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Overview:
n Introduction: history GW 
n Ground based Experiments on 

Gravitational waves and first detection
n Phenomenology of Gravitational Waves
n LISA space mission
n Pulsar timing Arrays, 
n HO measurement, NANOGrav signal
n Gravitational Waves from neutron star 

merge and multi-messenger signal.
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INTRODUCTION: 
histrory of 

Gravitational Wave 
searches
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General Relativity
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Gravitational waves
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Gravitational waves
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Are Gravitational Waves Real?
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What Are Gravitational Waves?
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The Detectors
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Advanced LIGO – Advanced Virgo
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Advanced LIGO
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Advanced Virgo
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Advanced Virgo



MEPHI Lecture: Gravitational Waves

GW150914



MEPHI Lecture: Gravitational Waves



MEPHI Lecture: Gravitational Waves

Phenomenology 
of GW
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Merger: highly nonlinear 
dynamics. (Numerical Relativity)

Ringdown 
(Perturbation 
theory)

(Brady, Craighton, Thorne 1998)

Inspiral (PN methods)

(Buonanno & Damour 2000)

Numerical Relativity, the 2005 breakthrough: 
Pretorius, Campanelli et al., Baker et al. … 
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ØTheoretical: physical understanding of the coalescence process,
especially in complicated situations (arbitrary spins)

ØPractical: need many thousands of accurate GW templates for
detection & data analysis;
need some “analytical” representation of waveform 
templates as f(m1,m2,S1,S2)

ØSolution: synergy between analytical & numerical relativity

Perturbation 
Theory 

PN
Numerical 
Relativity

Resummed
Perturbation thy 

EOB

Hybrid

non perturbative information
55
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EFFECTIVE ONE BODY (EOB)

approach to the two-body problem

Buonanno,Damour 99                                      (2 PN Hamiltonian) 
Buonanno,Damour 00                                      (Rad.Reac. full waveform)
Damour, Jaranowski,Schäfer 00                      (3 PN Hamiltonian)
Damour 01, Buonanno, Chen, Damour 05,…   (spin)
Damour, Nagar 07, Damour, Iyer, Nagar 08    (factorized waveform)
Buonanno, Cook, Pretorius 07, Buonanno, Pan … (comparison to NR)
Damour, Nagar 10                                           (tidal effects) 
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Inspiral + « plunge » Ringdown

Ringing BHTwo orbiting point-masses:
Resummed dynamics 57



MEPHI Lecture: Gravitational Waves

Motion of two point masses

Dimensional continuation :

Dynamics : up to 3 loops, i.e. 3 PN

Jaranowski, Schäfer 98
Blanchet, Faye 01
Damour, Jaranowski Schäfer 01
Itoh, Futamase 03
Blanchet, Damour, Esposito-Farèse 04
Foffa, Sturani 11
4PN & 5PN log terms (Damour 10, Blanchet et al 11)
4PN (Jaranowski&Schaefer 13, 

Foffa&Sturani 13, Bini&Damour 13)

Radiation : up to 3 PN

Blanchet, Iyer, Joguet, 02,
Blanchet, Damour, Esposito-Farèse, Iyer 04
Blanchet, Faye, Iyer, Sinha 08
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3PN

2PN

1PN
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Taylor-expanded 3PN waveform

Blanchet,Iyer, Joguet 02, Blanchet, Damour, Esposito-Farese, Iyer 04, Kidder 07, Blanchet et al. 08
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GW detection
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GW detection
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Localization LIGO O1 Events

Simulation for 3rd detector at Virgo 
location with LIGO O1 sensitivity
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GW detector network: 2015-2025
GEO600 (HF)
2011 

Advanced LIGO 
Hanford 
2015 

Advanced LIGO 
Livingston 
2015 

Advanced 
Virgo
2016 LIGO-India

2022

KAGRA
2017



KAGRA
Kamioka Mine

Underground

Cryogenic Mirror § Technologies crucial for 
next-generation 
detectors;

§ KAGRA can be regarded 
as a 2.5-generation 
detector.
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Preliminary Concept

PAX Workshop - Amsterdam
74

17-Aug-17

LASER

Advanced LIGO
4 km

Cosmic Explorer

The Cosmic Explorer: x10 aLIGO
• Earth‘s Surface; 
• 40 km arms
• Advanced LIGO Technology +
• Squeezed Light

Cosmic Explorer
40 km 

arXiv:1607.08697v3 [astro-ph.IM] 11 Sep 2016
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Space missions
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LISA in Orbit
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Pulsar Timing 
Arrays
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Idea: use pulsars as clocks 
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Spin-Powered Pulsars: A Census

• Number of known 
pulsars: 1765

• Number of millisecond 
pulsars: 170

• Number of binary 
pulsars: 131

• Number of AXPs: 12

• Number of pulsars in 
globular clusters: 99*

• Number of extragalactic 
pulsars: 20

Data from ATNF Pulsar Catalogue, V1.25 
(www.atnf.csiro.au/research/pulsar/psrcat; Manchester et al. 

