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内山 隆、山元 一広 
  

東京大学 宇宙線研究所 

重力波、KAGRA、CLIO 

GEO SPACE ADVENTURE 
2016年7月16-17日 @岐阜県飛騨市神岡坑山 

プレゼンター
プレゼンテーションのノート
At first, thank you for giving a chance talk here. In fact, I have been in Trento in 2002, eight years ago. I am happy because I can visit here again. OK, shall we start ? This is the title of my talk of today. Gravitational wave and detectors. 
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プレゼンター
プレゼンテーションのノート
This is the contents. At first, I explain what gravitational wave is. Next, I will show the aims of detection and outline of detectors. At last, I will give recent results in observation and summarize my talk.



1.重力波 
   重力とは何か ? 
 
  全てのものはお互いに引きつけあう 
         例えば地球と地球の上にあるもの 
      手を放すと物は落ちる 
              ニュートンの法則 
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アイザック ニュートン (ウィキペディア 英語版) 

プレゼンター
プレゼンテーションのノート
So, this is the first section, gravitational wave. But what is it ? I 1915, Albert Einstein finished the construction of his famous theory, General theory of Relativity. According to this theory, gravitation is curvature of space-time. In next year, I mean 1916, he predicted the existence of gravitational wave. This wave is the rippled of space-time.



1.重力波 
   重力とは何か ? 
     1915年 アルバート アインシュタイン : 一般相対性理論 
                           “重力は時空（時間と空間）の曲がりである。 
            物体によって時空は曲がり、その中を進む 
            物体の軌道が曲がる。” 
 
           

4 アルバート アインシュタイン (ウィキペディア 英語版) 

安東正樹 重力波望遠鏡KAGRAで見る新しい宇宙の姿 
（東大物理学教室談話会 2013年5月31日） 

プレゼンター
プレゼンテーションのノート
So, this is the first section, gravitational wave. But what is it ? I 1915, Albert Einstein finished the construction of his famous theory, General theory of Relativity. According to this theory, gravitation is curvature of space-time. In next year, I mean 1916, he predicted the existence of gravitational wave. This wave is the rippled of space-time.



1.重力波 
   重力波とは何か ? 
     1916年 アルバート アインシュタイン : 重力波 
                           “重力（時空の曲がり）の源となる物体が 
            激しい運動などをすると時空のさざなみ（重力波） 
            が光と同じ速さで伝わっていく。” 
 
           

5 アルバート アインシュタイン (ウィキペディア 英語版) 

安東正樹 重力波望遠鏡KAGRAで見る新しい宇宙の姿 
（東大物理学教室談話会 2013年5月31日） 

プレゼンター
プレゼンテーションのノート
So, this is the first section, gravitational wave. But what is it ? I 1915, Albert Einstein finished the construction of his famous theory, General theory of Relativity. According to this theory, gravitation is curvature of space-time. In next year, I mean 1916, he predicted the existence of gravitational wave. This wave is the rippled of space-time.
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http://spacefiles.blogspot.com 

   重力波とは何か 
            重力波が画面の垂直方向から来ると….  

1.重力波 

プレゼンター
プレゼンテーションのノート
The speed of gravitational wave is the same as that of light. Moreover, it is transverse wave and has two polarizations as like light. This figure shows the polarizations of gravitational wave. These black dots represent free masses. Let us assume that gravitational wave comes along the line which is perpendicular to this screen. The horizontal axis implies time development.  Gravitational wave changes the distance between free masses. If distance between them stretches, this length becomes shorter. After that, length becomes the same as the initial one. Next, this axis shrinks and this axis stretches. This polarization is called plus mode. This is called cross mode.  
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   重力波を検出する意義 
 
   （１）物理的な意義：一般相対性理論の検証 
      “アインシュタインからの最後の宿題” 
 
 
   （２）天文学的な意義：重力波天文学の創生 
      重力波から星や宇宙に関する情報を得る 
      発生後吸収や散乱されずに地球にやってくる 
       

1.重力波 

プレゼンター
プレゼンテーションのノート
The speed of gravitational wave is the same as that of light. Moreover, it is transverse wave and has two polarizations as like light. This figure shows the polarizations of gravitational wave. These black dots represent free masses. Let us assume that gravitational wave comes along the line which is perpendicular to this screen. The horizontal axis implies time development.  Gravitational wave changes the distance between free masses. If distance between them stretches, this length becomes shorter. After that, length becomes the same as the initial one. Next, this axis shrinks and this axis stretches. This polarization is called plus mode. This is called cross mode.  
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   重力波を検出する意義 
   （１）物理的な意義：一般相対性理論の検証 
 
