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Progenitors are most 
probably stars  

(but can be primordial)

Stellar mass black hole binaries

LVK measure the last 
fraction of second 

before merger
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Relation with the time to coalescence for 
circular Newtonian binary

Mc =
(m1 m2)3/5

(m1 +m2)1/5

However these binaries can be formed even Gyrs ago 

Mc = 25M� ⌧ = 0.2 sec �! f = 37Hz
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Mc = 25M� ⌧ = 10 year �! f = 0.01Hz
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LVK band

LISA band

Stellar mass black hole binaries

A Sesana arXiv:1702.04356

• How many of these sources will LISA 
detect? 

• How many will be detectable in the Earth-
based interferometer band a reasonable 
amount of time after detection in LISA? 
(multi-band sources) 

• Is there an associated a foreground? 



Our analysis in a nutshell

• Take as input the population models of these binaries inferred by LVK GWTC-3 
• Produce synthetic catalogues based on that model  
• Simulate the GW signal from several realisations in LISA  
• Adopt an SNR threshold to distinguish binaries that can be confidently 

detected from those that produce the confusion noise 
• Iteratively subtract binaries that pass the detection threshold from the 

simulated LISA signal  
• Infer both the foreground and the detected sources (given SNR threshold) 

Our results in a nutshell

• Most of the binaries are sub threshold and lead to a foreground 
• Because of this, the foreground follows the predicted f 2/3 spectral shape 
• High redshift population characteristics play a role in the foreground 

estimation 
• The uncertainty on the foreground measurement is much lower than the 

one from the population (for now) 
• An average of 5 sources individually resolved, with one or two multi band 
• These are much closer than those observed by LVK  
• They will be extremely well characterised by LISA 
• LISA is complementary to LVK design sensitivity for higher mass sources 

m >150 M⦿



smBHB population model and catalogues production

1. no eccentricity 
2. τc uniformly distributed over the population 
3. no redshift dependence of the population parameters

Assumptions: 

Number of binaries with given redshift, time to coalescence, 
other binary parameters ξ (masses, spins…)  

that are in LISA at a given time



1. no eccentricity 
2. τc uniformly distributed over the population 
3. no redshift dependence of the population parameters

Assumptions: 

2. Binary formation and coalescence are in a steady state, since changes in 
the demographics are on a much longer timescale than LISA: the rate per 
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R(z, ωc) = R(z, ωc = 0)

we can use LVK merger rate!
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R(z) = R0(1 + z)ω

However! Tested by LVK only until z ≃1 while the foreground is due in majority 
to low-SNR binaries that are far away: need to extend the power law for the 

foreground computation (not relevant for the resolved sources)

smBHB population model and catalogues production



1. no eccentricity 
2. τc uniformly distributed over the population 
3. no redshift dependence of the population parameters

Assumptions: 

from LVK posterior
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R0,ω
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Madau & Fragos 
arXiv:1606.07887

LVK 
arXiv:2111.03634

smBHB population model and catalogues production



1. no eccentricity 
2. τc uniformly distributed over the population 
3. no redshift dependence of the population parameters

Assumptions: 

Masses and spins distributions as 
in LVK arXiv:2111.03634

Power law + peak

Time to coalescence: τc  ≤ 104 years 
Isotropic distribution, uniform 
polarisation… 

From which one calculates the frequency 
of entry in LISA band, the in-band time, 
the luminosity distance… 

smBHB population model and catalogues production

Probability density 
function of binary and 
population parameters



1. no eccentricity 
2. τc uniformly distributed over the population 
3. no redshift dependence of the population parameters

Assumptions: 

smBHB population model and catalogues production

THE CATALOGUES:  

1. Ten realisations of the same “universe” with fixed parameters, zmax = 1, τc  ≤ 104 
yrs, used to perform the “iterative subtraction” method (one with τc  = 1.5 104 yrs)

3. one realisation per each of the posterior samples from the GWTC-3 catalogue, 
with initial SNR cut, used to infer resolved sources by “iterative subtraction”

2. 1000 realisation of the above “universe” but with zmax = 5, to perform the 
“Monte Carlo” method 



Computation of the foreground from the smBHBs

First method: analytical calculation, 
detection not taken into account
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⇥i
(1 + z)4

<latexit sha1_base64="qasfg8Lpdk3u5BUQQxzZvzpBqrM="></latexit>
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In the limit of circular orbit 
with slowly varying radius
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Computation of the foreground from the smBHBs
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First method: analytical calculation, 
detection not taken into account
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Computation of the foreground from the smBHBs

