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Gravitational wave detections
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The future gravitational wave universe
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GR: a beautiful and successful theory

GRis highly non linear but:
o well-posed in harmonic coordinates [Choguet-Bruhat, 1952]

o not been challenged until now
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Sanger et al. 2024
But we still try to go beyond... why?

o to better understand gravity & compact objects

o to answer fundamental physics questions (quantum gravity, beyond SM)

o to explain cosmology inconsistencies

LUX @ g | psLx o1



Limitation of current tests
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LIGO-Virgo ‘21

o agnostic searches: h(f) = A(f) e¥»H+ounh) | W, = {6¢_20.7)

o parametrized deviations from GR PN waveforms
o no deviations from GR
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LIGO-Virgo ‘21

o agnostic searches: h(f) = A(f) e¥»H+ounh) | Y, = {6¢_20.7}

o parametrized deviations from GR PN waveforms
o no deviations from GR

o limited theory-specific tests, ex:

ST theories: 3PN dynamics, 2.5PN radiation, NNLO tides
EsGB, Chern-Simmons: LO correcion, including spin
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Question
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But:
* we can miss some deviations

* no systematic way to connect deviations to new physics
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* we can miss some deviations
* no systematic way to connect deviations to new physics
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What if we had a dictionnary?

Should we detect a small deviation from GR in a gravitational waveform,

what can we infer from it?

(or... towards building more realistic GW tests of GR)

cnrs
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The effective field theory of gravity

2p-2
R+ ag MY RP
p=3

S=2A2fd4x\/—_g

o M,: typical scale of new physics
o RP ~ (R_)P: products of p Riemann tensors

o ex. cubic gravity

3 = pach p 1Y poaf p W poa p 1
RY = Rypr PR+ Runpr R7P RS + €00y Riypr RVP R,

o we can allow for additional derivatives or new fields: {W, v, R(P")}

o ex. EsGB gravity

UG =y [R = 4R, R” + Ryppe R




The goal: building a dictionary

We want to determine:
o the scaling with respect to the curvature correction: ¢(p)

o the leading PN contribution of new physics: n(p)
Mp\? (v
h~h .5.(_) N D RS
GR o (C2 »)

o m characteristic mass of the system ~ lightest component
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> stronger for low mass systems: higher curvature
> stronger in the inspiral




The goal: building a dictionary

We want to determine:
o the scaling with respect to the curvature correction: ¢(p)

o the leading PN contribution of new physics: n(p)
Mo\ (V)
h~h .5.(_) N 1 R
GR 70 (02) P

o m characteristic mass of the system ~ lightest component

> stronger for low mass systems: higher curvature
> stronger in the inspiral

We will use a perturbative expansion valid forv < cand G < 1
together with a diagrammatic approach




The Jdifferent methods

(credit:Ana Carvalho)
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o Inspiral-Merger-Ringdown (IMR): effective-one-body, phenomenological &
surrogate models
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The different methods: gravitational self-force

(credit:Ana Carvalho)

m

body zane
“m) 5’
glon gravitational self force scattering

extemal univarse {7 ~ M)

Self force: co— £
: : my asymmetric 8
o expansioning = - < 1 KN
%,
o resonances, par ex. 2:3 ° _,
(1) " e
equal separation circular

o0 o o
close far
Numerical relativity:
o solving the full Einstein equations

o computationally expensive

I Markin, T. Dietrich, H. Pfeiffer, A. Buonanno (Potsdam University and Max o add spins, eccentricity, etc.

