off-source windows which

are located at the same zenith angle as the on-source
window [12]. We then estimate the flux deficit rela-
tive to the number of background events as Dobs ¼
ðNon $ hNoffiÞ=hNoffi at every 0.1! grid of geocentric solar
ecliptic (GSE) longitude and latitude surrounding the opti-
cal center of the Sun.
Shown in Fig. 1 are yearly maps of Dobs in % from 1996

to 2009. We exclude the year of 2006 due to low statistics.
Inspection of Fig. 1 shows that the Sun’s shadow is con-
siderably darker (with larger negative Dobs) around 1996
and 2008 when solar activity was close to the minimum,
while it becomes quite faint (with smaller negative Dobs)
around 2000 when the activity was high.
MC simulation.—We have carried out Monte Carlo

(MC) simulations to interpret the observed solar cycle
variation of the Sun’s shadow. For the primary cosmic
rays, we used the energy spectra and chemical composition
obtained mainly by direct observations [10,13–15] in the
energy range from 0.3 to 1000 TeV. We throw primary
cosmic rays toward the observation site on the top of the
atmosphere along the path of the Sun, and generate AS
events in the atmosphere using the CORSIKA code [16] with
the QGSJET hadronic interaction model. These simulated
AS events are fed into the detector simulation based on the
EPICS code [17], and are analyzed in the same way as the
experimental data to deduce the AS size and the arrival
direction. An opposite charge is assigned to the primary
particle of each analyzed event, and these antiparticles are
shot back in random directions within a circular window of
the radius of 4! centered at the Sun from the first interac-
tion point in the atmosphere. A fourth order Runge-Kutta
algorithm is applied to calculate the trajectory of each
antiparticle in the model magnetic field described below.
We then select trajectories reaching the photosphere, and
the initial shooting direction of each trajectory is tagged as
a ‘‘forbidden orbit.’’ After smearing the initial shooting
direction mimic the angular resolution, we finally obtain
the predicted shadow.
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FIG. 1 (color online). Year-to-year variation of the observed Sun’s shadow between 1996 and 2009. Each panel displays a two-
dimensional contour map of the observed flux deficit (Dobs). The map in 2006 is omitted because of insufficient statistics for drawing
a map.

PRL 111, 011101 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
5 JULY 2013

011101-2

太陽地球間を通過する宇宙線
を⽤いた太陽磁場構造の
リモートセンシング

太陽磁場構造と良い相関。太陽表⾯の爆発現象「コロナ質量放出」との相関もあり！
à Mega-ALPACA で 半⽇ごとに影の変化をモニター！ 宇宙天気予測への応⽤

Amenomori+ (Tibet ASg), PRL (2013)
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宇宙線から地球と太陽の間の磁場の
情報を間接的に得られる!

CMEは太陽から地球まで約4⽇間かかる
à宇宙線は約8分で到着

太陽の影のモニターで原理的に予測可能！

磁場により
宇宙線が散乱CME発⽣！

影が薄くなる?

コロナ質量放出(CME)の事前予測

地球太陽



sub-PeVガンマ線観測の確⽴
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(a) E >10 TeV (b) E >100 TeV

FIG. S2. Significance maps around the Crab nebula observed by the Tibet AS+MD array for (a) E > 10 TeV and for (b)
E > 100 TeV, respectively. The cross mark indicates the Crab pulsar position.

MUON DISTRIBUTION MEASURED BY THE MD ARRAY

In this paper, the total number of particles detected in the MDs (i.e. ⌃Nµ) is used as the parameter to discriminate
cosmic-ray induced air showers from photon induced air showers. As shown in Fig. 2 in the paper, the muon cut
threshold depends on the ⌃⇢, where ⌃⇢ is roughly proportional to energy, and ⌃⇢ = 1000 roughly corresponds to
100 TeV.

For E > 100 TeV, the averaged ⌃Nµ for the cosmic-ray background events is more than 100, while the muon cut
value is set to be approximately ⌃Nµ = 10 ⇠ 30 depending on ⌃⇢. As a result, we successfully suppress 99.92% of
cosmic-ray background events with E > 100 TeV, and observe 24 photon-like events after the muon cut.

Figure S3 shows the relative muon number (Rµ) distribution above 100 TeV for the Crab nebula events. Rµ is
defined as the ratio of the observed ⌃Nµ to the ⌃Nµ on the muon cut line in Fig. 2 at the observed ⌃⇢. Three
events among 24 photon-like evens have ⌃Nµ = 0 which corresponds to the leftmost bin corresponds Rµ = 0 in
Fig. S3. We find a clear bump of muon-less events in Rµ < 1 region, and the relative muon distribution after the
muon cut (Rµ < 1) is consistent with that estimated by the photon MC simulation. This is unequivocal evidence for
the muon-less air showers induced by the primary photons from an astrophysical source.
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FIG. S3. Relative muon number (Rµ) of the Crab nebula events with E > 100 TeV. Rµ is defined as the ratio of the observed
⌃Nµ to the ⌃Nµ value on the muon cut line in Fig. 2 at the observed ⌃⇢. The leftmost bin indicates the number of events with
Rµ = 0. The black points show the number of observed events from the Crab nebula. The solid red histograms and dashed
blue histograms show the photon MC simulation and the observed cosmic-ray background events, respectively. The central
vertical dashed line indicates the muon cut position at Rµ = 1.

