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Stochastic signals of Astrophysical origin
Important, because

• They will give us a lot of information about underlying population models.


• Challenge data analysis effort 


‣ Contribute to the noise, affect total noise knowledge. 


• Complicates the search for signals of Cosmological origin.

• We will make a summary of what we expect for LISA.


• Discuss possible implications to Data Analysis.
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So, LISA ☞ signal dominated, and
here is a list of potential sources:

• Compact Galactic binaries (GBs)


• Stellar Origin Black Hole binaries (SOBHBs)


• Supermassive Black Hole Binaries (SMBHBs)


• Extreme Mass Ratio Inspirals (EMRIs)


• Cosmological signals.
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How to get down to the residuals? 

For different types of astrophysical sources we need to 

1. Get the different population models.


2. Simulate wave-forms in the LISA band.


3. Perform data analysis, and get resolved sources and stochastic signals.

Simulate both the population signals & LISA data analysis.
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Global fit
A necessary scheme for LISA data analysis

• Many types of sources.


• Iterate among them, try to search in the data.


• Pass residuals around


• Update our instrument knowledge. 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FIG. 13. The UCB search as one component of a global
fit. The residuals from each source analysis block are passed
along to the next analysis in a sequence of Gibbs updates.
New data is incorporated into the fit during the mission. The
noise model and instrument models are updated on a regular
basis.

We will extend the waveform model to allow for more
complicated signals including eccentric white dwarf bina-
ries, hierarchical systems and stellar mass binary black
holes which are the progenitors of the merging systems
observed by ground-based interferometers [57], and de-
velop infrastructure to jointly analyze multimessenger
sources simultaneously observable by both LISA and EM
observatories [1, 13, 14, 18].
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Global fit
A necessary scheme for LISA data analysis

• Many types of sources.


• Iterate among them, try to search in the data.


• Pass residuals around


• Update our instrument knowledge. 
 

‣ So far we are based to matched filtering, and costly 
MCMC algorithms.


‣ Forbid us from exploring scenarios of different 
populations yielding stochastic signals. 

16

FIG. 13. The UCB search as one component of a global
fit. The residuals from each source analysis block are passed
along to the next analysis in a sequence of Gibbs updates.
New data is incorporated into the fit during the mission. The
noise model and instrument models are updated on a regular
basis.

We will extend the waveform model to allow for more
complicated signals including eccentric white dwarf bina-
ries, hierarchical systems and stellar mass binary black
holes which are the progenitors of the merging systems
observed by ground-based interferometers [57], and de-
velop infrastructure to jointly analyze multimessenger
sources simultaneously observable by both LISA and EM
observatories [1, 13, 14, 18].
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FIG. 13. The UCB search as one component of a global
fit. The residuals from each source analysis block are passed
along to the next analysis in a sequence of Gibbs updates.
New data is incorporated into the fit during the mission. The
noise model and instrument models are updated on a regular
basis.

We will extend the waveform model to allow for more
complicated signals including eccentric white dwarf bina-
ries, hierarchical systems and stellar mass binary black
holes which are the progenitors of the merging systems
observed by ground-based interferometers [57], and de-
velop infrastructure to jointly analyze multimessenger
sources simultaneously observable by both LISA and EM
observatories [1, 13, 14, 18].
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Instead we can “simulate” the LISA data analysis…
Using a scheme based on simple SNR criteria. 

• Iterative process, “loose” criteria about the detection of each source, i.e. a SNR limit. 


• For example, we define a SNR0, for which if a given source surpasses it, then we subtract it. 
Basically loop over the known catalogue. 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Instead we can “simulate” the LISA data analysis…
Using a scheme based on simple SNR criteria. 

• Iterative process, “loose” criteria about the detection of each source, i.e. a SNR limit. 


• For example, we define a SNR0, for which if a given source surpasses it, then we subtract it. 
Basically loop over the known catalogue.


• Fast.


• Generic! Applicable to virtually any type of source (being careful though)


• Idealized: 


▼ No source overlap problem.


▼ Perfect subtraction ☞ perfect residuals.


▼ Noise is ideal as well.
NK+ 2021,  
Digman & Cornish 2022 
S Nissanke+ 2011 
Crowder & Cornish 2007  
Timpano+ 2006
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Pros and cons of this method
▲ Fast & Generic.