              1915年:一般相対論が発表される 
      ニュートンの法則と異なる様々な予言 
       （水星の）近日点移動、光の屈折、重力赤方変異、 
       シャピロ時間遅れ、ジャイロスコープへの測地線効果… 
 
               1960年以降：劇的な技術革新により一般相対論の予言が 
      極めて高い精度で正しいことが検証される。 
      最後に残ったのが重力波の直接検出 
      “アインシュタインからの最後の宿題” 
   
       
       

1.重力波 

プレゼンター
プレゼンテーションのノート
The speed of gravitational wave is the same as that of light. Moreover, it is transverse wave and has two polarizations as like light. This figure shows the polarizations of gravitational wave. These black dots represent free masses. Let us assume that gravitational wave comes along the line which is perpendicular to this screen. The horizontal axis implies time development.  Gravitational wave changes the distance between free masses. If distance between them stretches, this length becomes shorter. After that, length becomes the same as the initial one. Next, this axis shrinks and this axis stretches. This polarization is called plus mode. This is called cross mode.  
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（１）物理的な意義：一般相対性理論の検証 
 “アインシュタインからの最後の宿題” 
 
 
 スイス、ベルンのアインシュタイン博物館の 
 一般相対性理論の説明より 
 (2009年11月27日撮影) 
 
 
        

1.重力波 

プレゼンター
プレゼンテーションのノート
The speed of gravitational wave is the same as that of light. Moreover, it is transverse wave and has two polarizations as like light. This figure shows the polarizations of gravitational wave. These black dots represent free masses. Let us assume that gravitational wave comes along the line which is perpendicular to this screen. The horizontal axis implies time development.  Gravitational wave changes the distance between free masses. If distance between them stretches, this length becomes shorter. After that, length becomes the same as the initial one. Next, this axis shrinks and this axis stretches. This polarization is called plus mode. This is called cross mode.  



10 

 
  

   重力波を検出する意義 
 
   （２）天文学的な意義：重力波天文学の創生 
      重力波から星や宇宙に関する情報を得る 
      発生後吸収や散乱されずに地球にやってくる 
 
      他の手段では見えないものが見える 
      宇宙始まりのビッグバン、ブラックホール、 
      超新星爆発、中性子星、… 
       

1.重力波 

プレゼンター
プレゼンテーションのノート
The speed of gravitational wave is the same as that of light. Moreover, it is transverse wave and has two polarizations as like light. This figure shows the polarizations of gravitational wave. These black dots represent free masses. Let us assume that gravitational wave comes along the line which is perpendicular to this screen. The horizontal axis implies time development.  Gravitational wave changes the distance between free masses. If distance between them stretches, this length becomes shorter. After that, length becomes the same as the initial one. Next, this axis shrinks and this axis stretches. This polarization is called plus mode. This is called cross mode.  
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（２）天文学的な意義：重力波天文学の創生 

1.重力波 
安東正樹 重力波望遠鏡KAGRAで見る新しい宇宙の姿 
（東大物理学教室談話会 2013年5月31日） 

プレゼンター
プレゼンテーションのノート
The speed of gravitational wave is the same as that of light. Moreover, it is transverse wave and has two polarizations as like light. This figure shows the polarizations of gravitational wave. These black dots represent free masses. Let us assume that gravitational wave comes along the line which is perpendicular to this screen. The horizontal axis implies time development.  Gravitational wave changes the distance between free masses. If distance between them stretches, this length becomes shorter. After that, length becomes the same as the initial one. Next, this axis shrinks and this axis stretches. This polarization is called plus mode. This is called cross mode.  
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（２）天文学的な意義：重力波天文学の創生 

