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The gravitational chirp of binary black holes
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Binary neutron star event GW170817 (1icovirgo 2017

Normalized energy

t

=]

=20 -15 -10
Time (s)

@ The signal is observed during ~ 100s and ~ 3000 cycles and is the loudest
gravitational-wave signal yet observed with a combined SNR of 32.4

@ The chirp mass is accurately measured to M = p3/°M?/5 = 1.98 M,
@ The distance is measured from the gravitational signal as R = 40 Mpc
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Post-merger waveform of neutron star binaries
[Dietrich, Bernuzzi, Bruegmann, Ujevic & Tichy 2018]
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The advent of multi-messenger astronomy
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@ The gamma-ray burst has
been detected 1.7 second
after the instant of merger
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@ This is the closest gamma-ray
Lightcurve from INTEGRAL/SPI-ACS . .
120000 1 (> 100 keV) burst whose distance is
117500 known and is pl’Obably seen
off-axis with respect to the
relativistic jet

Event rate (counts/s)

Frequency (Hz)

—4 =) 0
Time from merger (s)

Luc Blanchet ( o] GW theory



Speed of gravitational waves versus speed of light
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@ The observed time delay
between GW170817 and
GRB170817A gives a
strong constraint
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@ This eliminated a series
of alternative theories
[Bettoni et al., Creminelli & Vernizzi 2017]
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Test of the strong equivalence principle pei & kahys 2016]

The test involves the cumulative Shapiro time delay due to
the gravitational potential of the dark matter distribution

The violation of the equivalence principle is quantified by a
PPN like parameter ~, depending on the type of radiation
a = GW, EM. For a spherical mass distribution

GM D
Atghapiro T (]— aF A/a)cig In <?>

The main contributions come from the galaxy NGC4993
and our own Galaxy with mass Myw = 5.6 10'* M,

Assuming an isothermal density profile for dark matter
this yields about 400 days delay in GR

The observed difference in arrival time At = 1.7s yields observer

lvew — vem| S 1077 ‘
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Methods to compute gravitational waves

merger phase
inspiralling phase numerical relativity
post-Newtonian theory
ringdown phase
BH perturbation

/ theory
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The inspiral-merger-ringdown models
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These models interpolate between the different phases play a crucial role
@ The effective-one-body (EOB) approach [Buonanno & Damour 1999]
@ The inspiral-merger-ringdown (IMR) [Ajith et a/. 2008]

{PN parameters; (2,03 ; ag,a3,04 }
— - & S—

inspiral intermediate merger-ringdown
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Measurement of PN parameters [icovie
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Inspiral-Merger-Ringdown consistency test [ico/vieo
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Quadrupole moment formalism [Einstein 1918; Landau & Lifchitz 1945]
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@ Einstein quadrupole formula

dE\® _ G [dQy 40y Lo (2)
dt 5¢5 | dt3  d#3 c

@ Amplitude quadrupole formula

2G ( d2Q;; R fl’ 1
TT 1
iy :E?,{ e (’f“>+0( )} +O(R2>

© Radiation reaction formula [Chandrasekhar & Esposito 1970; Burke & Thorne 1970]

which is a 2.5PN ~ (v/c)° effect in the source’s equations of motion
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Radiation reaction and balance equations

© Conserved Newtonian energy in the source

E = /dgxp[ —I—H—%}

@ Eulerian equations of motion in the source

FVeaC
i e
dvi e T
i, o MESU
P 3t I o e

© Energy loss is due to the work of the radiation reaction force

+ total time derivative

dE d3 . freac — ‘_Cid?’Qij dBQij
e Be® i el

@ Obtain the balance equation after averaging over one period

G = = o= [wat— [Za
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Application to CompaCt binal’ies [Peters & Mathews 1963; Peters 1964]

a semi-major axis of relative orbit
e eccentricity of relative orbit

w = 2% orbital frequency

M=m;+m ! 1l
MZ—‘mmAZ;Q N

Averaged energy and angular momentum balance equations

() = —(FEHI S - —ge)

are applied to a Keplerian orbit (using Kepler's law GM = w?a?)

