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Extreme Mass Ratio Inspirals (EMRIs)

m1 ∼ 104 − 107M⊙

Kerr MBH mass 

q =
m2

m1
≤ 1 q ∼ 10−3 − 10−6

extreme mass ratio:

μ ∼ 1 − 100M⊙

small CO mass 

e ∼ 0.1 − 0.9

highly eccentric: huge number of cycles:

Credits: Ollie Burke

not all EMRIs are expected to be loud 
enough to be individually detected 

Pozzoli et. al 2023 [arxiv:2302.07043]
Bonetti, Sesana 2020 [arxiv:2007.14403]

GWB

⇓
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EMRI waveforms
we require fully generic EMRI waveforms, capturing:  

• high MBH spin 
• high eccentricities 
• inclined orbits

∼ 0.98
∼ 0.1 − 0.99

Credit: Leor Barack

GSF formalism is very accurate              computationally expensive⇒

h+ − ih× = ∑
lmnk

Almnk(t) exp[ − iΦmnk(t)]

up to ~1000 different harmonics

Kludge waveforms (AK - NK - 5PN AAK)

specific family of approximate generic-orbit EMRI waveforms

FastEMRIWaveforms package  
[arXiv:2104.04582]

 / 183



M .  P I A R U L L I

EMRI waveforms

h+ − ih× = ∑
lmnk

Almnk(t) exp[ − iΦmnk(t)]

up to ~1000 different harmonics

Kludge waveforms (AK - NK - 5PN AAK)

specific family of approximate generic-orbit EMRI waveforms

FastEMRIWaveforms package  
Katz et al. 2021 [arXiv:2104.04582]

Slowest point: 
  

 ~  
T = 2yr

(p0, e0) = (10,0.7)
nmodes 103
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we require fully generic EMRI waveforms, capturing:  

• high MBH spin 
• high eccentricities 
• inclined orbits

∼ 0.98
∼ 0.1 − 0.99
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EMRI populations

Babak et al. 2017 [arxiv:1703.09722]

EMRI event rates are uncertain 
expected between  and  per year ∼ 10 ∼ 20000

we focus on 3 of the 12 catalogs  
M1 - M8 - M12 

intermediate - pessimistic - optimistic
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Samples
LVK pop. posterior

we allow the mass of the small CO to vary:  
population of compact binary mergers 

observed by ground-based detector 

LVK Population analysis with GWTC-3 (2022)
[arxiv:2111.03634]
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Statistical Properties of a GWB

⟨ h̃*A( f, ̂n)h̃A′￼( f′￼, ̂n′￼) ⟩ ∝ δ( f − f′￼)CAA′￼( ̂n, ̂n′￼)

CAA′￼( ̂n, ̂n′￼) =
1

4π
δ2( ̂n, ̂n′￼)CAA′￼

CAA′￼( ̂n, ̂n′￼) =
1

4π
δ2( ̂n, ̂n′￼)δAA′￼

IS IT GAUSSIAN AND STATIONARY AS FREQUENTLY ASSUMED? 

hij(t, x) = ∑
A=+,×

∫
∞

−∞
df ∫ d2 ̂n h̃A( f, ̂n)eA

ij ( ̂n)ei2πf(t− ̂n⋅x/c)+ +

+ + +

• Stationary:  the statistical properties of the GWB  
do not depend on time 

• Gaussian:  central limit theorem VS finite source density 

• Isotropic and sky-uncorrelated:  extragalactic origin 

• Unpolarized

uniquely characterized 
by the spectral density

Sh( f )

h1 h2 hn. . .
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Characterize the statistical properties of time-series

Rayleigh test

Θ =
σ( | s̃( f ) |2 )
μ( | s̃( f ) |2 )

→ 1 in the infinite sample limit

testtime-series

ergodicity of the signal
 

replace averages over statistical ensemble  
with averages over time

split each time series into Nchunks

⇓
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Acernese et. al 2023 [arXiv:2210.15634]

a toy model to capture the relevant features
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Analysis breakdown

Steps to characterize the GWB from EMRIs in LISA: 

i) build EMRI populations                                            →     Models by Babak et al. 2017 + LVK population + Bonetti, Sesana 2020 [arXiv:2007.14403]

i)

ii) compute the gravitational wave signal                   →     Fast EMRIs Waveform, Augmented Analytic Kludge (5PN AAK)  

ii)

iii) inject it inside LISA                                                    →     1st Gen. Time Delay Interferometry

iii)

iv)characterize statistical properties of the GWB       →     Rayleigh test

10°4 10°3 10°2

f [Hz]

10°45

10°43

10°41

10°39

PS
D

[H
z°

1 ]

Noise
M1
M8
M12

iv)

 / 188



M .  P I A R U L L I

EMRI catalogs definition

speed up

~ 0.3 ÷ 10 s
per single source

GPU FastEMRIWaveforms 
[arXiv:2204.06633] 

+ 
FastLISAResponse 
[arXiv:2104.04582]

