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Newton’s Mechanics

Special Relativity 
Physics at near speed of light 

　「Time is relative」

General Relativity 
　Physics of heavy objects 

　「Gravity is produced by the warp of spacetime」

F = ma



重力の正体は？Gravity is universal

Universal Force 
＝Every objects have attractive force

Newton



重力の正体は？

http://hikingartist.com/
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「万有引力があるからだ」（ニュートン , 1687）

重力の正体は？

「時空のゆがみだ」 
（アインシュタイン , 1915） 

一般相対性理論



What is “acceleration”?

★ In Special Relativity, only constant 
velocity observer can be discussed. 

★ What is the acceleration？

Thought Experiment of Elevator



★ In Special Relativity, only constant 
velocity observer can be discussed. 

★ What is the acceleration？

「Gravitational acceleration can be 
compensated. 」 

＝acceleration can be removed  
   locally.（Equivalence Principle）

「Greatest idea in my life」

Thought Experiment of Elevator

What is “acceleration”?



http://www.ctn-japan.com/tracon/ 
space/zerog_us.html

Zero Gravity by Free-Falling Airplane

http://www.ctn-japan.com/tracon/space/zerog_us.html


「Gravitational acceleration can be compensated. 」 
＝acceleration can be removed locally.（Equivalence Principle）

＝gravity cannot be removed globally. 
＝gravity is the result of space-time bending.

Geometry of Curved Space ＝「General Relativity」

What is “gravity”?



General Relativity【metric】

Geometry of Curved Space＝Riemannian Geometry



General Relativity【metric】

Geometry of Curved Space＝Riemannian Geometry
Generalized distance「metric」．

In flat spacetime, 



Marcel Grossmann

General Relativity【metric】

Geometry of Curved Space＝Riemannian Geometry
Generalized distance「metric」．

In flat spacetime, 



Field equation (1915)
how spacetime is curved ⇔ how matters are distributed

Riemann curvature 
Ricci tensor, Einstein tensor

Energy-Momentum tensor 

General Relativity 
【The Einstein equation】







General Relativity (1916)
Motivation：  
Relativity (1905) only treats observers 
with constant speed.  
What is the acceleration? 
Breakthrough： 
No gravity effects in free-falling elevator！ 
But we cannot erase the gravity in an 
Earth-sized elevator (globally)． 

Einstein’s conclusion： 
Gravity is space-time curvature.



近日点移動
Unexplained orbital change of Mercury (Le Verrier 1854) 

Einstein’s theory explained this effect. (1915)

Prediction of General Relativity 
̶ Orbit of Mercury : rotation of perihelion



Prediction of General Relativity 
̶Bending of Light: gravitational lens̶



Taken from the 22 November 1919 edition  
of the Illustrated London News. 

Coverage in the (more excitable)  
New York Times.



Arthur Stanley Eddington  
(1882‒1944)

He was an early advocate of Einstein's General 
Relativity, and an interesting anecdote well 
illustrates his humour and personal intellectual 
investment: Ludwig Silberstein, a physicist who 
thought of himself as an expert on relativity, 
approached Eddington at the Royal Society's (6 
November) 1919 meeting where he had 
defended Einstein's Relativity with his Brazil-
Principe Solar Eclipse calculations with some 
degree of scepticism and ruefully charged 
Arthur as one who claimed to be one of three 
men who actually understood the theory 
(Silberstein, of course, was including himself 
and Einstein as the other two). When Eddington 
refrained from replying, he insisted Arthur not 
be "so shy", whereupon Eddington replied,  
"Oh, no! I was wondering who the third one 
might be!"

http://en.wikipedia.org/wiki/Ludwig_Silberstein
http://en.wikipedia.org/wiki/Royal_Society


Prediction of General Relativity 
̶Bending of Light: gravitational lens̶





Black-hole





Black hole ＝Too heavy object  
Even the Light cannot escape



Black hole ＝Too heavy body  
Even the Light cannot escape



BH candidate: Cygnus X-1





Gravitational Lensing





Making of Interstellar (2014) キップ・ソーン 
Kip  Thorne

0’57”



Interstellar (2014)
https://www.youtube.com/watch?v=qZZ9jRan9eo

Executive Producer:  Kip  Thorne

https://www.youtube.com/watch?v=qZZ9jRan9eo


Interstellar (2014)
https://www.youtube.com/watch?v=qZZ9jRan9eo

Executive Producer:  Kip  Thorne

https://www.youtube.com/watch?v=qZZ9jRan9eo


Kepler motion



Supermassive BH in the center of Galaxy



Zooming in the center of the Milky Way

 
http://www.youtube.com/watch?v=XhHUNvEKUY8  (1:15)

http://www.youtube.com/watch?v=WBo7ygrND0s


S2 orbit around Sgr A*

 
http://www.extinctionshift.com/SignificantFindings08.htm 
http://www.brighthub.com/science/space/articles/13435.aspx#

Supermassive BH in the center of Galaxy

http://hirise.lpl.arizona.edu/ESP_026461_2080


Gravitational Wave



www.phdcomics.com 
“gravitational waves explained”

http://www.phdcomics.com


LIGO（Laser Interferemeter Gravitational-
Wave Observatory）



Collision of BH-BH binary

NCSA-AEI group (1998)



連星中性子星 
連星ブラックホール 

重力波の存在が間接的に確かめられた．
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重力波の直接観測をしたい！



https://www.youtube.com/watch?v=aEPIwEJmZyE

David Reitze, LIGO Director 
　　　　　　　　　　　　　　　　　　     Feb 11, 2016

“We had detected gravitational waves.　We did it. ”
“我々は，重力波を検出した.　やり遂げたのだ. ”

https://www.youtube.com/watch?v=aEPIwEJmZyE


Sep 14, 2015



https://mediaassets.caltech.edu/gwave

Hear the sound of BH-BH collision,  
12 billions yrs ago

始め2回は実周波数，後の2回は聞えやすいように+400Hz

https://mediaassets.caltech.edu/gwave


Mainichi Shimbun 2016/2/13

Tokyo Shimbun 2016/2/12

GW exists！ 
GW was detected！ 
BHs exist！ 
BH binaries exist！ 
GR is right！



Kepler motion
Gravitational Wave

Gravitational Lensing

After 100 years, we are finally in the era of 
Astronomy with General Relativity.