Tibet AS 𝛾 Collaboration, PRL 123, 051101 (2019)

• TibetAS𝛾実験が地下ミュー粒⼦検出器
で p/ 𝛾弁別に成功

• 2019年に世界で初めて>100TeVガンマ
線天体（かに星雲）を報告

200TeV宇宙線(雑⾳)起源の場合

電⼦・陽電⼦・ミュー

地
上

地
下

200TeVガンマ線起源の場合

電⼦・陽電⼦・ミュー

地
上

地
下



Gamma-ray sky
Tibet AS 𝛾 Collaboration, PRL 126, 141101 (2021)

7

Figure 1. Significance maps of the region monitored by LHAASO. A point test source with a spectral index
of 2.6 for WCDA data and 3.0 for KM2A data is used.

significance. In this work, a power-law spectrum is assumed with an index of 2.6 for WCDA data in
the energy range 1�25 TeV and 3.0 for KM2A data at energies E > 25 TeV as initial conditions.
This leaves only one free parameter for the likelihood calculation. According to Wilks’ Theorem, the
TS is distributed as �2 with one degree of freedom (dof), and the significance can be estimated with
S =

p
TS. Figure 1 shows the significance maps obtained in the energy bands 1 TeV < E < 25 TeV

and E > 25 TeV in Galactic coordinates. The signals are clearly visible. However, most sources
in the Galactic plane are nearby and overlapping. Hence, further analysis is needed to derive each
source separately.

3. CONSTRUCTION OF THE CATALOG

The identification of point-like gamma-ray sources and their corresponding significance can be
roughly derived from Figure 1. However, it is important to note that the significance may be over-
estimated due to the overlap with nearby sources. Conversely, in the search for point sources, a
significant portion of the sources may actually be extended, resulting in an underestimation of their
significance. To improve source detection, the significance of a given source is reassessed by coupling
the fitting of localization, extension and spectrum, and new potential sources are also explored. In

LHAASO Collaboration, arXiv:2305.1703v1 (2023)

https://fermi.gsfc.nasa.gov/ssc/

http://tevcat.uchicago.edu

HESS: A&A 612, A1 (2018) 

GeV

TeV
>25TeV

Diffuse gamma rays

Gamma-ray sources

Southern sky 
is not covered
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• Tibet, HAWC, LHAASOが北天の観測を深化
• Tibet, LHAASOによる拡散ガンマ線の発⾒
• 「南天（銀河中⼼）」が本命

>400TeV
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4200m
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4800mUMSA CR Observatory
5200 m a.s.l.

ALPACA site
4740 m a.s.l.

La Paz
16

4,740 m above sea level 
(16゜23’ S, 68゜08’ W)

ALPACA
(Andes Large area PArticle detector 

for Cosmic ray physics and Astronomy)
Mt. Chacaltaya, Bolivia
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M. Ohnishi
300m

ALPACA Air Shower Array

17

1. Array coverage 82,800m2

= 401 x 1m2 plastic scintillators

2. Underground water Cherenkov 
muon detector (MD)  3700m2

Soil over 2m (~16X0) 
= 58m2 with 20”f PMT  x 64 cells

2m
15m

ü Cosmic-ray BG rejection power >99.9% @100TeV.
ü Angular resolution ~0.2° @100TeV,   Energy resolution ~20%@100TeV
ü 100% duty cycle, FOV 𝜃zen<40°(well studied), 𝜃zen<60°(in study) 
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M. Ohnishi1. Air Shower (AS) Array ~83,000m2
= 97 x 1m2 Scintillation Detector

2. Underground Muon Detector (MD) ~3600m2
= Water-Cherenkov-Type, 2.5m overburden (~19X0)  

56m2 with 20”f PMT  x 16 Cells

ALPAQUITA

ALPAQUITA

ü Gamma-ray air shower has much less muons.
Background cosmic rays can be rejected by >99.9% @100TeV.

ü Wide FoV (~2sr) observation regardless day/night and weather
- Angular resolution ~0.2o @100TeV 
- Energy resolution ~20%  @100TeV 18



ALPACA Construction Plan
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1st MD construction
in 2025

ALPAQUITA w/ MD
gamma-ray sensitive observation
starts in 2025
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construction in 2026



ALPAQUITA Air Shower Array

Construction status:
2022 Jun.  Deploy detectors
2022 Sep. Partial operation
2023 Apr.  Full operation

¼ALPACA-scale air shower array
1m2 scintillation detector x 97 with 15m spacing
Effective area ~18,000m2

1m2 5mm lead plate
1m2  Scintillator
(50cm x 50cm x 5cm x4)

Inverse pyramid shape
Stainless steel box
(White painted inside)

2-inch PMT  x1

Air Shower Trigger Condition：
Any 4 （Any3 since Jun 2024）detectors with >0.6 
particles within 600ns
à Rate ~280Hz @ CR mode energy ~7 TeV

Counting Mode Condition：
Any1, Any2, Any3, Any4 rates every 0.1 sec 20



E >100 TeV
(mostly hadronic CRs)

Big Events!

