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宇宙地球環境研究所 (ISEE) の紹介

Institute for Space‒Earth Environmental Research (ISEE) 
アイシー

名古屋大学の附置研究所のひとつ（2015 年に改組） 

基礎研究部門のうち、宇宙線研究部は物理学教室の宇宙線物理学研究室（CR 研）として 4 年生と
大学院生を受け入れ 

CR 研では複数の宇宙線実験プロジェクトを行なっている 
‣ CTA、Fermi/LAT、LHCf/RHICf、SK/HK、XMASS/XENONnT、太陽中性子望遠鏡、屋久杉 (14C)、
MOA 望遠鏡などを幅広く (教員 10 名) 

‣ https://www.isee.nagoya-u.ac.jp/CR/ 

宇宙や素粒子に興味のある人はぜひ遊びに来てください
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http://www.isee.nagoya-u.ac.jp/CR/


講義のスライド

https://www.isee.nagoya-u.ac.jp/~okumura/files/190507DM.pdf
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宇宙は何からできているか？

普通の物質 
‣ 直感的な宇宙の構成要素 
‣ 恒星や惑星（太陽、地球な
ど） 

‣ 星間ガス（水素、ヘリウムな
ど） 

‣ 陽子や中性子などのバリオン
と、電子などのレプトン 

暗黒物質 
‣ 様々な観測から存在は確実視 
‣ 正体不明だが、多くの理論に
より素粒子が提案されている 

暗黒エネルギー 
‣ 正体は全く不明 
‣ 宇宙を加速膨張させる

 4

68.3%

26.8%

4.9%

Planck 衛星による宇宙背景放射の観測より (2013)

暗黒物質

普通の物質

暗黒エネルギー



素粒子標準模型と (普通) の物質 (バリオン)
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電磁相互作用の例

電荷を持つ素粒子は電磁相互作用をすることができる 
ファインマン図 (Feynman diagram) の見方によって、反応が変わる 
光子 (photon) が媒介粒子
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時間の向き

電子対消滅 (pair annihilation)
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電磁相互作用の例

電荷を持つ素粒子は電磁相互作用をすることができる 
ファインマン図 (Feynman diagram) の見方によって、反応が変わる 
光子 (photon) が媒介粒子
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時間の向き

電子対生成 (pair production)



e‒e‒

電磁相互作用の例

電荷を持つ素粒子は電磁相互作用をすることができる 
ファインマン図 (Feynman diagram) の見方によって、反応が変わる 
光子 (photon) が媒介粒子
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時間の向き

トムソン/コンプトン散乱 (Thomson/Compton scattering)
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e‒

弱い相互作用の例

弱い相互作用は粒子の種類を変えることができる 
ニュートリノが地球をもすり抜けるのは、相互作用が弱いから 
W±/Z が媒介粒子
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電磁相互作用で観る宇宙（可視光）
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Mellinger 2008

銀河は星や星間ガス（陽子、中性子、電子）で構成され、 
　　電磁放射で輝いている（力学的エネルギーを徐々に失う）

暗黒星雲 (dark nebula)



電磁相互作用で観る宇宙（電波）
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Dame et al. 2001

観測手段を変えることで、観えないものが観えてくる



電磁相互作用で観る宇宙（ガンマ線）
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フェルミ衛星



我々の銀河（天の川銀河）
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NASA/PS-Caltech/R. Hurt (SSC-Caltech)

~230 km/s

太陽系

~2.5 万光年

※ 想像図です。我々の銀河を上から 
　 見下ろすことはできません。
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ROTATIONAL PROPERTIES OF Sc GALAXIES 477 

measured velocity, Rf, is listed in column (13), and the 
ratio of the two, Rf/Rl,b, in column (14). Only for three 
galaxies is the coverage less than 707o: NGC 753 
(55%), 709 (617o), and UGC 2885 (6770). Except for 
UGC 2885, the largest Sc we have identified, addi- 
tional observations would add little to our conclusions. 

Radial velocities for 13 of these galaxies are listed in 
RC2. The mean difference |ERC2 — Ehere| = 81 
± 25 km s-1. For NGC 1087, the published velocity 
differs by +321 from our value. Once again, we stress 
that large velocity errors permeate existing catalogs. 

III. THE ROTATION CURVES 

We assume that the emission arises from H n regions 
which are moving in planar circular orbits about the 
center of each galaxy. The observed line-of-sight 
velocities along the major axis can then be projected to 
velocities in the plane of each galaxy, with V(R) 
= (Vobs — V0)/sin i. For galaxies for which the major 
axis (j) is displaced from the position angle of the 

spectrum, rç, the circular velocity is given by 

i// m ( F°bs - Ko)[sec2 i - tan2 i cos2 (»7 - 0)]1/2 
=   ^^   — > 

sin i cos (rj — 0) 
R = ¿[sec2 i - tan2 i cos2 (rj - 0)]1/2 , 

where s is the nuclear distance on the plane of the sky 
and R is the nuclear distance in the plane of the galaxy. 
Values for 0 and i are listed in columns (7) and (8) of 
Table 1. The adopted rotation curve is formed from 
both sides of the major axis. In general, velocities are 
reasonably symmetrical on both sides of the major 
axis; the principal exceptions are NGC 3672, 1421, 
4321, and 7541. A simple way to determine the 
symmetry properties of the velocities is to trace a 
smooth curve through the points in Figure 4, then 
rotate the tracing paper 180° about the origin and 
compare the traced line with the plotted points. The 
adopted rotation curves are plotted in Figure 5, ar- 
ranged by increasing linear radii, and the velocities are 
listed in Table 2. 

DISTANCE FROM NUCLEUS (kpc) [h= 50 km s'1 Mpc‘] 

Fig. 5.—Mean velocities in the plane of the galaxy, as a function of linear distance from the nucleus for 21 Sc galaxies, arranged according to 
increasing linear radius. Curve drawn is rotation curve formed from mean of velocities on both sides of the major axis. Vertical bar marks the 
location of Æ25> the isophote of 25 mag arcsec “2 ; those with upper and lower extensions mark Rl b, i.e., R2 5 corrected for inclination and galactic 
extinction. Dashed line from the nucleus indicates regions in which velocities are not available, due to small scale. Dashed lines at larger R 
indicates a velocity fall faster than Keplerian. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

19
89
A&
A.
..
22
3.
..
47
B

暗黒物質存在の証拠 (1) 銀河の回転曲線

1980 年代までに、多くの銀河の回転曲線が電波望遠鏡などで観測された 
電磁波で観測される物質の分布からは説明ができない 
なんらかの暗黒 (電磁波で見えない) の質量が存在するか、重力相互作用に修正が必要

 14

Rubin et al. (1980) Begeman (1989)

速さ一定

速さ一定

表面輝度は半径とともに 
指数関数的に下がる 
→ 回転曲線は r‒1/2 に比例



F =
GM(r)m

r2
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mv2(r)
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暗黒物質存在の証拠 (1) 銀河の回転曲線