▲ Can combine multiple populations from source types.


▼ Has drawbacks, i.e. Idealized (unrealistic noise & simplifying assumptions).


▶ Improvements have been proposed [Digman & Cornish 2022].
10 Digman and Cornish

Figure 4. Comparison of whitened residual power (wAE
nm)2/SAE

nm,model between Left: a constant model of
the galactic stochastic background and Center: our cyclostationary model for a two year simulated dataset.
The cyclostationary model is a significant improvement, with residuals statistically well approximated as
Gaussian. In Right: we show the whitened residuals of the cyclostationary component after turning o↵
instrumental noise completely, i.e. (wAE

nm,gal)
2/SAE

nm,gal. At frequencies around 2 mHz, the signal is still very
well approximated as cyclostationary, while at the tails of the spectrum, a slight deviation from perfect
cyclostationarity is apparent. This deviation is of limited practical significance because the spectrum falls
o↵ rapidly compared to the instrumental noise at those frequencies. Additionally, it will not be possible to
separate the instrumental and galactic contributions to the noise spectrum in real data

t (yrs) Ndet,const Ndet,cyclo Ndisagree rvol,1.0 mHz rvol,1.5 mHz rvol,2.0 mHz rvol,2.5 mHz

1 7470 7273 241 1.08 1.17 1.20 1.19

2 11764 11512 298 1.08 1.16 1.21 1.05

3 15089 14831 308 1.11 1.04 1.06 1.10

4 17992 17608 428 1.09 1.12 1.07 1.03

5 20427 20018 477 1.10 1.09 1.08 0.99

6 22674 22223 505 1.08 1.11 1.08 1.02

7 24854 24341 559 1.08 1.11 1.07 0.98

8 26925 26417 576 1.07 1.08 1.03 1.02

Table 3. Detection e�ciency for the binaries in the Sangria dataset as a function of total observation
time, and the ratio of the sensitive observing volumes for an injected test binary at several di↵erent GW
frequencies. At shorter observation times, the cyclostationary model detects less binaries near the galactic
center but overall improves sensitivity. The cuto↵ frequency of the galactic background decreases over time,
and the models begin to agree above the cuto↵ frequency, as shown in Fig. 3.

which evolve over timescales of days to weeks and therefore sample a di↵erent galactic background
amplitude depending on their time of merger.
To illustrate the di↵erence in sensitivity, we inject simulated SMBHB sources at a grid of chirp

times tc and sky positions. The injection procedure as function of tc is shown in Fig. 7. In Fig. 9, we
show the impact of the cyclostationary model on LISA’s sensitivity as a function of sky location at



A. Compact Galactic Binaries
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• Compact binaries with orbital period ~<1 hr.


• Mostly WD-WDs, but other objects there as well!


• Multi-messenger laboratories. 


• Potential Triplets detections.  
[Danielski+ 2019, Tamanini & Danielski 2019, Katz+ 2022]

A.0. On the Galactic binaries
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A.1. On DWDs
• Depending on the population model, we 

resolve O(104) sources.


• More data ☞ more resolvable sources.


• Cyclo-stationary stochastic signal.


• Main reason we need the global fit!


• Spectral shape: information about 
properties of Galaxy, and its evolution 
history.


• Background from Extragalactic WD 
binaries?  
[Korol+ 2020, Farmer & Phinney 2003] 

3
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Figure 1: (a) : Illustration of the progress of the procedure for estimating the confusion noise. For the population of
the CGBs described in section III, it takes 6 to 10 iterations for the algorithm to converge, depending on the
convergence tolerance criterion. The starting data are represented with the gray curve (300 segment averaged

spectrum), while the final combined instrument and confusion noise is represented here in bright magenta. The dark
blue dashed line represents the analytic model fit of the confusion noise component, together with the associated
error-bars. In this example the observation time is Tobs = 2 years. (b) : Using the analytical model of eq. (7), and
the parameter values from table II, we can make a prediction of the level of the confusion noise due to CGBs,

depending on a given observation time. Here, we depict the power spectrum of the residual data with grey, while the
colored dashed lines represent the model prediction for the given Tobs .