21
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Moon Shadow

Expected line
assuming 1.1o resolution

Center position 0.3o westward

• Shadow of the moon is clearly detected at >8𝜎
• Evolution of the deficit depth suggests the angular 

resolution of 1.1 degree (mode energy = a few TeV)

2𝜎
4𝜎

6𝜎
8𝜎



DqOP Median ~1.96 deg

Angular resolution
s50 = DqOP / 2 = ~1o

Even-Odd opening angle：
Opening angle between directions determined
by two independent arrays (even and odd arrays)

Event selection criteria:
• Zenith angle < 40deg
• In Array flag = on
• 1.25 Any 4 flag =  on
• Residual error < 1.0

Performance of ALPAQUITA
Even-Odd Method

DqOP

23



Data-MC comparison
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• Detector calibration data are taken into account
• Good agreement between experimental data and MC
• Air shower array shows expected performance
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Heart of the experiment
~Underground muon detector~
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PROYECTO ALPACA - ESTUDIO Y DISEÑO ESTRUCTURAL DEL MODULO
MD POOL

DIMENSIONES Y DETALLES  (2 / 3)

Escala: Indicada Lámina:   2 de 12
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• Long discussions with Bolivian design companies => fixed
• Public call for construction company soon
• Construction of the 1st MD will start in 2025
• First gamma-ray sensitive observation starts in 2025 
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 4      RESUMEN EJECUTIVO 

 
 
 
4. Desarrollo del Proyecto 

4.1. Diseño Arquitectónico 
 
La arquitectura del MD POOL, es sumamente fundamental, no entraña mayores detalles, 
observando una tanque enterrado, con dos ingresos opuestos en sus vértices, los ingresos serán 
mediante una tapa metálica tipo escotilla.  
 

 
vista en 3D del MD POOL, justamente con el entorno natural 

 
4.2. Diseño estructural 

 
El Tanque Subterráneo, es una estructura de hormigón armado de 30mx30mx3.2m enterrado a 
una profundidad de 5.75m y una carga de tierra de 2.5m de altura, además cuenta con dos 
ingresos ubicados en sus extremos diagonalmente opuestos. 
Los dos ingresos tienen un tamaño 2.8x2.8m en el plano horizontal, modelado mediante muros 
de hormigón armado de un espesor de 15cm y una losa maciza (cubierta) con espesor también 
de 15 cm. Para poder ingresar se cuenta con una tapa metálica de ingreso de 90x90cm y una 
escalera marinera metálica, además cuenta con un descanso a una altura de -2.5m, modelado 

6

Site photo + CG image of MD by design company
30m



Fig. 17 Sensitivity curve of ALPAQUITA (the thick black curve) for a gamma-ray point source together
with the energy spectra of the H.E.S.S. [26, 46] and HAWC [17] gamma-ray sources that are in the
ALPAQUITA field of view. The thick purple curve shows the estimated sensitivity of ALPACA. The
ALPACA curve is derived by scaling the sensitivity curve of Tibet ASγ [40] considering the ratio of the
areas of these two experiments. Regarding the energy spectra, different colors indicate different source
species: supernova remnants (SNR) in red, pulsar wind nebulae (PWN) in blue, composite SNRs (Com-
posite) in green, compact binary systems (Binary) in magenta and unidentified sources (UNID) in gray,
respectively. The Crab Nebula spectrum modeled by M. Amenomori et al. (2019) [14] is shown in orange.
Solid and dashed lines show observed and extrapolated regions, respectively. In extrapolating the spectra,
the attenuation of gamma rays due to the e+e− pair production with the interstellar radiation field is not
taken into consideration

and the declination dependence of exposure does not affect the conclusion about the
source detection.

HESS J1702-420A HESS J1702-420A is a gamma-ray point source discovered by
H.E.S.S. along with the surrounding extended source HESS J1702-420B [46]. The
relation between these two sources is not clear. The energy spectra of both sources
extend up to ≃ 100 TeV without showing cutoff, and HESS J1702-420A domi-
nates the total gamma-ray flux beyond 50 TeV with its extremely hard spectral index
(≃ 1.5). Although SNR G344.7-0.1 and PSR J1702-4128 are in the vicinity of the
gamma-ray emission region, it is not easy to consider these objects as the origin of
the emission [48, 49]. The absence of X-ray flux [50, 51] and the observation of
gamma rays in 10GeV to 30 TeV [52] do not favor the leptonic origin scenario of the
VHE gamma-ray emission, but the hadronic scenario is not conclusive because of the
lack of clear correlation between the VHE gamma-ray emission region and the ISM
distribution [46, 53]. According to Figs. 17 and 18, ALPAQUITA will detect HESS
J1702-420A above ≃ 300 TeV with its one calendar year observation if the spectrum
extends without cutoff and to provide data to discuss the mechanism of the particle
acceleration taking place in this peculiar object.

��� #VNCPGKCLR?JϦ�QRPMLMKWϦ������Ϧ�����«���

S.Kato et al., Experimental Astronomy (2021) 52:85-107

ALPAQUITA/ALPACAの感度

• 2025年に地下ミューオン検出器（1台⽬）を完成
• 2026年にALPACA全体を完成
• ALPAQUITA 1年の観測で、数個の既知のTeV天体か

ら>100TeV (sub-PeV)ガンマ線を検出可能
• ALPACA 1年の観測で、既知のTeV天体半分を

>100TeVで検証可能
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まとめ
• Mega ALPACAは、南半球 PeVガンマ線天⽂学を開拓する計画

• 「銀河宇宙線の起源」をガンマ線で探る
• 銀河中⼼⽅向の拡散ガンマ線観測、宇宙線分布の解明
• ミュー粒⼦を⽤いた原⼦核種組成解析
• 南半球中緯度で初の宇宙線異⽅性解析
• 近傍銀河の粒⼦加速を検証
• 暗⿊物質起源ガンマ線の観測、最⾼エネルギーでの光⼦光⼦反応
• 太陽活動に伴う宇宙線変動、宇宙天気予報への活⽤

