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Plan 

• Basic GW: GR

• Principle of detection: GW interferometers

• Astrophysical sources

• GW from compact binaries

• GW astronomy: first results and prospects
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Nobel Prize in physics 2017

2017
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Very brief history

• 1916, A. Einstein
• 1920s (Einstein, Eddington, …)
• 1962, M.E. Gertsenstein & V.I. Pustovoit – laser 

interferometers as GW detectors
• 1970s, R&D (R. Weiss, R. Drever, K. Thorne, V. Braginskii …)
• End of the 1980s: start of LIGO project
• 2002-2010, initial LIGO operation
• 2010-2015, LIGO modernization 
• September 14, 2015, first detection of binary BH coalescence 

(GW 150914)
• August 17, 2017, first detection of binary NS coalescence 

(GW 170817), start of multmessenger astronomy
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Main results 2015-2020

• 10 reliably detected BH+BH with M=10-50 M
from distances 500-1000 Mpc

• Merging rate ~12-213 Gpc-3 yr-1

• Measured properties consistent with GR up to 
a few %

• One reliable NS+NS merging (GW170817) and 
observations of gamma-ray to radio afterglow 
from relativistic jet and kilonova
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General Relativity

• A. Einstein, 1915

• Gravitation = 
curvature of space-
time
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GW as a «ripple» of space-time
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Linearized gravity

Gauge-invariant!!!
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Gravitational waves

• Convenient gauge

• Does not change linearized equations and 
harmonic (Lorentz) gauge

• 4 arbitrary functions  can be used to vanish 
4 components to leave only 2 independent 
components (polarizations) 
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ТТ-gauge (transverse-traceless)
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Transition to TT-gauge

• For example. For a wave moving along z-axis:
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TT-GW acting on two test masses
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• In local Lorentz frame :

• Non-relativistic motion of masses: 
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Simple argument by R.Feynmann
(1957, Chapel Hill conference)

• “I was surprised to find 
that a whole day of the 
conference was spent on 
this issue and that 
‘experts’ were confused. 
That’s what happens 
when one is considering 
energy conservation 
tensors, etc. instead of 
questioning, can waves 
do work?”
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Energy flux in GW

• Energy density

• Energy flux

• GW carries energy and momentum that can 
act on test masses
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GW sources

• Lowes order -- quadrupole. For v/c<<1:
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GE creates tidal acceleration field in a freely faling
(local Lorentz) reference frame
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GW amplitude h = relative 
expansion/compression
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Tidal acceleration field

08.03.2020 ITEP School L4 19



Astrophysical GW sources

Credit: A. Sesana
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Coalescing compact binaries
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E pur si existare!

• 1974, binary pulsar PSR 
1913+16 (Hulse, Taylor, 
Nobel Prize 1993)

Orbital period decay
in agreement with GR (~0.1%)
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EM vs GW
EM GW
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• Waveform from two coalescing point-like 
masses  is determined by a combination of 
component masses (the chirp mass)

•  blackboard
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Chirp signal from a coalescing binary
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Signal from binary rotating BHs is much more complicated
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Energy release in binary BH mergings
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Maximum luminosity
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Laser 
Interferometer

• Gertsenstein, 
Pustovoit 1962
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Principle of operation
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Phase difference

Intensity modulation
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Achievable sensitivity
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LIGO interferometer

D. Reitze Phys.-Usp. 2017
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Noise budget
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Credit: LVC collab., Univ. of Tokyo

LIGO 
Hanford
USA

LIGO 
Livingston
USA

Virgo
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Kamioka
Japan



GW signal from first GW150914
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GW 150914 template vs observations: 
94(+2/-3)%
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Principal sources: compact binary 
coalescences 
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Evolution of massive binaries

Tutukov, Yungelson 1993
Lipunov, Postnov, Prokhorov 1997
…..

Other scenarios: 

Dynamical interactions in stellar
clusters 

Exotica (primordial BHs) 

…



Current status of GW interferometers

• O3 LIGO/Virgo/GEO-600 since April 2, 2019

• KAGRA underground GW interferometer 
started commissioning run on October 4, 2019
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O3 Detection horizon

08.03.2020

https://www.gw-openscience.org/Dh~Mchirp
5/6
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LVC O3 detections (as of 06.03.20)

54  triggers, 44 BH+BH, 5 NS+NS, 5 NS+BH 
candidates 

https://gracedb.ligo.org

• No electromagnetic counterparts so far
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Parameters from GW observations
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Chirp mass Effective spin

arXiv:1811.12907



LIGO BH: Masses
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LIGO BH: effective spins consistent 
with zero 
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Corollary:

• Larger masses (compared to BHs in XRBs)

• Low effective spins (but possibly GW151226)
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Predictions and surprises

• Binary BH+BH coalescences must be much more 
numerous and should be detected first (Tutukov, 

Yungelson 1993, Lipunov, Postnov, Prokhorov 1997,….confirmed!)

• Mass of BH in LIGO binaries is up to ~50 M
(surprise, but can be reconciled with stellar 
evolution)

• Low effective spins (surprise, but can be 
reconciled with binary evolution) (PK+’19, 
Fuller+19…)
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BH+BH mass and spin distributions 
before coalescence
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Without fallback + fallback from envelope

PK+ 2019, Physics-Uspekhi (2019,
No 11, in press)



19
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New candidates
from O1 and O2

1910.05331



Independent detections: a new 
trend?
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Massive BH+BH: New physics ?

• Stellar-mass primordial black holes:

– Can be formed in the early Universe in different 
models (Carr, Hawking’74)

– Can be in binaries (Nakamura+’97)

– Can naturally explain low spins of observed 
BH+BH (Bird+’16, Blinnikov+’16,…)

– Can substantially contribute to dark matter

– Can be seeds for growth of SMBH in galactic 
centers
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Blinnikov, Dolgov, PK, Porayko 2016 JCAP 11 036
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Present constraints (model-
dependent)
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Murgia+’19

1-100 M PBH  are  

still in the open window!



GW road map (official)
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40-км LIGO Cosmic Explorer (2035)

Sensitivity of detectors with different lengths. 
Solid curves are for a 40km long detector

LIGO Scientific Collaboration,arXiv:1607.08697 [astro-ph.IM]
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Main results

• Binary blacl hpoles are main souerces in 
current LIGO/Virgo detections. Masses up 
to 50 solar masses. No deviations from 
GR.

• Merging rate in agreement with standard 
astrophysical predictions

• Effective spins are consistemt with zero
• Primordial BHs are still not excluded
• Increase in detector sensitivity is needed 

to probe GR at level better than 1%
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