銀河内の半径 r における力の釣り合い 

ある半径で質量分布が途絶えると 

もし回転速度が一定であるなら 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m
<latexit sha1_base64="b89D9wJ8VPDrTxC5pIz+e9NeBYo=">AAAB/HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48JmAckS5id9CZDZmaXmVlhCfEHvOofeBOv/os/4Hc4SfZgEgsaiqpuurvChDNtPO/bKWxsbm3vFHdLe/sHh0fl45OWjlNFsUljHqtOSDRyJrFpmOHYSRQSEXJsh+P7md9+QqVZLB9NlmAgyFCyiFFirNQQ/XLFq3pzuOvEz0kFctT75Z/eIKapQGkoJ1p3fS8xwYQowyjHaamXakwIHZMhdi2VRKAOJvNDp+6FVQZuFCtb0rhz9e/EhAitMxHaTkHMSK96M/E/r5ua6DaYMJmkBiVdLIpS7prYnX3tDphCanhmCaGK2VtdOiKKUGOzWdoSYSZFMi3ZYPzVGNZJ66rqe1W/cV2p3eURFeEMzuESfLiBGjxAHZpAAeEFXuHNeXbenQ/nc9FacPKZU1iC8/UL9sqVbw==</latexit><latexit sha1_base64="b89D9wJ8VPDrTxC5pIz+e9NeBYo=">AAAB/HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48JmAckS5id9CZDZmaXmVlhCfEHvOofeBOv/os/4Hc4SfZgEgsaiqpuurvChDNtPO/bKWxsbm3vFHdLe/sHh0fl45OWjlNFsUljHqtOSDRyJrFpmOHYSRQSEXJsh+P7md9+QqVZLB9NlmAgyFCyiFFirNQQ/XLFq3pzuOvEz0kFctT75Z/eIKapQGkoJ1p3fS8xwYQowyjHaamXakwIHZMhdi2VRKAOJvNDp+6FVQZuFCtb0rhz9e/EhAitMxHaTkHMSK96M/E/r5ua6DaYMJmkBiVdLIpS7prYnX3tDphCanhmCaGK2VtdOiKKUGOzWdoSYSZFMi3ZYPzVGNZJ66rqe1W/cV2p3eURFeEMzuESfLiBGjxAHZpAAeEFXuHNeXbenQ/nc9FacPKZU1iC8/UL9sqVbw==</latexit><latexit sha1_base64="b89D9wJ8VPDrTxC5pIz+e9NeBYo=">AAAB/HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48JmAckS5id9CZDZmaXmVlhCfEHvOofeBOv/os/4Hc4SfZgEgsaiqpuurvChDNtPO/bKWxsbm3vFHdLe/sHh0fl45OWjlNFsUljHqtOSDRyJrFpmOHYSRQSEXJsh+P7md9+QqVZLB9NlmAgyFCyiFFirNQQ/XLFq3pzuOvEz0kFctT75Z/eIKapQGkoJ1p3fS8xwYQowyjHaamXakwIHZMhdi2VRKAOJvNDp+6FVQZuFCtb0rhz9e/EhAitMxHaTkHMSK96M/E/r5ua6DaYMJmkBiVdLIpS7prYnX3tDphCanhmCaGK2VtdOiKKUGOzWdoSYSZFMi3ZYPzVGNZJ66rqe1W/cV2p3eURFeEMzuESfLiBGjxAHZpAAeEFXuHNeXbenQ/nc9FacPKZU1iC8/UL9sqVbw==</latexit><latexit sha1_base64="b89D9wJ8VPDrTxC5pIz+e9NeBYo=">AAAB/HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48JmAckS5id9CZDZmaXmVlhCfEHvOofeBOv/os/4Hc4SfZgEgsaiqpuurvChDNtPO/bKWxsbm3vFHdLe/sHh0fl45OWjlNFsUljHqtOSDRyJrFpmOHYSRQSEXJsh+P7md9+QqVZLB9NlmAgyFCyiFFirNQQ/XLFq3pzuOvEz0kFctT75Z/eIKapQGkoJ1p3fS8xwYQowyjHaamXakwIHZMhdi2VRKAOJvNDp+6FVQZuFCtb0rhz9e/EhAitMxHaTkHMSK96M/E/r5ua6DaYMJmkBiVdLIpS7prYnX3tDphCanhmCaGK2VtdOiKKUGOzWdoSYSZFMi3ZYPzVGNZJ66rqe1W/cV2p3eURFeEMzuESfLiBGjxAHZpAAeEFXuHNeXbenQ/nc9FacPKZU1iC8/UL9sqVbw==</latexit>

r
<latexit sha1_base64="iNZq56Seda+Hn0vWhpQL+JOzy3I=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZDZmeXmVlhCfEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfbKWxsbm3vFHdLe/sHh0fl45OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsb3M7/9hErzWD6aLEE/okPJQ86osVJD9csVt+rOQdaJl5MK5Kj3yz+9QczSCKVhgmrd9dzE+BOqDGcCp6VeqjGhbEyH2LVU0gi1P5kfOiUXVhmQMFa2pCFz9e/EhEZaZ1FgOyNqRnrVm4n/ed3UhLf+hMskNSjZYlGYCmJiMvuaDLhCZkRmCWWK21sJG1FFmbHZLG0JMZNRMi3ZYLzVGNZJ66rquVWvcV2p3eURFeEMzuESPLiBGjxAHZrAAOEFXuHNeXbenQ/nc9FacPKZU1iC8/UL/sKVdA==</latexit><latexit sha1_base64="iNZq56Seda+Hn0vWhpQL+JOzy3I=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZDZmeXmVlhCfEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfbKWxsbm3vFHdLe/sHh0fl45OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsb3M7/9hErzWD6aLEE/okPJQ86osVJD9csVt+rOQdaJl5MK5Kj3yz+9QczSCKVhgmrd9dzE+BOqDGcCp6VeqjGhbEyH2LVU0gi1P5kfOiUXVhmQMFa2pCFz9e/EhEZaZ1FgOyNqRnrVm4n/ed3UhLf+hMskNSjZYlGYCmJiMvuaDLhCZkRmCWWK21sJG1FFmbHZLG0JMZNRMi3ZYLzVGNZJ66rquVWvcV2p3eURFeEMzuESPLiBGjxAHZrAAOEFXuHNeXbenQ/nc9FacPKZU1iC8/UL/sKVdA==</latexit><latexit sha1_base64="iNZq56Seda+Hn0vWhpQL+JOzy3I=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZDZmeXmVlhCfEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfbKWxsbm3vFHdLe/sHh0fl45OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsb3M7/9hErzWD6aLEE/okPJQ86osVJD9csVt+rOQdaJl5MK5Kj3yz+9QczSCKVhgmrd9dzE+BOqDGcCp6VeqjGhbEyH2LVU0gi1P5kfOiUXVhmQMFa2pCFz9e/EhEZaZ1FgOyNqRnrVm4n/ed3UhLf+hMskNSjZYlGYCmJiMvuaDLhCZkRmCWWK21sJG1FFmbHZLG0JMZNRMi3ZYLzVGNZJ66rquVWvcV2p3eURFeEMzuESPLiBGjxAHZrAAOEFXuHNeXbenQ/nc9FacPKZU1iC8/UL/sKVdA==</latexit><latexit sha1_base64="iNZq56Seda+Hn0vWhpQL+JOzy3I=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZDZmeXmVlhCfEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfbKWxsbm3vFHdLe/sHh0fl45OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsb3M7/9hErzWD6aLEE/okPJQ86osVJD9csVt+rOQdaJl5MK5Kj3yz+9QczSCKVhgmrd9dzE+BOqDGcCp6VeqjGhbEyH2LVU0gi1P5kfOiUXVhmQMFa2pCFz9e/EhEZaZ1FgOyNqRnrVm4n/ed3UhLf+hMskNSjZYlGYCmJiMvuaDLhCZkRmCWWK21sJG1FFmbHZLG0JMZNRMi3ZYLzVGNZJ66rquVWvcV2p3eURFeEMzuESPLiBGjxAHZrAAOEFXuHNeXbenQ/nc9FacPKZU1iC8/UL/sKVdA==</latexit>