(AP, _ 1927 (2nGM VR
dt Bes /o e c2)iee
de 6087 e [2nGM\"/® 14 1Z¢2

R T e 304
dt 15¢5 P P (1 — e2)5/2
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Orbital phase evolution of compact binaries

[Dyson 1969; Esposito & Harrison 1975; Wagoner 1975]

@ Compact binaries are circularized when they enter the detector's bandwidth

Mc? 32¢°
Bh—— 2C 0 .FGW:€%1/2335
where z = (%)2/3 denotes a small PN parameter defined with w
@ Equating 51(% = —FCW gives a differential equation for z
Sy A NGRS petiy @ 96v (GMuw\*?
— = ——x — =—v
dt 5 GM w? 5 c?

© This permits to solve for the orbital phase

qb:/wdt:/gdw
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Orbital phase evolution of compact binaries

[Dyson 1969; Esposito & Harrison 1975; Wagoner 1975]

@ The amplitude and phase evolution follow an adiabatic chirp in time

a(t) = (@ GBMSV(tC 3 t)) 1/4

5 cd
1 (256 v Sl
é(t) = ¢ — 390 (TG_M(tC = t))

@ The amplitude and orbital frequency diverge at the instant of coalescence ¢,
and the merger phase is to be described numerically
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The quadrupole formula works for GW150914

o The GW frequency is given in terms of the chirp mass M = ;3/°M?/° by

—3/8

g

™

256 GM5/3
[5Cv5(tc ™ t)]

@ Therefore the chirp mass is directly measured as

5 @ —11/3 § o

which gives M = 30M, thus M > 7T0M,
e The GW amplitude is predicted to be!

5/6 -1/6
100 M 100 H
B ~ 4.1 x 10~22 (1\/;) ( OOR pc) <f00 Z) ~ 1.685¢ 10-2L
(O] L merger

@ The distance R = 400 Mpc is measured from the signal itself [Schutz 1986]

Lhest ~ hv/N where N ~ w? /& is the number of cycles around frequency w
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PN parameters in the orbital phase evolution
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@ The PN parameters come from a mixture of conservative and dissipative
effects through the energy balance equation

conservative energy

d E
" ]:GW
dt
dissipative energy flux
@ The orbital phase ¢ = [ wdt is obtained as a function of z = (Gggw)Q/B and

: e
the symmetric mass ratio v = g

—5/2

Z (goppN(u) + go;l,l,\,(u) log m) zP + O[(log z)?]
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The knOWﬂ 3.5PN parameters [Blanchet 2014 Living Review in Relativity]

They are computed with the Multipolar-post-Minkowskian-PN formalism

PoPN
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effects in PN parameters

wopN = 1
P1PN = %52 +
p15pn = | =107
popy = 15203365 , 27145, | 3085, 3
‘P%PN (e e
pspy = LZ4BOLL0%6451 _ 16072 17L2, 342419
(- SR o)+ 8
ngN = _%
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tail terms
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The gravitational wave tail effect (sinchet & pamour 1988, 1992]

field point

@ In the near zone (4PN effect)

LGN dedt’ :
il (d (3) (yr
S S 508 // | t’| z] Izj (t )

@ In the far zone (1.5PN effect)

. 4GGM [* —
Rgl= 2o | WIPE)h (u - )
RO

matter source
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Diagrammatic expansion in EFT
Effective Field Theory

_:
o
PN

Post-Newtonian

@ emission from a quadrupole source

o tail effect in radiation field (1.5PN)

@ non-linear memory effect (2.5PN)

o radiation reaction (2.5PN)

o tail in radiation reaction (4PN)

The EFT is equivalent to the traditional PN at the level of tree diagrams
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effects in PN parameters
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Toward 4.5PN parameters

@ The 4.5PN term is also known and due to the 4.5PN tail-of-tail-of-tail
integral for circular orbits [Marchand, Blanchet & Faye 2017; Messina & Nagar 2017]

_ (_ 93098188434443] 802 | 1712 3424
[P4.5PN _< 150214901760 | T3 & T op JE + 57 In2
4 [L492017260735 _ 2255,2) ,, _ 452083352 103257553
1072963584 18 1016064 1596672
Q=1 il-of-tail-of-tail
Vizen = tail-of-tail-of-tail terms

@ However the 4PN term is only known from perturbative BH theory in the
test-mass limit v — 0 [Tagoshi & Sasaki 1994; Tanaka, Tagoshi & Sasaki 1996]