⇓

remove sources with 
SNR < 1 using an 

inclination-polarization 
averaged version of the 

AK waveform 
ρAK,th = 1

cut in the population

cut ~ 97% of the sources
 losing only about 5% 

of the total SNR

Pozzoli et al. 2023 [arxiv:2302.07043]

LISA launch: 2035 
me waiting for M12: 2085

4-year LISA observation time, dt = 10s

 on CPUsh+,×(t) + TDI ∼ 45s

Slowest point: 
  

 ~  
T = 2yr

(p0, e0) = (10,0.7)
nmodes 103

Katz et al. 2021 [arXiv:2104.04582]
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EMRI background spectra and SNR

10°4 10°3 10°2

f [Hz]

10°45

10°43

10°41

10°39

PS
D

[H
z°

1 ]

Noise
M1
M8
M12

A Channel resolvable sources with ρi > 20

ρgwb,i = TOBS ∫
∞

0
df (

Sgwb,i

Sn,i )
2

when computing the single source   
 

 

A more realistic approach would be to perform an  
Iterative Foreground Estimation (IFE)  

including also the EMRI GWB in the  
 

see: Karnesis et al. 2021 [arXiv:2103.14598]

ρi

Sn( f ) = Sinstr( f ) + SWD( f )

Sn( f )

pile-up of the unresolvable sources 
 

3 possible scenarios  
between an upper and lower limit
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Is it Gaussian and Stationary? 

°4

°2

0

2

4

T
D

IA
am

pl
itu

de

£10°21

M12

°2

°1

0

1

2

T
D

IA
am

pl
itu

de

£10°21

M1

0 1 2 3 4
Time [yr]

°6

°4

°2

0

2

4

6

T
D

IA
am

pl
itu

de

£10°22

M8

0.50

0.75

1.00

1.25

1.50

Ω [
A

]

Noise
M12
C.V.

0.50

0.75

1.00

1.25

1.50

Ω [
A

]

Noise
M1
C.V.

10°4 10°3 10°2

Frequency [Hz]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Ω [
A

]

Noise
M8
C.V.

M12: we do not reject the hypothesis of stationarity 
and Gaussianity.

M1: presence of either non-Gaussianities or non-
stationarities for frequencies exceeding 1mHz.

M8: rejects the hypotheses of stationarity and 
Gaussianity, due to the low number of sources in 
the catalog.

Nfinal = 319309

Nfinal = 26932

Nfinal = 3209
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Is our choice of excluding faint EMRIs robust? 
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relax the threshold for source removal for model M1

ρgwb = 311 → 319ρAK,th = 1 → 0.1  = 26932  209072Nfinal →
⇓ ⇓

the choice of considering only 
suffices to support our conclusions.

ρAH > 1
the Rayleigh test remains largely unchanged
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Consequences

• Gaussian-likelihood could be only approximately valid 

• Global fit couples SGWB detection, estimation, and 
resolvable source PE 
 
inadequate modeling could potentially introduce biases 
in global inference results, affecting foreground 
estimation, background detection, and individual source 
parameter reconstruction.

Is it Gaussian and Stationary? 

More work is needed to assess the impact of such biases.
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Updating EMRI detection rates  
and parameter uncertainties
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M1 
5PN AAK

Running

We focus on 5 EMRI catalogs 
M1-M6 - M5-M11 - M7 

intermediate - pessimistic - optimistic 
 
 

Updates from previous work: 
 

2ndGenTDI 
 IFE for subtraction of resolvable sources

Number of resolvable sources  
(before and after IFE) 

 years
5PN-AAK waveform

TLISA = 4

Running
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Babak et al. 2017 [arxiv:1703.09722]

PRELIMINARYPRELIMINARY

Running

We focus on 5 EMRI catalogs 
M1-M6 - M5-M11 - M7 

intermediate - pessimistic - optimistic 
 
 

Updates from previous work: 
Catalog definition 

2ndGenTDI 
 IFE for subtraction of resolvable sources

Resolvable sources (before/after IFE) 
 yrs

AAK waveform
TLISA = 4

Running

AAK
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Babak et al. 2017 [arxiv:1703.09722]

PRELIMINARYPRELIMINARY

AAK

Running

We focus on 5 EMRI catalogs 
M1-M6 - M5-M11 - M7 

intermediate - pessimistic - optimistic 
 
 

Updates from previous work: 
Catalog definition 

2ndGenTDI 
 IFE for subtraction of resolvable sources

Resolvable sources (before/after IFE) 
 yrs

AAK waveform
TLISA = 4

Running
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  the only difference is e0 < 0.9 Y0

Next steps: 
 
- KerrEccentricEquatorial  
to asses SNR accuracy, and so 
possible changes in the detection rate. 
Limited parameter space 
(Equatorial and ) 

- Full Bayesian PE for Fisher 
validation on a few detections

e0 < 0.9

PRELIMINARY
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Thanks for the attention! 
 
 

happy to take questions