v(r)
<latexit sha1_base64="Io+LoYT29EX8MCZmB1BvwR+xVHo=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QLGF20psMmZldZmYDS8jBH/Cqf+BNvPop/oDf4WyyB5NY0FBUddPdFcScaeO6305hY3Nre6e4W9rbPzg8Kh+ftHSUKApNGvFIdQKigTMJTcMMh06sgIiAQzsY32d+ewJKs0g+mTQGX5ChZCGjxGTSpKou++WKW3PnwOvEy0kF5Wj0yz+9QUQTAdJQTrTuem5s/ClRhlEOs1Iv0RATOiZD6FoqiQDtT+e3zvCFVQY4jJQtafBc/TsxJULrVAS2UxAz0qteJv7ndRMT3vpTJuPEgKSLRWHCsYlw9jgeMAXU8NQSQhWzt2I6IopQY+NZ2hJCKkU8K9lgvNUY1knrqua5Ne/xulK/yyMqojN0jqrIQzeojh5QAzURRSP0gl7Rm/PsvDsfzueiteDkM6doCc7XL60allk=</latexit><latexit sha1_base64="Io+LoYT29EX8MCZmB1BvwR+xVHo=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QLGF20psMmZldZmYDS8jBH/Cqf+BNvPop/oDf4WyyB5NY0FBUddPdFcScaeO6305hY3Nre6e4W9rbPzg8Kh+ftHSUKApNGvFIdQKigTMJTcMMh06sgIiAQzsY32d+ewJKs0g+mTQGX5ChZCGjxGTSpKou++WKW3PnwOvEy0kF5Wj0yz+9QUQTAdJQTrTuem5s/ClRhlEOs1Iv0RATOiZD6FoqiQDtT+e3zvCFVQY4jJQtafBc/TsxJULrVAS2UxAz0qteJv7ndRMT3vpTJuPEgKSLRWHCsYlw9jgeMAXU8NQSQhWzt2I6IopQY+NZ2hJCKkU8K9lgvNUY1knrqua5Ne/xulK/yyMqojN0jqrIQzeojh5QAzURRSP0gl7Rm/PsvDsfzueiteDkM6doCc7XL60allk=</latexit><latexit sha1_base64="Io+LoYT29EX8MCZmB1BvwR+xVHo=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QLGF20psMmZldZmYDS8jBH/Cqf+BNvPop/oDf4WyyB5NY0FBUddPdFcScaeO6305hY3Nre6e4W9rbPzg8Kh+ftHSUKApNGvFIdQKigTMJTcMMh06sgIiAQzsY32d+ewJKs0g+mTQGX5ChZCGjxGTSpKou++WKW3PnwOvEy0kF5Wj0yz+9QUQTAdJQTrTuem5s/ClRhlEOs1Iv0RATOiZD6FoqiQDtT+e3zvCFVQY4jJQtafBc/TsxJULrVAS2UxAz0qteJv7ndRMT3vpTJuPEgKSLRWHCsYlw9jgeMAXU8NQSQhWzt2I6IopQY+NZ2hJCKkU8K9lgvNUY1knrqua5Ne/xulK/yyMqojN0jqrIQzeojh5QAzURRSP0gl7Rm/PsvDsfzueiteDkM6doCc7XL60allk=</latexit><latexit sha1_base64="Io+LoYT29EX8MCZmB1BvwR+xVHo=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QLGF20psMmZldZmYDS8jBH/Cqf+BNvPop/oDf4WyyB5NY0FBUddPdFcScaeO6305hY3Nre6e4W9rbPzg8Kh+ftHSUKApNGvFIdQKigTMJTcMMh06sgIiAQzsY32d+ewJKs0g+mTQGX5ChZCGjxGTSpKou++WKW3PnwOvEy0kF5Wj0yz+9QUQTAdJQTrTuem5s/ClRhlEOs1Iv0RATOiZD6FoqiQDtT+e3zvCFVQY4jJQtafBc/TsxJULrVAS2UxAz0qteJv7ndRMT3vpTJuPEgKSLRWHCsYlw9jgeMAXU8NQSQhWzt2I6IopQY+NZ2hJCKkU8K9lgvNUY1knrqua5Ne/xulK/yyMqojN0jqrIQzeojh5QAzURRSP0gl7Rm/PsvDsfzueiteDkM6doCc7XL60allk=</latexit>

万有引力定数

銀河中心からの距離

半径 r までに含まれる質量

半径 r での回転速度

質点の質量

v(r) = const.
<latexit sha1_base64="ezU9gkw6JF76k3fVcJ+fj1D2LSw=">AAACE3icbVDLSsNAFJ3UV62vqODGzWAR6iYkIuhGKLpxWcHWQhvKZDpph85MwsykEGI/wx9wq3/gTtz6Af6A3+GkzcK2HrhwOOde7uEEMaNKu+63VVpZXVvfKG9WtrZ3dvfs/YOWihKJSRNHLJLtACnCqCBNTTUj7VgSxANGHoPRbe4/jolUNBIPOo2Jz9FA0JBipI3Us4/GNXkGr2GXIz2UPMORUNqZ9Oyq67hTwGXiFaQKCjR69k+3H+GEE6ExQ0p1PDfWfoakppiRSaWbKBIjPEID0jFUIE6Un03zT+CpUfowjKQZoeFU/XuRIa5UygOzmcdUi14u/ud1Eh1e+RkVcaKJwLNHYcKgjmBeBuxTSbBmqSEIS2qyQjxEEmFtKpv7EpJU8HhSMcV4izUsk9a547mOd39Rrd8UFZXBMTgBNeCBS1AHd6ABmgCDJ/ACXsGb9Wy9Wx/W52y1ZBU3h2AO1tcvtEKd7Q==</latexit><latexit sha1_base64="ezU9gkw6JF76k3fVcJ+fj1D2LSw=">AAACE3icbVDLSsNAFJ3UV62vqODGzWAR6iYkIuhGKLpxWcHWQhvKZDpph85MwsykEGI/wx9wq3/gTtz6Af6A3+GkzcK2HrhwOOde7uEEMaNKu+63VVpZXVvfKG9WtrZ3dvfs/YOWihKJSRNHLJLtACnCqCBNTTUj7VgSxANGHoPRbe4/jolUNBIPOo2Jz9FA0JBipI3Us4/GNXkGr2GXIz2UPMORUNqZ9Oyq67hTwGXiFaQKCjR69k+3H+GEE6ExQ0p1PDfWfoakppiRSaWbKBIjPEID0jFUIE6Un03zT+CpUfowjKQZoeFU/XuRIa5UygOzmcdUi14u/ud1Eh1e+RkVcaKJwLNHYcKgjmBeBuxTSbBmqSEIS2qyQjxEEmFtKpv7EpJU8HhSMcV4izUsk9a547mOd39Rrd8UFZXBMTgBNeCBS1AHd6ABmgCDJ/ACXsGb9Wy9Wx/W52y1ZBU3h2AO1tcvtEKd7Q==</latexit><latexit sha1_base64="ezU9gkw6JF76k3fVcJ+fj1D2LSw=">AAACE3icbVDLSsNAFJ3UV62vqODGzWAR6iYkIuhGKLpxWcHWQhvKZDpph85MwsykEGI/wx9wq3/gTtz6Af6A3+GkzcK2HrhwOOde7uEEMaNKu+63VVpZXVvfKG9WtrZ3dvfs/YOWihKJSRNHLJLtACnCqCBNTTUj7VgSxANGHoPRbe4/jolUNBIPOo2Jz9FA0JBipI3Us4/GNXkGr2GXIz2UPMORUNqZ9Oyq67hTwGXiFaQKCjR69k+3H+GEE6ExQ0p1PDfWfoakppiRSaWbKBIjPEID0jFUIE6Un03zT+CpUfowjKQZoeFU/XuRIa5UygOzmcdUi14u/ud1Eh1e+RkVcaKJwLNHYcKgjmBeBuxTSbBmqSEIS2qyQjxEEmFtKpv7EpJU8HhSMcV4izUsk9a547mOd39Rrd8UFZXBMTgBNeCBS1AHd6ABmgCDJ/ACXsGb9Wy9Wx/W52y1ZBU3h2AO1tcvtEKd7Q==</latexit><latexit sha1_base64="ezU9gkw6JF76k3fVcJ+fj1D2LSw=">AAACE3icbVDLSsNAFJ3UV62vqODGzWAR6iYkIuhGKLpxWcHWQhvKZDpph85MwsykEGI/wx9wq3/gTtz6Af6A3+GkzcK2HrhwOOde7uEEMaNKu+63VVpZXVvfKG9WtrZ3dvfs/YOWihKJSRNHLJLtACnCqCBNTTUj7VgSxANGHoPRbe4/jolUNBIPOo2Jz9FA0JBipI3Us4/GNXkGr2GXIz2UPMORUNqZ9Oyq67hTwGXiFaQKCjR69k+3H+GEE6ExQ0p1PDfWfoakppiRSaWbKBIjPEID0jFUIE6Un03zT+CpUfowjKQZoeFU/XuRIa5UygOzmcdUi14u/ud1Eh1e+RkVcaKJwLNHYcKgjmBeBuxTSbBmqSEIS2qyQjxEEmFtKpv7EpJU8HhSMcV4izUsk9a547mOd39Rrd8UFZXBMTgBNeCBS1AHd6ABmgCDJ/ACXsGb9Wy9Wx/W52y1ZBU3h2AO1tcvtEKd7Q==</latexit>