S̃instr(f) + S̃conf(f) includes the confusion residual GW signal S̃conf(f), and the instrumental noise S̃instr(f). A
solution is to follow a methodology similar to [23], and set-up an iterative process to estimate S̃n(f). The basic steps
of the analysis are summarized as

a. First, the data generation takes place either in frequency or in time domain, based on a predefined observation
time and a given sampling frequency. We simulate the GW signals from the population of N sources drawn
from a given astrophysical population model. During this process we also SNR of each source with respect to
the adopted instrumental noise model, we refer to it as the optimal SNR of the source in isolation, ⇢isoi . We will
use ⇢

iso
i as a measure of GW strength in the next step.

b. We estimate the confusion noise Sn, k using either a running mean or median on the power spectrum of the
data. The index k refers to the iteration number. On top of the smoothed PSD, one can also fit a polynomial
model, or perform spline interpolation smoothing (which we usually do). Then, assuming the SNR threshold
⇢0, we calculate the SNR, ⇢i, for each source i 2 N using the smoothed Sn, k = S̃instr(f) + S̃conf, k(f) as the
total noise PSD in eq. (2). If ⇢i > ⇢0, the source is subtracted from the data. In this step we make use of the
previously calculated ⇢

iso
i to accelerate the procedure : if ⇢opti < {⇢0, we skip computation of the SNR for this

(i-th) source, instead automatically adding it to the confusion. Here {  1 is some safety factor. Note, that we
assume perfect source identification and subtraction, which will not be achievable in practice [20].

c. After subtracting the brightest sources in the previous step, we return back to the step (a) where we evaluate
the smoothed PSD of the residuals Sn, k+1 and iterate steps (a)-(b). The algorithm stops when either no sources
exceed the threshold ⇢0, or Sn, k+1 ' Sn, k based on a fractional tolerance limit which we choose to be around
⇠5% for all frequencies and all channels. In principle, both criteria can be met at the same time. We usually
choose to work with the fractional tolerance because it accelerates convergence, since the number of sources
subtracted at the final iterations of the algorithm is small.

d. The process converges within 5-10 iterations resulting in the smooth estimation of the PSD for the confusion
noise, Sfinal. We use it to evaluate the final SNR for all subtracted source during the iterative procedure.
In addition, we evaluate a projected accuracy in measuring parameters of those sources based on the Fisher
Information matrix (FIM). This iterative scheme is illustrated in figure 1a for the population of CGBs (see next
section for details).

e. Finally we perform an MCMC analysis to fit a parameterized model for the confusion noise Sfinal to the residual.

NK+ 2021
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A.1. On DWDs
• Very important: Spectral shape depends on the underlying population model! 

Georgousi M, Bsc Thesis, 2021 
Korol+, 2022 
Simulated Catalogues from V. Korol and S. Toonen
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A.1. On DWDs
• Very important: Spectral shape depends on the underlying population model!    Spectral shape depends on population!   


• Initial binary fraction, overall mass,  
stellar population,  
common-envelope evolution […]


• Also number of eccentric binaries? 

Georgousi M, Bsc Thesis, 2021 
Korol+, 2022 
Simulated Catalogues from V. Korol and S. Toonen
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• Use resolved sources and a hierarchical Bayesian analysis to get information 
about the population properties.

A.1. On DWDs

Georgousi+, MNRAS, 519, 2, 2023 
Adams+, PRD, 86, 124032, 2012


<latexit sha1_base64="5UOVhXxsWOQQljE6v6NM6/x59iM="></latexit>

p(~✓, ~�|d) = L(d|~✓)p(~✓|~�)p(~�)
p(d)GWs from DWDs as probes of the milky way 2561 

MNRAS 519, 2552–2566 (2023) 