1.重力波 
安東正樹 重力波望遠鏡KAGRAで見る新しい宇宙の姿 
（東大物理学教室談話会 2013年5月31日） 

プレゼンター
プレゼンテーションのノート
The speed of gravitational wave is the same as that of light. Moreover, it is transverse wave and has two polarizations as like light. This figure shows the polarizations of gravitational wave. These black dots represent free masses. Let us assume that gravitational wave comes along the line which is perpendicular to this screen. The horizontal axis implies time development.  Gravitational wave changes the distance between free masses. If distance between them stretches, this length becomes shorter. After that, length becomes the same as the initial one. Next, this axis shrinks and this axis stretches. This polarization is called plus mode. This is called cross mode.  
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1.重力波 
  散乱や吸収されない、つまり検出しにくい。どのくらい大変？ 
 
 
  
安東正樹 重力波望遠鏡KAGRAで見る新しい宇宙の姿 
（東大物理学教室談話会 2013年5月31日） 

プレゼンター
プレゼンテーションのノート
Unfortunately, the interaction of gravitational wave is too weak. Hertz demonstrated the generation and detection of electromagnetic wave and proved the existence of electromagnetic wave. However, artificial generation of gravitational wave is impossible. But how about astronomical events ? They can emit huge energy. Even in such a case, the gravitational wave is so large. The amplitude of gravitational wave is represented by strain, which is the ratio of change of length to length itself. In optimistic case, this value, h, is the order of 10^(-21). This is comparable with the ratio of diameter of hydrogen atom to distance between Sun and Earth. Up to now, nobody has detected gravitational wave.  
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2. 干渉計型重力波検出器 
 主な直接検出方法：干渉計が主流（腕の長さは3-4km!） 
                                                                               

安東正樹 重力波望遠鏡KAGRAで見る新しい宇宙の姿 
（東大物理学教室談話会 2013年5月31日） 

プレゼンター
プレゼンテーションのノート
Nevertheless, almost all physicists are sure that gravitational wave exists. Why ? Because indirect detection has already done. In 1975, the paper about discovery of binary pulsar was published. The authors are Hulse and Taylor. Pulsar is a kind of neutron star. Neutron star is a compact object. The diameter is in the order of 10 km. However, the mass is comparable with that of Sun. Binary pulsar consists of two neutron stars. Since compact and heavy objects rotates around their center, this binary generates gravitational wave. It implies that it emits energy. So, the period of binary changes. Hulse and Taylor group observed the period and found that its change agree with theoretical prediction by radiation formula of gravitational wave. The first paper of this topic was published in 1979, Nature. 
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苔山 圭以子、重力波検出器の開発と重力波天文学 
（大阪大学電気工学特別講義 2016年6月28日） 

アメリカのLIGOが重力波初観測！ 
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 2015年9月14日検出、2016年2月11日発表 

プレゼンター
プレゼンテーションのノート
This is the next section, aim of detection. Nobody has detected gravitational wave directly. However, it has already detected indirectly. What is the motivation for direct detection ? There are two kinds of motivation. The first one is in physics. This is the experimental tests for theory of gravitation. The second motivation is related to astronomy. This is the new window for astronomical observation.  
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• 2016年6月15日 2つ目のイベント発表 
 - アメリカのLIGOグループ 
 - 2015年12月26日に2台の望遠鏡で同時検出 
 - ブラックホール連星の合体からの重力波 

• アインシュタインの予言から100年 
• 重力波天文学の幕開け 

16 http://aasnova.org/2016/06/15/ 
aas-228-day-3-morning/ 

アメリカのLIGOが2回目の検出！ 

道村 唯太、朝日カルチャーセンター新宿教室 
「ブラックホール研究の最前線」（2016年6月25日） 

プレゼンター
プレゼンテーションのノート
This is the next section, aim of detection. Nobody has detected gravitational wave directly. However, it has already detected indirectly. What is the motivation for direct detection ? There are two kinds of motivation. The first one is in physics. This is the experimental tests for theory of gravitation. The second motivation is related to astronomy. This is the new window for astronomical observation.  
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苔山 圭以子、重力波検出器の開発と重力波天文学 
（大阪大学電気工学特別講義 2016年6月28日） 

Kip Thorne Ronald Drever Rainer Weiss 

LIGOの立役者 

プレゼンター
プレゼンテーションのノート
This is the next section, aim of detection. Nobody has detected gravitational wave directly. However, it has already detected indirectly. What is the motivation for direct detection ? There are two kinds of motivation. The first one is in physics. This is the experimental tests for theory of gravitation. The second motivation is related to astronomy. This is the new window for astronomical observation.  
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苔山 圭以子、重力波検出器の開発と重力波天文学 
（大阪大学電気工学特別講義 2016年6月28日） 

Kip Thorne Ronald Drever Rainer Weiss 

今最もノーベル物理学賞に近い3人 

プレゼンター
プレゼンテーションのノート
This is the next section, aim of detection. Nobody has detected gravitational wave directly. However, it has already detected indirectly. What is the motivation for direct detection ? There are two kinds of motivation. The first one is in physics. This is the experimental tests for theory of gravitation. The second motivation is related to astronomy. This is the new window for astronomical observation.  