— 2550713843998885153 __ 452452 _ 9203 252755 | 9
PaPN = T 9514468081745920 756 126 'E — T2646
78975
B el O(v)

l
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The 4.5PN radiative quadrupole moment
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The source type multipole moments

Following the matching between the near zone and the exterior zone

4(20+ 1)

1
)B ol =
/1dz{5ga?LZ— =
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¢+ 1)(20+3)
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Op41 Zir 25 :
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2041 E ) TZ
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R i
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c c

where 7" represents the PN expansion of the matter + gravitation stress-energy
pseudo tensor (a priori valid only in the near zone)
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The 4PN mass type quadrupole moment

[Marchand, Henry, Larrouturou, Marsat, Faye & Blanchet 2020]

@ Using dimensional regularisation for UV but Hadamard regularization for IR

i

g W 13 UMD & 18395 1 o412
A_1+'Y( 42 14”)‘*‘7 ( g 1512 Y 1512’/)

3( 395809 _ 4281, (r 3304319 441 (

pia s ( 13200 — 105 ln(m) i [ 166320 3 ln(ré)}y—i_ )
3PN terms

4(_ 1023844001989 | 31886 1 ( ) 4 ...

ot ( 12713500800 1 2205 hl(ro) 0 )
4PN terms
2.5PN and 3.5PN terms

g 4096 _ 24512
Olsm s ( 315 945 ”)

@ This result has to be completed by dimensional regularization for the IR
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The 3.5PN gravitational-wave (¢, m) = (2,2) mode

+o0 4

o S SN (=

(=0 tin=="7
@ The modes can be compared directly with results from numerical relativity

@ The dominant mass-type quadrupole mode is

H*? =1 +x(—%7 + %V) + 232
+ 2% (-2 _ 1069, 4 2047, 2) +x5/2(f—lg? —24iv+ 3Ty)

1512~ 216 1512
3 [ 27027409 _ 856 428 7: | 2w
A ( 646500 105 Et o5 1 T 53
_ 278185 , 4lx®) ., 20261,2 , 114635 3 _ 428
+< 33264 T 96 ) gk o702 ¥ T, 1n(16:n))

+a"2 (20 4 (R + 4B v+ (F - SR V)

@ The (¢,m) = (2,2) mode at 4PN order is in progress

IPhU  29/42
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The 3PN current type quadrupole moment

[Henry, Faye & Blanchet 2021]

@ We need dimensional regularisation for the UV but Hadamard regularization
is sufficient for the IR

@ To apply dimensional regularization we define the decomposition of a tensor
into irreducible pieces in d dimensions (where we do not have the usual S
to define the current moment)

@ The mass moment [y, is given by the usual STF moment, but the
generalization of the current moment involves two tensors J; 1, and Kjj1,
having the symmetries of mixed Young tableaux

1 =[oe] -]
ek i, __ | 2o [Te—1fte—2f --
Ji|L_ ZZ- Kij]L— G Ra Rt

e

@ The tensor Kjj, is absent in 3 dimensions

(AT, (27 1 d 2 o) (LeE e
2000+ 1)(£ — 2)!

#(components) =
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The 3PN current type quadrupole moment

[Henry, Faye & Blanchet 2021]

o After dimensional regularization and renormalization

Jij = —pA [AL“xﬂ +} Lo (;)

2
A:1+7(%_§V>+72(1_3_@ i )+

A 7521 Siles
@ The corresponding (¢, m) = (2,1) mode at 3.5PN order reads
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Constraining the neutron star equation of state
[LIGO/Virgo 2017]
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Equations of motion of N extended bodies

st = 73,((i) oF Z(E=i0)
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Equations of motion of N extended bodies

@ The Newtonian equations of motion of extended (spinless) bodies are

effect of the quadrupole moments

13y,1 ik ik o’ h
mamb <7"ab) i 2 (ma TR > 3xgax£8x’; Tab

@ The conserved energy of the N-body system is the sum of the internal
energies E, and of the orbital contributions

1 G Tl i
E:Z{Ea+2mav2—52mamb i 5QZJ g;ﬂ}
a b#a

G

b#a

Tab

© The tidal quadrupole moment felt by the body a is

» 0%U, G
G = ———  where U, = Z G
B, = Tab
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Equations of motion of N extended bodies