First method: analytical calculation, 
detection not taken into account
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As LISA errors are 1-5%, it is OK 
to integrate (or produce catalogues) 

up to zmax = 5 (zmin=10-5 )

Of all the population 
model parameters,  

κ influences the most the 
foreground amplitude



Computation of the foreground from the smBHBs
Second method: Monte Carlo sum with two similar approaches, 
detection not taken into account 

OR

Verify f2/3 prediction 

One doesn’t need to worry 
about the variance from 

realisation (1000 draws of the 
same universe here): 

 only 0.2%

zmax = 5



Computation of the foreground from the smBHBs

Third method, the best: iterative approach, LISA detection taken into account 
IMPORTANT: detector sensitivity can impact foreground shape and amplitude

• To each binary in the catalogues, associate waveform: spinning, non-precessing binary 
• Summing them leads to simulated LISA data stream (assume 4 years data taking) 
• Construct total PSD (noise+binaries) and evaluate SNR w.r.t. that PSD 
• Subtract binaries with SNR > threshold and reevaluate PSD 
• Continue until either all sources are subtracted or the PSD doesn’t vary any longer  
• Get both noise+foreground PSD (stable w.r.t. realisations) and resolvable sources 

according to chosen SNR threshold (depend on realisation) 

Our catalogues aren’t 
complete (τc too small) 

because of computational 
limitations, but still capture 

the relevant information



Computation of the foreground from the smBHBs

Third method, the best: iterative approach, LISA detection taken into account 
IMPORTANT: detector sensitivity can impact foreground shape and amplitude

• To each binary in the catalogues, associate waveform: spinning, non-precessing binary 
• Summing them leads to simulated LISA data stream (assume 4 years data taking) 
• Construct total PSD (noise+binaries) and evaluate SNR w.r.t. that PSD 
• Subtract binaries with SNR > threshold and reevaluate PSD 
• Continue until either all sources are subtracted or the PSD doesn’t vary any longer  
• Get both noise+foreground PSD (stable w.r.t. realisations) and resolvable sources 

according to chosen SNR threshold (depend on realisation) 

10 realisations, SNR>8, compatible 
with analytical prediction

one realisation, variation of 
foreground shape with SNR threshold



Computation of the foreground from the smBHBs

Comparison of the methods: all coherent

the instrument sensitivity is such that no deviation is 
observed form the analytical prediction of f2/3 at SNRthr > 8

Outcome could have been 
different, same method 
applied to Milky Way:

N. Karnesis et al, 
arXiv:2103.14598 



Dependence of the foreground on population uncertainty
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Detection of the foreground
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Relative uncertainty ranging 
from 5% (P5) to 1% (P95)

Smaller than (present) 
uncertainty from population: 

LISA detection of the 
foreground can be informative 

about the population?

Simulated data containing galactic foreground, 
fitting for amplitude and spectral index of the smBHB 

foreground, amplitude of the galactic foreground (no shape) 
and two noise parameters



Detection of the foreground

Illustration of potential constraining power of a LISA detection on the population 
with respect to GWCT-3 population model: 

Scatter plot of the GWTC-3 population parameter posterior sample and those 
compatible with 1 and 2 sigma LISA detection of P50

 By the time LISA flies, the population will be known much better.  
However, LISA brings in information on high-redshift (3G will do as well?) 

and inspiralling phase



Effect of time delay

 the merger rate is untested at higher redshift:  
how much our assumption influences the foreground level? 

Introduce a time delay between the 
formation of the star binary and its 
evolution into black hole binary 

f = foreground accounting for time delay / fiducial case

The effect remains within 
the GWTC-3 uncertainty: 
same effect of reducing 

P50 down to P5

Foreground reduced to 
36% for td = 1 Gyr  

but in tension with LVK 



Results, caveats and things to improve
• The starting hypotheses can have an effect:  

- the assumption on the extension of the merger rate at high redshift *  
- the assumption that population parameters do not depend on redshift (but 

uniform τc should be good enough) 
- the assumption of circular binaries

• The foreground is robust against the universe’s realisation but varies by 
a factor of 5 because of population uncertainty 

• SNRthr < 8 can be relevant in the case of archival searches, so it is important to 
keep in mind that the spectral shape can have slight variations

• The data are very noisy, and there will be residuals from other sources, so 
the 1-5% error on the amplitude is probably quite optimistic. But true 
searches can fold in the spectral index information

• The LISA measurement could still be promising to bring extra information 
on the population, possibly even in the case of 3G detectors being already 
operational… but unfortunately we probably don’t care!

