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Gravitational wave detections
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Current tests of gravity

> Parametrized vs specific theories tests: h(f) = hgr(f)e /)
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Constraints on tidal parameters

> From GW190425:

= PhenomPv2NRT === TaylorF2 —— PhenomPv2NRT prior
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A bright future

> Einstein Telescope
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> Multiband (LISA, CE) and multimessenger astronomy (EHT, ...)



The zoo of alternative theories of gravity
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Testing gravity

Parametrized vs specific theories tests

Challenges for modelisation of strong-field effects beyond GR,
specially for analytical models

tidal effects, scalarisation, boson clouds, etc.



Scalar-tensor theories of gravity

Hairy or scalarized solutions
o ex: minimally coupled scalar-tensor theories S o [ ¢R + (96)?

> Spontaneous scalarization > Dynamical scalarization
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Scalar-tensor theories of gravity

Hairy BHs but no hair for NSs solutions (i.e. ¢ o< )
ex: Scalar-Gauss-Bonnet theories S o< [ R+ (9¢)? + af(e)Rip

Hairy NSs and no hair for BHs
ex: minimally coupled scalar-tensor theories S oc [ ¢R + (3¢)2
Hairy BHs and NSs



Scalar-tensor theories of gravity

Hairy BHs but no hair for NSs solutions (i.e. ¢ o< )
ex: Scalar-Gauss-Bonnet theories S o< [ R+ (9¢)? + af(e)Rip
Hairy NSs and no hair for BHs

ex: minimally coupled scalar-tensor theories S oc [ ¢R + (8¢)2
Hairy BHs and NSs

Non-perturbative regime

ex: dynamical scalarization
numerical relativity tools

Perturbative regime
scalarized NSs slowly evolving (adiabatic approximation)

EFT description of dynamical scalarization,
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Testing gravity

Parametrized vs specific theories tests

Challenges for modelisation of strong-field effects beyond GR,
specially for analytical models

tidal effects, scalarisation, boson clouds, etc.

what method: EFT, amplitudes, classical PN 7

Degeneracies with other effects, ex: tidal vs eos for NSs

with LIGO-Virgo, LISA, 3rd generation detectors ?
using multimessenger astronomy (EHT, NICER) ?



Gravitational wave modelling
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> New in the game : scattering amplitudes

Credits: H. Pfeiffer

> Putting it all together : effective-one-body, phenomenological models



The different problems
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Hypotheses - 1

— Near zone

Exterior zone

Buffer zone

Post-Newtonian source

> Isolated, compact support, smooth T#”

1 > slowly moving

> weakly stressed




Hypotheses - 2

Near zone

Exterior zone > Isolated, compact support, smooth

> slowly moving

Buffer zone > Weakly stressed

Boundary condition at infinity

> no incoming radiation at past null infinity
o in practice: stationary source in the past

% [hO‘B(x, t)] =0 when t< =T



Hypotheses - 2

Near zone

Exterior zone > Isolated, compact support, smooth

> slowly moving

Buffer zone > weakly stressed

Boundary condition at infinity
> no incoming radiation at past null infinity

o in practice: stationary source in the past

% [ho‘ﬁ(x, t)] =0 when t< =T

o asymptotically “simple” at future null infinity



Hypotheses - 3

External tidal field gij = — [aierxt}A



Hypotheses - 3
@

External tidal field &; = — [0;jUext] 4
Response o
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> Adiabatic approximation: Q;; = —2ky R° &;;

> kéA): dimensionless of body A



Hypotheses - 3
@

External tidal field gij = — [8ierxt]A

Response

M 1/ RO\ .,
U = = 3 <1 + 21,-2r5> Eijata?

> Adiabatic approximation: Q;; = —2ky R°&;;
> kgA): dimensionless tidal Love number of body A
Effacement of the internal structure
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The point-particle approximation is valid up to 5PN in GR



The point-particle description

Spp = —cZ/dTAmA
A

Point-particle equations of motion

dV1 Geff mo n AIPN AzPN + AgpN
—_ = 12
dt ri, c? ct 8
N—_——

conservative terms cons.