Figure 6. The histograms of the population parameters, compared with the histograms of the subset catalogue of resolvable sources. With light blue, we show 
the full catalogue histogram, with dark blue the reco v ered subset, while with the dashed red line we show the best-fitting model. Left: The PDF of the main 
emission frequency f 0 . The fit is performed on the regions where the population is well reco v ered (green data), but e xtended o v er the complete parameter space 
(see text for details). Middle: The PDF for the logarithm of the time of coalescence. Right: The chirp mass PDF case. The distribution of the reco v ered sources 
with characteristic frequency above 0.3 mHz, follows closely the true one, originating from the complete population (green curve). The fit is satisfactory for 
M ! 0 . 7 due to the sufficient number of resolved sources with measurable chirp mass (see discussion in Section 5.2 for details). 
Additionally, since we work with probability densities, the a i param- 
eters are not really rele v ant for this analysis. As we will see in the 
sections below, only the slopes { n 1 , n 2 , n 3 } are going to be useful for 
the characterization of the chirp mass Probability Density Function 
(PDF). 
5.1.2 The frequency and time of coalescence priors 
Assuming that in the LISA frequency band, the evolution of the 
binaries is only dependent on the emission of GWs, we expect the 
f 0 to follow a power law with a slope of n = 2/3. This can also be 
verified by the leftmost panel of Fig. 6 , which shows which part 
of the complete distribution can be accessed by the population of 
resolvable sources for this particular simulated catalogue. The model 
simply reads as 
p( f 0 ) = 10 α( f 0 

f ∗
)−n 

, (17) 
with 10 α being the amplitude, n the slope, and f ∗ the pivot frequency 
set to f ∗ = 10 −5 . In fact, just as in the case for the chirp mass, since we 
are working with densities, the amplitude parameters are normalized 
out. 

The time of coalescence τ c and its measurement error is a parame- 
ter that can be derived from the rest of the waveform parameters. 
In order to do that, we need to make a couple of simplifying 
assumptions. First, we begin by assuming that the binaries have 
equal masses. This assumption is moti v ated by the fact that the mass 
ratio of our synthetic DWD peaks at 1 (e.g. as visible in figure 8 of 
Korol et al. 2017 ). We can then derive the total mass m tot of each 
binary from the chirp mass as 
m tot = M 

( 1 / 4 ) 3 / 5 . (18) 
Then for circular binaries, we can approximate the value of τ c by 
numerically integrating (e.g. p. 170 of Maggiore 2007 ) 
d f gw 

d t = 96 
5 π8 / 3 (G M /c 3 )5 / 3 

f 11 / 3 
0 . (19) 

Here, the f 0 frequency is the given source emission frequency as 
measured by LISA . The integral is computed up until the emission 
frequency at the Innermost Stable Circular Orbit f isco , which is given 

by 
f isco = c 3 

12 π√ 
6 Gm tot . (20) 

Ho we ver, for WDs f isco can be set at ∼30 mHz as they start interacting 
when one of the stars o v erfills its Roche lobe, which may lead directly 
to the merger (Shen 2015 ). 

By looking at the given population properties (see Fig. 6 ), the 
τ c parameter distribution could also be characterized by power-law 
function, in the same manner as we did for the f 0 parameter. Then 
we write 
p( τc ) = 10 γ( τc 

τ ∗

)−n τc 
, (21) 

where 10 γ is the amplitude, n τc the slope, and τ ∗ the pivot point of the 
power law, which is just a convention. Here we fix τ ∗ = 10 24 . Again, 
the γ parameter is not rele v ant in the analysis, because we are fitting 
densities. The predicted error bars on τ c can be derived by computing 
the error propagation rules from the measured { M , f 0 , ḟ 0 } . Since τ c 
is a derived parameter, we could simply estimate the n τc parameter 
independently from the rest, but one could just include it in the global 
analysis for a joint fit. The joint analysis we performed is described 
in the following section. 
5.2 Joint fit under a hierarchical Bayesian model 
So far, we have defined the PDF functions of three parameters of 
interest, the chirp mass M , the emission frequency f 0 , the time 
of coalescence τ c , and their corresponding hyperparameters. From 
equations ( 21 , ( 17 ), and ( 14 ), those are the % β = { n τc , n 1 , n 2 , n 3 , n f 0 } . 
With this information at hand, and beginning from what we had 
written in equation ( 10 ), we can write a hierarchical Bayesian model 
as 
p( % θ, % β| d ) = L ( d | % θ ) p ( % θ | % β) p ( % β) 

p( d ) , (22) 
where we have ele v ated % β as hyperparameters, and also introduced a 
prior distribution p( % β) for them as well. Or in other words, we have 
defined the p( % θ | % β) term that describes the waveform parameters 
prior for distribution models described by hyperparameters % β. Now, 
the evidence p ( d ) is given by marginalizing over the full parameter 
space of % θ and % β. It is useful to remind here that for the computation 
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B. Stellar-mass Black Holes
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B. On the stellar-mass black holes
• LVK data has already given us a plethora of such sources.