Planck Institute for Gravitational Physi
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The different methods: post-Newtonian

Near zone

(credit:Ana Carvalho)

Exterior zone

gravitational self force
Buffer zone

.
etri
asymmetric »

separation

Current state-of-the-art:
o 4.5PN for p.p.
o NNLO for tides
o ~ 3PN for spins

Tanay et al. '23
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Post-Newtonian vs post-Minkowskian formalisms
Traditional PN: direct iteration and integration in the direct space

Effective Field Theory: diagramatic and integration in Fourier space

EEELAANT]

(b) (0) (d)

b) (M) )

Figure 4: Diagrams contributing at order G4m‘l‘)\;o)

Scattering amplitudes: PM expansion, diagrammatic and integration in Fourier

space
OPN 1PN 2PN 3PN 4PN 5PN 6PN 7PN
1PM (1 + [ + ot + af + + o + o2 + M + ) Gt
2PM (1 + + ot + o° + + |0 +  ot? + ) &
3PM (1 + ? + ot + o + + ol + ) &
4PM (1 + + ot + b + P + ) &
5PM (1 + [ + ot + 28 + ) &
6PM (1 + + ot + ) G

Comparison table of powers used for PN and PM approximations in the case of two non-rotating bodies.
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The PN-EFT algorithm

It relies on a hierarchy of scales
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The inner region

Integrating out the internal dofs: one-particle EFT

Point particles

Spp = — mafdfa
12

=
rs
o In presence of scalar field:

maw=m 3 5 (3]

n=0

1
(qu‘ld) Zmafdt —Evz—g a+—[(l+fv2)d) A, —2v’v$0',,J+ }

MMy ikx L m
—_j— dt A e e
* lAf fke BN
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The inner region

Integrating out the internal dofs: one-particle EFT

Point particles

Spp = — mafd‘ra
=12

a
rs
o In presence of scalar field:

(a)

mawy=m, 3 (4]

n>0

Spinning point-particles

1
S spin = fd‘r [pﬂu" + ES#VQ”V] s ‘

$*p, =0 (spinsup. cond.) < )

servatoire | pg) gy O



Beyond point particles: finite-size effects
Gravito electric and magnetic tidal Love numbers

Stid, = fd‘r [Cg)ELEL + Cg)BLBL] , Ep= _VL—ZCﬂlil/Jylu-upuo-

o v\ 10
* effacement principle: starts at 5PN ~ cgp - (f)
@

* BHsin GR: ce=cp=0
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Beyond point particles: finite-size effects
Gravito electric and magnetic tidal Love numbers

Stid, = fd‘r [Cg)ELEL + Cg)BLBL] , Ep= —VL_ZCM?”JV,U-M‘”MU

10
* effacement principle: starts at 5PN ~ cgp - (E)
* BHsiNnGR:cp=cp=0

Scalar tidal Love numbers
o scalar dipole moment &; « d;y = scalar-induced tidal deformability

Suaat = -3 ;2 f dra {2 @) (VE0), (VE), + 10 ) (VE0), (ED))

o new PN scaling: starts at 3PN, computed up to NNLO [E.Dones+ 24, '25]
o dimensionless scalar tidal deformability: &k = 1;—; —> enhanced effect
© 0 R
Vi o< D Voo -di) k- =5
a#b

* more important at low frequency or highly scalarized objects
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Different types of tidal effects
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The near zone
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The potential modes are off-shell: k = (w, k) ~ (v/r, 1/r), w < |k|
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The wave zone

The radiation modes are on-shell: k = (w, k) ~ (v/r,v/r), |klex. < |klin.

Setf d4x Tab Eub

T 2A

1 = . . . o
Ny u — . @ i,y o
7 2A IZ(; I fd XXX 2 By

Agw>r

source moments




The wave zone
=(w, k) ~ /1, v/1), |klex,. < |Klin.

The radiation modes are on-shell: k&

S d*x T hy,
eff = 2A
ZAZ i fd*xT“"(z X)X - X By
Agw>r
source moments

1 m Gmm, ; .
b 12 i
FE) ——fdl (— Jl " nn’)mj

eﬂ rad A
IR [Hri,.z] .
2A dr? Y

mass quadrupole: Q;;

cnrs




An example: Einstein-cubic gravity

Sbulk =2A fd4x V—E8 [R + Q3 Mi R(S) +ﬁ(3) Mi ﬁ(—?) +Y3) Mf\ *RG)] 5

with s . .
RP = Ruypca R R,
R(3) = Rabcd Rbgde Rgaec
(3
R( ) = G RCdgf Refgh Rg hab
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An example: Einstein-cubic gravity