ブラックホールの合体からきた 
重力波をとらえた！ 

Credit: LIGO Scientific Collaboration 苔山 圭以子、重力波検出器の開発と重力波天文学 
（大阪大学電気工学特別講義 2016年6月28日） 

19 

プレゼンター
プレゼンテーションのノート
This is the next section, aim of detection. Nobody has detected gravitational wave directly. However, it has already detected indirectly. What is the motivation for direct detection ? There are two kinds of motivation. The first one is in physics. This is the experimental tests for theory of gravitation. The second motivation is related to astronomy. This is the new window for astronomical observation.  
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時間(秒) 

お互いの周りを回りながら 
軌道半径減少  

合体 
 
振動 

ブラックホールの合体からきた 
重力波をとらえた！ 

道村 唯太、朝日カルチャーセンター新宿教室 
「ブラックホール研究の最前線」（2016年6月25日） 20 

プレゼンター
プレゼンテーションのノート
This is the next section, aim of detection. Nobody has detected gravitational wave directly. However, it has already detected indirectly. What is the motivation for direct detection ? There are two kinds of motivation. The first one is in physics. This is the experimental tests for theory of gravitation. The second motivation is related to astronomy. This is the new window for astronomical observation.  
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波形が相対論の計算とぴったり 
• 見てわかる教科書のような 
波形  

• 一般相対論は 
 ブラックホールの 
 ような強い重力でも 
 正しい。 
。 

21 

測定データ 

数値シミュレーション 

重力波の波形の計算にはスーパーコンピュータが必要 

空
間
の
歪
み
量

 

時間(秒) 

道村 唯太、朝日カルチャーセンター新宿教室 
「ブラックホール研究の最前線」（2016年6月25日） 

プレゼンター
プレゼンテーションのノート
This is the next section, aim of detection. Nobody has detected gravitational wave directly. However, it has already detected indirectly. What is the motivation for direct detection ? There are two kinds of motivation. The first one is in physics. This is the experimental tests for theory of gravitation. The second motivation is related to astronomy. This is the new window for astronomical observation.  
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• ブラックホール連星が存在する：重力波でなければ見
えないため今まで確証がなかった。 

• しかも稀な現象ではなさそうだ。 
 

NATIONAL GRAPHIC 

重力波形からわかったこと 

道村 唯太、朝日カルチャーセンター新宿教室 
「ブラックホール研究の最前線」（2016年6月25日） 

プレゼンター
プレゼンテーションのノート
This is the next section, aim of detection. Nobody has detected gravitational wave directly. However, it has already detected indirectly. What is the motivation for direct detection ? There are two kinds of motivation. The first one is in physics. This is the experimental tests for theory of gravitation. The second motivation is related to astronomy. This is the new window for astronomical observation.  



ブラックホール質量の謎 

質量がわかっているブラックホール 

 X線観測 

LIGO 
70 
60 
50 
40 
30 
20 
10 
0 

太
陽
質
量

 

• これまでX線の観測で見つかっていたブラックホールは
せいぜい10太陽質量程度だった 

• 新たな謎: 30太陽質量程度のブラックホールはどのよ
うにしてできたのか？ 

道村 唯太、朝日カルチャーセンター新宿教室 
「ブラックホール研究の最前線」（2016年6月25日） 23 

プレゼンター
プレゼンテーションのノート
This is the next section, aim of detection. Nobody has detected gravitational wave directly. However, it has already detected indirectly. What is the motivation for direct detection ? There are two kinds of motivation. The first one is in physics. This is the experimental tests for theory of gravitation. The second motivation is related to astronomy. This is the new window for astronomical observation.  