• Higher foreground from extra-galactic white dwarf binaries!



Results, caveats and things to improve
• The starting hypotheses can have an effect:  

- the assumption on the extension of the merger rate at high redshift *  
- the assumption that population parameters do not depend on redshift (but 

uniform τc should be good enough) 
- the assumption of circular binaries

• The foreground is robust against the universe’s realisation (different for 
resolved sources) 

• SNRthr < 8 can be relevant in the case of archival searches, so it is important to 
keep in mind that the spectral shape can have slight variations

• The data are very noisy, and there will be residuals from other sources, so 
the 1-5% error on the amplitude is probably quite optimistic. But true 
searches can fold in the spectral index information

• The LISA measurement could still be promising to bring extra information 
on the population, possibly even in the case of 3G detectors being already 
operational… but unfortunately we probably don’t care!

• Higher foreground from extra-galactic white dwarf binaries!
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!WD(3mHz) → 1.3 · 10→11

Staelens & Nelemans, 
arXiv:2310.19448 

60% higher than previous estimates 
Factor of 10 more than P95



Resolved smBHBs in LISA: general behaviour

• Sources with larger chips mass have higher SNR and appear in the LISA band 
at smaller frequency 

• Sources with large τc appear in the LISA band at smaller frequency and drift 
less (quasi monochromatic) 

z = 3

f(⌧) =
1

⇡

✓
GMc

c3

◆�5/8 ✓ 5

256 ⌧

◆3/8

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Resolved smBHBs in LISA: expected number in 4 yrs

The quoted number of sources are marginalised over the population parameters

• SNRthr = 8: median value 5 sources, 2% probability of no sources being detected, 
10% probability of more than 10 sources being detected 

• SNRthr = 6: median value 10 sources, practically zero probability of no sources 
being detected 

• SNRthr = 4: median value 50 sources, zero probability of no sources being detected



Resolved smBHBs in LISA as a function of time to coalescence

• Sources with small τc drift and 
have higher amplitude -> overall 
higher SNR 

• But if they stay in band for too 
short, their SNR diminishes 

• The equilibrium point is reached at  
τc  ≃ 4 yrs (LISA duration) 

• The vast majority of sources have  
10 yrs ≲ τc ≲ 100 yrs

• Multi-band sources must have  
τc ≤ 15 yrs: they are about 1/3 
of the total 

• SNRthr = 8: 2+3-2 sources but 
79% of the catalogues contain 
at least one multi-band source 

• SNRthr = 6: 4+6-3 sources  
• SNRthr = 4: 16+14-11 sources



Resolved smBHBs in LISA: phenomenological parameters

• As the initial frequency 
increases the frequency 
drift increases  

• Catalogues with less 
event tend to have 
smaller initial frequency 
(reflects the population) 

• Sources with small initial 
frequency tend to have 
smaller amplitude (they 
stay in band longer and 
accumulate more SNR)  

• Large variability across 
catalogues, 
representative of the 
population



Resolved smBHBs in LISA: binary parameters

- 90% probability contours 
from the catalogues on the 
given parameter 

- Posteriors of GWTC-3 events

• The bulk of the LISA sources 
have chirp mass  
10 M⊙ ≲ Mc ≲ 50 M⊙ but the 
tail of the mass distribution 
extends to up to Mc ∼ 100 M⊙   

• The reach of LISA is strongly 
limited in redshift, z ≲ 0.1 

• It is also more limited in 
mass ratio compared to LVK 

• No inconsistency at high 
mass - small z : LISA can see 
the tail of the distribution 
because it is sensitive to the 
whole population, LVK only to 
merging binaires 



Resolved smBHBs in LISA: population parameters

SNRthr = 8 How do the population 
parameters influence the 

number of resolved 
sources in LISA?