• ALPACAによる南半球・ボリビアでの空気シャワーアレイ実現、実証
• ALPAQUITA地表アレイが運転中
• 地下ミュー粒⼦検出器1号器を今年建設予定

=> 南半球 sub PeVガンマ線天⽂学を開始
• 引き続きフルスケールのALPACAを建設
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Mega-ALPACA 科学⽬標
• 銀河系内PeV宇宙線起源(ペバトロン)候補のカタログ

(銀河中⼼領域、星形成領域、超新星残骸 …）
• 銀河⾯からのPeV領域拡散ガンマ線の詳細観測

à 銀河宇宙線の起源・伝搬・加速機構・加速限界の解明へ

• 近傍スターバースト銀河の宇宙線加速の証拠発⾒
• 銀河ハロー超重ダークマターの探索
• 太陽圏とその近傍における宇宙線の流れの解明
• 宇宙線を利⽤した太陽近傍磁場の構造解析
• 宇宙線を⽤いた宇宙天気予測の実⽤化

29



南天における観測対象
• 銀河系内のペバトロン候補

• Westerlund 1 (Massive star cluster)
• 銀河系中⼼領域 (Central molecular zone)
• H.E.S.S. 天体 (UNID, SNR, PWN…)

• 銀河⾯からの拡散ガンマ線
• 銀河系中⼼ダークマターハロー
• 近傍銀河天体(スターバースト銀河)

• Cen A, NGC 253, LMC
• 宇宙線異⽅性の精密観測
• “太陽の影”による宇宙天気予測
※但し、⾼密アレイが必要 +3000SDs
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Westerlund 1 (Massive Star Cluster) 

31

ü Distance 3.9kpc

ü Age 3.5 – 5 Myr

ü Good PeVatron candidate

ü Diffuse GeV emission

Lars Mohrmann (lars.mohrmann@fau.de)  —  Westerlund 1 with H.E.S.S.  —  ICRC 2021  

■ Above 0.37 TeV 

■ Strong emission from 
nearby HESS sources 

■ Largely extended 
emission around 
Westerlund 1 
(“HESS J1646–458”) 

■ Source morphology 
very complex 

■ Emission does not 
peak at stellar cluster 
position!
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Lars Mohrmann (lars.mohrmann@fau.de)  —  Westerlund 1 with H.E.S.S.  —  ICRC 2021  

■ Above 4.9 TeV 

■ Two bright “hot spots”, 
but also emission 
elsewhere 

■ One hot spot close 
to positions of two 
energetic pulsars
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ü Distance 8 kpc

ü Diffuse component

ü Good PeVatron candidate

ü Maximum proton energy?

Abramowski+ (H.E.S.S.), Nature (2016) 
“Acceleration of petaelectronvolt protons in the Galactic Centre”
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Acceleration of petaelectronvolt protons in the 
Galactic Centre
HESS Collaboration*

Galactic cosmic rays reach energies of at least a few petaelectronvolts1 
(of the order of 1015 electronvolts). This implies that our Galaxy 
contains petaelectronvolt accelerators (‘PeVatrons’), but all proposed 
models of Galactic cosmic-ray accelerators encounter difficulties 
at exactly these energies2. Dozens of Galactic accelerators capable 
of accelerating particles to energies of tens of teraelectronvolts  
(of the order of 1013 electronvolts) were inferred from recent γ-ray 
observations3. However, none of the currently known accelerators—
not even the handful of shell-type supernova remnants commonly 
believed to supply most Galactic cosmic rays—has shown the 
characteristic tracers of petaelectronvolt particles, namely, power-
law spectra of γ-rays extending without a cut-off or a spectral break 
to tens of teraelectronvolts4. Here we report deep γ-ray observations 
with arcminute angular resolution of the region surrounding the 
Galactic Centre, which show the expected tracer of the presence 
of petaelectronvolt protons within the central 10 parsecs of the 
Galaxy. We propose that the supermassive black hole Sagittarius  
A* is linked to this PeVatron. Sagittarius A* went through active 
phases in the past, as demonstrated by X-ray outbursts5 and an 
outflow from the Galactic Centre6. Although its current rate of 
particle acceleration is not sufficient to provide a substantial 
contribution to Galactic cosmic rays, Sagittarius A* could have 
plausibly been more active over the last 106–107 years, and therefore 
should be considered as a viable alternative to supernova remnants 
as a source of petaelectronvolt Galactic cosmic rays.

The large photon statistics accumulated over the last 10 years of 
observations with the High Energy Stereoscopic System (HESS), 
together with improvements in the methods of data analysis, allow for 
a deep study of the properties of the diffuse very-high-energy (VHE; 

*Lists of participants and their affiliations appear at the end of the paper.

more than 100 GeV) emission of the central molecular zone. This region 
surrounding the Galactic Centre contains predominantly molecular gas 
and extends (in projection) out to radius r ≈  250 pc at positive Galactic 
longitudes and r ≈  150 pc at negative longitudes. The map of the central 
molecular zone as seen in VHE γ -rays (Fig. 1) shows a strong (although 
not linear; see below) correlation between the brightness distribution 
of VHE γ -rays and the locations of massive gas-rich complexes. This 
points towards a hadronic origin of the diffuse emission7, where the  
γ -rays result from the interactions of relativistic protons with the ambi-
ent gas. The other important channel of production of VHE γ -rays is 
the inverse Compton (IC) scattering of electrons. However, the severe 
radiative losses suffered by multi-TeV electrons in the Galactic Centre 
region prevent them from propagating over scales comparable to the 
size of the central molecular zone, thus disfavouring a leptonic origin of 
the γ -rays (see discussion in Methods and Extended Data Figs 1 and 2).