The point-particle description

Spp = —cZ/dTAmA
A

Point-particle equations of motion

dvi Gesr UL Aipn | Aopny | Aospex | Aszpx i As spx
— =— 12
dt ri, c? ct b 8 c’
———— ——
conservative terms rad. reac. cons. rad. reac.
A4 spN
9
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rad. reac.

> Radiation reaction effects start at 2.5PN: 4.5PN is in progress



The point-particle description

Spp = —cZ/dTAmA
A

Point-particle equations of motion

d Ge A A Ass A Ass
Vi M2 4 APy | A2PN |, A25PN 3PN | As5PN
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rad. reac. cons. rad. reac.

conservative terms

inst tail
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cons, local cons, nonloc rad. reac.

> Radiation reaction effects start at 2.5PN: 4.5PN is in progress

> A conservative tail term at 4PN: mass-quadrupole interaction



The point-particle description

Spp = _CZ/dTAmA
A

Point-particle equations of motion

dvy Gles M2 e+ Aipn n Aopn n Asspn | Azpn | Azspy

—_ = 12

dt ri, c2 ct cd S c7
e ———— N
rad. reac. cons. rad. reac.

conservative terms

inst tail tidal
ALB AipN JrA4.5PN A5 7 5PN

+ 15

c8 8 69 ClO 15
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cons, local cons, nonloc rad. reac. cons, local

> Radiation reaction effects start at 2.5PN: 4.5PN is in progress
> A conservative tail term at 4PN: mass-quadrupole interaction

> Tidal effects starting at 5PN; known up to 7.5PN



Beyond the point-particle description

Spp = —cZ/dTAmA
A

Incorporating the tidal corrections
Sm = Spp+ / dra [pa& e + oaBi,BY + -]
A

Electric-type multipole moments: £, x V_2C04;0a,

Magnetic-type multipole moments: B  €4,6¢VL-2Cas0b¢



Beyond the point-particle description

Spp = —cZ/dTAmA
A

Incorporating the tidal corrections
Sm = Spp+ / dra [pa& e + oaBi,BY + -]
A

Electric-type multipole moments: £, x V_2C04;0a,
Magnetic-type multipole moments: B  €4,6¢VL-2Cas0b¢
Electric and magnetic tidal Love numbers k1, and jr,

solving the Tolmann-Oppenheimer-Volkov system of equations

dependent on the



Back to scalar-tensor theories

Violation of the Strong Equivalence Principle

o Incorporate the internal structure of compact, self-gravitating bodies

o Skeletonization (Eardley '75): masses depend on the scalar 1.4 (¢)

Sm = _CZ/dTA ma (o)
A
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A

dlnm 4 (¢)

> Sensitivities: s4 = T o

0

o Neutron stars: s4 ~ 0.2 (depends on the equation of states)
o Black holes: s4 = 0.5 (compacity M/R)

o related to the scalar charge avy oc 1 — 254



Back to scalar-tensor theories
Violation of the Strong Equivalence Principle

o Incorporate the internal structure of compact, self-gravitating bodies

o Skeletonization (Eardley '75): masses depend on the scalar 1.4 (¢)

Sm = —CZ/dTA/l/ A (@)
A

dlnm 4 (¢)

> Sensitivities: s4 = T o

0
o Neutron stars: s4 ~ 0.2 (depends on the equation of states)
o Black holes: s4 = 0.5 (compacity M/R)

o related to the scalar charge avy oc 1 — 254

d?Inm 4 (¢)

> Higher order: B x aIn of



Equations of motion

dvi  Gegma + Aipn Aopn

= ni2
dt ri, c2 ct

conservative terms cons.



