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Very short 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 multichannel astronomy
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Main results 2015-2019

• 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 %

• 1 most likely NS+NS merging (GW170817) and 
observations of gamma-ray to radio afterglow 
from relativistic jet and kilonova
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Nobel Prize in physics 2017

2017
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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: 

08.08.2019 JINR CSNP-2019 12



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
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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

Charge q m
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Dipole radiation no
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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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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

08.08.2019 JINR CSNP-2019

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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Operating interferometers

• 2 LIGO (USA)

• Virgo (Italy)

• GEO-600 (Germany)

08.08.2019 JINR CSNP-2019 33

LIGO Hanford LIGO Livingston Virgo GEO-600



LIGO O1

• 18/09/2015-13/01/2016
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LIGO O2

• 30/11/2016-25/08/2017
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LIGO/Virgo/GEO-600 O3

• 03/04/2019 --
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Current Detection horizon

08.08.2019 https://www.gw-openscience.org/

Dh~Mchirp
5/6
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Binary BH mergings
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1) Inspiraling phase

• Depends on chirp mass only (in main order in 
v/c ~ 0.2-0.5 for GW150914)

Chirp mass determination ( the 
most accurate parameter)08.08.2019 JINR CSNP-2019 40



2) Merging phase
• Frequency at the peak luminosity is 

determined by total mass  f_lim~1/M 

• Total mass and chirp mass mass ratio

• Amplitude is determined by the chirp mass:

• [Frequency]=[mass]-1
 frequency redshift

(1+z) mass rescaling: mdet=(1+z)msource

h~ms/dm=md/(1+z)dm=md/dl  Photometric 
distance from GW observations only!08.08.2019 JINR CSNP-2019 41
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3) Ring-down phase

• Proper oscillations of BH horizon (Starobinsky, 
Chandrasekhar)  information on the BH 
mass GR tests

• Deviations from GR < a few %
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h=h(f) f

(v/c)7

(v/c)11
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GW 150914 template vs observations: 
94(+2/-3)%
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LIGO BHs
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GWTC-1 Catalog arXiv:1811.12907



Parameters from GW observations

08.08.2019 JINR CSNP-2019 47

Chirp mass Effective spin



LIGO BH: Masses
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BH and NS masses
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LIGO BH: effective spins
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Corollary:

• Larger masses (compared to BHs in XRBs)

• Low effective spins (but GW170729 and 
possibly GW151226)
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Independnent search for BH-Bh
events in LIGO O1 (arXiv:1902.10331)
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O3 detections

• 23 triggers, about 20 BH+BH, one possible 
NS+NS

• No electromagnetic counterparts so far
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S190728q BBH (95%), MassGap (5%)

S190727h BBH (92%), Terrestrial (5%), MassGap (3%)

S190720a BBH (99%), Terrestrial (1%)

S190718y Terrestrial (98%), BNS (2%)

S190707q BBH (>99%)

S190706ai BBH (99%), Terrestrial (1%)

S190701ah BBH (93%), Terrestrial (7%)

S190630ag BBH (94%), MassGap (5%)

S190602aq BBH (99%)

S190524q Terrestrial (71%), BNS (29%)

S190521r BBH (>99%)

S190521g BBH (97%), Terrestrial (3%)

S190519bj BBH (96%), Terrestrial (4%)

S190518bb BNS (75%), Terrestrial (25%)

S190517h BBH (98%), MassGap (2%)

S190513bm BBH (94%), MassGap (5%)

S190512at BBH (99%), Terrestrial (1%)

S190510g Terrestrial (58%), BNS (42%)

S190503bf BBH (96%), MassGap (3%)

S190426c
BNS (49%), MassGap (24%), Terrestrial 
(14%), NSBH (13%)

S190425z BNS (>99%)

S190421ar BBH (97%), Terrestrial (3%)

S190412m BBH (>99%)

S190408an BBH (>99%)

S190405ar Terrestrial (>99%)
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Astrophysical binary BHs