The location and the particle injection rate history of the cosmic-ray 
accelerator(s) responsible for the relativistic protons determine the 
spatial distribution of these cosmic rays which, together with the gas 
distribution, shape the morphology of the central molecular zone 
seen in VHE γ -rays. Figure 2 shows the radial profile of the E ≥  10 TeV 
cosmic-ray energy density wCR up to r ≈  200 pc (for a Galactic Centre 
distance of 8.5 kpc), determined from the γ -ray luminosity and the 
amount of target gas (see Extended Data Tables 1 and 2). This high 
energy density in the central molecular zone is found to be an order of 
magnitude larger than that of the ‘sea’ of cosmic rays that universally 
fills the Galaxy, while the energy density of low energy (GeV) cosmic 
rays in this region has a level comparable to it8. This requires the pres-
ence of one or more accelerators of multi-TeV particles operating in 
the central molecular zone.

359.0359.500.000.501.0
Galactic longitude (degrees)

–00.6

–00.4

–00.2

+00.0

+00.2

+00.4

+00.6

G
al

ac
tic

 la
tit

ud
e 

(d
eg

re
es

)

C
ounts per pixel

Sgr A*

a

359.500.0
Galactic longitude (degrees)

–00.4

–00.2

+00.0

+00.2

+00.4

Sgr A*

b

–1.4

–0.5

1.9

7.8

23.0

61.7

160.0

Figure 1 | VHE γ-ray image of the Galactic Centre region.  The colour 
scale indicates counts per 0.02° ×  0.02° pixel. a, The black lines outline 
the regions used to calculate the cosmic-ray energy density throughout 
the central molecular zone. A section of 66° is excluded from the annuli 
(see Methods). White contour lines indicate the density distribution of 

molecular gas, as traced by its CS line emission30. Black star, location of 
Sgr A* . Inset (bottom left), simulation of a point-like source. The part of 
the image shown boxed is magnified in b. b, Zoomed view of the inner  
∼ 70 pc and the contour of the region used to extract the spectrum of the 
diffuse emission.
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Abramowski+(H.E.S.S.), Science, 347, 406 (2015)

ü Distance 50 kpc

ü Declination  -69o
(Large zenith angle)

ü 30 Dor C (Superbubble)
N 157B (PWN)
N 132D (SNR)

Mega
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ALPACA 1yr

of N 157B of 100′′ (19) is of the order of the H.E.S.S.
angular resolution. Further significant g-ray emis-
sion is detected to the southwest of N 157B.
A likelihood fit of a model of two g-ray sources

to the on-source and background sky maps es-
tablishes the detection of a second source at an
angular distance of 9′ (corresponding to 130 pc at
a distance of 50 kpc) from N 157B. The model
consisting of two sources is preferred by 8.8 SD
over the model of one single source. Figure 1C
shows an x-ray image with overlaid contours of
confidence of the source position. The position of
the second source [right ascension = 5h35m(55 T 5)s,
declination = −69°11′(10 T 20)′′, equinox J2000,
1 SD errors] coincides with the superbubble

30 Dor C, the first such source detected in VHE g
rays, and thus represents an additional source class
in this energy regime. A g-ray signal around the
energetic pulsar PSR J0540-6919 is not detected,
despite the presence of an x-ray luminous PWN
(20). A flux upper limit (99% confidence level) is
derived at Fg (>1 TeV) < 4.8 × 10−14 ph cm−2 s−1.
Along with the clear detection of N 157B and

30 Dor C, evidence for VHE g-ray emission is
observed from the prominent SNR N 132D (Fig.
1D). The emission peaks at a significance of about
5 SD above a background that is estimated from a
ring around each sky bin. At the nominal position
of the SNR, 43 g rays with a statistical signifi-
cance of 4.7 SD are recorded.

The g-ray spectra of all three objects are well
described by a power law in energy, F(E) = d3N/
(dE dt dA) =F0 (E/1 TeV)

−G (where E is energy, t
is time, and A is detector area) (Fig. 2). The best-
fit spectral indices and integral g-ray luminosi-
ties are summarized in Table 1.
Even with a deep exposure of 210 hours, sig-

nificant emission from SN 1987A is not detected,
and we derive an upper limit on the integral g-ray
flux of Fg(>1TeV) < 5.6 × 10−14 ph cm−2 s−1 at a
99% confidence level.