Equations of motion

dvi Gegr M2 Aipn  Aispx | Aopx | Asspy

—_ == 3 niz + o+ s t— + 5

dt iy c c c c
—_—————— ——
rad. reac. cons. rad. reac.

conservative terms

Differences w.r.t. GR

Dissipative effects start at 1.5PN



Equations of motion

dvy Gest M2 - Aipn n A spN +A2PN n A, spN

— =- 12 :

dt ri, c? c3 ct b
——— —— N——
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Differences w.r.t. GR
Dissipative effects start at 1.5PN
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o A conservative scalar tail term at 3PN : ALY o | = /L’/,‘ I (¢




Equations of motion

dvi Gegr M2 Ajpn  Aispn | Aopx | Asspy

— == 5 niz + 5+ s t—p -
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rad. reac. cons. rad. reac.

conservative terms

inst tail tidal
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Differences w.r.t. GR
Dissipative effects start at 1.5PN

. . ai - dt’ 1)
o A conservative scalar tail term at 3PN = ALk o | \X /L',/‘ I.57(t)

o Tidal effects start at 3PN



Tidal effects - Scalar-tensor theory
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Tidal effects - Scalar-tensor theory
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Response to an external scalar dipolar field
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Tidal effects - Scalar-tensor theory

®

Response to an external scalar dipolar field

U:§

Addiabatic approximation: Q1) = —X(,)EL”
formally with small ST parameters

Scalar-type Love number:



e ))) From point particles to extended body

Spp = ¢ drama(e)
> [ drama

‘ ma (@) — malp] =ma () + Nilo) V. oVF o

In the action

Sm = Spp %Z/\:) () / A7 (¢ 0,00,0) , + high. orders
2 & ,



® ))) From point particles to extended body

Spp = —¢ drama(o)

[ ma () — mald] =ma(9) + N1 (0) V00 0

In the action

| (s) - W . .
Sm = Spp — ;Z/\i\ (&) / dra (¢* 1)/,r)1),,())\ + high. orders

A

Consequence on the dynamics

= (), myF A1
Aa(fs) X a(N)' [%62/\] +m7;61 )\._, ]1?3

> formally 3PN order correction with small ST parameters



® ))) From point particles to extended body

Spp = —¢ drama(e)

\ ma (¢) —> ma (@] =ma(¢) + N (o) V, 0V

In the action

1 $) ¢ ' wa .
Sm = Spp — 5 Z/\l»\) (¢) / d7a (¢"70,00,0) , + high. orders

A

Consequence on the dynamics

>3

Aa(fs) X an) - l::—f 52 ].‘[\\k) =+ %31 l\’g'\]:l 3

> formally 3PN order correction with small ST parameters

> but scales as (%)‘



® ))) Effect on the gravitational signal

) Ldy _ (Pe)?/? dB/de
Phase evolution: 3= = R

. . Fai o2
> Two different regimes: =% o (s1=s9)”
x

quad



® ))) Effect on the gravitational signal

Ldy _ (Pe)?/? dB/de
- Phase evolution: T2 = —1o2— =258

Gam F

. . Foa: _ 2

> Two different regimes: =% o (s1-s2)"
x

quad

Quadrupolar-driven regime

1 R?
Aw(fs) X _W ks 7"73 — non detectable



® ))) Effect on the gravitational signal

Ldy _ (Pe)?/? dB/de
> Phase evolution: G& = — == ===
. . Fai a2
> Two different regimes: b o (51-52)°
]:quad x

Quadrupolar-driven regime
1 R3

Athgs) x " 33ns ks —3 = non detectable

Dipolar-driven regime
1 R?
AYfey X ———5——= ks —
Y(ps) X (51— s2)2n 27/ 73
> formally 2PN effect in the phase (beyong GR)

> but similar to the ST 1PN contribution

> may contribute O(1) cycles = detectable by LISA or 3G detectors



Conclusion

Take-home message

We need complete waveform in alternative theories of gravity to perform
precised tests of GR with future GW detectors

More precisely
> Including higher multipolar scalar tides: Sés) ~ ViLp
> Compute all types of Love numbers in scalar-tensor theories

> Total IMR waveforms = develop EOB formalism



Conclusion

Take-home message

We need complete waveform in alternative theories of gravity to perform
precised tests of GR with future GW detectors

More precisely

> Including higher multipolar scalar tides: 52” ~Vip
> Compute all types of Love numbers in scalar-tensor theories

> Total IMR waveforms = develop EOB formalism

Thank you !