M(r) / r
<latexit sha1_base64="Tyt3lhMgJ7GFMyqGdVUuAkqq3eQ=">AAACCXicbVBLSgNBEO3xG+Mv6tJNYxDiJsyIoMugGzdCBPOBZAw9nZ6kSf/o7hGGISfwAm71Bu7ErafwAp7DTjILk/ig4PFeFVX1IsWosb7/7a2srq1vbBa2its7u3v7pYPDppGJxqSBJZO6HSFDGBWkYallpK00QTxipBWNbiZ+64loQ6V4sKkiIUcDQWOKkXXS411Fn8Gu0lJZCXWvVPar/hRwmQQ5KYMc9V7pp9uXOOFEWMyQMZ3AVzbMkLYUMzIudhNDFMIjNCAdRwXixITZ9OoxPHVKH8ZSuxIWTtW/ExnixqQ8cp0c2aFZ9Cbif14nsfFVmFGhEksEni2KEwbdi5MIYJ9qgi1LHUFYU3crxEOkEbYuqLktMUkFV+OiCyZYjGGZNM+rgV8N7i/Ktes8ogI4BiegAgJwCWrgFtRBA2CgwQt4BW/es/fufXifs9YVL585AnPwvn4B3EeaRg==</latexit><latexit sha1_base64="Tyt3lhMgJ7GFMyqGdVUuAkqq3eQ=">AAACCXicbVBLSgNBEO3xG+Mv6tJNYxDiJsyIoMugGzdCBPOBZAw9nZ6kSf/o7hGGISfwAm71Bu7ErafwAp7DTjILk/ig4PFeFVX1IsWosb7/7a2srq1vbBa2its7u3v7pYPDppGJxqSBJZO6HSFDGBWkYallpK00QTxipBWNbiZ+64loQ6V4sKkiIUcDQWOKkXXS411Fn8Gu0lJZCXWvVPar/hRwmQQ5KYMc9V7pp9uXOOFEWMyQMZ3AVzbMkLYUMzIudhNDFMIjNCAdRwXixITZ9OoxPHVKH8ZSuxIWTtW/ExnixqQ8cp0c2aFZ9Cbif14nsfFVmFGhEksEni2KEwbdi5MIYJ9qgi1LHUFYU3crxEOkEbYuqLktMUkFV+OiCyZYjGGZNM+rgV8N7i/Ktes8ogI4BiegAgJwCWrgFtRBA2CgwQt4BW/es/fufXifs9YVL585AnPwvn4B3EeaRg==</latexit><latexit sha1_base64="Tyt3lhMgJ7GFMyqGdVUuAkqq3eQ=">AAACCXicbVBLSgNBEO3xG+Mv6tJNYxDiJsyIoMugGzdCBPOBZAw9nZ6kSf/o7hGGISfwAm71Bu7ErafwAp7DTjILk/ig4PFeFVX1IsWosb7/7a2srq1vbBa2its7u3v7pYPDppGJxqSBJZO6HSFDGBWkYallpK00QTxipBWNbiZ+64loQ6V4sKkiIUcDQWOKkXXS411Fn8Gu0lJZCXWvVPar/hRwmQQ5KYMc9V7pp9uXOOFEWMyQMZ3AVzbMkLYUMzIudhNDFMIjNCAdRwXixITZ9OoxPHVKH8ZSuxIWTtW/ExnixqQ8cp0c2aFZ9Cbif14nsfFVmFGhEksEni2KEwbdi5MIYJ9qgi1LHUFYU3crxEOkEbYuqLktMUkFV+OiCyZYjGGZNM+rgV8N7i/Ktes8ogI4BiegAgJwCWrgFtRBA2CgwQt4BW/es/fufXifs9YVL585AnPwvn4B3EeaRg==</latexit><latexit sha1_base64="Tyt3lhMgJ7GFMyqGdVUuAkqq3eQ=">AAACCXicbVBLSgNBEO3xG+Mv6tJNYxDiJsyIoMugGzdCBPOBZAw9nZ6kSf/o7hGGISfwAm71Bu7ErafwAp7DTjILk/ig4PFeFVX1IsWosb7/7a2srq1vbBa2its7u3v7pYPDppGJxqSBJZO6HSFDGBWkYallpK00QTxipBWNbiZ+64loQ6V4sKkiIUcDQWOKkXXS411Fn8Gu0lJZCXWvVPar/hRwmQQ5KYMc9V7pp9uXOOFEWMyQMZ3AVzbMkLYUMzIudhNDFMIjNCAdRwXixITZ9OoxPHVKH8ZSuxIWTtW/ExnixqQ8cp0c2aFZ9Cbif14nsfFVmFGhEksEni2KEwbdi5MIYJ9qgi1LHUFYU3crxEOkEbYuqLktMUkFV+OiCyZYjGGZNM+rgV8N7i/Ktes8ogI4BiegAgJwCWrgFtRBA2CgwQt4BW/es/fufXifs9YVL585AnPwvn4B3EeaRg==</latexit>
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これは何だ？



暗黒物質存在の証拠 (2) 銀河団による重力レンズ効果
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NASA, ESA, M.J. Jee and H. Ford (Johns Hopkins University)

ハッブル望遠鏡による銀河団 Cl 0024+17 の観測



暗黒物質存在の証拠 (2) 重力レンズ効果
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NASA, ESA, M.J. Jee and H. Ford (Johns Hopkins University)

計算で推定された暗黒物質の質量分布



暗黒物質存在の証拠 (2) 重力レンズ効果
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NASA & ESA

背景にある遠方の銀河

巨大質量の銀河団とそれに伴う 
数倍の質量を持った暗黒物質

ハッブル望遠鏡

大きな時空の歪みを生み出し 
「レンズ」として機能する

⇓



暗黒物質存在の証拠 (3) 銀河団同士の衝突
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Optical: NASA/STScI, Magellan/U.Arizona/D.Clowe et al.

http://chandra.harvard.edu/photo/2006/1e0657/more.html

銀河団

銀河団

可視光で観た銀河団



暗黒物質存在の証拠 (3) 銀河団同士の衝突
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Lensing: NASA/STScI, ESO WFI, Magellan/U.Arizona/D.Clowe et al

重力レンズによる質量分布



暗黒物質存在の証拠 (3) 銀河団同士の衝突
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X-ray: NASA/CXC/CfA/M.Markevitch et al.