2005)  

* Total known: 129 in 24 
clusters (Paulo Freire’s web page)
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P - P Diagram
.

• Millisecond pulsars have 
very low P and are very old
• Most MSPs are binary 
• MSPs are formed by 
‘recycling’ an old pulsar in 
an evolving binary system
• ‘Normal’ pulsars have 
significant period 
irregularities, but MSP 
periods are very stable

J0737-3039

.
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Pulsars and Gravitational Waves

• PSR B1913+16: Pb,obs/Pb,pred = 1.0013 ± 0.0021   
Precision of GR test limited by uncertainty in 
correction for acceleration in gravitational field of the 
Galaxy (Weisberg & Taylor 2005)

• PSR B1534+12: Pb,obs/Pb,pred = 0.91 ± 0.05 
Limited by uncertainty in pulsar distance;assuming
GR gives improved distance estimate (Stairs et al. 
2002)

• PSR J1141-6545: Pb,obs/Pb,pred = 1.05 ± 0.25       
(NS-WD system)   (Bailes et al. 2003)

• PSR J0737-3039A/B: Pb,obs/Pb,pred = 1.004 ± 0.014  
Expect 0.1% test in ~5 years!(Kramer et al. 2006)

PSR B1913+16

. .

. .

Orbital decay in high-mass short-period binary systems accounted for by 
loss of energy to gravitational waves. 

First observational evidence for gravitational waves!
Observed rates agree with the predictions of general relativity!

. .

. .
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R: Mass ratio
w: periastron advance
g: gravitational 
redshift
r & s: Shapiro delay
Pb: orbit decay

(Kramer et al. 2006)

Ø Four times as relativistic as Hulse-Taylor binary pulsar
Ø Detection of both pulsars gives the mass ratio of the two stars

Ø Have measured five relativistic 
parameters in just two years!
Ø Four independent tests of general 
relativity
Ø Consistent at the 0.05% level!

PSR J0737-3039A/B - the Double Pulsar
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Pulsar limits on the GW Background

• Gravitational waves (GW) passing over the pulsar and the Earth perturb the 
apparent pulse period

• Results in additional ‘noise’ in pulse arrival times (TOAs) and hence increased 
scatter in timing residuals (differences between observed and predicted TOAs)

• If no signal detected, can set a limit on strength of GW background

• Best limits are obtained for GW frequencies ~ 1/T where T is length of data span

• Analysis of 8-year sequence of Arecibo observations of PSR B1855+09 gives          
Wgw = rgw/rc < 10-7 (Kaspi et al. 1994, McHugh et al.1996)

• Extended 17-year data set gives better limit, but non-uniformity makes quantitative 
analysis difficult (Lommen 2001)

Timing residuals for PSR B1855+09
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A Pulsar Timing Array
• With observations of many pulsars widely distributed on the sky can in principle 
detect a stochastic gravitational wave background

• Gravitational waves passing over Earth produce a correlated signal in the TOA 
residuals for all pulsars

• Gravitational waves passing over the pulsars are uncorrelated

• Requires observations of ~20 MSPs over 5 – 10 years; 

• A timing array can detect instabilities in terrestrial time standards – establish a 
pulsar timescale

• Can improve knowledge of Solar system properties, e.g. masses and orbits of 
outer planets and asteroids

Idea first discussed by Foster & Backer (1990)
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Ø Clock errors
All pulsars have the same TOA 
variations: monopole signature

Ø Solar-System ephemeris errors
Dipole signature

Ø Gravitational waves
Quadrupole signature

Can separate these effects provided there 
is a sufficient number of widely 

distributed pulsars
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Detecting a Stochastic GW Background

Simulation using Parkes Pulsar Timing Array (PPTA) pulsars with GW background 
from binary black holes in galaxies

(Rick Jenet, George Hobbs)
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The Parkes Pulsar Timing Array Project
Collaborators:
Ø Australia Telescope National Facility, CSIRO

Dick Manchester, George Hobbs, Russell Edwards, John Sarkissian, John 
Reynolds, Mike Kesteven, Grant Hampson, Andrew Brown

Ø Swinburne University of Technology
Matthew Bailes, Ramesh Bhat, Joris Verbiest, Albert Teoh