Sbulk =2A fd4x V—E8 [R + Q3 M}t R(S) +ﬂ(3) Mi ﬁ(b +Y3) Mf\ *RG)] 5

with
R(3) - Rab(‘d Rcdef Rgfab
ﬁ@) = Ruped Rbede Rgaec
*p(3
R( ) = €wed R(‘def Refgh Rghab

Some remarks
* the dual term *R® adds a factor v ~ 0.5PN order

o some algebra

Gy = RO-28®

5 3 e :
ZR3 — 9RRR,, + ZRR"”“’RW.,, + 8RR ‘Ry. + 6R™Repg R

o each term « R, R, can be removed by field redefinitions

> only one dynamical term (in vacuum)




A note on Ricci-Kretschmann Lagrangian
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A note on Ricci-Kretschmann Lagrangian

Sk = 2A2 f d*x V=g [R + AM} R RypeaR"|

o can be optained from GR by redefinition of the metric

Ser+S — Srr +Sp + S
GR pp RK pp tid

8ab—8L=8ap(1+A MAR(2))

with Sy =X, ~4mA M} [dr,(E? - B?)

(a) _ 4
* we get Cprx = —4ma/lMA




A note on Ricci-Kretschmann Lagrangian

Sk = 2A2 f d*x V=g [R + AM} R RypeaR"|

o can be optained from GR by redefinition of the metric

Ser+S — Srr +Sp + S
GR pp RK pp tid

8ab—8L=8ap(1+A MAR(2))

with Sy =X, ~4mA M} [dr,(E? - B?)

(a) _ 4
* we get Cprx = —4ma/lMA

o we expect from GR (in vacuum): 6V = Vgg + Viig. = 0




An example: Einstein-cubic gravity

Sbuk = 2A fd“x V-8 [R +a@ My R + By My ﬁ@] :

Ryypo ~ 62¢

4 M4
5@ 5 A fd4x
A

cub

3(dag) +B3)) V2P 0eadd ™ + B3y (V29)°

~4(2a0) +B80) ﬁhi)‘¢ﬁac¢6“”¢]

4
ML 3

1
i
A ”TA;(C’@)’,B@))




Binding potential and radiation

Spulk = 2A fd4x V=8 [R+a) M RY + By MARO)|

The binding potential

-
G G(my + G My\* 0!
Vs =9 mymy G(my 2ml) ( 2/\) Be) /I‘\
r rc rc & o

This is a 5PN effect




Binding potential and radiation

Spulk = 2A fd4x V=g [R +a@) My R + Bz My RO)|

The binding potential

_
G G(my + G M\ ¢
oVew. =9 W?mz (mjcz ) ( rczA) B 1)‘\
e, Ne
The radiation
1 M .. GM . . _—
S(?b)d :_fdt{__ rri =363 ——n'n’ | oy p
eff, ra 2 )3 i ﬁD a
A ok h————\,—————/r ) Ir\f\}\?/\/“
6Qij ol
[ W—
2 142 o
— 27ﬁ(3) r6 n’nJO',-j }

[Cannella et al. '09, Lins & Sturani '21]

This is a 5PN effect




But... tidal effects

Unlike in GR, BH Love numbers are not necessary zero in higher curvature

gravity
s
S tidal = — Z dea Cg) E,E®
a=1,2
with E.p = Copeq u° u!
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But... tidal effects

Unlike in GR, BH Love numbers are not necessary zero in higher curvature

gravity
s
S tidal = — Z dea Cg) E,E®
a=1,2
with E.p = Copeq u° u!

o Love numbers are sourced by the higher curvature interaction

coho (2 (2]

m 'y




But... tidal effects

Unlike in GR, BH Love numbers are not necessary zero in higher curvature
gravity

rs
S tidal = — Z dea Cg) E,E® Q
a=1,2

with E.p = Copeq u° u!

