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Littenberg+ 2020

Ndetect ∼ 103 − 104

Ndetect ∼ 10

Ndetect ∼ 1 − 10

Ndetect ∼ 1 − 103
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The LISA Global Fit

credit: M. Katz 
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Fast to evaluate

Unique features
Distinguish from

environments

It will not be used

otherwise

easier sampling
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EMRIs are ideal signals to perform tests of General Relativity

Extreme Mass Ratio Inspirals
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EMRIs are ideal signals to perform tests of General Relativity

Extreme Mass Ratio Inspirals

What do we need? 

- GR Waveforms  Fast EMRI Waveforms 

- Beyond GR Waveforms  Susanna & Thomas talks 

- Bayesian inference pipeline  Eryn, MCMC 

→

→

→



16

h = ∑
lmnk

Slmnk(θ, ϕ) Almnk(p(t), e(t), xI(t)) ×

Φmnk = m + n + k
Phase Evolution

Trajectory

Φφ Φr Φθ

Amplitudes

Fast EMRI Waveforms

exp[ − iΦmnk(t)]

Chua+. 2020

Katz+ 2021

Speri+ 2023
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Fast EMRI Waveforms (FEW)

FastEMRIWaveforms (FEW) 

WaveformTrajectory

Augmented Analytical Kludge

Input Parameters 
 (M, μ, a, p0, e0, x0, Φφ0, Φθ0, Φr0)

(dL, θS, ϕS, θK, ϕK)

Trajectory

Amplitudes

Waveform 
Build

h
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FastEMRI Waveform  Architecture

Domain Choice 
(TD, FD, TFD, Wavelet)

p, e, xI

Slmkn

Almkn

Sparse Byproducts

Φφ Φr Φθ

You can easily build your own beyond vacuum Waveform!

https://github.com/lorenzsp/GRAPPA_EMRI_tutorial/blob/main/BeyondVacuum-EMRIs.ipynb

bhptoolkit.org/FastEMRIWaveforms

http://bhptoolkit.org/FastEMRIWaveforms
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Scalar fields in Extreme Mass Ratio Inspirals

φ ≈ φ0 +
μ
r̃

d

Gravitational 
Waves 

105 - 107M⊙

Scalar Radiation 

μ ∼ 10 − 100 M⊙

Eardley, (1975) 
Damour et al.  (1992) 
Félix-Louis et al. (2019) 
Maselli et al. (2020) 
Barsanti et al. (2022) 
Maselli et al. (2022)
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·J =
μ
M ( ·JGW + d2 ·Jscalar) , J = (E, L)

Trajectory in FEW

Chebyshev interpolation 

, 12 points


, 12 points

, 16 points


relative precision of 

a ∈ [−0.99, + 0.99]
e ∈ [0.0,0.5]
p ∼ [psep,100M]

σ[ ·E]/ ·E ∼ 10−4
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FEW + Bayesian analysis

Full parameter space: 13 dimensions 

Relativistic adiabatic trajectory 
+ 

AAK waveform summation

Sample in scalar charge
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Are EMRIs ideal for tests of GR?
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Conclusions & Future outlook

• Fast EMRI Waveforms flexible to incorporate beyond GR effects 

• EMRIs are indeed ideal for testing GR 

• Bayes factor for  

• Fit environmental effects and Beyond GR effects 

• Tests of GR in the presence of multiple sources

d ≠ 0
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Conclusions & Future outlook

• Fast EMRI Waveforms flexible to incorporate beyond GR effects 

• EMRIs are indeed ideal for testing GR 

• Bayes factor for  

• Fit environmental effects and Beyond GR effects 

• Tests of GR in the presence of multiple sources

d ≠ 0

Remember my wish list! 
• Fast to evaluate

• Unique features

• Few extra-dimensions



Extreme Mass Ratio Inspirals
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EMRIs are ideal signals to perform tests of General Relativity

Massive 
Black 
Hole 

Binary

Extreme Mass 
Ratio Inspiral 

only 1 harmonic

Galactic binary



Status of EMRIs for Data analysis
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Search Parameter Estimation
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Scalar fields in Extreme Mass Ratio Inspirals

S[gμν, φ, Ψ] = S0[gμν, φ] + α Sc[gμν, φ] +Sm[gμν, φ, Ψ]

∫ d4x
−g

16π (R −
1
2

∂μφ∂μφ) −∫ dλ m(φ) gμν
dyμ

dλ
dyν

dλ

[S0] = Mass2

[Sc] = Mass2−n [α] = Massn n ≥ 1

ζ =
α

Mn
= ( μ

M )
n α

μn

Non-minimal coupling

Matter fields

dimensionless deviation

Eardley, ApJ 196 L59-62 (1975)
Damour &EF, CGQ 9, 9 (1992)
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Field Equations

Gμν = Tscal
μν

+
α
−g

δSc

δgμν

+Tp
μν

αSc ∼
α

Mn
S0

∼ 𝒪(φ2)
1
2

∂μφ∂νφ − gμν(∂φ)2

α
−g

δSc

δgμν
∼

α
Mn

Gμν

∫ m(φ)
δ(4)(x − yp(λ))

−g

dyμ
p

dλ
dyν

p

dλ
dλ
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Scalar Field Equations

□ φ = 16π∫ m′ (φ)
δ(4)(x − yp(λ))

−g
dλ − α

8π
−g

δSc

δφ

m′ (φ0)
m(φ0)

= −
d
4

In the body frame

∼
α

Mn
□ φ

φ = φ0 +
μd
r̃

+ 𝒪( μ2

r̃2 )

m(φ0) = μMathcing with scalar field outside of 
the worldtube
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EMRI dynamics with scalar fields

Gμν = 8π μ ∫
δ(4)(x − yp(λ))

−g

dyμ
p

dλ
dyν

p

dλ
dλ

□ φ = − 4π d μ ∫
δ(4)(x − yp(λ))

−g
dλ

·Etot =
μ
M ( ·EGW + d2 ·Escalar)
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Circular Equatorial Kerr: Dephasing for fixed 4 yrs inspiral

M = 106 a = 0.9 Tobs = 4yr d = 0.03
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Circular Equatorial Kerr: Constrains on the scalar charge
4 years of observations
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Biases induced by ignoring beyond GR effects

injected d = 0.07



33

Mapping to scalar-Gauss-Bonnet

Z. Lyu, N.Jiang and K. Yagi, arXiv:2201.02543

Perkins, Nair, Silva, Yunes PhysRevD.104.024060
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} }EMRI



34

Mapping to scalar-Gauss-Bonnet

Mapping to scalar Gauss-Bonnet gravity

Julie & Berti, PRD 100 104610 (2019)

αSc =
α
4 ∫ d4x

−g

16π
f(φ)𝒢

f(φ) = eφ f(φ) = φ

d ≈ 2β +
73
30

β2 d ≈ 2β +
73
60

β3

β =
α
μ2
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