重力波初検出後の展望 
• ゴールではなくスタート。人類は新たなる観測装置を手
に入れた。 

• 重力波を出すと期待される天体などはまだまだある。 
• より遠く、より多くの重力波源を観測する。これには検
出器の性能向上が必須。 

• 天文学的には到来方向を正確に決める必要がある。
LIGOだけでは不可能。他にも検出器が必要。 
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プレゼンター
プレゼンテーションのノート
This is the next section, aim of detection. Nobody has detected gravitational wave directly. However, it has already detected indirectly. What is the motivation for direct detection ? There are two kinds of motivation. The first one is in physics. This is the experimental tests for theory of gravitation. The second motivation is related to astronomy. This is the new window for astronomical observation.  
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重力波はどこから来たのか 
• LIGOの２台の検出器では到来方向があまり 
特定できない 

• 約600平方度 
 満月の3000倍 
 の広さ 
 冬の大三角形 
 の2倍の広さ 
  

25 
LIGO/Axel Mellinger  

オリオン座 
星雲 

シリウス 

大マゼラン星雲 

小マゼラン星雲 

プロキオン 

リゲル 

道村 唯太、朝日カルチャーセンター新宿教室 
「ブラックホール研究の最前線」（2016年6月25日） 

プレゼンター
プレゼンテーションのノート
This is the next section, aim of detection. Nobody has detected gravitational wave directly. However, it has already detected indirectly. What is the motivation for direct detection ? There are two kinds of motivation. The first one is in physics. This is the experimental tests for theory of gravitation. The second motivation is related to astronomy. This is the new window for astronomical observation.  
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世界の重力波検出器ネットワーク 

LIGO India 
2023 
4km Arms 

2015 
4km Arms 
aLIGO 
Hanford 

aLIGO 
Livingston 
2015 
4km Arms 

Advanced 
VIRGO 
2016 
3km Arms 

2011 
600m Arms 
GEO600-HF 

2017 
3km Arms 

KAGRA 

苔山 圭以子、重力波検出器の開発と重力波天文学 
（大阪大学電気工学特別講義 2016年6月28日） 

プレゼンター
プレゼンテーションのノート
This is the next section, aim of detection. Nobody has detected gravitational wave directly. However, it has already detected indirectly. What is the motivation for direct detection ? There are two kinds of motivation. The first one is in physics. This is the experimental tests for theory of gravitation. The second motivation is related to astronomy. This is the new window for astronomical observation.  
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2.KAGRA 

岐阜県の 
神岡鉱山内に 
建設 
3kmの腕 

安東正樹 重力波望遠鏡KAGRAで見る新しい宇宙の姿 
（東大物理学教室談話会 2013年5月31日） 

プロジェクト代表:  
     梶田隆章 

現在地 

プレゼンター
プレゼンテーションのノート
OK, at first, I explain the motivation in physics. The details of experimental check are described in this book by Will. I just introduce two kinds of them. The first check is the measurement of speed of gravitational wave. Alternative theories of gravitation predict the difference of speed between gravitational wave and light. So, the measurement of difference is the test of theory of gravitation.   
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2.KAGRA 
KAGRAの重要な特徴 
(1)岐阜県の神岡鉱山内に建設 
地面振動が小さい（都市近郊の1/100） 
小さい雑音、安定な運転 
 
(2)熱雑音低減のために鏡を冷却。 
 
kmスケールでは初。 
いずれも将来の性能向上に不可欠。 

プレゼンター
プレゼンテーションのノート
OK, at first, I explain the motivation in physics. The details of experimental check are described in this book by Will. I just introduce two kinds of them. The first check is the measurement of speed of gravitational wave. Alternative theories of gravitation predict the difference of speed between gravitational wave and light. So, the measurement of difference is the test of theory of gravitation.   
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2.KAGRA 
安東正樹 重力波望遠鏡KAGRAで見る新しい宇宙の姿 
（東大物理学教室談話会 2013年5月31日） 

現在地 

プレゼンター
プレゼンテーションのノート
The second test is related to polarization. Alternative theories predict the 6 kinds of polarizations. General relativity predicts only two transverse polarizations, this and this. This polarization shows the uniform stretch and shrink. In this three polarizations, this arrow represents the direction of propagation of gravitational wave. So, this polarization is not  transverse mode, but longitudinal one. These two mode are mixture of transverse and longitudinal ones. 