Discussion of individual sources

The three VHE emitters belong to different source
classes, and their energy output exceeds or at least

SCIENCE sciencemag.org 23 JANUARY 2015 • VOL 347 ISSUE 6220 407

Fig. 1. Sky maps of the LMC. (A) Optical image of the entire LMC (55). The
boxes denote the regions of interest discussed in this paper. Colors denote
levels of 3, 5, 10, and 20 SD statistical significance of the g-ray signal. (B) VHE
g-ray emission in the region around N 157B.The green lines represent contours
of 5, 10, and 15 SD statistical significance of the g-ray signal. (C) X-Ray Multi-
Mirror Mission (XMM-Newton) x-ray flux image of the region of 30 Dor C.The
superimposed cyan lines represent contours of 68, 95, and 99% confidence

level of the position of the g-ray source. Diamonds denote the positions of the
star clusters of the LH 90 association. See the supplementary materials for
details on the x-ray analysis. (D) VHE g-ray emission in the region around N
132D. The green lines represent contours of 3, 4, and 5 SD statistical sig-
nificance.The background of the g-ray emission [in (B) and (D)] was obtained
using the ring background method (56). The resulting excess sky map is
smoothed to the angular resolution of the instrument.
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Starburst Galaxy: NGC 253 
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Acero+ (H.E.S.S.), Science, 326, 1080 (2009)
Abdalla+ (H.E.S.S.), A&A,617, A73 (2018)

ü Distance 3.5 Mpc

ü Spiral galaxy

ü Hard spectral index

ü Origin of UHECRs?
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novae ~0.03 year−1, which is comparable to that
in our Galaxy (8). This suggests a very high local
cosmic-ray energy density. The mean density
of the interstellar gas in the central starburst
region is n ≅ 600 protons cm−3 (11), which is
almost three orders of magnitude higher than
the average density of the gas in the Milky Way.
The thermal continuum emission of NGC 253

peaks in the far infrared (FIR) energy band at
~100 mm, with a luminosity that is ~5 times the
total radiation from our own Galaxy (12). This
FIR emission originates from interstellar dust,
which reprocesses starlight from the numerous
young massive stars. The emission is highly
concentrated toward the small central starburst
nucleus. Therefore, the density of the radiation
field in the starburst region is about a factor 105

larger than the average value in the inner 100 pc
around the Galactic Center. The activity of NGC
253 has been shown to be of a pure starburst na-
ture and not due to an active supermassive black
hole (13, 14). Observations of radio (15, 16) and
thermal x-ray emission (17, 18) show a hot dif-
fuse halo, consistent with the existence of a ga-
lactic wind extending out to ~9 kpc from the
galactic plane that transports matter and cosmic
rays from the nucleus to intergalactic space
and reaches asymptotically a bulk speed of
~900 km/s (19).

Given its proximity and its extraordinary prop-
erties, NGC 253 was predicted to emit gamma
rays at a detectable level (4). Recent calculations
give similar results (20, 21). Previously, only up-
per limits have been reported in the gamma-ray
range, in the MeV-GeV range by the Energetic
Gamma-Ray Experiment Telescope (EGRET) (22),
and in the TeV range by the High Energy Ste-
reoscopic System (H.E.S.S.) [based on 28 hours
of observation (23)] and by the Collaboration of
Australia and Nippon (Japan) for a Gamma-Ray
Observatory in the Outback (CANGAROO) III
(24). We report the result of continued observa-
tions of NGC 253 with the H.E.S.S. telescope
system with a much larger data sample. [See the
Supporting Online Material (SOM) for a de-
scription of the experiment and the detection
technique.]

We obtained observations in 2005, 2007,
and 2008. After rejecting those data that did
not have the required quality, we analyzed 119
hours of live-time data. Even with this extremely
long exposure, the measured VHE gamma-ray
flux of NGC 253 is at the limit of the H.E.S.S.
sensitivity. Thus, advanced image analysis tech-
niques were required to extract a significant
signal on top of the uniform background of local
cosmic rays impinging on Earth’s atmosphere—
only one out of 105 recorded air showers rep-
resents a gamma ray from NGC 253. We used
the Model Analysis technique (25) (SOM),
based on which we detected an excess of 247
events from the direction of NGC 253 above
220 GeV, corresponding to a statistical signifi-
cance of 5.2 standard deviations (Fig. 1). The
signal is steady and stable (a fit over the period
of 3 years to a constant has a chance prob-
ability of 47%). The source position is aJ2000 =
0h47m33s.6 T30s, dJ2000 = −25°18′8′′T27′′ consist-
ent with the position of the optical center of NGC
253 (aJ2000 = 0h47m33s.1, dJ2000 = −25°17′18′′).
The distribution of excess events is consistent
with the point spread function of the H.E.S.S.
instrument, implying a source size of less than
4.2′ (at a 1s confidence level) (see Fig. 2 for a
comparison of the angular distribution of the
gamma events with a point-like simulated sig-
nal). The integral flux of the source above the
threshold of 220 GeV is F(>220 GeV) = (5.5 T
1.0stat T 2.8 sys) × 10−13 cm−2 s−1. This corre-
sponds to 0.3% of the VHE gamma-ray flux from
the Crab Nebula (26); given the well-known
uncertainties in the diffusion part of the par-
ticle transport properties, as well as the only ap-
proximate knowledge of the starburst parameters,
it is consistent with the original prediction (4)
(Fig. 3).

As an external galaxy detected in gamma rays
that, as a key property, does not contain a mas-
sive black hole of sizeable associated luminosity,
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Fig. 1. A smoothed map of VHE gamma-ray ex-
cess of the 1.5° by 1.5° region around NGC 253. A
Gaussian with root mean square of 4.2′ was used
to smooth the map in order to reduce the effect
of fluctuations. The star shows the optical center
of NGC 253. The inlay represents an image of a
Monte Carlo simulated point source (i.e., the point-
spread function of the instrument). The white con-
tours represent the optical emission of the whole
NGC 253, demonstrating that the VHE emission
originates in the nucleus and not in the disk. The
contours correspond to constant surface brightness
of 25 magnitudes arc sec−2—traditionally used to
illustrate the extent of the optical galaxy—and
23.94 magnitudes arc sec−2 according to (34).