• This is a good starting point for extrapolating to LISA.


• What we can to then is


1. Take the given population model(s)


2. Estimate the confusion signal of LISA, given the uncertainties from LVK.


3. Do a forecast on the resolvable sources.
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B. On the stellar-mass black holes
• Two ways to actually get an estimate of the foreground signal


1. Analytically


2. Numerically 

Babak+, arXiv:2304.06368, 2023

https://arxiv.org/abs/2304.06368
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• Two ways to actually get an estimate of the foreground signal


1. Analytically 

2. Numerically 

B. On the stellar-mass black holes
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8⇡5/3
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E. S. Phinney, 2001
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• Two ways to actually get an estimate of the foreground signal


1. Analytically 

2. Numerically 

B. On the stellar-mass black holes
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⌦GW(f)h2 / f2/3

And the population details tune the amplitude. 

E. S. Phinney, 2001
Babak+, arXiv:2304.06368, 2023
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• Two ways to actually get an estimate of the foreground signal


1. Analytically 

2. Numerically 

B. On the stellar-mass black holes
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⌦GW(f)h2 / f2/3

Perigois+ 2022  
Phinney 2001 
Sesana+ 2016 
Perigois+ 2021

And the population details tune the amplitude. 

E. S. Phinney, 2001
Babak+, arXiv:2304.06368, 2023

https://arxiv.org/abs/2304.06368
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• Two ways to actually get an estimate of the foreground signal


1. Analytically


2. Numerically 

‣ Choose an observational time (4 years). 


‣ Simulate catalogues (up to a z maximum, for practical reasons).


‣ Use PhenomHM waveforms. 


‣ Set an SNR threshold for the detectable sources, and follow the iterative  
 scheme. 
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• Two ways to actually get an estimate of the foreground signal


1. Analytically


2. Numerically 
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• How detectable will this stochastic signal be with LISA?

B. On the stellar-mass black holes
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• How detectable will this stochastic signal be with LISA?

B. On the stellar-mass black holes
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Figure 7: Posterior distribution of the SOBBH SGWB log-amplitude in the LISA band,
from GWTC-3 (blue solid line). The coloured lines represent the percentiles 5, 25, 50, 75,
and 95 (left to right) of the posterior, and their surrounding vertical bands represent the 68%

(dark shading) and 95% (light shading) uncertainties on the corresponding SGWB amplitudes,
forecasted from a LISA measurement (the uncertainties quoted in the legend correspond to
the 68% error): as derived in Section 4.3, LISA will measure the SOBBH SGWB with an
uncertainty on the amplitude one order of magnitude smaller than the present GWTC-3
prediction.

too small, even at high frequencies, to alter the SGWB spectral shape, as already pointed out
in [22] (see also [29]).

The signals from the frequency-binned MC sum and from the iterative subtraction share
some features, especially at low frequencies, despite the fact that the former uses simplified
waveform and does not account for frequency drifts. Both approaches also follow closely the
averaged power-law-like MC sum, which is distributed around the analytical calculation of
the background, from Equation (3.6) (see Figure 3).

4.2 Expected SOBBH signal in the LISA band from GWTC-3

Having established the consistency of the four methods, we turn to the actual computation
of the expected SGWB in the LISA band, based on the present knowledge about the SOBBH
population. To this purpose, we rely on Equation (3.5) and evaluate the SGWB amplitude by
integrating Equation (3.6) for all points in the LVK posterior parameter sample that is publicly
available [43] for the FidLVK model [41], following the prescriptions described in Section 2.2.
The distribution of the SGWB amplitude at the reference frequency f = 3 ⇥ 10

�3
Hz is

shown in Figure 7 (blue solid line). On a logarithmic scale, it follows a lightly-right-skewed
distribution with median h

2
⌦GW(f = 3 ⇥ 10

�3
Hz) = 7.87 ⇥ 10

�13, and has an interquartile
range of h

2
⌦GW(f = 3 ⇥ 10

�3
Hz) 2 [5.65, 11.5] ⇥ 10

�13.
The computation of the SGWB amplitude has been performed under the assumption
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• How detectable will this stochastic signal be with LISA?