X 線で観た高温プラズマ (電離した H や He = 物質)

衝突



暗黒物質存在の証拠 (3) 銀河団同士の衝突
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暗黒物質 (銀河団質量の主成分) 
は衝突することなく、すり抜ける

暗黒物質

暗黒物質

物質



暗黒物質存在の証拠 (4) 宇宙の構造

 23

宇宙背景放射 (~2.7 K) の揺らぎ

10-5 ～10-3 程度の揺らぎしかなかった

Planck Collaboration (2015)



暗黒物質存在の証拠 (4) 宇宙の構造

ビッグバン直後のわずかな
質量密度分布 (バリオン密
度分布) の揺らぎが、大き
な揺らぎへと進化 
暗黒物質の存在がこの進
化を説明する 
暗黒物質の密度揺らぎに
より質量が集まり始め、
そこにバリオンがさらに
集められる 
背景放射の観測結果など
から、宇宙論パラメータ
が決定される 
‣ バリオン密度 
‣ 質量密度 (= バリオン + 暗
黒物質) 

‣ 真空のエネルギー密度
 24

https://www.sdss.org/science/

銀河の分布の大規模サーベイ



重力相互作用をする = 質量を持つ 

電磁相互作用をしない (銀河団の衝突) 

宇宙の構造形成の観点から 
‣ ニュートリノではない 

‣ 重く暗い天体 (Massive Compact Halo Objects、MACHO) では
ない (重力マイクロレンズ観測からも否定) 

‣ 相対論的速度 (= 力学的に熱い) 粒子ではない  
→ 冷たい暗黒物質 (cold dark matter、CDM) が支持されている 

標準模型を超える新素粒子候補？ 
‣ アクシオン (Axion) 

‣ 弱い相互作用をする重粒子 (Weakly Interacting Massive 
Particle、WIMP)

暗黒物質の正体は何か？

 25

「弱虫」という意味
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E–WIMPs1

Ki-Young Choi∗ and Leszek Roszkowski∗

∗Department of Physics and Astronomy, University of Sheffield, Sheffield, S3 7RH, UK

Abstract. Extremely weakly interacting massive particles (E–WIMPs) are intriguing candidates for cold dark matter in
the Universe. We review two well motivated E–WIMPs, an axino and a gravitino, and point out their cosmological and
phenomenological similarities and differences, the latter of which may allow one to distinguishing them in LHC searches for
supersymmetry.

INTRODUCTION

From the particle physics point of view, a WIMP (weakly
interacting massive particle) looks rather attractive as
a candidate for cold dark matter (CDM) in the Uni-
verse. In many extensions of the Standard Model (SM)
there often exist several new WIMPs, and it is often not
too difficult to ensure that the lightest of them is sta-
ble by means of some discrete symmetry or topologi-
cal invariant. (For example, in supersymmetry, one usu-
ally invokes R–parity.) In order to meet stringent astro-
physical constraints on exotic relics (e.g., anomalous nu-
clei), WIMPs must be electrically and (preferably) color
neutral. They can however interact weakly. For WIMPs
produced via a usual freeze–out from an expanding
plasma one finds Ωh2 ≃ 1/

〈(
σann

10−38 cm2

)(
v/c
0.1

)〉
. As-

suming a pair–annihilation cross section σann ∼ σweak ∼
10−38 cm2, and since the relative velocity v at freeze–out
is non–relativistic, one often obtainsΩh2 ∼ 0.1, in agree-
ment with current determinations. This has sometimes
been used as a hint for a deeper connection between weak
interactions and CDM in the Universe.

Contrary to this simple and persuasive argument,
CDM particles are not bound to interact with roughly the
weak interaction strength. Extremely weakly interacting
massive particles (E–WIMPs) have also been known to
be excellent candidates for CDM. In comparison with
“standard” WIMPs, E–WIMP interaction strength with
ordinary matter is strongly suppressed by some large
mass scale, for example the (reduced) Planck scale MP ≃
2.4× 1018 GeV for gravitino or the Peccei–Quinn scale
fa ∼ 1011 GeV for axion and/or axino.

1 Invited plenary talk given by L. Roszkowski at PASCOS–05,
Gyeongju, Korea, 30 May – 4 June 2005.

FIGURE 1. A schematic representation of some well–
motivated WIMP–type particles for which a priori one can have
Ω ∼ 1. σint represents a typical order of magnitude of interac-
tion strength with ordinary matter. The neutrino provides hot
DM which is disfavored. The box marked “WIMP’ stands for
several possible candidates, e.g., from Kaluza–Klein scenarios.

E–WIMPs are also well motivated from a particle the-
orist’s perspective if one takes the point of view that
CDM candidates should appear naturally in some rea-
sonable frameworks beyond the SM which have been
invented to address some other major puzzle in particle
physics. In other words, it would be preferable if a CDM
candidate were not invented for the sole purpose of solv-
ing the DM problem.

One way to present well–motivated CDM candidates

AA48CH13-Feng ARI 16 July 2010 22:3
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Figure 2
The comoving number density Y (left) and resulting thermal relic density (right) of a 100-GeV, P-wave
annihilating dark matter particle as a function of temperature T (bottom) and time t (top). The solid gray
contour is for an annihilation cross section that yields the correct relic density, and the shaded regions are for
cross sections that differ by 10, 102, and 103 from this value. The dashed gray contour is the number density
of a particle that remains in thermal equilibrium.

X: General dark
matter candidate

the number of dark matter particles become negligible, but interactions that mediate energy
exchange between dark matter and other particles may remain efficient.

This process is described quantitatively by the Boltzmann equation

dn
dt

= −3H n − ⟨σAv⟩(n2 − n2
eq), (5)

where n is the number density of the dark matter particle X, H is the Hubble parameter, ⟨σAv⟩
is the thermally averaged annihilation cross section, and neq is the dark matter number density in
thermal equilibrium. On the right-hand side of Equation 5, the first term accounts for dilution
from expansion. The n2 term arises from processes XX → SM SM that destroy X particles, where
SM denotes SM particles, and the n2

eq term arises from the reverse process SM SM → XX, which
creates X particles.

The thermal relic density is determined by solving the Boltzmann equation numerically. A
rough analysis is highly instructive, however. Defining freeze out to be the time when n⟨σAv⟩ = H ,
we have

n f ∼(mX T f )3/2e−mX /T f ∼
T 2

f

M Pl⟨σAv⟩
, (6)

where the subscripts f denote quantities at freeze out. The ratio x f ≡mX /T f appears in the ex-
ponential. It is, therefore, highly insensitive to the dark matter’s properties and may be considered
a constant; a typical value is xf ∼20. The thermal relic density is, then,

"X = mX n0

ρc
= mX T 3

0

ρc

n0

T 3
0

∼mX T 3
0

ρc

n f

T 3
f

∼ x f T 3
0

ρc M Pl
⟨σAv⟩−1, (7)
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WIMP

100 GeV 程度の質量、<σv> = 3 × 10-26 cm3s-1 の対消滅断面積を持つと期待 
超対称性理論 (supersymmetry、SUSY) の予言する粒子質量領域と一致 
宇宙の膨張とともに、温度と密度が下がる 
途中までは生成と消滅が平衡状態 → その後、生成できなくなる (freeze out)
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Choi & Roszkowski (2015)
質量

反応 
断面積

Feng (2010)

温度

時間暗黒物質 
の密度

現在の値

平衡状態



反応断面積

σが小さいと、近くを通り過ぎてもすり抜けてしまう 

v が小さいと、暗黒物質がたくさんあっても平均自由行程を走る時間が長くなってしまう 

それぞれを単独で観測することは困難 

もし対消滅でなんらかの粒子を放射し、それを観測できるなら、その明るさから積の平
均値 <σv> が求められる

 27

χ

χ
v：WIMP の速さ (cm/s)

σ：衝突に寄与する WIMP の実効的な大きさ (cm2)