- 90% confidence intervals on population 
parameters from catalogues with given 
number of sources



Resolved smBHBs in LISA: population parameters

SNRthr = 8
• Negative correlation between 

number of sources and the 
spectral index of the merger rate  



Resolved smBHBs in LISA: population parameters

SNRthr = 8
•  Shallower spectral index of the 

power-law component of the 
mass distribution gives more 
sources 

• Higher contribution from the  
Gaussian mass distribution 
component gives more sources 



Resolved smBHBs in LISA: population parameters

SNRthr = 8 • The numbers of resolved 
sources are too small and 
dominated by statistical 
fluctuations to be exploited to 
constrain the population 

• BUT! the foreground has the 
opposite correlations, so both 
measurements can provide 
some information, for example 
point to inconsistencies in the 
population model



Resolved smBHBs in LISA: effect of time delay

• Compared to the foreground, the effect of time delay is even more negligible 
with respect to the statistical variability of the source numbers 



Resolved smBHBs in LISA: “blind” comparison with LVK

What if the population of smBHB doesn’t fully obey the GWTC-3 inferred model?  
Will LISA be sensitive to a population with different characteristics?

LVK waterfall plot at design 
sensitivity, network SNR>14 
LISA waterfall plot at low mass



Resolved smBHBs in LISA: “blind” comparison with LVK

• Binary inclination w.r.t. the 
line of sight: face on improves 
SNR w.r.t. edge on

• Sources with small τc are 
visible up to large redshift 
when massive

• Sources with larger τc are 
visible only up to z < 0.6 
because they have less SNR

• The peak structure is due to 
the presence of the galactic 
foreground

What if the population of smBHB doesn’t fully obey the GWTC-3 inferred model?  
Will LISA be sensitive to a population with different characteristics?

LVK waterfall plot at design 
sensitivity, network SNR>14 
LISA waterfall plot at low mass



Resolved smBHBs in LISA: “blind” comparison with LVK

• LISA’s reach is only really 
complementary to LVK if the 
smBHB population extends 
towards high masses

• However! The few sources that 
LISA will see will be 
characterised with extreme 
precision

What if the population of smBHB doesn’t fully obey the GWTC-3 inferred model?  
Will LISA be sensitive to a population with different characteristics?

LVK waterfall plot at design 
sensitivity, network SNR>14 
LISA waterfall plot at low mass



Resolved smBHBs in LISA: parameter estimation on a few 
representative sources

Random selection of 12 sources with 8 < SNR < 12 and 20 M⊙ ≤ Mc ≤ 40 M⊙  
Multiband: τc ≤ 5 yrs, 5 yrs ≤ τc ≤ 10 yrs, 10 yrs ≤ τc ≤ 15 yrs 

Within τc ranges, two close to face on/off and two close to edge on

Three high mass sources with Mc = 1000 M⊙ and z = 0.1, 0.2, 0.8, face on



Resolved smBHBs in LISA: parameter estimation on a few 
representative sources

• The relative errors on chirp mass, initial frequency, τc are less than per mille  
(1 day or less for τc : multi-band OK) 

• Parameters of sources with low τc are better determined (they chirp more) 
• Counterintuitive: less-massive sources are slightly better determined, but not for 

the most massive ones)



Resolved smBHBs in LISA: parameter estimation on a few 
representative sources

• The relative errors on redshift are big (20-50%) but go down to 7% for the 
most massive source 

• The inclination doesn’t influence parameter estimation



Resolved smBHBs in LISA: parameter estimation on a few 
representative sources

Error bars (90%) superimposed on 
the population: contours enclosing 

90%-50% of the population

• Sources have low q with respect 
to the whole population (SNR 
cut), while the other parameters 
are representative   

• Chirp mass and τc determined 
with great precision 

• Error on redshift increases with it



Resolved smBHBs in LISA: results

• If we keep SNR=8 as the relevant threshold, there are few sources!  
Especially multi-band (1/3 of the total, with 21% probability of no sources), and 
the numbers fluctuate due to population uncertainty: we need to be lucky! 

• The visible sources have very small redshift, and LISA can observe a tail at 
high masses allowed by the population model but not observed by LVK 
because of statistics

• Even though the source number correlates with the population parameters, its 
high statistical variability makes it difficult for LISA to provide relevant 
information on the population if not combined with a foreground detection 
(however probably covered by extragalactic WD)

• LISA is still complementary to LVK because the parameter estimation is in 
general very good: it can characterise a few, low-redshift sources with great 
precision. Archival and multi-band searches are possible since sources 
parameters are very well determined (especially τc)

• if a population of higher mass sources O(1000 M⊙) exists, LISA will be able 
to fully characterise it

• This can have important consequences: tests of GR, exploration of the smBHB 
environment, binary formation channels…