B. On the stellar-mass black holes
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Figure 12: Effective, i.e., averaged over all TDI channels, LISA PLS for 4 years of obser-
vations (with 100% efficiency), including (in dashed purple) and excluding (solid purple) the
GBs and SOBBHs SGWB components. The black line shows the sensitivity of the AA TDI
channel, and the dashed grey line shows the amplitude of the SGWB due to unresolved GBs.
The median value for the SOBBH SGWB estimated in this work from GWTC-3 constraints
on the SOBBH population (with 25-75 and 5-95 uncertainty ranges) is shown in blue.

4.5 SGWB detection and the SOBBH population parameters

Intuitively, one might expect the constraining power of a measurement of the SGWB on
the SOBBH population model to be very limited, regardless of its precision, since it would
reduce the dimensionality of the population parameter space at most by one, leading to a
highly-degenerate posterior. On the other hand, this can still have an important impact if
the degeneracy associated with the SGWB measurement does not align with the correlations
in the population parameter posterior associated with the detection of individual events, the
misalignment being due to the fact that the population parameters influence the SGWB
amplitude differently from how they influence the characteristics of the population of indi-
vidually resolvable events. Indeed, it has been demonstrated that a SGWB measurement (or
even upper limit) by LVK, in combination with resolved merger events, can constrain the
redshift evolution of their merger rate [33, 34] and possibly their mass distribution [76].

The high precision with which LISA is expected to measure the SOBBH background, as
shown in Section 4.3, should render LISA especially suited to this task. In order to illustrate
its potential constraining power, in Figure 13 we plot the GWTC-3 population parameters
posterior sample as a scatter plot, highlighting the points compatible with a SGWB amplitude
within the LISA 1- and 2-� credible intervals, relative to a detection by LISA of a SGWB
with amplitude corresponding to the median predicted SGWB level P50 (see Figure 10). One
can appreciate that the two-dimensional posterior shrinks significantly, depending on the
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• How detectable will this stochastic signal be with LISA?

B. On the stellar-mass black holes
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Figure 12: Effective, i.e., averaged over all TDI channels, LISA PLS for 4 years of obser-
vations (with 100% efficiency), including (in dashed purple) and excluding (solid purple) the
GBs and SOBBHs SGWB components. The black line shows the sensitivity of the AA TDI
channel, and the dashed grey line shows the amplitude of the SGWB due to unresolved GBs.
The median value for the SOBBH SGWB estimated in this work from GWTC-3 constraints
on the SOBBH population (with 25-75 and 5-95 uncertainty ranges) is shown in blue.

4.5 SGWB detection and the SOBBH population parameters

Intuitively, one might expect the constraining power of a measurement of the SGWB on
the SOBBH population model to be very limited, regardless of its precision, since it would
reduce the dimensionality of the population parameter space at most by one, leading to a
highly-degenerate posterior. On the other hand, this can still have an important impact if
the degeneracy associated with the SGWB measurement does not align with the correlations
in the population parameter posterior associated with the detection of individual events, the
misalignment being due to the fact that the population parameters influence the SGWB
amplitude differently from how they influence the characteristics of the population of indi-
vidually resolvable events. Indeed, it has been demonstrated that a SGWB measurement (or
even upper limit) by LVK, in combination with resolved merger events, can constrain the
redshift evolution of their merger rate [33, 34] and possibly their mass distribution [76].

The high precision with which LISA is expected to measure the SOBBH background, as
shown in Section 4.3, should render LISA especially suited to this task. In order to illustrate
its potential constraining power, in Figure 13 we plot the GWTC-3 population parameters
posterior sample as a scatter plot, highlighting the points compatible with a SGWB amplitude
within the LISA 1- and 2-� credible intervals, relative to a detection by LISA of a SGWB
with amplitude corresponding to the median predicted SGWB level P50 (see Figure 10). One
can appreciate that the two-dimensional posterior shrinks significantly, depending on the
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•What about the detectable sources?
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C. EMRIs
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D. On Extreme Mass Ratio Inspirals

6

FIG. 2. Waveform examples considering three di↵erent EMRI systems. Left panel: z = 1,m1 = 105 M�, forb/(1 + z) =
10�3 Hz, e = 0.5. Central panel: z = 0.2,m1 = 106 M�, forb/(1 + z) = 10�3.5 Hz, e = 0.8. Right panel: z = 2,m1 =
106 M�, forb/(1 + z) = 10�4 Hz, e = 0.9. In each panel, the value of the estimated S/N is reported (assuming Tobs = 4 yr and
the LISA sensitivity curve of Section IIA). Note the di↵erent role played by high harmonics in the three di↵erent cases.