Ø University of Texas, Brownsville
Rick Jenet, Willem van Straten

Ø University of Sydney
Steve Ord

ØNational Observatories of China, Beijing
Xiaopeng You

ØPeking University, Beijing
Kejia Lee

Ø University of Tasmania
Aidan Hotan
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• To detect gravitational waves of astrophysical origin
• To establish a pulsar-based timescale and to investigate irregularities in terrestrial 
timescales

• To improve on the Solar System ephemeris used for barycentric correction
• Modelling and detection algorithms for GW signals 
• Measurement and correction for interstellar and Solar System propagation effects
• Investigation and implementation of methods for real-time RFI mitigation

The PPTA Project: Goals

To achieve these goals we need ~weekly 
observations of ~20 MSPs over at least five years 
with TOA precisions of  ~100 ns for ~10 pulsars 

and < 1 µs for rest
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The PPTA Project: Methods
• Using the Parkes 64-m telescope at three frequencies (680, 1400 and 3100 MHz)
• Digital filterbank system, 256 MHz bandwidth (1 GHz early 2007), 8-bit sampling, 
polyphase filter
• CPSR2 baseband system 2 x 64 MHz bandwidth, 2-bit sampling, coherent de-
dispersion 
• Developing APSR with 512 MHz bandwidth and 8-bit sampling
• Implementing real-time RFI mitigation for 50-cm band
• TEMPO2: New timing analysis program, systematic errors in TOA corrections < 1 ns, 
graphical interfaces, predictions and simulations    (Hobbs et al. 2006, Edwards et al. 
2006)
• Observing 20 MSPs at 2 - 3 week intervals since mid-2004
• Looking to international co-operation to obtain improved data sampling including 
pulsars at northern declinations
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Sky Distribution of Millisecond Pulsars
P < 20 ms and not in globular clusters
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PPTA Pulsars
Name Period 

(ms) 
DM 

(cm-3 pc) 
Orbital 
period 

(d) 

Rms 
Residual 

( s) 

J0437-4715 5.757 2.65 5.74 0.12 

J0613-0200 3.062 38.78 1.20 0.83 

J0711-6830 5.491 18.41 - 1.56 

J1022+1001 16.453 10.25 7.81 1.11 

J1024-0719 5.162 6.49 - 1.20 

J1045-4509 7.474 58.15 4.08 1.44 

J1600-3053 3.598 52.19 14.34 0.35 

J1603-7202 14.842 38.05 6.31 1.34 

J1643-1224 4.622 62.41 147.02 2.10 

J1713+0747 4.570 15.99 67.83 0.19 

J1730-2304 8.123 9.61 - 1.82 

J1732-5049 5.313 56.84 5.26 2.40 

J1744-1134 4.075 3.14 - 0.65 

J1824-2452 3.054 119.86 - 0.88 

J1857+0943 5.362 13.31 12.33 2.09 

J1909-3744 2.947 10.39 1.53 0.22 

J1939+2134 1.558 71.04 - 0.17 

J2124-3358 4.931 4.62 - 2.00 

J2129-5721 3.726 31.85 6.63 0.91 

J2145-0750 16.052 9.00 6.84 1.44 

 

• 20 MSPs - all in Galactic disk 
except J1824-2452 (B1821-24) in 
M28
• Two years of timing data at 2 -3 
week intervals and at three 
frequencies
• Uncorrected for DM variations 
and polarisation calibration
• Five pulsars with rms timing 
residuals < 500 ns, all < 2.5 µs
• Best results on J0437-4715 (120 
ns) and B1937+21 (170 ns)

Still have a way to go!
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Dispersion Measure Variations

(You et al.,)

• DDM from 10/50cm or 20/50cm 
observation pairs
• Variations observed in most of PPTA 
pulsars
• DDM typically a few x 10-3 cm-3 pc
• Weak correlation of d(DM)/dt with DM, 
closer to linear rather than DM1/2

• Effect of Solar wind observed in pulsars 
with low ecliptic latitude
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The Gravitational Wave Spectrum
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Current and Future Limits on the 
Stochastic GW Background

(Jenet et al. 2006)

10 µs

Timing 
Residuals

• Arecibo data for PSR B1855+09       (Kaspi
et al. 1994) combined with subset of recent 
PPTA data
• Monte Carlo methods used to determine 
detection limit for stochastic background 
described by hc = A(f/1yr)a (where 
a = -2/3 for SMBH, ~ -1 for relic radiation,   ~ -7/6 for 
cosmic strings) 

Ø Current limit: Wgw(1/8 yr) ~ 2 ´ 10-8

Ø For full PPTA (100ns, 5 yr): ~ 10-10

• Currently consistent with all SMBH 
evolutionary models
• If no detection with full PPTA, all current 
models ruled out
• Already limiting EOS of matter in epoch of 
inflation and tension in cosmic strings
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NANOGrav