30 3kmのアームトンネル 

2.KAGRA 

苔山 圭以子、重力波検出器の開発と重力波天文学 
（大阪大学電気工学特別講義 2016年6月28日） 

プレゼンター
プレゼンテーションのノート
The second motivation is for astronomy. The detection of gravitational wave opens the new window, gravitational wave astronomy.  There are three categories of gravitational wave sources; burst source, periodic source, stochastic source. 
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坑内作業スタイル 
•作業服、軍手、長靴 
•ヘルメット 
•ヘッドライト 
•反射板 
•酸素濃度計 
•電動アシスト自転車 

光岡自動車の 
電動自動車 

Working Underground... 

苔山 圭以子、重力波検出器の開発と重力波天文学 
（大阪大学電気工学特別講義 2016年6月28日） 

プレゼンター
プレゼンテーションのノート
The second motivation is for astronomy. The detection of gravitational wave opens the new window, gravitational wave astronomy.  There are three categories of gravitational wave sources; burst source, periodic source, stochastic source. 



3kmL字の要 

大石奈緒子、国立天文台 職員みんなの天文レクチャー(2016年6月23日) 

プレゼンター
プレゼンテーションのノート
The second motivation is for astronomy. The detection of gravitational wave opens the new window, gravitational wave astronomy.  There are three categories of gravitational wave sources; burst source, periodic source, stochastic source. 
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2.KAGRA 
  スケジュール 
  2015年度内に常温干渉計で観測 
  2017年度内に低温干渉計で観測 
 
  

プレゼンター
プレゼンテーションのノート
Unfortunately, the interaction of gravitational wave is too weak. Hertz demonstrated the generation and detection of electromagnetic wave and proved the existence of electromagnetic wave. However, artificial generation of gravitational wave is impossible. But how about astronomical events ? They can emit huge energy. Even in such a case, the gravitational wave is so large. The amplitude of gravitational wave is represented by strain, which is the ratio of change of length to length itself. In optimistic case, this value, h, is the order of 10^(-21). This is comparable with the ratio of diameter of hydrogen atom to distance between Sun and Earth. Up to now, nobody has detected gravitational wave.  



34 大石奈緒子、国立天文台 職員みんなの天文レクチャー(2016年6月23日) 

プレゼンター
プレゼンテーションのノート
The second motivation is for astronomy. The detection of gravitational wave opens the new window, gravitational wave astronomy.  There are three categories of gravitational wave sources; burst source, periodic source, stochastic source. 
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大石奈緒子、国立天文台 職員みんなの天文レクチャー(2016年6月23日) 

プレゼンター
プレゼンテーションのノート
The second motivation is for astronomy. The detection of gravitational wave opens the new window, gravitational wave astronomy.  There are three categories of gravitational wave sources; burst source, periodic source, stochastic source. 
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2.KAGRA 
  スケジュール 
  2015年度内に常温干渉計で観測 
  2017年度内に低温干渉計で観測 
 
  

プレゼンター
プレゼンテーションのノート
Unfortunately, the interaction of gravitational wave is too weak. Hertz demonstrated the generation and detection of electromagnetic wave and proved the existence of electromagnetic wave. However, artificial generation of gravitational wave is impossible. But how about astronomical events ? They can emit huge energy. Even in such a case, the gravitational wave is so large. The amplitude of gravitational wave is represented by strain, which is the ratio of change of length to length itself. In optimistic case, this value, h, is the order of 10^(-21). This is comparable with the ratio of diameter of hydrogen atom to distance between Sun and Earth. Up to now, nobody has detected gravitational wave.  
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冷凍機 

KAGRAの低温装置 
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• 低振動の冷凍機を開発 
  2015年3月 

道村 唯太、朝日カルチャーセンター新宿教室 
「ブラックホール研究の最前線」（2016年6月25日） 

プレゼンター
プレゼンテーションのノート
Unfortunately, the interaction of gravitational wave is too weak. Hertz demonstrated the generation and detection of electromagnetic wave and proved the existence of electromagnetic wave. However, artificial generation of gravitational wave is impossible. But how about astronomical events ? They can emit huge energy. Even in such a case, the gravitational wave is so large. The amplitude of gravitational wave is represented by strain, which is the ratio of change of length to length itself. In optimistic case, this value, h, is the order of 10^(-21). This is comparable with the ratio of diameter of hydrogen atom to distance between Sun and Earth. Up to now, nobody has detected gravitational wave.  