o Love numbers are sourced by the higher curvature interaction
Ao ) )
Cp — ) |—
£ & m 'H
* asin GR, tidal effects give a 5PN correction

6G>m?
Vig=—cf —=+(1 2
r

> exactly cancel Ve, for ¢ = 2145 M7}




A note on Ricci-Kretschmann Lagrangian

Spx = 2A2 f d*x—g [R +AM RRWRW]
remember: R® — 2R3 = I RRUAR 0 + ...

o can be optained from GR by redefinition of the metric

SGR+SPP —> SRK+Spp+Stid

8ab 8.y, =8ab(1+AR(8))

with Sia = X, —4m,A [ dr, (E? - B?)

* we recover ¢y’ = =3¢ o = 3mA My,
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A note on Ricci-Kretschmann Lagrangian

Spx = 2A2 f d*x—g [R +AM RRWRW]
remember: R® — 2R3 = I RRUAR 0 + ...

o can be optained from GR by redefinition of the metric

SGR+SPP —> SRK+Spp+Stid

8ab 8.y, =8ab(1+AR(8))

with Sia = X, —4m,A [ dr, (E? - B?)
* we recover ¢y’ = =3¢ o = 3mA My,
* binding potential

2 g4
3 mm; M,

Vi, & oo B A
b T T8 T 6 AR
Voo = 3 m% CE
19T TS0 6 A
> as expected (in vacuum): 6V = Ve, + Vg, [ Wilson-Gerow '25]
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The dictionary - generic case

S =2A2 f d'x V=g {R + > e MY [V, ‘R(”")]}

p=3

V2 3p-r—4 M, 2p-2
‘WNVN'(:z) (5] aw

2\ 3p-r—4 2p-2
T T v My
Ohij ~ hi; |N'(—) ’ —)

[07
Cz »)
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The dictionary - with an additional scalar field

S =2A? f d*x \/—_g{R -~ %V{,w"w + By M £ [(V00)3 (7 Riemd)]}

2 )2p4+d+b M, )2@71) _

5V ~ V- (c_z By (d)

o linear coupling in the scalar field (@=0,b=1)
o d = (MA/ma)ZI”Z,E(p);lfll) for a linear coupling in y:

o no derivative n > 2: different dependency in the coupling

° forn=2,woc,8(1]£)2

o forn >, ¥ « ﬁqL = breaking of the EFT
(2]

o with derivatives, no simple scaling in j,,

servatoire | Dg) g OIS



The dictionary - some examples

5 =2A2 f d*x =g {R = %vawvw +a(p) MY f(Ve.0): (V°. Riemd)]}

tit
Suantty scalar+quadratic cubic quartic
Ap)
243 2 215 4 21\ 8 6
M M M
e | (2] 0 (20 (22
(& m (6 m C m
Y\ My v\ My v\ (M
oo | (3 (T 0 (5] (3] 2
(& m (& m C m
Y M2 Y MG Y MG
o | (-0 (3]0 (35
(& m & m C m
V2 }
thC (5_2) 'da — =
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Final comments

m

2 5.3p—4 My \2P~2
penano () (),

o leading correction at 5PN if no extra degree of freedom
o there can be additional cancelations increasing the PN order
o if extra degrees of freedom:

o scalar tidal effects start at 3PN
o PN and new physics orders: n(p) = 3(p — 3), q(p) =2(p - 1)

o dependence of the scalar charge w.rt. the new physics coupling
more involved




Final comments

2 5.3p—4 My \2P~2
N b B ) R

(e]

leading correction at 5PN if no extra degree of freedom

there can be additional cancelations increasing the PN order

o}

[e]

if extra degrees of freedom:

o scalar tidal effects start at 3PN
o PN and new physics orders: n(p) = 3(p — 3), q(p) =2(p - 1)

o dependence of the scalar charge w.rt. the new physics coupling
more involved

* systematic way to distinguish new physics from systematics

* can be directly integrated into existing data analysis methods




Thank you!
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