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Gravitational field equations

1) The index agreement:

The greek indexes (α, β, γ etc.) take values (0, 1, 2, 3). 0 is the 
time coordinate, the rest are the space coordinates

The latin indexes (a, b, i, j etc.) take values (1, 2, 3), these are the 
space coordinates.

Repeating indexes imply summation.

The metrix



  

The metrix



  

A change of coordinates

Rotating cylindrical coordinates

Spherical coordinates



  

Общая теория относительности в общем виде

Тензор Риччи

Символы Кристофеля (в некотором смысле, силы)

Тензор Римана (тензор кривизны)

Уравнения Эйнштейна для пустоты 



  

Weak gravitational field

Newtonian limit



  

The Chrisloffel symbols (forces, in some sense)

The Einstein equation for empty space 

The linearized theory in the weak field case



  

We make a change



  

Lorenz gauge

Infinitesimal coordinate changes

The last dirty trick



  

Lorenz or Lorentz?

Ludvig Valentin Lorenz
invented the Lorenz gauge condition

Hendrik Antoon Lorentz
invented the Lorenz transformation



  

So we may put four more conditions!

But these are three 
conditions, not four, since: 

Then we put the fourth 

Итого 



  

Thus, the ТТ-
calibration 

Let us consider a flat wave 
propagaing along OZ axis: 



Two polarizations of gravitational waves



  

A bit of history...
 1900 — Lorentz supposed that the gravitation may propagate with 

a speed, not exceeding the speed of light;

 1905 — Henri Poincaré introduced the term «gravitational wave» 
(fr. onde gravitique). Laplace objected against the existence of the 
gravitational waves showing that they would make corrections of 
the order of v/c to the Newtonian law of gravitation, which 
contradicted to observations.  Poincaré showed that the 
corrections mutually cancel each other;

 1916 — Einstein showed that a mechanical system should emit  
gravitational waves within the framework of general relativity, 
although under normal conditions energy losses are of the order 
of 1/c4,  being  negligible and practically unmeasurable (in this 
work, he still mistakenly believed that a mechanical system that 
constantly retains spherical symmetry can emit gravitational 
waves).



  



  



  

Bondi, Feinman, 1957

Consider a plane wave along the OZ axis. Then a unit vector along 
the bar is

Then the vibration amplitude of the beads is 

Misner, Thorne, Wheeler, 
Gravitation, Vol 2 



  

The Feynman's opinion about the conference 

“I am not getting anything out of the meeting. I am learning 
nothing. Because there are no experiments this field is not an 
active one, so few of the best men are doing work in it. The 
result is that there are hosts of dopes here and it is not good for 
my blood pressure...

...Remind me not to come to any more gravity Conferences!”

R. Feynman, What Do You Care What Other People Think? P91,
1988 (Warsaw meeting 1962)



  

Emission of gravitational waves



  

Potential sources of gravitational waves

 Binary compact objects (neutron stars, black holes, white 
dwarfs)

 Collisions of galaxies and their clusters

 Asymmetric collapse of stars

 Cosmological gravitational waves

 In general, almost any accelerated motion of masses 
(except for a spherically-symmetric one)



  

A binary system



  



 

A chirp from neutron stars 



  

Schutz (1986);

Cutler&Flanagan (1994)

arXiv:gr-qc/9402014  



  

Joseph Weber,
late 60'th 

Resonant 
detector 



  

PSR J0737−3039



  

Hulse–Taylor binary pulsar PSR J1915+1606 (1974)

Binary neutron star

 

They will collide in 
~300 mln. years

 





  

VIRGO



  

Mirror mount

Adalberto Giazotto



  



  



  



  



  





  

GW150914
 September 14, 2015 at 9:50:45 UTC, detected by the two 

LIGO detectors, first in Livingston, and 7ms later - in 
Hanford

 Merging of two black holes, 36-4
+5 Msun and 29-4

+5  Msun

 A single black hole of mass 62-4
+4 Msun  was formed, 

and 3-0.5
+0.5 Msun were gone with gravitational waves.

 The distance to the event is 410-140
+160Mpc, ~1300 

mln. light years



  



  

GW151226
 December 26, 2015, detected by the two LIGO detectors, 

first in Livingston, and 1.1 ms later - in Hanford

 Merging of two black holes, 14.2-3.7
+8.3 Msun and 7.5-2.3

+2.3 
 Msun. A single black hole of mass 20.8-1.7

+6.1 Msun was 
formed, and 1-0.2

+0.1 Msun were gone with gravitational 
waves.

 The distance to the event is 440-190
+180 Mpc, ~1400 

mln. light years.



  



  

GW170104
 January 14, 2015 at 10:11:58,6 UTC, detected by the two 

LIGO detectors, first in Hanford, and 3 ms later - in 
Livingston

 Merging of two black holes, 31.2-6.0
+8.4 Msun  and  19.4-

5.9
+5.3   Msun. A single black hole of mass 48.7-4.6

+5.7 

Msun  was formed, and 2  Msun were gone with 
gravitational waves.

 The distance to the event is 880-390
+450 Mpc, ~2900 

mln. light years.



  



  

GW170814

● August 14, 2017 at 9:50:45 UTC, detected by all three detectors, 
first in Livingston, and 8ms later - in Hanford, and  14ms later by 
VIRGO. The possible area of the event decreased  from 1160 to 
60 square degrees.

● Merging of two black holes, 31  Msun and  25 Msun. A single black 
hole of mass 53  Msun  was formed, and 3  Msun were gone with 
gravitational waves.

●  The distance to the event is 567 Mpc, ~1800 mln. light years.

● The first experimental estimation of the polarization of 
gravitational waves



  



  

GW170817
 August 17, 2017 at 12:41:04,4 

UTC, by all three detectors.
 A merging of two neutron 

stars, 1.36–2.26 Msun и 0.86–
1.36 Msun, more than 0.025 
Msun emitted as grav. waves

 NGC 4993 (Hydra 
constellation), distance 40-14

+8 
Mpc, ~130 mln. light years

 The source was localized 
inside 28 square degrees

 First elecromagnetic 
component 

 Short gamma-burst GRB 
170817A in 1,74 ± 0,05 s after 
the maximum of the chirp

 Ultraviolet and infrared signals 
 Radio and X-rays appeared 

only in a couple of days 



  



  



  

Evolution of a binary 
system



  



  



  

Advanced LIGO





  

Cosmological gravitational waves



  