消滅と生成の平衡状態

 28

SMχ

χ SM
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消滅

生成

χの密度と断面積が十分小さいと、 
対消滅はほとんど起きなくなる？

？

WIMP 標準模型粒子



WIMP の探し方 (ただし暗黒物質が WIMP だった場合)

粒子加速器による暗黒物質の生成 
‣ CERN の Large Hadron Collider (LHC) 

‣ 加速エネルギーで、生成可能な質量が決まる 

‣ 現在のところ観測されていない 

暗黒物質を地上検出器に衝突させる直接探査 
‣ 暗黒物質がたまたま原子核に衝突するのを待つ 

‣ 液体キセノンを使った観測手法が代表的 

‣ 現在のところ観測されていない 

暗黒物質同士の衝突痕跡を探す間接探査 
‣ 標準模型粒子が生成・崩壊しガンマ線を出す 

‣ 宇宙および地上のガンマ線望遠鏡で探査 

‣ 直接探査と相補的、将来計画 (’20 年代) に期待
 29
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陽子

陽子
生成

原子核

散乱

反跳

対消滅 生成



地下実験
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WIMP と原子核の衝突

太陽系は (= 地球は) 銀
河中心のまわりを ~230 
km/s で移動している 
~0.3 GeV/c2/cm3 の質
量密度で WIMP が存在 
WIMP 質量を 100 
GeV/c2 とすると、
69,000 個/cm2/s の 
WIMP が地球に向かっ
て、すり抜けていく 
たまに原子核に衝突す
るので、辛抱強くその
痕跡を探せば良い 
ただし、宇宙線や検出
器中自体から出る放射
線も原子核に衝突する

 31

χ
ごく稀に散乱

反跳



液体キセノンを使った WIMP 検出原理

大量の液体キセノンへの 
WIMP の衝突 
散乱された原子核が周辺
の原子核を励起・電離 
178 nm (真空紫外) の蛍
光を発する 
地下に設置し、宇宙線の
影響を取り除く 
不純物や放射線同位体を
できる限り除去して使用 
比較的高い沸点 －108℃ 
A = 131 と大きく、衝突
断面積 (∝A2) が大きい 
Z = 54 でガンマ線をタン
ク外周部でよく遮蔽する 
3 次元で衝突位置が分かる
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LUX-ZEPLIN (LZ) Collaboration / SLAC National Accelerator Laboratory

光検出器

光検出器

液体キセノン

電離した電子電離した電子を電場で集める

蛍光

蛍光



XENON 実験

XENON10 (14 kg)、XENON100 (62 kg)、ZENON1T (2 ton) と進み、XENONnT (5.9 
ton) が 2019 年 
現在、WIMP の間接探査で世界最高感度 (= キセノンの量が多く、放射線除去が良い) 
名古屋大学も宇宙線物理学研究室 (CR 研) が参加
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WIMP‒核子の衝突断面積の上限値競争
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Cushman et al. (2013)
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XENON Collaboration (2018)

XENO
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LUX (
2017)
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が邪魔
となる

観測限
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Figure 2: Model-independent residual rate of the single-hit scintillation events, mea-
sured by the new DAMA/LIBRA experiment in the (2 – 4), (2 – 5) and (2 – 6) keV
energy intervals as a function of the time. The residuals measured by DAMA/NaI and
already published in ref. [4, 5] are also shown. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment. The exper-
imental points present the errors as vertical bars and the associated time bin width
as horizontal bars. The superimposed curves represent the cosinusoidal functions be-
haviours A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained by
best fit over the whole data, that is: (0.0215± 0.0026) cpd/kg/keV, (0.0176± 0.0020)
cpd/kg/keV and (0.0129±0.0016) cpd/kg/keV for the (2 – 4) keV, for the (2 – 5) keV
and for the (2 – 6) keV energy intervals, respectively. See text. The dashed vertical
lines correspond to the maximum of the signal (June 2nd), while the dotted vertical
lines correspond to the minimum. The total exposure is 0.82 ton×yr.

8

結晶シンチレータ実験による暗黒物質の「発見」

6 月のほうが地球と WIMP の相対速度が大きく、反跳エネルギーが大きい 

検出のしやすさが季節変動するため、放射線などの引き算が楽 (証拠として出しやすい) 
DAMA/NaI および DAMA/LIBRA 実験によって、検出された何らかの粒子検出数の季
節変動が発見された
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probability density functions within their uncertainties. We also con-
sider the possibility of correlated rate and shape uncertainties and the 
uncorrelated bin-by-bin statistical uncertainties (Methods). To calculate 
the expected 90% confidence level upper limits on WIMP–nucleon scat-
tering cross-sections, we performed 1,000 simulated experiments with 
the expected backgrounds and no dark-matter signal.

Data were fitted to each of the 18 WIMP masses. An example of a 
maximum-likelihood fit with a 10 GeV c−2 WIMP signal is presented 
in Fig. 3 (see also Extended Data Fig. 5). The summed event spec-
trum for the six crystals is shown together with the best-fit result. For 
comparison, the expected signal for a 10 GeV c−2 WIMP with a spin- 
independent cross-section of 2.35 × 10−40 cm2—the central value of 
the DAMA/LIBRA-phase1 signal interpreted as a WIMP–sodium  
interaction—is overlaid in red. No excess of events that could be attrib-
uted to standard-halo WIMP interactions are found for the 18 WIMP 
masses considered. The posterior probabilities of the existence of a 
WIMP-induced signal are consistent with zero in all cases; we deter-
mined 90% confidence level limits. In Fig. 4 we show the 3σ contours of 
the allowed WIMP mass and the cross-sections that are associated with 
the DAMA/LIBRA-phase1 signal10, together with the 90% confidence 
level upper limits from the COSINE-100 data.

Despite strong evidence for its existence, the identity of dark matter 
remains a mystery. COSINE-100 continues to collect data, and sev-
eral years of data will be necessary to fully confirm or refute DAMA’s 
results. However, the first 59.5 days of background data show that the 
annual modulation in the signal observed by DAMA is inconsistent 
with spin-independent interactions between WIMPs and sodium or 
iodine in the context of the standard halo model.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
018-0739-1.
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Fig. 4 | Exclusion limits on the WIMP–nucleon spin-independent cross-
section. The 90% confidence level exclusion limits on the WIMP–nucleon 
spin-independent cross-section determined from the data from the first 
59.5 days of the COSINE-100 experiment (filled circles and black solid 
line; total exposure of 6,303.9 kg d) are shown together with their 68% 
(grey shading) and 95% (blue shading) probability bands assuming the 
background-only hypothesis. Our exclusion limits are compared with 
3σ allowed regions of the WIMP mass and the cross-section associated 
with the DAMA/LIBRA-phase1 signal for the WIMP–sodium (red 
dotted contour) and the WIMP–iodine (blue dotted contour) scattering 
hypothesis10. The limit from NAIAD30—the only other sodium-iodide-
based experiment to set a competitive limit—is shown in purple. 
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同様の実験による否定的な結果

COSINE-100 実験による最近の結果は、DAMA の結果より厳しい上限 
「先端物理学」だとよくある話

 37

Adhikari et al. (2018)



ガンマ線観測
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WIMP 対消滅による標準模型粒子の生成
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単位エネルギーあたりの 
ガンマ線放射量

密度の二乗に比例

どのような終状態でどれ 
だけガンマ線を出すか素粒子物理の計算

暗黒物質の空間分布

縮退している



ガンマ線で観た宇宙

数千におよぶ高エネルギー天体 (点源) からのガンマ線放射 
星間ガスと宇宙線陽子の衝突で生じるパイ中間子の崩壊によるガンマ線放射 
WIMP 由来のガンマ線が簡単に観えるほど、宇宙はガンマ線で暗くない
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フェルミ衛星 7 年間の観測 (> 1 GeV)



