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1915 - General Relativity
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Einstein’s Equation

Matter curves Space

Newton’s constant

Einstein’s tensor

metric

Gµν (gµν ) = 8πG Tµν

Energy-momentum tensor
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Gravitational Waves

gµν ≈ηµν + hµν

| hµν |≪1

Gµν ≈
1
2

(− ∂2

c2 ∂t 2 +∇2 )hµν = 0

flat space metric

Linearization=> Waves 
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Gravitational Waves

gµν ≈ηµν + hµν

| hµν |≪1

Gµν ≈
1
2

(− ∂2

c2 ∂t 2 +∇2 )hµν = 0

flat space metric

Linearization=> Waves 

speed of light 

dimensionless

ηµν ≡
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0 0 1 0
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A conceptual problem*


Space is locally flat -> h=0 ??

Space is locally flat on a scale << λ

But curved on scale λ

λ

*Don’t worry - This is a subtle point. The rest of the talk doesn’t depend on it. 



Tow Polarization modes

dlx = h+dx
dly = −h+dy



Tow Polarization modes

dlx = h+dx
dly = −h+dy



Tow Polarization modes

dlx = h+dx
dly = −h+dy



Tow Polarization modes

dlx = h+dx
dly = −h+dy



Energy Flux

F = c3

G
( !h+

2 + !hx
2 )

∼ 4 ⋅1038 ergs / (cm2 sec)
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Generation of 
Gravitational Waves

Gµν ≈
1
2

(− ∂2

∂t 2 +∇2 )hµν = 8πGTµν

matter
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The quadrupole 
Formula
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reduce quadruple moment 
- non symmetric

massive

fast



The GW problem

dl
l
≡ h≈ ε

rg
d

gravitational radius

~1 km for a solar mass

distance

~1017 km galactic

~1021-1023 km extragalactic 

efficiency
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GW Interferometers



Ron	Drever

Gravitational Radiation. Proceedings, Summer School, Nato Advanced Study Institute, Les Houches, 
France, June 2-21, 1982 

N. Deruelle (ed.) (Poincare Inst.) , T. Piran (ed.) (Hebrew U.) 

Les Houches 1982

http://inspirehep.net/author/profile/Deruelle%2C%20N.?recid=203412&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Poincare%20Inst.%22&ln=en
http://inspirehep.net/author/profile/Piran%2C%20T.?recid=203412&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Hebrew%20U.%22&ln=en


GW Interferometer

Source: Hogan et al. 



Adv LIGO

4	km



Suspension



Source: ALIGO 
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LIGO Virgo and KAGRA



Adv LIGO sensitivity

• >150Hz shot noise


• Narrow features 


• Mirror suspension


• power grid

Source: ALIGO 



Adv LIGO’s goal

• Binary ns-ns exist


• ns2 merger rate up to 300 Mpc 1-400 yr-1


=> Reach sensitivity to detect ns2 merger from 
300Mpc by 2018 



Adv LIGO was switched on 
for the first scientific Run 

on Sept 12 2015



Abbott, B. P., et al. (LIGO Scientific Collaboration, Virgo Collaboration). Observation of gravitational
waves from a Binary Black Hole Merger. Phys. Rev. Lett., 116, 061102, 2016.



GW150914

Source: ALIGO 

h=

Abbott, B. P., et al. (LIGO Scientific Collaboration, Virgo Collaboration). Observation of gravitational
waves from a Binary Black Hole Merger. Phys. Rev. Lett., 116, 061102, 2016.