NANOGrav Collaboration, 2009.04496
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NANOGrav

NANOGrav Collaboration, 2009.04496
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NANOGrav

NANOGrav Collaboration, 2009.04496
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Ø Direct detection of gravitational waves (GW) is a major goal of current astrophysics -
it will open a new window on the Universe
Ø A pulsar timing array can detect GW from astrophysical sources
Ø Pulsars are sensitive to GW at nHz frequencies - complementary to ground-based 
and space-based laser-interferometer systems
Ø Parkes Pulsar Timing Array (PPTA) timing 20 MSPs since mid-2004. Goal is ~100 ns 
time residuals on at least half of sample, currently have five with rms residuals < 500 ns
Ø Current data improve the limit on the stochastic GW background by a factor of five. 
Full PPTA should detect the predicted background
Ø Expect pulsar-based timescale to have better long-term stability than current best 
terrestrial timescales
Ø SKA will herald a new era in the study of gravitational waves!

Summary  pulsars
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GW from Primordial 
Magnetic Field at QCD 

phase transition



MEPHI Lecture: Gravitational Waves

Pulsar timing arrays

A. Roper Pol et al., 2201.05630
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Pulsar timing arrays

A. Roper Pol et al., 2201.05630
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Pulsar timing arrays

A. Roper Pol et al., 2201.05630
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Gravitational signal from primordial 
magnetic field

A. Roper Pol et al., 2201.05630
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Primordiam magnetic field and SGWB

A. Roper Pol et al., 2201.05630
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SGWB from SMBH binaries

A. Roper Pol et al., 2201.05630
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Inter-Galactic Magnetic 
Field detection with 

gamma-rays
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Primordial 
magnetic field and 

cosmological 
model
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Produced spectrum of PMF

From R.Durrer and A.Neronov, A&A Rev. 21 62, [1303.7121].
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Early Universe evolution of  
spectrum of PMF

R.Durrer and A.Neronov, A&A Rev. 21 62, [1303.7121].



MEPHI Lecture: Gravitational Waves

PMF from inflation and phase 
transitions 

D.Green, T.Kobayashi 1511.08793
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MF before EW phase transition

A. Neronov and D.S., 2010.13571
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PMF from phase transitions 

R.Durrer and A.Neronov, A&A Rev. 21 62, [1303.7121].
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PMF limit from CMB

L.Jedamzik, A.Saveliev, PRL, [1804.06115].
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PMF and  CMB models

L.Jedamzik, A.Pogosyan, PRL, [2004.09487] H3=3 local H0 measurements.
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PMF and  CMB models

L.Jedamzik, A.Pogosyan, PRL, [2004.09487].
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PMF and  CMB models

L.Jedamzik, A.Pogosyan, PRL, [2004.09487].
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PMF and  CMB models

L.Jedamzik, A.Pogosyan, PRL, [2004.09487].
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Production of GW with MF in EW 
phase transition

C. Caprini et al., JCAP 0911 (2009) 001
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Nanograv
measurement
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NANOGrav measurement

Z. Arzoumanian et al., 2009.04496
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NANOGrav measurement

Z. Arzoumanian et al., 2009.04496
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NANOGrav measurement

Z. Arzoumanian et al., 2009.04496
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GW from QCD phase transition

A. Neronov et al., 2009.14174
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IGMF from QCD phase transition

A. Neronov et al., 2009.14174
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Multi-messenger 
observation of 
binary neutron 
star collision
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First multi-messenger observation: 
SN1987A
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Binary neutron stars
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Network for multi-messenger 
observations with GW
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Observation of binary neutron star 
merger
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Run 03
2018-2019
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Run 04 
2023-2024

Run 5
2026-2028
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VIRGO
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LIGO
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VIRGO
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KAGRA
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KAGRA
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Runs 4 and 5
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Summary
n 99 years after prediction by Einstein,  

gravitational waves was detected from 2 black 
hоles merger in 2015. 

n In 2017 extraordinary event of binary NS 
merger proved heavy element production and 
challenge gamma-ray models.

n This field has great future, first detections just 
started. Run O4 statistical properties of BH-BH 
and several NS-NS



MEPHI Lecture: Gravitational Waves

SEMINAR
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NS-NS merging time
G=6.67*1e-11 m^3/kg/s^2
1au=150 Mkm=1.5e11 m
c=300 000 km/s=3e8 m/c
M=M_sun=10^33 g=10^30 kg

G*M/c^2/a=6.7-11*10^30/9/10^16/1.5e11 
m^3/s^2/m^3*s^2

G*M/c^2/a=5*10^-9
T=5/256/2*1.5e11/3e8 /(5e-9)^3  sec= 5*8 10^24 

sec =1.5 10^18 yr>> t_U