暗黒物質の分布推定

銀河中心：高密度の WIMP と高いガンマ線強度が期待、ただし他天体や銀河面からのガンマ
線混入が多い 
銀河ハロー：比較的高密度だが、銀河面からのガンマ線混入が多い 
矮小楕円体銀河：密度は低いが、自身のガンマ線放射が非常に小さく銀河面からも離れている
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銀河ハロー

銀河中心

矮小楕円体銀河

Pieri et al. (2011)



フェルミ宇宙ガンマ線望遠鏡

2008 年に NASA に
よって打ち上げられた
人工衛星 
大面積望遠鏡 (Large 
Area Telescope、
LAT) とガンマ線バー
ストモニター 
(Gamma-ray Burst 
Monitor、GBM) の 2 
種類を搭載 
LAT は 20 MeV～300 
GeV のガンマ線を全天
サーベイ観測する 
日米欧の国際共同
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NASA
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incoming gamma ray

e+e-

electrton-positron pair

0.72 m

1.8 m
1.8 m

Calorimeter

Anticoincidence
detector

Tracker

Large Area Telescope (LAT)

ガンマ線が検出器中の原子核 (の周りの仮想光子) に衝突し、電子・陽電子対を生成する 
電子・陽電子の飛跡をシリコン半導体検出器が記録し、ガンマ線の入射方向を決定 
結晶シンチレータの熱量計 (カロリメータ) でエネルギーを光に変換し、エネルギーを決定
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the bb̄ and τþτ− channels with expectation bands derived
from the analysis of 300 randomly selected sets of blank
fields. Sets of blank fields are generated by choosing
random sky positions with jbj > 30° that are centered at
least 0.5° from 3FGL catalog sources. We additionally
require fields within each set to be separated by at least
7°. Our expected limit bands are evaluated with the 3FGL

source catalog based on four years of PASS7 REPROCESSED

data and account for the influence of new sources present in
the six-year PASS8 data set.
Comparing with the results of Ackermann et al. [13], we

find a factor of 3–5 improvement in the limits for all
channels using six years of PASS8 data and the same sample
of 15 dSphs. The larger data set as well as the gains in the

LAT instrument performance enabled by PASS8 both
contribute to the increased sensitivity of the present
analysis. An additional 30%–40% improvement in the
limit can be attributed to the modified functional form
chosen for the J factor likelihood (3). Statistical fluctua-
tions in the PASS8 data set also play a substantial role.
Because the PASS8 six-year and PASS7 REPROCESSED

four-year event samples have a shared fraction of only
20%–40%, the two analyses are nearly statistically inde-
pendent. For masses below 100 GeV, the upper limits of
Ackermann et al. [13] were near the 95% upper bound of
the expected sensitivity band while the limits in the present
analysis are within 1 standard deviation of the median
expectation value.

FIG. 1 (color). Constraints on the DM annihilation cross section at the 95% CL for the bb̄ (left) and τþτ− (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300 randomly
selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected sensitivity while the
bands represent the 68% and 95% quantiles. For each set of random locations, nominal J factors are randomized in accord with their
measurement uncertainties. The solid blue curve shows the limits derived from a previous analysis of four years of PASS7 REPROCESSED

data and the same sample of 15 dSphs [13]. The dashed gray curve in this and subsequent figures corresponds to the thermal relic cross
section from Steigman et al. [5].

FIG. 2 (color). Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and τþτ− (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3σ limit) [57], 112 hours of observations of the
Galactic center with H.E.S.S. [58], and 157.9 hours of observations of Segue 1 with MAGIC [59]. Pure annihilation channel limits for
the Galactic center H.E.S.S. observations are taken from Abazajian and Harding [60] and assume an Einasto Milky Way density profile
with ρ⊙ ¼ 0.389 GeV cm−3. Closed contours and the marker with error bars show the best-fit cross section and mass from several
interpretations of the Galactic center excess [16–19].

PRL 115, 231301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

4 DECEMBER 2015

231301-6

LAT による WIMP 対消滅断面積の上限

15 の矮小楕円体銀河からは有意なガンマ線放射が検出されなかった (対消滅断面
積の上限値を与えた) 
WIMP の正体が謎のため、最終的にどのようにガンマ線に行くかが分からない 
bb̅、τ+τ－の終状態の場合などに分けて上限をつける 
すでに、100 GeV/c2 以下の質量範囲では <σv> = 3 × 10-26 cm3s-1 より強い制限
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the bb̄ and τþτ− channels with expectation bands derived
from the analysis of 300 randomly selected sets of blank
fields. Sets of blank fields are generated by choosing
random sky positions with jbj > 30° that are centered at
least 0.5° from 3FGL catalog sources. We additionally
require fields within each set to be separated by at least
7°. Our expected limit bands are evaluated with the 3FGL

source catalog based on four years of PASS7 REPROCESSED

data and account for the influence of new sources present in
the six-year PASS8 data set.
Comparing with the results of Ackermann et al. [13], we

find a factor of 3–5 improvement in the limits for all
channels using six years of PASS8 data and the same sample
of 15 dSphs. The larger data set as well as the gains in the

LAT instrument performance enabled by PASS8 both
contribute to the increased sensitivity of the present
analysis. An additional 30%–40% improvement in the
limit can be attributed to the modified functional form
chosen for the J factor likelihood (3). Statistical fluctua-
tions in the PASS8 data set also play a substantial role.
Because the PASS8 six-year and PASS7 REPROCESSED

four-year event samples have a shared fraction of only
20%–40%, the two analyses are nearly statistically inde-
pendent. For masses below 100 GeV, the upper limits of
Ackermann et al. [13] were near the 95% upper bound of
the expected sensitivity band while the limits in the present
analysis are within 1 standard deviation of the median
expectation value.

FIG. 1 (color). Constraints on the DM annihilation cross section at the 95% CL for the bb̄ (left) and τþτ− (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300 randomly
selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected sensitivity while the
bands represent the 68% and 95% quantiles. For each set of random locations, nominal J factors are randomized in accord with their
measurement uncertainties. The solid blue curve shows the limits derived from a previous analysis of four years of PASS7 REPROCESSED

data and the same sample of 15 dSphs [13]. The dashed gray curve in this and subsequent figures corresponds to the thermal relic cross
section from Steigman et al. [5].

FIG. 2 (color). Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and τþτ− (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3σ limit) [57], 112 hours of observations of the
Galactic center with H.E.S.S. [58], and 157.9 hours of observations of Segue 1 with MAGIC [59]. Pure annihilation channel limits for
the Galactic center H.E.S.S. observations are taken from Abazajian and Harding [60] and assume an Einasto Milky Way density profile
with ρ⊙ ¼ 0.389 GeV cm−3. Closed contours and the marker with error bars show the best-fit cross section and mass from several
interpretations of the Galactic center excess [16–19].

PRL 115, 231301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
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Ackermann et al. (2015)



解像型大気チェレンコフ望遠鏡 (Imaging atmospheric Cherenkov Tel.)