• BH formation 

– Initial ZAMS mass

– Initial rotation

– Possible kick

• BH in binaries

– From massive binary systems

– In dense stellar clusters (dynamical)

– Primordial BHs
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BH formation from stars (solar 
metallicity)
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BH from massive stars
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Pair instability SNe (PISNe, Fowler & Hoyle 1964), pulsational PISNe (PPISNe) (Woosley 2017)

Spera,Mapelli
2017

PISN – no remnant



Dependence on the metallicity and 
stellar wind mass loss
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Fryer et al 2012, Giacobbo et al. 2018



Additional effects in binaries:

• Initial spin misalignment

• Tidal synchronization of the envelope

• Common envelope phase 

• Star formation and metallicity history in 
galaxies
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• Initial ZAMS mass

• Fraction of collapsed 
mass

• Possible kick

Lipunov, Postnov, Prokhorov 1997 MNRAS)
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Tutukov, Yungelson 1993 MNRAS)



Mass and spin distributions before 
coalescence
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Without fallback + fallback from envelope

Postnov+ 2019, Physics-Uspekhi (in press)



BH+NS systems (not yet firmly 
observed)
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Detection rate BH+BH, BH+NS
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Effective spin/total mass distribution 
for BH+NS coalescing binaries
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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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• Present constraints on PBH abundance are 
very model-dependent

• Stellar evolution predicts maximum BH mass 
of about 50 M (so far, LIGO/Virgo 
observations meet this constraint)

• Discovery of a low-spin BH with Mbh>50 M
by GW observations would challenge 
astrophysical  BH+BH formation channels, 
leaving PBH a viable alternative 
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Accretion spin-up of PBHs
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Bardeen, 1970:

Accreted mass (Novikov, Thorne 1973)

For Schw. BH:    af9/6 ΔM/M3.674 ΔM/M



Accretion in a circular binary
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ISM 10-24 g/cm 31904.00570, JCAP



Accretion in eccentric orbits
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1904.00570, JCAP (2019) 044



Maximum effective spin of binary 
PBH
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BH+BH: Conclusions

• Large masses and low effective spins of coalescing 
binary BHs can be explained by the standard 
astrophysical formation channel from evolution of 
massive binary stars

• Additional fallback of envelope onto newborn BH can 
significantly spin-up BH more heavy BH are 
expected to rotate faster than lighter ones

• Effective spins of BH+NS coalescences could span a 
wide range from -0.4 to 0.4 and even higher (if fallback 
is assumed)

• Primordial binary BH can be spun-up by accretion up to 
a few percent effective spins 
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Gravitational waves from binary 
neutron star mergings. Multi-

messenger astronomy. 

Image credit: LIGO/Caltech/MIT/Sonoma State (Aurore Simonnet)08.08.2019 JINR CSNP-2019 72



Binary neutron stars

• Known as binary pulsars since 1975 (PSR 1913+16)

• LIGO O2 detection horizon (2017) ~80 Mpc, O3: ~125 
Mpc

• GW 170817 associated with GRB 170817A

• Gamma-ray emission from binary NS first predicted by 
Blinnikov, Novikov, Perevodchikova (SvA 10, 422, 
1984)

• Optical transient (kilonova) in NGC4993 (~40 Mpc)

• O3 candidate S190426c (~150 Mpc), no EM 
counterpart detected
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GW170817

PRL 119, 161101 (2017)
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2LIGO+VIRGO localization
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Parameters of GW 170817 from GW data only

PRL 119, 161101 (2017)

Merging rate 
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NS equation of state constraints
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Tidal deformation
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However, BH+NS is not excluded, 
based on GW data Bayesian analysis!
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Gamma-ray emission: GRB170817A

Fermi GBM

INTEGRAL ESA

INTEGRAL SPI-ACS

Fermi NASA
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GRB170817A and GW170817
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GRB170817A 
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Fundamental consequences of 
GW/GRB observations

• 1) Velocity of GW and EM:

• 2) Equivalence principle

ApJL, 848, L13, 2017

Simult., D>26 Mpc10 s EM delay

Shapiro delay
MW: M=2.5x1011M

R<100 kpc

cf. Cassini mission: 2.1+/-2.3 х 10-5
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• 3) Number of additional dimensions

arXiv:1801.08160
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GRB physics
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Multiwavelength
followup
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Optical, IR, X-ray, radio
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Swope 1 m

VISTA 4.1 m

PROMPT 0.41 m
DECam Blanco 4m

MASTER robotic 0.4m

Las Cumbres Chile 0.4m
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NGC 4993

• 40 Mpc, E/S0

NGC 4993 -- Galaxy in Group of Galaxies
(46 gal) 
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Binary BS merging

[Credit: APS/Alan Stonebraker, adapted from simulations by NASA/AEI/ZIB/M. Koppitz and L. Rezzolla]
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Ejected mass ~ 0.001 solar masses

http://alanstonebraker.com/


Possible outcomes
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Mass ejection 

• ‘Dynamical’ (merger) + ‘viscous’ (disc)
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Kilonova (a x1000 Nova)

M. Soares-Santos et al. 2017

Metzger 2017
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Optical and IR observations of 
kilonova

http://arxiv.org/abs/1710.05850
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http://arxiv.org/abs/1710.05850


r-nucleosynthesis in binary NS 
mergings
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Properties of kilonova

B.Metzger 1710.0593108.08.2019 JINR CSNP-2019 98



1711.00868
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Prompt collapse to BH seems to be 
excluded

B.Metzger 1710.0593108.08.2019 JINR CSNP-2019 100



Radio observations by JVLA
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Superluminal motion of radiosource – a 
relativistic jet

08.08.2019

Mooley + 18, Nature 561, 355

Γ ≈ βapp ≈ 4.
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Relativistic jet in radio

1810.1292708.08.2019 JINR CSNP-2019 103



A structured jet model

08.08.2019

PK+ 1999, arXiv:astro-ph.9908136 Mooley + 18, Nature 561, 355
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GR MHD calculations

1711.0047308.08.2019 JINR CSNP-2019 105



NS+NS: Conclusions

• GW170817 proved NS+NS and short 
GRB connection

• Neutron-rich mass ejection  r-
process nucleosythesis a kilonova
phenomenon

• Binary NS mergings as the main 
production channel of r-elements in 
nature
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Future prospects
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08.08.2019

Localization: ~ 10 sq. degrees
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Future LIGO development

https://dcc.ligo.org/LIGO-T1500290/public

3 Projects 
of future 
LIGO 
detectors:

A+

Voyager
Cosmic 
Explorer
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40-km 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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Credit: B. Schutz
08.08.2019 JINR CSNP-2019 111



GW astronomy by ground-based 
interferometer network

• BNS ~100 /year, BBH ~ 1000 /year.   BBH @ z>1. 

• BNS  constraints NS EOS, GRB physics

• GR tests: BH horizon probing from ring-down 
tails. Deviations from GR 

• Statistical measurements of M, J for NS and BH in 
binaries  formation mechanisms (standard, 
dynamical in stellar clusters, primordial BH)

• …
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Space interferometer LISA (ESA+, 2034)

www.elisascience.org
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Main LISA sources: binary SMBH in 
galaxies, galactic double WDs

• Central SMBH in all galaxies

• Galactic merging
formation of double SMBH

• Binary SMBH coalescence 

in the Hubble time

08.08.2019 JINR CSNP-2019 115



Successful LISA Pathfinder

2015-2016
Two 46-mm Au-Pt 2-kg test masses

Drag-free floating mass technology

www.elisascience.org
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Galactic binary WDs
• ~107 in Galaxy; LISA verification sources;  GAIA, LSST

• Porb ~ a few minutes  almost monochromatic GW 
signal
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LISA data analysis

• Main difficulty: signal dominated by numerous 
sources
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