The Detection
• 2 Active detectors on   

Sept 14, 2015

• Hartford H1

• Livingston L1


• Sensitivity band      
35-250 Hz


• Detection by online  
burst-search algorithm


• Detection reported 3 
minutes later 


• Observation period -     
16 days



The Raw Data

https://github.com/minrk/ligo-binder

https://github.com/minrk/ligo-binder


Averages over 32 seconds of data 

=> entirely dominated by instrumental noise.
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Filtered data + NR template



Unites of σ of the noise

Filtered data + NR template



The light and sound show

Source: ALIGO 



The light and sound show

Source: ALIGO 



Noise Estimates

• C1 - “blip glitches” and “narrow band”

• C3 - Events with Mchirp > 1 Mo

• All the rest



Frequency-time domain

Mchirp = (m1m2 )3/5

(m1 + m2 )1/5 = c3

G
5
96

π −8/3 f −11/3 !f⎡
⎣⎢

⎤
⎦⎥

3/5

Mchirp ! 40MO ( f / 50Hz)−11/5[ !f / (500Hz / sec)]3/5

Mtot ≥ 43/5 Mchirp ! 70MO.
.

Source: ALIGO 



Identifying the source

• ffinal = 150 Hz = 2 forb 


=> afinal ≃ 350 km

• Rsch1 + Rsch = 250 GMtot/c2 ≧ 210km

• ns-ns - Mtot too high

• BH-ns - high mass ratio - much lower f

=> BH-BH

afinal
Rsch1 Rsch2



• h ≃ Rsch/D ≃ 10-21


• Rsch ≃ 100 km

=> D ≃ 3.2 Gpc

• More detailed analysis D ≃ 410 Mpc

Distance



Flux

• h ≃ Rsch/D ≃ 10-21 


• f ≃ 350 Hz


=> F ≃ 0.3 ergs/cm2 sec (Sun’s flux is 106)



System Parameters



Sky Localization



Source: ALIGO 

Merging Black Holes
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Merging Black Holes



Some Physical Implications
• Black holes exist (? - we need the ringdown)


• Speed of gravitons (Blas)


• Upper limit on the gravitons mass from dispersion 
(Will, ALIGO)


•  Upper limit on the gravitons mass from screening 
(Bicudo) 


(vg / c)2 = (1− (c / fλg )2 => mg <1.2 ⋅10−22 eV

e−d /λg => mg <1.2 ⋅10−32 eV

c(1−10−15 ) < vg <1.7c



Event rate 
• One event detected in two weeks of 

observations => 25 yr-1


• Detection horizon ~700 Mpc


=> 14-12
+39/(Gpc3 yr)


+ A second marginal event => 83-63
+168/

(Gpc3 yr)


• Consistent” with “predictions” (2-400) 
but no one (see however Kinugawa et 
al., 2013) predicted 30-30 Mo event. .

GW150914	is	unusually	significant;		only	∼	8%	of	the	distribuGon	of	sources	will	be	more	significant.	
However,	it	is	not	so	significant	as	to	call	into	quesGon	the	assumpGon	that	BBH	coalescences	are	
distributed	uniformly	in	co-moving	volume	and	source	Gme.	



Counterparts
• No optical

• No Swift

• No Intergal (X-ray & 

soft Gamma)

• No Fermi (GeV)

• No VHE neutrinos
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? Fermi GBM (~MeV) 

(chance 0.0022 ?)

[N explanations N>>1]



The Origin?

aini

• To merge in a Hubble time    
aini< 10

12
 cm


• But two stars with M>30M0 must 
be more than 10

12
 cm apart


• Models predicted MBH~5 MO 


• Pop III stars that are smaller 
(different composition) !

tmerge = 5
256

c5

G
a4

M2µ aini

.

.
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Possible Indirect Confirmation of the Existence of Pop III Massive Stars by Gravitational Wave
Tomoya Kinugawa, Kohei Inayoshi, Kenta Hotokezaka, Daisuke Nakauchi, Takashi Nakamura  2013

.

.

http://arxiv.org/find/astro-ph/1/au:+Kinugawa_T/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Inayoshi_K/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Hotokezaka_K/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Nakauchi_D/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Nakamura_T/0/1/0/all/0/1
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The Last Window



Summary
• 100 years after Einstein’s prediction Advanced 

LIGO detected GW from a distant astronomical 
source


• An unexpected discovery of a merger of 2 Black 
Holes with 30 solar masses each


• This opens the last window on the Universe - 
focusing on the densest and most extreme 
objects