超高エネルギーガンマ線が大気中で生じる電磁カスケード (電子・陽電子対とガンマ線で構成、空
気シャワー) を観測する 
空気シャワー中で生じる 300～500 nm の紫外・可視光を巨大望遠鏡で撮影 

大型のものは HESS 望遠鏡 (4 + 1 台)、MAGIC 望遠鏡 (2 台)、VERITAS 望遠鏡 (4 台) が稼働中
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28 m

12 m

HESS 望遠鏡 @ ナミビア Stefan Klepser



from 0.3° to 0.9° in radial distance from the GC, hereafter
referred to as the ON regions. In order to minimize
contamination from the above-mentioned astrophysical
emission, a band of !0 .3 ° in Galactic latitude is excluded
along the Galactic plane. (Interestingly, this enables
us to derive constraints that do not strongly depend on
the central DM density distribution, which is poorly known
in the innermost few tens of parsecs of the GC.) The
background events are selected in OFF regions defined for
each observation as annuli symmetric to the ON regions
with respect to the pointing position (see Fig. 1 in the
Supplemental Material [16]). The OFF regions are expected
to contain signal events as well, which decreases any
potential excess in the ON regions. The OFF regions are
always taken sufficiently far from the ON regions to obtain
a significant contrast in the DM annihilation signal between
the ON and OFF regions. [This analysis method is unable
to probe cored profiles (such as isothermal or Burkert
profiles). A dedicated observation strategy is required as
shown in Ref. [12]]. We considered here the above-
mentioned DM profiles for which the OFF regions contain
always fewer DM events than the ON regions. A Galactic
diffuse emission has been detected by the Fermi satellite
[19,20] and H.E.S.S. [21]. Any potential γ-ray contribution
from the Galactic diffuse emission is considered as part
of the signal, which makes the analysis conservative as
long as no signal is detected.
We perform a 2D binned Poisson maximum likelihood

analysis, which takes full advantage of the spatial and

spectral characteristics of the DM signal with respect to the
background. We use 70 logarithmically spaced energy bins
from 160 GeV to 70 TeV, and seven spatial bins corre-
sponding to ROIs defined as the above-mentioned annuli of
0.1° width. For a given DM mass mDM and annihilation
channel, the joint likelihood is obtained by the product of
the individual Poisson likelihoods over the spatial bins i
and the energy bins j. It reads

LðmDM; hσviÞ ¼
Y

i;j

Lij;

with LijðNS;NBjNON;NOFF;αÞ

¼
ðNS;ij þ NB;ijÞNON;ij

NON;ij!
e−ðNS;ijþ NB;ijÞ: ð3Þ

NS;ij þ NB;ij is the expected total number of events in
the spatial bin i and spectral bin j of the ON regions.
The expected number of signal events NS;ij is obtained
by folding the theoretical number of DM events by the
instrument response function of H.E.S.S. for this data set.
NB;ij is the number of background events expected in
the spatial bin i and spectral bin j. NON;ij and NOFF;ij

are the number of observed events in the ON and OFF
regions, respectively.NB;ij is extracted from theOFF regions
and given by NB;ij ¼ αiNOFF;ij. The parameter αi ¼
ΔΩi=ΔΩOFF refers to the ratio between the angular size
of the ON region i and the OFF region. In our case, this ratio
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FIG. 1. Constraints on the velocity-weighted annihilation cross section hσvi for theWþ W− (left panel) and τþ τ− (right panel) channels
derived from observations taken over 10 years of the inner 300 pc of the GC region with H.E.S.S. The constraints for the b̄b, tt̄, and
μþ μ− channels are given in Fig. 4 in Supplemental Material [16]. The constraints are expressed as 95% C.L. upper limits as a function of
the DM mass mDM. The observed limit is shown as a black solid line. The expectations are obtained from 1000 Poisson realizations of
the background measured in blank-field observations at high Galactic latitudes. The mean expected limit (black dotted line) together
with the 68% (green band) and 95% (yellow band) C.L. containment bands are shown. The blue solid line corresponds to the limits
derived in a previous analysis of 4 years (112 h of live time) of GC observations by H.E.S.S. [10]. The horizontal black long-dashed line
corresponds to the thermal relic velocity-weighted annihilation cross section (natural scale).
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HESS 望遠鏡による WIMP 対消滅断面積の上限

ポインティング観測のため、LAT ほど多数の矮小楕円体銀河を観測できない → 銀河中心ハ
ローを長時間観測 
TeV/c2 の質量領域で、<σv> = 3 × 10-26 cm3s-1 に迫る 
フェルミの結果と合わせると、1 TeV/c2 以上の質量が残る領域か？
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HESS Collaboration (2016)



チェレンコフ望遠鏡アレイ (Cherenkov Telescope Array、CTA)
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Image Credit: G. Pérez, IAC, SMM



チェレンコフ望遠鏡アレイ (Cherenkov Telescope Array、CTA)
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電磁カスケード 
(対生成、制動放射)

超高エネルギーガンマ線 
(20 GeV ～300 TeV)

大気チェレンコフ光の光量 ∝ 入射エネルギー  
(300～600 nm, 5‒20 ns)

R ~150 m
K. Bernlöhr



✤ 1桁以上の感度向上が期待される 
❖フェルミ衛星の観測時間の蓄積と解析対象の矮小楕円銀河の追加
•改良された検出技術で新しい矮小楕円銀河が次々に発見

❖フェルミ衛星の銀河中心データにおけるバックグラウンドの理解が進
めば、暗黒物質を検出できる可能性 

❖次世代ガンマ線観測装置によるTeV質量領域における感度向上

/34
ガンマ線観測と地下実験で探る暗黒物質の正体
先端物理学特論, 名古屋大学 2018/6/5

将来のガンマ線観測によるWIMP探査
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CTA で期待される WIMP の発見

フェルミ衛星の継続的な観測と、CTA の長時間観測によって、10 TeV/c2 の質量範囲まで高
感度 WIMP 探査が可能になる (2020 年代) 
CTA では現行の望遠鏡よりおよそ 1 桁感度が向上 
近年、矮小楕円体銀河も新たに発見され続けている 
WIMP 以外のガンマ線放射の定量的理解が、特に銀河中心周辺で重要
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CTA

Fermi/LAT



CR 研での CTA 開発

1400 人、31 カ国の国際共同研究 
名古屋大学 CR 研では、焦点面カメラの開発 (光検出器、ソフトウェア、エレクトロニクス)、
光学系の開発などを担当 (奥村、田島) 
3 種類の異なる口径の望遠鏡開発に参加
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望遠鏡試作機の完成式典



10 億分の 1 秒ごとの動画を撮る技術

5～20 ナノ秒 (ns) しか継続しない大気チェレンコフ光を撮像するには、
10 億分の 1 秒 (1 ns) ごとに 1 フレームを撮影できる高速カメラが必要 
多チャンネルの半導体光検出器と独自開発の集積回路の組み合わせ
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Photo by C. Föhr 

試作カメラでのチェレンコフ光撮影例



CTA 大口径望遠鏡 (23 m)
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レポート課題

本講義で取り上げなかった、暗黒物質の存在を示唆する証
拠をもう 1 つ自分の言葉で解説せよ 
‣ ヒント：「銀河団」「速度分散」などを手掛かりにせよ 

‣ 簡単な数式とともに、暗黒物質の存在がなぜ示唆されるのか解説
せよ 

講義の感想 
‣ ポジティブなもの (特に興味を持った点など) 

‣ ネガティブなもの (改善点、分かりにくかった点など) 

‣ 「面白かったです」「つまらなかったです」ではなく、具体的に 

‣ 記述の具体性・論理性をもって、講義内容の理解度を採点します 

提出期限：5 月 8 日 (水) 17 時
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採点の基準

剽窃などの不正がないこと 
‣ 「剽窃について」を参照のこと 
https://oxon.hatenablog.com/entry/2019/01/19/121402 

‣ 不正があった場合は、半期の単位全てが無効となります 

‣ 参考にした文献 (書籍、論文、website) の一覧がきちんと示
されていること 

提出期限を守っていること 

内容の正確性 

講義の理解度 

講義の理解が不十分な場合、それは講義の問題かもしれ
ないので、辛辣なものも含め忌憚なきご意見を
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大学院入試説明会・研究室説明会

6/1 (土) 13:00～ 
主に 4 年生向けです
が、過去に高校生が
参加したこともあり
ます 
研究室の研究紹介
や、研究室訪問で
じっくり研究内容を
聴ける良い機会です
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