Mass MBH Cusp M–� CO EMRI rate [yr�1]
Model function spin erosion relation Np mass [ M�] Total Detected (AKK) Detected (AKS)
M1 Barausse12 a98 yes Gultekin09 10 10 1600 294 189
M2 Barausse12 a98 yes KormendyHo13 10 10 1400 220 146
M3 Barausse12 a98 yes GrahamScott13 10 10 2770 809 440
M4 Barausse12 a98 yes Gultekin09 10 30 520 260 221
M5 Gair10 a98 no Gultekin09 10 10 140 47 15
M6 Barausse12 a98 no Gultekin09 10 10 2080 479 261
M7 Barausse12 a98 yes Gultekin09 0 10 15800 2712 1765
M8 Barausse12 a98 yes Gultekin09 100 10 180 35 24
M9 Barausse12 aflat yes Gultekin09 10 10 1530 217 177
M10 Barausse12 a0 yes Gultekin09 10 10 1520 188 188
M11 Gair10 a0 no Gultekin09 100 10 13 1 1
M12 Barausse12 a98 no Gultekin09 0 10 20000 4219 2279

TABLE I. List of EMRI models taken from Babak17 and considered here to assess the GWB level. Column 1 defines the
label of each model. For each model the following quantities are specified: the MBH mass function (column 2), the MBH spin
model (column 3), whether or not the e↵ect of cusp erosion is included (column 4), the M–� relation (column 5), the ratio of
plunges to EMRIs (column 6), the mass of the COs (column 7), the total EMRI merger rate (yr�1) up to z = 4.5 (column 8).
Finally, in column 9 and 10 the detected EMRI rate per year is reported for two di↵erent kind of waveforms (AKK and AKS,
see Section 4 of Babak17 for full details) bracketing GW waveform modelling uncertainties.

encompass a range of plausible prescriptions for the most
relevant ingredients a↵ecting EMRI formation, from the
cosmic evolution of the MBH mass function to the rela-
tion between MBH mass and density of the surrounding
stellar environment, from the rate of EMRI formation
given the properties of the galactic nucleus to the oc-
currence ratio of direct plunges to EMRIs. We refer the
reader to Babak17 for a detailed description of the under-
lying astrophysical models. For each EMRI population
model, we obtained a catalog containing all EMRIs merg-
ing in the Universe (out to z = 4.5) assuming 10 years of
observation at Earth.

The GWB is likely generated not only by low S/N
plunging systems (i.e with S/N < 20, which is our stan-
dard detection threshold), but also by a large number
of EMRIs emitting in the LISA band while still tens or
even hundreds of years far from final plunge. In practice,
starting from a merger rate, formally dN/ dt, we need
to compute the population of emitting EMRIs sustaining

that rate, i.e. dN/ df , regardless on whether they plunge
or not within the LISA mission duration. We proceed as
follows:

• for each event in the catalog we draw the eccentric-
ity at the last stable orbit, ep, from a flat distri-
bution in the range [0, 0.2], thus obtaining all the
relevant properties of the event: (M, z, ep);

• we integrate the orbital elements of the event back-
ward in time for Tback years;

• we then randomly sample Nback = int(Tback/10)
points in the range [0, Tback] in order to select dif-
ferent evolutionary points of a specific EMRI;6

6
The division by 10 is due to the fact that we collect 10 catalogues

of EMRIs coalescence, each of which is meant to represent one

year of observation.
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FIG. 3. Characteristic strain of the GWB generated in the 12 di↵erent EMRI formation scenarios reported in Tab. I. Left
panel: last stable orbit is chosen at 6GM/c2. Right panel: the last stable orbit varies according to the spin of m1.

FIG. 4. Characteristic strain of the GWB for the fiducial
and extreme models when the last stable orbit depends on
the spin of m1 (dotted lines) or not (solid lines). Noticeable
di↵erences arise only above ⇡ 10�2 Hz, where in the spinning
case the GWB results to be slightly higher.