θ2 [deg2]
0 0.02 0.04 0.06 0.08 0.1

E
xc

es
s 

E
ve

nt
s

-50

0

50

100

150 NGC 253 - H.E.S.S.

Fig. 2. Reconstructed directions of the gamma-ray–like events around NGC 253. q denotes the
angular distance between the arrival direction and the position of the object. The background
estimated from off-source regions is uniform in the q2 representation and has been subtracted
here. The signal is consistent with a H.E.S.S. point source (blue dashed line), corresponding to q <
4.2′ or < 3.2 kpc at a distance of 2.6 Mpc.

E (GeV)
210 310

F(
>E

) (
ph

ot
on

s 
cm

−2
s−1

)

−1410

−1310

−1210

−1110

−1010

NGC 253

H.E.S.S. 2009
Paglione 1996 prediction

Domingo & Torres 2005 calculation

Rephaeli et al. 2009 calculation
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35

log(観測される総粒⼦数)

lo
g(

観
測

さ
れ

る
総

ミ
ュ

ー
粒

⼦
数

)

擬似観測データ

taken into account. The distribution of ⌃⇢ and ⌃Nµ with the new definition shown in Fig.5

has no more double trends seen in Fig.4.

4.4. Basic properties of ⌃Nµ – ⌃⇢ distribution 135

The ⌃⇢–⌃Nµ distribution shown in Fig.5 is a convolution of the continuous energy spectra

of several mass groups. Because unfolding the convoluted distribution using the two-

dimensional response matrix is the aim of this study, let us demonstrate some distributions

of specific energy ranges and mass groups. Figure 6 shows the ⌃⇢–⌃Nµ distributions of

the proton and iron primaries in the energy ranges of 104.54�4.69GeV, 105.52�5.66GeV and 140

106.37�6.51GeV. It is seen that the separation of the two groups is clear in the lower energy

range but it gradually diminishes at high energy. Figure 7 (a) and (b) show the one-

dimensional slices of ⌃Nµ in the 3.0<log10(⌃⇢/m�2)4.5 range for (a) proton and iron,

(b) He, C and Si, respectively. Though the distributions overlap each other, the peak posi-

tions clearly depend on the mass group. Figure 7 (c) and (d) compare the ⌃Nµ distributions 145

between three di↵erent hadronic interaction models in the same ⌃⇢ range for proton and

iron, respectively. These di↵erences are unavoidable and contribute as the major systematic

uncertainty to be discussed in Sec.??.

Various studies have been conducted to date using this relationship [2, 31, 32]. Machine

learning and unfolding methods are becoming mainstream. This work used unfolding 150

methods.

Fig. 5: Same as Fig.4 but using the new definition of ⌃Nµ given in Eq.1.

.

5. Unfolding method

The number of events in the i-th bin content Ni of the ⌃⇢–⌃Nµ histogram is related to the

number of events in the j-th primary energy bin of the mass element k designated by xkj
through a response matrix Rk

ij , the aperture Ak
j , which is the product of the e↵ective area 155

and the solid angle including the detection e�ciency, and the observation time T as

Ni(⌃⇢,⌃Nµ) = T
NnuclX

k=1

NsX

j=1

Rk
ij A

k
j x

k
j . (2)

7/17

核種k・エネルギーjの宇宙線が
どう観測されるかの応答関数

右上の等⾼線

実際に観測される分布
左上の図

検出効率 核種k・エネルギーj
の宇宙線の到来頻
度=知りたい値 解析⼿法完成 => 実際のデータに適⽤する

擬似データ解析結果



宇宙線異方性の観測 Tibet ASg(北天)
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Figure 3. Large-scale sidereal anisotropy at 300 TeV by the Tibet AS Array. The 2D maps are smoothed with a 30° Gaussian kernel. The top and middle panels
display the significance and relative intensity maps, respectively, while the bottom one shows the 1D projection of the 2D map onto the R.A. axis. The blue curve
shows the first harmonic fitting to the data, and the black dashed line is the predicted Galactic CG effect with an amplitude of ∼0.19%.

Figure 4. 2D anisotropy maps in five energy samples (15, 50, 100, 300, and 1000 TeV, from top to bottom). Left panels show the relative intensity maps (with 30°
smoothing), while right panels show the 1D projections. The meaning of the blue curves in the right panels is the same as in Figure 3.

4

The Astrophysical Journal, 836:153 (7pp), 2017 February 20 Amenomori et al.

Amenomori+, ApJ, 836, 153 (2017)

15 TeV

50 TeV

100 TeV

300 TeV

1000 TeV

~0.1%の異⽅性 à 起源は？
広エネルギー領域で南北両天の観測が重要！
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Figure 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 and the Galactic plane
is shown by a dashed line.

Table 2: Three dimensional dipole reconstruction. Directions of dipole components are shown
in equatorial coordinates.