KAGRAの低温真空槽 
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レーザー光 
熱シールド 

道村 唯太、朝日カルチャーセンター新宿教室 
「ブラックホール研究の最前線」（2016年6月25日） 

プレゼンター
プレゼンテーションのノート
Unfortunately, the interaction of gravitational wave is too weak. Hertz demonstrated the generation and detection of electromagnetic wave and proved the existence of electromagnetic wave. However, artificial generation of gravitational wave is impossible. But how about astronomical events ? They can emit huge energy. Even in such a case, the gravitational wave is so large. The amplitude of gravitational wave is represented by strain, which is the ratio of change of length to length itself. In optimistic case, this value, h, is the order of 10^(-21). This is comparable with the ratio of diameter of hydrogen atom to distance between Sun and Earth. Up to now, nobody has detected gravitational wave.  



KAGRAの鏡 
• 人工サファイア 
• 冷やした時(20K, -253℃)の性能が優れている 
• 超高反射率 

 (99.99 %以上) 
• 超低損失 
• ものすごく 
なめらか  
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厚
さ 15 cm

 

直径 22 cm 

道村 唯太、朝日カルチャーセンター新宿教室 
「ブラックホール研究の最前線」（2016年6月25日） 

プレゼンター
プレゼンテーションのノート
Unfortunately, the interaction of gravitational wave is too weak. Hertz demonstrated the generation and detection of electromagnetic wave and proved the existence of electromagnetic wave. However, artificial generation of gravitational wave is impossible. But how about astronomical events ? They can emit huge energy. Even in such a case, the gravitational wave is so large. The amplitude of gravitational wave is represented by strain, which is the ratio of change of length to length itself. In optimistic case, this value, h, is the order of 10^(-21). This is comparable with the ratio of diameter of hydrogen atom to distance between Sun and Earth. Up to now, nobody has detected gravitational wave.  



40 

3.CLIO 
CLIO 
KAGRAの前身 
100mの腕をもつ低温干渉計 
 
今みなさんはCLIOの部屋の前にいます！ 
 

プレゼンター
プレゼンテーションのノート
Unfortunately, the interaction of gravitational wave is too weak. Hertz demonstrated the generation and detection of electromagnetic wave and proved the existence of electromagnetic wave. However, artificial generation of gravitational wave is impossible. But how about astronomical events ? They can emit huge energy. Even in such a case, the gravitational wave is so large. The amplitude of gravitational wave is represented by strain, which is the ratio of change of length to length itself. In optimistic case, this value, h, is the order of 10^(-21). This is comparable with the ratio of diameter of hydrogen atom to distance between Sun and Earth. Up to now, nobody has detected gravitational wave.  
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3.CLIO 

現在地 

プレゼンター
プレゼンテーションのノート
Unfortunately, the interaction of gravitational wave is too weak. Hertz demonstrated the generation and detection of electromagnetic wave and proved the existence of electromagnetic wave. However, artificial generation of gravitational wave is impossible. But how about astronomical events ? They can emit huge energy. Even in such a case, the gravitational wave is so large. The amplitude of gravitational wave is represented by strain, which is the ratio of change of length to length itself. In optimistic case, this value, h, is the order of 10^(-21). This is comparable with the ratio of diameter of hydrogen atom to distance between Sun and Earth. Up to now, nobody has detected gravitational wave.  
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3.CLIO 
CLIOの最も重要な成果 
冷却による雑音の低減を実証 
 
このあとに 
KAGRAの予算が 
承認される。 
 

T. Uchiyama et al., Physical Review Letters 108(2012)141101 

プレゼンター
プレゼンテーションのノート
Unfortunately, the interaction of gravitational wave is too weak. Hertz demonstrated the generation and detection of electromagnetic wave and proved the existence of electromagnetic wave. However, artificial generation of gravitational wave is impossible. But how about astronomical events ? They can emit huge energy. Even in such a case, the gravitational wave is so large. The amplitude of gravitational wave is represented by strain, which is the ratio of change of length to length itself. In optimistic case, this value, h, is the order of 10^(-21). This is comparable with the ratio of diameter of hydrogen atom to distance between Sun and Earth. Up to now, nobody has detected gravitational wave.  
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4. まとめ 
重力波: アインシュタインが予言した(1916)時空のさざなみ 
 