Results shown so far were obtained taking into ac-
count LISA instrumental noise and WD confusion noise
only when computing individual EMRI S/N and sub-
tracting resolvable signals. In practice, this procedure in
bound to likely underestimate the resulting GWB, since
the GWB itself should be taken into account when com-
puting individual EMRI S/N. A rigorous estimate of the

GWB should therefore be done by subtracting resolvable
sources one by one while including the overall signal pro-
duced by other systems. This is expected to lower the
S/N of individual sources leaving behind a larger GWB.
To bracket uncertainties due to our simplistic procedure,
we also ran a set of models adding in quadrature to the
instrument noise the EMRI GWB previously estimated
by using the LISA noise only. Results are shown in Fig. 5
for the test cases M1, M11 and M12. The overall resulting
LISA sensitivity is shown by the grey dashed and dotted-
dashed curves for models M1 and M12 respectively. For
M1 we observe that the sensitivity curve is shifted upward
by about 30-40% in the bucket, while for M12 the sen-
sitivity gets dramatically a↵ected with upward shifts up
to a factor of ⇡ 4. As expected, the corresponding GWB
for M1 and M12 evaluated with these degraded sensitiv-
ity curves is slightly higher. Di↵erences are contained
within 20-25% in the worst case scenario (M12), thus
certifying that our simple GWB amplitude estimates are
robust. We notice, however, that even a small change
in the GWB amplitude can have an important impact
on the number of resolvable sources, especially because
EMRI detection is S/N threshold limited. In fact, for
M1 we obtain 374 (234) individually resolvable EMRIs
in Tobs = 4 yr when the underlying EMRI GWB is (is
not) taken into account in their S/N evaluation. The dif-
ference becomes even more striking in the M12 models,
with individual EMRI detections dropping by a factor of
seven, 4126 to 690.

• From Bonetti & Sesana 2020 it was already shown that for  
 some population models, we could expect a stochastic signal. 


• Using simplified waveform models, estimated SNR for each harmonic.
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D. On Extreme Mass Ratio Inspirals
• We do as before! Simulate the population and LISA Data Analysis!


• Use the Augmented Analytic Kludge with 5PN trajectory model.


‣ FEW package, [Katz+ 2021]. 


• Simulated all catalogues.


• Accelerate procedure: Leave out very weak signals (contribute to % level)


• Again, adopting an observation duration of 4 years, and


• assuming that sources with SNR>20 will be detectable.

See 
talk

 by 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li
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D. On Extreme Mass Ratio Inspirals
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D. Massive Black Holes
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C. On the massive black holes
• To check this type of sources, we first need to consider the different 
population synthesis models


• Pop III: adopts the light seeds scenario, while implementing a delay 
between when two host galaxies merge and when their MBHs merge.


• Q3d: adopts the heavy seeds scenario, while also implementing a delay to 
merge MBHs after their host galaxies merged.


• Q3nd: is similar to Q3d, but with no delay between the host galaxy mergers 
and MBH mergers.


• We do as before! Simulate the population and LISA Data Analysis!

Thesis of D. Langeroodi 
Klein+ 2016, Sesana+ 2014, Barausse+ 2012
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C. On the massive black holes
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E. Adding everything together 
                             (not cosmological signals though)
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• Non-stationary (cyclo-stationary)


• Anisotropic 


• Dominating below ~ 0.3 mHz


• Particular spectral shape
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• Non-stationary


• “Pop-corn” like


• Its existence to be proven
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• Stationary


• Isotropic 


• Good prior on the amplitude and  
 spectral shape.
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• A lot of unknowns 


• Just plotting here the most “optimistic”  
 model
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• On top of those we should add the  
 instrumental noise properties!


• Non-stationarities: glitches, gaps, slow  
 variations. 


• Assess our level of knowledge on


‣ The spectral shape


‣ Overall budget (above and below!)



N. Karnesis, AUTh, 10th LISA Cosmology WG Workshop

• Disclaimer: all these results are retrieved by assuming independent analysis 
for all types of sources. Future -more realistic- work should focus on a global 
analysis.  


• We will have potential stochastic components across the band.


• This will bring implications to Data Analysis, and to the global fit.


• We need to prepare accordingly!


• Already a lot of advancements (null channels, global fit algorithms,  
 noise modeling techniques, [see work reported in this meeting])

Summary
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