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Testing gravity with LISA

LISA science case

▷ EMRIs, long inspiral phase for MBHBs



Gravitational wave modelling
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Credits: M. van de Meent



Going beyond GR

Arun et al., 2022



Currently in LIGO

Parametrized deviations from GR

h(f) = hGR(f) e
i δφn(f)

LIGO-Virgo, 2021



Parametrized tests of gravity



A historical perspective: the PPN formalism

▷ pioneered by Will and Nordtvedt in the 70’s

▷ parametrized post Newtonian: parametrizes deviation from

GR in the 1PN metric



A historical perspective: PPN

▷ 10 meaningfull parameters: γ, β, ξ, α1,2,3, ζ1,2,3,4

C. Will, 2014



A historical perspective: PPN

C. Will, 2014



The parametrized post-Einsteinian (ppE) approach

modifies the most accurate GR waveform model in Fourier

domain [Yunes & Pretorius, 2009]

h(f) = AGR(f) [1 + αppE v(f)a] eiΨGR(f)+ i βppE v(f)b

▷ recover GR: ΨGR(f) ∝ v−5 and αppE = βppE = 0

▷ applicable to many sources (MBHBs, EMRIs, etc.)

▷ (αppE, βppE) controls the magnitude of the deviation

▷ (a, b) controls the type of effects to be constrained

◦ b = −7: dipole radiation

◦ b = −13: variation of G



The parametrized post-Einsteinian (ppE) approach

Cornish et al., 2011



Mapping to specific theories

Focusing on the leading order contribution in the amplitude

a = 2n =⇒ nPN order

Tahura & Yagi, 2018



Mapping to specific theories

Focusing on the leading order contribution in the phase

b = −5 + 2n =⇒ nPN order

Tahura & Yagi, 2018



Extending ppE for precessing binaries

h(f) =
∑

K=(l,m,n)

hGR
(K)(f)

[
1 + αppE

(K) v(f)
a(K)

]
e
i βppE

(K)
v(f)

b(K)

Loutrel & Yunes, 2022

▷ still needs further development



Ringdown tests - parametrization

Parametrized master equations (non-rotating BHs)

f
d

dr

(
f
dΦ

dr

)
+
[
ω2 − fV

]
Φ = 0 , f = 1− rH

r

with potential: Vij = V GR
ij + 1

r2H

∑
k≥0 α

(k)
ij

(
rH
r

)k
◦ α

(k)
ij small parameters

▷ corrected QNM frequencies:

ω ≈ ω0 + α
(k)
ij dij(k) + α

(k)
ij α′(k)

pq d
ij
(k)d

pq
(s) + α

(k)
ij α(s)

pq e
ijpq
(ks)

▷ coefficients dij(k) and eijpq(ks) computed numerically



Ringdown tests - parametrization

McManus et al., 2019



Ringdown tests - inverse problem

▷ reconstructing the potential

Völkel et al., 2022

▷ mapping back to constraints on theories

▷ other approach: parametrized metric [Völkel & Franchini, 2022]



Ringdown tests - rotating case

Parametrized spectroscopy (ParSpec) [Maselli et al., 2019]
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◦ γi are coupling parameters, for i ringdown detections

◦ expansion in spin parameters to order D



ParSpec

Maselli et al., 2022



Parametrized plunge-merger-ringdown waveforms

Parametrized EOB waveform models

▷ mode amplitudes and frequencies

(NR informed)

|hNR
lm | → |hNR

lm | (1 + δAlm)

ωGR
lm → ωGR

lm (1 + δωlm)

▷ time-lag parameters modification

(ringdown)

|∆tGR
lm | → |∆tGR

lm | (1 + δ∆tlm)

Maggio et al., 2022



Plunge-merger-ringdown tests

Maggio et al., 2022



Other tests



Polarization tests

h ∼

hb + h+ h× hx

h× hb − h+ hy

hx hy hl



Examples:

▷ Lorentz violating theories: 2 tensor + 1 scalar + 0 to 2 vectors

▷ Horndeski: 2 tensor + 1 scalar

▷ massibe gravity: 2 tensor + 0 to 1 scalar + 2 vectors



The extended ppE formalism

▷ Single detector, higher order harmonics (including l=1)

h̃SDppE,1(f) = A u
−7/2
2 e−iΨ

(2)
GR

[
1 + c βub+5

2

]
+γ u

−9/2
1 e−iΨ

(1)
GReiβu

b
1

▷ Multiple detectors, all harmonics



GW propagation tests

Propagation of GWs other cosmological distance

h′′ij +

(
3
H ′

H
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)
h′ij +
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+
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]
hij =
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◦ ν: additional damping term

◦ µ: mass of the graviton

◦ cT : speed of propagation

◦ Γ: additional source term ⇒ oscillations in the amplitude

▷ DHOST, massive gravity, higher dim., Lorentz-viol., etc.

▷ recover GR with: cT = c and µ = ν = Γ = 0

▷ can be mapped to the ppE formalism



GW propagation tests: killing theories

Current constraints with GWs∣∣∣cT
c

− 1
∣∣∣ ≲ O

(
10−15

)
, mg =

µh

c2
≤ 4.7× 10−23 eV/c2

▷ implications for Horndeski theories

Lst = R+X − V (ϕ) + G2(ϕ,X) + G3(ϕ,X)□ϕ+ G4(ϕ)R

Modified dispersion relation

vg
c

≈ 1 + (α− 1)AαE
α−2

◦ α, Aα parametrizes quantum gravity effects, extra dim.etc.

◦ massive graviton for α = 0 and A0 = m2
gc

4



Perspectives



Perspectives

Path to improvement

▷ Parametrized ringdown models

▷ Adding eccentricity to ppE, improving for polarisations,

spins, etc.

What was not mentionned

▷ Consistency tests of GR

▷ residual tests, IMR tests, multipolar GW tests

▷ stochastic GW background

▷ ???
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