直接検出は困難を極めた（アインシュタインからの最後の宿題）が 
2015年にアメリカのLIGOが検出した。人類は宇宙を探る新たな手段 
を得た。 
 
さらなる性能向上とLIGO以外の検出器が必要。 
現在神岡でKAGRAを建設中。地下と冷却が他にない特徴。 
これらは将来への性能向上に必須。 
2018年始めの低温運転を目指す。 
 
CLIO:KAGRAの前身。冷却による雑音低減を実証した。 

プレゼンター
プレゼンテーションのノート
Unfortunately, the interaction of gravitational wave is too weak. Hertz demonstrated the generation and detection of electromagnetic wave and proved the existence of electromagnetic wave. However, artificial generation of gravitational wave is impossible. But how about astronomical events ? They can emit huge energy. Even in such a case, the gravitational wave is so large. The amplitude of gravitational wave is represented by strain, which is the ratio of change of length to length itself. In optimistic case, this value, h, is the order of 10^(-21). This is comparable with the ratio of diameter of hydrogen atom to distance between Sun and Earth. Up to now, nobody has detected gravitational wave.  



おわり 

プレゼンター
プレゼンテーションのノート
Unfortunately, the interaction of gravitational wave is too weak. Hertz demonstrated the generation and detection of electromagnetic wave and proved the existence of electromagnetic wave. However, artificial generation of gravitational wave is impossible. But how about astronomical events ? They can emit huge energy. Even in such a case, the gravitational wave is so large. The amplitude of gravitational wave is represented by strain, which is the ratio of change of length to length itself. In optimistic case, this value, h, is the order of 10^(-21). This is comparable with the ratio of diameter of hydrogen atom to distance between Sun and Earth. Up to now, nobody has detected gravitational wave.  
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1.重力波 
  散乱や吸収されない、つまり検出しにくい 
 
 間接的な証拠 
  中性子星連星：非常に重くかつ星としてはコンパクト（10km程度） 
            な２つの星が重心の周りを回転 
 
            重力波を放出して一回転に要する時間（周期）が  
                                       変わる 
 
            観測された周期変化が一般相対論の予言と一致 
 
                                                                               
安東正樹 重力波望遠鏡KAGRAで見る新しい宇宙の姿 
（東大物理学教室談話会 2013年5月31日） 

プレゼンター
プレゼンテーションのノート
Unfortunately, the interaction of gravitational wave is too weak. Hertz demonstrated the generation and detection of electromagnetic wave and proved the existence of electromagnetic wave. However, artificial generation of gravitational wave is impossible. But how about astronomical events ? They can emit huge energy. Even in such a case, the gravitational wave is so large. The amplitude of gravitational wave is represented by strain, which is the ratio of change of length to length itself. In optimistic case, this value, h, is the order of 10^(-21). This is comparable with the ratio of diameter of hydrogen atom to distance between Sun and Earth. Up to now, nobody has detected gravitational wave.  
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1.重力波 
 周期の変化の観測と計算値の比較 
 
 
 
                                                                               

J.M. Weisberg and J.H. Taylor,   
ASP Conference Series, 328 (2005) 25  
(arXiv:astro-ph/0407149).  

プレゼンター
プレゼンテーションのノート
Moreover, they do not stop the observation ! This is the results of their 30 years observation. The horizontal axis shows years. This is the year of discovery. This is 2005. The vertical axis represents the change of period. Since the first paper in Nature was published in 1979, paper in Nature only shows this region. However, now, we know the results in wider region. These dots are results of observation. This line is the prediction of general relativity. So, measurement and theory are perfectly consistent with each other. 
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1.重力波 

1993年度 ノーベル物理学賞 

ノーベル財団のウェブ 

直接検出目指し（次のノーベル賞？）世界各地で検出器を建設開発中 

プレゼンター
プレゼンテーションのノート
So, Hulse and Taylor won the Nobel prize in Physics at 1993. 
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第１世代：検出できず 

第２世代：初検出目指して
建設開発が進行中 

第３世代：本格的な重力波
天文学が花開く 

2.干渉計型重力波検出器 

安東正樹 重力波望遠鏡KAGRAで見る新しい宇宙の姿 
（東大物理学教室談話会 2013年5月31日） 

プレゼンター
プレゼンテーションのノート
So, Hulse and Taylor won the Nobel prize in Physics at 1993. 
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