@ The coupling of the quadrupole moments with the external tidal field G/
implies a variation of the internal energy given by
@B, -l age g
— S @
dt 2Q“ G

@ Neglecting tidal dissipation we assume that the quadrupole moment is
aligned with the tidal field

Qd = paGd
where p, is a deformability or polarizability coefficient
© The conserved energy of the system simplifies in this case

55 {imot- S5 2 2 gygy]

Tab

@ Very importantly the dynamics admits a Lagrangian formulation

i — Z{ mav> + — Zm“mb Ha gwgw}
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GW flux of extended two-body systems

@ We compute the GW flux using the quadrupole formula, where the total
quadrupole moment of the system is (2! = ¢ — %)

orbital quadrupole moment

% LS. » i
Q¥ = my(s'al = 589r%) +Q¥ + QF

@ For two bodies moving on a circular orbit this yields

32G4622

5
R 557"me [1+6(m%A1+m3A2)Gm}

r5cl0

© The internal structure is characterized by the dimensionless parameter

e Opa _ gka @Rq\’
CEimd v 3 Gmg,
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Influence of the internal structure on the phase

: PGl GW :
© Applying the energy balance equation 3 = —F~" we obtain the

modification of the phase due to the internal structure as

5PN effect
¢_¢_L5/2 1_‘_@[\5 _ (Gmw i
BT 37 g " gl

@ The tidal interaction on two bodies moving on a circular orbit depends on
[Flanagan & Hinderer 2008]

3
mlAl-I- (

mA

A ! E (ml + llmQ)
w5

© The effect of the internal structure is formally a very small effect for compact
objects comparable to an orbital correction of the order 5PN ~ 1/¢!°
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Dominant quadrupole tidal effect in BNS

@ Tidal contribution to the GW chirp
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RlasMso. S 1811 km o The polarizability A depends on the source
O S0 10 L0 W 200 s mass of the NS (for a given EoS) while the
1

point-particle part of the signal depends
on the redshifted mass
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Effective action for compact binary systems

@ Hierarchy of length scales in a compact binary system

GW
¢a<<)\(;wN%

Vo <

@ The Newtonian result can be reformulated as an effective matter action

point-particle action internal structure effect

efF = Z/dt[ mav Sipt Z Gmb %géj gtizj ]

Tab
#a N————
5PN
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Effective field theory for extended compact objects

[Goldberger & Rothstein 2006; Damour & Nagar 2009]

@ Matter action with non-minimal world-line couplings

¢ A2
eff—Z/dTa{ ma+22€'|: @ ( ) —i—m &gﬁ(HL)}—i—}

mass type current type

polarizability polarizability

o Tidal multipole moments [Thorne & Hartle 1985; Zhang 1986]

g%:_[v(, s

b Vi, O i),

a b e ~ DR ~ o
Hi =2 {Vm Ve Cze_lgmo]a
where CO ., are the components of the Weyl tensor C),, ., projected on a

local tetrad and evaluated at the location of the particle using a self-field
regularization
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High-Order PN tidal effeCtS [Henry, Faye & Blanchet 2020abc]

A recent result is the orbital phase (in the stationary phase approximation) at the
next-to-next-to-leading order for equal NS binaries on circular orbit

NLO
Yridal = —%Uﬁ{ﬁ@) L (%12#(2) = 3700(2)>

~(2),,3 4 (379931975~ 935380 =(2) | 500 (3) ) 4
T < Lisrosos AC) + Gosse 00 + 1A ))”

NNLO

208 72 592 ~(2 5
—W(mu( ) 4 3925( ))U }
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High-Order PN tidal effeCtS [Henry, Faye & Blanchet 2020abc]

A recent result is the orbital phase (in the stationary phase approximation) at the
next-to-next-to-leading order for equal NS binaries on circular orbit

NLO
ion =~ 002 { 9 + (2 + 50)7

~(2) )3 379931075 ~(2) | 935380~=(2) | 500 4
—mfi P + ( Lisrosos B + Taag 0D + G ))

NNLO
ﬂ(%ﬁ@) + %5(2)>v5 } tails
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