Energy

[EeV]

Dipole

component dz

Dipole

component d?
Dipole

amplitude d
Dipole

declination dd [
�
]

Dipole right

ascension ad [
�
]

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

�0.007 �75+17
�8 80 ± 60

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

�0.009 �24+12
�13 100 ± 10

studies that found that the effects of higher-order multipoles are not significant in this energy
range [25, 29, 30], the dipole components and its direction in equatorial coordinates (ad, dd) can
be estimated from

d? ' ra

hcos di , dz '
bj

cos `obshsin qi , ad = ja, tan dd =
dz
d?

, (3)

[25], where hcos di is the mean cosine of the declinations of the events, hsin qi is the mean sine of
the zenith angles of the events, and `obs ' �35.2� is the average latitude of the Observatory. For
our data set, we find hcos di = 0.78 and hsin qi = 0.65.

The parameters describing the direction of the three-dimensional dipole are summarized in
Table 2. For 4 EeV < E < 8 EeV, the dipole amplitude is d = 2.5+1.0

�0.7%, pointing close to the celes-
tial south pole, at (ad, dd) = (80�,�75�), although the amplitude is not statistically significant.
For energies above 8 EeV, the total dipole amplitude is d = 6.5+1.3

�0.9%, pointing toward (ad, dd) =
(100�,�24�). In Galactic coordinates, the direction of this dipole is (`, b) = (233�,�13�). This
dipolar pattern is clearly seen in the flux map in Fig. 2. To establish whether the departures from
a perfect dipole are just statistical fluctuations or indicate the presence of additional structures at
smaller angular scales would require at least twice as many events.

5

>8EeV

>~10 TeV

Auger Collabo., Science, 357, 1266 (2017)

宇宙線異方性の観測(南天)

Augerダイポール分布
à銀河磁場の曲がりを考慮すると

2MRS銀河カタログの
flux-weighted dipoleの方向と一致

Tibet + IceCube combined 
à Local interstellar medium (LISM)
での粒子分布が起源？
太陽圏磁場の影響
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Figure 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 and the Galactic plane
is shown by a dashed line.

Table 2: Three dimensional dipole reconstruction. Directions of dipole components are shown
in equatorial coordinates.

Energy

[EeV]

Dipole

component dz

Dipole

component d?
Dipole

amplitude d
Dipole

declination dd [
�
]

Dipole right

ascension ad [
�
]

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

�0.007 �75+17
�8 80 ± 60

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

�0.009 �24+12
�13 100 ± 10

studies that found that the effects of higher-order multipoles are not significant in this energy
range [25, 29, 30], the dipole components and its direction in equatorial coordinates (ad, dd) can
be estimated from

d? ' ra

hcos di , dz '
bj

cos `obshsin qi , ad = ja, tan dd =
dz
d?

, (3)

[25], where hcos di is the mean cosine of the declinations of the events, hsin qi is the mean sine of
the zenith angles of the events, and `obs ' �35.2� is the average latitude of the Observatory. For
our data set, we find hcos di = 0.78 and hsin qi = 0.65.

The parameters describing the direction of the three-dimensional dipole are summarized in
Table 2. For 4 EeV < E < 8 EeV, the dipole amplitude is d = 2.5+1.0

�0.7%, pointing close to the celes-
tial south pole, at (ad, dd) = (80�,�75�), although the amplitude is not statistically significant.
For energies above 8 EeV, the total dipole amplitude is d = 6.5+1.3

�0.9%, pointing toward (ad, dd) =
(100�,�24�). In Galactic coordinates, the direction of this dipole is (`, b) = (233�,�13�). This
dipolar pattern is clearly seen in the flux map in Fig. 2. To establish whether the departures from
a perfect dipole are just statistical fluctuations or indicate the presence of additional structures at
smaller angular scales would require at least twice as many events.

5

Amenomori+(Tibet ASg), Science, 314, 439 (2006)
Abbasi+(IceCube), ApJL, 718, L194, (2010)



南半球ボリビア(チャカルタヤ山)
での「太陽の影」の観測

38

FoV

ü １年を通して観測可能。特に北半球の冬季(10月-2月)をカバー。
ü 太陽の平均高度が高いので宇宙線の統計がチベットでの2倍
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太陽の影の有意度の⾒積もり
• 20σ / 150 days by Tibet-III @極⼩期
• Tibet-III 22,000 m2 @>3TeV 0.9o

• Mega ALPACA Dense (15 m spacing) 
100万 m2 @>5TeV 0.9o

à 宇宙線の統計45倍

à 20σ*sqrt(45)=134σ / 150days @>3TeV@極⼩期
à134/sqrt(150)=11σ/day(=8hours) = 4σ/hour
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SWGO, UHECR2024 presentation
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Detector options

๏ Letter: 
Detector 

๏Number: 
Layout 

๏Simulated 
๏ All "A" 
๏ All "1" 
๏ "E4" 

๏Constant cost 
๏ depends on 

detector 
12

Site

๏Pampa la Bola 
๏ Parque Astronómico San 

Pedro Atacama 
๏ 4770 m a.s.l. 
๏ Space for multiple km2

17

Site: Atacama Astro Park

SWGO - J. Bazo 25
AAP concession 360 Km2

CLASS
POLARBEAR/SA

SIMONS OBS
USACH

TAO
CCAT-p

ASTE
NANTEN2

APEX

ALMA 
Observatory

AAP
concession 

AAP
concession  

AAP
concession 

PLB
+

You are here

Next steps: Path!nder and SWGO-A

18

Target: LHAASO size array
Site: primary candidate, San Pedro Atacama
Pathfinder: 100m array


